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Abstract

Due to the diminishing returns and common failures seen in traditional preclinical and animal
based drug discovery methods, there is a growing focus on alternative drug discovery
approaches, such as ex vivo methods. These alternative approaches reprebssparture

from both traditional preclinical animal models and conventional clinical strategies. Their goal
is to address the variability among and within patients at an earlier stage of drug discovery.
Moreover, these approaches could potentially enableqgise treatment stratification for
patients within a week of tumour removal, guiding a tailored treatment plan. One specific
group oftumoursthat could greatly benefit fronex vivo techniques is higgrade gliomas.
These tumours exhibit significant hetayeneity, cellular adaptability, and therajpgsistant
glioma stem cell environments. Historical preclinical models have failed to produce new
therapies for theseéumours, resulting in a stagnant survival rate of approximatelyridhths
post-diagnosis for the past 50 year3his PhD study has focused on tkaccessful
development and optimiation of a highthroughput ex vivo drug screening platfor which
utilizes freshly dissociated surgical tissue to maingdioma stem cellGSEpopulations.As

a proofof-concept, we have finduned the responses to standawf-care
chemoradiotherapy treatments, allowing us to accurately predictM@MTstatus based on
temozolomide sensitivity. We have conducted screening experiments involving 6ver 3
small molecule therapeutics and preclinical compounds, using tissue samples from 18
different patients, including spatially heterogeneous regions from individual tumours. Our
data within this thesisserves as a robust foundation for expandiexj vivo steening to
include combinatiorbased oncology therapeutics in conjunction with standafeare
treatments. This approach is vital as a preclinical model for assessing experimental
therapeutics for potential clinical translation, enabling the rapid id@cdtion of effective

treatment strategies tailored to individual ghtastomacases.
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Chapter 1¢ Introduction

1.1 Introduction to Glioblastoma

1.1.1What is glioblastoma?

Every year in the UK alone approximately 5,#@fvidualslosetheir lives to braintumours.
Among allcancertypes brain cancerdemonstrates themost significantreduction in life
expectancy, averaging 20 yedBeaths registered in England and Wal&ffice for National
Statistics 2019) Classified by the World Health Organiza{fdfHO) adult diffuse gliomas are
graded into grade Il and Il astrocytic tumours, grade |l amdigbbdendrogliomas and grade

IV glioblastomagLouiset al, 2016) Glioblastoma is a grade IV astrocytoméaich occurs
within the brain or spinal cord originating from glial celfgt provide support and protection

to nerve cells. Glioblastoma is the most common and lethal primary brain tumour found in
adults and prognosis is popwith less than 5% of patientsurvive more than 5 years
following diagnosigVerhaaket al., 2010). Sandard-of-care (SoChherapy for glioblastoma
includes surgical removal (drilking) of the tumour followed by radiotherapyRT)and
chemotherapy with the oral alkylating agent temozolomide (JM&1Zwas approved as a
SCtreatment in 2005 afteiit was found to improve the median survival of patients by 2.5
months (Stuppet al., 2005) Despite decades of research and medical advances, the bleak
prognosis for glioblastoma patients has seen little improvement over the past four decades.
Congquently, there is a pressing need for innovative strategies to enhance treatment

outcomes for these patients

1.1.2Diagnosis of glioblastoma

Common symptoms of a brain tumounclude headaches, seizures, nausea, vomiting,
drowsiness, vision and speech impairments, mental and behavioural changes and weakness
or paralysis on one side of the bod@zawaet al., 2019) If a patient is experiencing a
persistence or combinations of these symptomisealth care provider will refer the patient

to a specialist such as a neurologisho will confirm usingeveraltests which maynclude
neurological exam which involves testing your vision, hearing, alertness, muscle strength,
reflexes and coordination. Some brain tumours can be detected via artesyedue to

swelling of the optic &k or nerve
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If a brain tumour is suspectegbatients will be referred for a head scadeadcomputed
tomography C1) scans are commonly used if amergency scan requiredto determine the

cause ofsymptoms or when patients are unable to haven anagnetic resonance imaging
(MR scandue tothe presence of @acemakeOmuro and DeAngelis, 2013}T scans are

also useful for whole bodynagingto checkfor cancer in other parts of theody, which can

help determine whether the brain tumour has metastasised froseparate malignancylhe

gold standard for imaging suspected brain tumourandMRI scargs they are more suitable

at showing the complexity and heterogeneity of tumpuncludng whether the tumour is low

or high gradgHanifet al, 2017) If the MRI or CT scan is suggestive of a brain tumour the
patient will then be referred to a neuroncology multidisciplinary team (MDT) consisting of
surgical, medical and radiation oncologisksis team isesponsible fodeciding on auitable
treatment planbased on the type, size and location of the tumour alongside overall health of

the patient

Often the first stage of treatment regimen woulde surgical déoulking of the tumour,
however sometimes due to the location of the tumour and the healtthe patient, this is
not possible. In theseasesthe patient will undergo @ollow needlebiopsy under general
aesthetic to obtain a small sample of tumour cellgesting of these tumours or biopsies
permitsphenotypic and genotypic analysis which ¢etp to guidea suitabletreatment plan.
This is particularly important as there have been reports of higitade glioblastoma
mimicking meningiomasn MRI scanglespitepathologyrevealingglioblastomaPatelet al,,

2016)

1.1.3Primary vs Secondary Gliomas

Glioblastoma classification often considets clinical progressignprimarily distinguishing
between primary and secondary forntimary glioblastoma represents the more prevalent
of the two and is classified as de novo due to its rapid onset, lackidémce for a less
malignant precursor lesion, and its tendency to affect predominantly older pati€nitsiary
glioblastomas aregenetically characterized by epidermal growth factor recept&&QFR
amplification, tumour suppressor phosphatase tensin hagolPTEN gene mutations

alongside absence of isocitrate dehydrogenakeH( mutations (Ohgakiet al, 2004) A
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populationbased study completed in Switzerland determined the frequency of major genetic
alterations in primary glioblastoma mainly affect the elderly and were genetically
characterised by loss of heterozygosity 10q (LOH) (7B@iyRamplification (36%), tumour
suppressor tumour protein p53TP53 gene mutations (25%), pt%6*homozygous deletion
(31%) andPTENmutations (25%)In contrast, econdaryglioblastomasare less common
(D5%); they show evidence of progression from a lower gradeegiging astrocytoma
(grade 11 or ll)They typically occur in younger patients and are associated with a more
favourable prognosis(Nicolaidis, 2015)In the same population based study secondary
glioblastomas were characteriség TP53nutations (65%), frequent LOH 10q (63%) and loss
of EGFRimplification (8%JOhgakiet al., 2004)

1.1.4Proliferative, Meenchymal & Proneuralib-Classification

Initially Phillipset al (2006)conducted arexplomation ard characterisation oflioblastoma
categorisingnto threedistinctsubtypes known as proliferative, mesenchymal and proneural
They achieved this by identifying specific gene expression patterns using microarray DNA
analysisAmong these subtypes, thegneural subtypeexhibited the closest resemblance to
normal brain tssue demonstrating the expression of neur@ssociated markers such as
neural cell adhesion moleculdNCAN and gammaminobutyric acid type BGABBRIL
Prognosis was notably improved in cases where this subtype was more abundant, which was
more common aong younger patientsThe mesenchymal subtypen the other handwas
characterised by the overexpressiofvascularendothelial growth factor VEGF, vascular
endothelial growth factor receptor 2/ EGFR2and endothelial marker platelet endothelial

cell adhesion moleculeRECAM) all of which play a role in the formation of new blood
vesselsin contrast, he proliferative subtypexhibited gene expression patterns associated
with cell proliferation, including markersuch asDNA topoisomerase Il alpi@OP2A and
proliferating cell nuclear antigePCNA Patients with glioblastomas falling into either the
proliferative or mesenchymal subtypes experienced the least favourable survival outcomes

(Phillipset al, 2006)
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1.1.5Verhaak Classification

Previous studiemitially grouped subtypes based on the mastmmongeneticabnormalities
However, it became evident that additional heterogeneity existed within these groups,
highlighting the necessity for more advanced profiling methods on a larger s&at@mmic
profiling data published by The Cancer GenomesANatwork (TCGA) identified recurring
gene expression abnormalities involvilgGFR neurofiboromin 1 NFJ), platelet derived
growth factorreceptor PDGFR andIDH1 This led to the classification of glioblastoma into
four distinct subtypes: Proneural, Classical, Mesenchymal, and what was initially referred to

as the Neural subtyp@/erhaalet al., 2010) as detailed below:

1 Proneural subtype: Predominately foundin younger patients characterized by
PDGFRAabnormalities, IDH1 and TP53 mutations. Displays similarities between

secondary glioblastoma and has timest favourablegprognosis of all 4 subtypes.

1 Classical subtypeMarked by increasedEGFRamplification due to copy number
increase alongside loss dPTENand cyclindependent kinase inhibitor 2ACOKN2A
It often involves amplification of chromosome 7 and loss of chromosome 10,
inactivation of retinoblastom@associated protein (Rb), and notably lacks TP53

mutations, which are the most common in glioblastoma.

1 Mesenhiymal subtype Demonstrates mutations and/or loss dfitor suppressor
genesTP53NF1, andCDKN2AIt exhibits increased necrosis and inflammation and is

associated with the poorest prognosis among the four subty@edmaret al,, 2010)

1 Neuralsubtype Initially considered to resemble normal brain tissue in terms of gene
expressionof nerve associated genes neurofilament light polypeptitdERE). and
GABRAIHowever, it was later discovered to be an artifact due to 4aamour cell
contamination @& cancer specimens, revealing that there are only three, rather than

four, distinct forms of glioblastomgsidaway, 2017; Wareg al., 2017)
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While the classification aflioblastoma into these subtypes theoretically offers a path toward
more personalized and effective treatments, there is still significant overlap among the
subtypes. Additionally, it is widely accepted within the research community that a substantial

degree of heterogeneity persists within these subgroups.

1.1.6World Health Organisation Update 2016

Recent advancements in the classification of glioblastoma have emafggthe publication

of 'The 2016 World Health Organization Classification of Tumourseo€#ntral Nervous
System'. This represents the fourth revision since its inception nearly a century ago in 1926,
originally formulated by Bailey & Cushimgfore this revision, glioblastomas were primarily
categorized based on their histological charaisties, relying on microscopic appearances
after immunohistochemical staining. However, the current approach integrates multiple
methods to extract the maximum amount of information about the tumour. It combines
molecular testing for diagnostic biomarkessich as IDH, immunohistochemistry (IHC) testing
for ATRdependent helicaseATRXloss, alongside histological tumour classification and WHO

grading,as depicted irfigure 1.1(Louiset al, 2016; Komori, 2017)

Histolo Diffuse astrocytic and oligodendroglial gliomas Diffuse astrocytic gliomas/glioblastomas
9y WHO grade Il or grade Il WHO grade IV
l l Midline
location
IDH status | IDH-mutant ‘ | IDH-mutant ‘ { IDH-wild-type| ’ IDH-wild-typeI IDH-mutant ‘ IDH-wild-type{
ATRX status Nuclear ATRX Nuclear Nuclear ATRX Nuclear ATRX Nuclear Nuclear ATRX
retained ATRX lost retained* retained ATRX lost retained or lost
l 4 Midling ~=--|
location
1p/199- 1p/19qg-non-
Lpiisgietaits codeleted || codeleted

H3-K27M " | H3-k27M-
status N ‘ mutant

R \
Oligodendroglioma, Astrocytoma, Astrocytoma, Glioblastoma, Glioblastoma, Diffuse midline glioma,
Integrated IDH-mutant and IDH-mutant, IDH-wild-type, IDH-wild-type, IDH-mutant, H3-K27M-mutant,
diagnosis 1p/19qg-codeleted, WHO grade Il WHO grade Il or llI* WHO grade IV WHO grade IV WHO grade IV
WHO grade Il or lll orlll - = X

Figurel.1 - Integrated histological and molecular classification of diffuse gliomas according to
2016 WHO classification of tumours of the central nervous systeénitially tumours are histologically
graded into grade Il & Il diffuse astrocytic, oligodendiozga gliomas or grade 1V astrocytic gliomas
glioblastoma. Tumours are next graded based on tiig1l/2mutation status. Immunohistochemistr
is used to determine thATRXexpression, which is a nuclear transcriptional regulator, its mutation le
to loss of function. Following thipatientswith both IDHmutant status but retained\TR>are further
classified by a test for 1p/19q codeletion. IDH wildtype gliomas founthénmidline (thalamus,
brainstem, or spinal cord) are further classified throughk2¥M mutations. This integrated layerir
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system better describes diffuse gliomas. Figure adapted fReifenbergeret al (2017) Copyright
permissions obtained fromyblisher, licence numbeb660140651653

1.1.7World Health Organisation Update 2021

Following theprevious 2016 updateastrocyticglioblastoma were graded into grade {DH
mutant and IDHwild-type tumours. However,the most recent2021 revision ofthe WHO
classification otentral nervous systenCN$tumourshas introduced significant changes in
the nomenclature of tumours displayinHand H3 mutations The updated classification
flow diagram for the 2021 update is depicted figure 1.2.Tumours harbouring these
mutationswill no longer be classified asadiastoma multiformeinsteadclassified as diffuse
astrocytoma, IDH mutant grade. Additionally updates no longeillow the use of not
otherwise specified (NOS) when reportigoblastoma This reclassification of thed®H
mutant tumours will lead t@ drastic change in the average age apaddemographic of the
disease, as the majority of mutant tumours are more common in young people under 50 and

also within femaleg¢Bleeker, Molenaar and Leenstra, 2012)
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Figurel1.2 - Integrated histological and molecular classification of diffuse gliomas according to

2021 WHO classification of tumours of the central nervous systeRoutine immunohistochemice
evaluatbn of biopsy samples from patients with diffuse gliomas involves the assessment of-F
mutant IDH1 and the absence of nuclear ATRX. For patients over 55 years with histologically
glioblastoma and specific clinical characteristics, the absencldidfi R132H immunopositivity

adequate to classify thiamour as IDHwild-type glioblastoma. In all other cases of diffuse gliomas,
absence of IDH1 R132H immunopositivity should prompt IDH1 and IDH2 DNA sequencing to
non-canonical mutations. IDMild-type diffuse astrocytic gliomas without microvascypewoliferation

or necrosis should be tested for EGFR amplification, TERT promoter mutation, amd@eyldgenetic
signature, which are molecular characteristics of-lid-type glioblastomas. Additionally, the presen
of histone H3.3 G34R/V mutatiorshould be determined through immunohistochemistry or DI
sequencing to identify H3.3 G3dutant diffuse hemispheric gliomas, especially in young patients'
IDHwild-type gliomas, such as those under 50 years of age with nuclear ATRXtloeslincells For
diffuse gliomas located in the thalamus, brainstem, or spinal cord, assessment for histone H:
mutations and loss of nuclear K&Tmethylated histone H3 (H3K27me3) is essential to identify
K27Mmutant diffuse midline gliomas. The figure highks the presence and absence of the mi
diagnostically relevant molecular alterations for eaamour type with red and green boxes, includit
microvascular proliferation (MVP)igure adapted fromWeller et al (2020) copyright permissions
obtained from publishe(Open Access)

1.1.8Malignant transformation
A study which investigated the North Central Cancer Treatment Group (NCCTG) database

investigatedtissues taken at time of initial diagnosis and at recurrence. Tissues which
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progressed from low (WHO grade Il) to highHO grade llI-IV) included 45% low grade
oligodendroglioma with median overall survival (OS) 8.8 years, 70% low grade
oligoastrocytoma, median OS 4.4 years and 74% low grade astrocyspmadian OS 3.1
years The mean time to recurrence was also estimated, showing patients with glioblastoma
at initial and recurrence with smallest timepoint 1.1years, those with norglioblastoma

at initial and glioblastoma at recurrence 291.8 years and finally those thi non

glioblastoma at both time points 402.9 yearqJaeckleet al., 2011)

1.2 Diagnostic and therapeutiédmarkers of Glioblastoma

Diagnosticand therapeutichiomarkers play a vital role in glioblastoma management. They
allow for precise tumour classification and the identification of subtypes with distinct
biological featuresMoreover, these biomarkers provide essential prognostic information,
helping to prelict disease progression and patient survival. By understanding the genetic and
molecular characteristics of glioblastoma, healthcare providers can better inform patients

about their individual prognosis and expected treatment responses

1.2.1MGMTMethylation

The MGMTgene encodes fothe O-6 methylguanineDNA transferaseMGMT) DNA repair
enzymewhichplays acrucialrole in effectivelyprotecting cells against alkylating agents such
as TMZ andomustine MGMT is 207 amino acids long and consists of a higigerved
proline-cysteinehistidine-arginine sequence, with active site located at theieminus(Baiet
al., 2023) It restores DNA alkylation damag®@6MG or otherO6-AlkylGadductg via the
WD delisi4Bwater/ @ Amn p Q K& RNEP 3 &ayisfedirdy lkyl gyoGps ot NDNA
to the Cys145 residuefigure 1.3 (Hegiet al, 2005; Tubbs, Pegg and Tainer, 200his
reaction is irreversible and results in a comhational change of MGMT which causes its

degradation through the ubiquitiproteasome systeniSrivenugopaét al, 1996)
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kyl group  Figurel.3 ¢ MGMT repair mechanism
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TheMGMTgene isoften rendered inactive through epigenetic silencing caused by promoter
methylation, which, in turn, permits unaddressed chemotherapjuced damage to instigate
cytotoxicity and apoptosigLiu and Gerson, 1996; Ochs and Kaina, 2080)resent,
treatment protocols uniformly prescribeall glioblastoma patients with TMZ and/or IR
irrespective oIMGMTgenestatus. In a randomised trialvaluaing 206 tumours over half of
the patients (~55%) did natxhibitMGMTpromoter methylation Whilst it is established that
patients with a unmethylatedMGMT promoter do not statistically benefit from TMZ
treatment, the treatment remains unchanged irrespective of survival benéiithis study
patients with methylatedMGMTpromoter saw a 6.4nonth survival benefit from having TMZ
alongsideRT(Hegiet al., 2005). Within clinical trials it has bedeemedacceptable to remove
TMZ from the treatment regimes in unmethylat®iGMTpatients,provided that alternative
treatment options are offered to patient@Vicket al., 2016; Fultoret al,, 2018).Ex vivo drug
screening has emerged as a potential approach for guiding these "alternative treatment”

strategies by identifying patiergpecificcumour drug sensitivities.

The most recent 2021 WHO classification has led@MTgenepromoter methylation being
the only statistically significant prognostic factdor predicting patient response to TMZ
therapy and survivgWelleret al,, 2020) A recent study investigatetie survival of aohort

of 58 MGMT unmethylated and methylatedlJ- (i A, $eyealigamean survival oMGMT
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methylated tumoursbeing15.7 monthsversus4.7 monthsin unmethylatedViGMTtumours
which was statistically significa(®byanovet al,, 2022) These findings corroborate a prior
study involving a population of 206 patients, which also found a significant difference in
median OS with MGMT methylated patients surviving for 18.2 months compared to 12.2
months for unmethylagéd patients(Hegiet al.,, 2005) Despite this knowledge all patients still

receive TMZ treatment, irrespective of th&fGMTstatus and clinical benefit.

1.2.21p/19q coedeletion

The chromosome arms 1p and 19q contains genes associated with DNA repair, spindle
checkpoint function, apoptosis, multiple microRNAs, WNT signalling pathway, tumour
suppression and antioxidant activitiéBayneet al., 2011; Liet al, 2015) Whilst primarily

being associated with oligodendrogliomase ttodeletion of short arm of chromosome 1 and

long arm of chromosome 19 &ssential for distinguishing between different glioblastoma
subtypes (Jeuken, Von Deimling and Wesseling, 20@gtients who harbour both this
deletion and an IDH mutatiomave the most favourable clinical outcormeith TGCA analysis

of clinical data showed this combination had a med@8of 8 years, versus 6.3 years in
patients with only IDH mutationgDJet al., 2015) although the underlying molecular

mechanisms of this relationship are currently not determined

1.2.3lsocitrate dehydrogenase

Humans possesthree isocitrate dehydrogenase enzgm (IDH1/2/3)which catalyse the
oxidativedecarboxylation of isocitrate intb-ketoglutarated tKG)during the citric acid cycle,
summarised byigure 1.4(Jennings, Minard and Mcalistetenn, 1997; Yaet al,, 2009) IDH2

and IDH3nzymesare located in the mitochondria whilst IDH1 is located in the cytasd
peroxisome(Dang, Yen and Attar, 201@yuring this decarboxylatioprocess NADP+s
reduced to NADPH, which serves as the main reducing power donthrefgast majority of
reactive oxygen specieRRQ$ detoxifying enzymesthus important in oxidative stress
resistance (FernandeaMarcos and Nobreg®ereira, 2018p ! RR A (+HKGagtd dsfag@ h
cofactor, for the main removal pathway of methyl groups on DNA (oxidative demethylation),
which is performed by enzymes known as Fell{}{Gdependent dioxygenase@ -KGDD

(Kuznetsov, Kanazhevskaya and Fedorova, 208é3$e include enzymes such as;-&aven
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translocation (TET) family -rBethylo/tosine hydroxylasesand the JumonjiCG-domain
containing histondysine demethylaseamportant in epigenetic regulatiorfFigueroaet al.,
2010)

Mutations to these IDH enzymes occur img in lower grade /Il astrocytic or
oligodendrogliomacases, in higher grade gliomas these mutations are mainly found in
secondary gliomas which account for 73% of clinical cases, it is very rarelHseatations

in primary gliomas (3.7.%Nobusawaet al., 2009; Lois et al, 2016) The mutations are
commonly heterozygous missense mutation at residue R132 of IDH1 replacing arginine with
histidine, or less commonly at the R172 residue in IDH2et al., 2009) The majorityof IDH
mutations reported are heterozygous, with cancer cells retaining onetyld copy of the
relevantIDH1/2allele, however there is increasing evidence of rare homozygous mutation in
a number of glioblastoma cases in the literatg@uptaet al,, 2013; Jiret al., 2013; Stancheva

et al, 2014) Followingthe updated 2021 WO classificationof CNSumours, IDHmutant
tumours are no longer classified at glioblastoma but insteadliisse astrocytoma, IDH

mutant gradelV.

Mitochondrion Cytosol Nucleus
Glucose

b!

......... +» Citrate

v

Isocitrate

NADP*
IDH1

v NADPH + CO,

--»  oKG
NADPH oKG
NADP+ dioxygenases
v

A oHG

:
;
Glutamine

Figure 1.4 - Wild-type and mutant activity of IDH - During normal cellular function metabolic IC
enzymes are key players within theitric acid cycle, converting isocitrate intd-KG via oxidative
decarboxylationWithin the mitochondria this is performed via IDH2/3 and within the cytosol via |
enzymesWhen IDH is mutated, this leads to overproduction4f® @A I O 2 yK@ Shede ha
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K @S &G NHzOG dzNI € AAYAE L NAGASaXGDBKrasditiag i istdRe
hypermethylation. Often tumours harbouring IDH mutations also dis@lg island methylato
phenotype. Accumulation of HG leads to differentiation blocks, altered metabolism, aberr
methylation and chromatin restructurinf_uet al, 2012; Turcaret al., 2012, 2017)Figure obtained
from (Dang, Yen and Attar, 201&ppyright permissions obtained from publish@ticence numbel
5720650030669)

In IDHmutant cells, the mutated enzyme convertské& into novel oncemetabolite 2
hydroxyglutarate (HG), levels of this metabolite can accumulate to extremely high levels of
~5-35umol/g in glioblastomé&Danget al., 2009) The only difference between D | K& N
is the oxidation stee at carbon2 position, thus suctural similarities result in competitive
inhibition of h-KGDB by 2HG (Pirozzi and Yan, 2021¢ells harbouringDH mutations
undergo substantial metabolic reprogramming; other metabolites such as branched chain
amino acidsglutamine and glutamate serve to compensate the loss in cellular metabolism.
Mutant cellsare more sensitive to inhibition of glutaminase, highlighting the depergam
other metabolic processes such as glutaminolysis to maintain metabolic homedStalsier

et al, 2010) Specifically to glioblastomalDH mutations can lead to CpG island
hypermethylation, a common phenotype often referred togimma CpG island methylator
phenotype (GCIMP)(Noushmehret al., 2010; Cohen, Holmemd Colman, 2013)These G
CIMP tumours often belong to the proneural subtypéiich harbourthe most favourable

clinical outcomgNoushmehteet al., 2010)

IHD1 mutations in particular are usually an indication of early tumorigenesis events and
improved prognosis ofhe patient (Stieber, Abdul Rahim and Niclou, 201\J)illiams et al

(2008) completed a genome wide dysis on 22 human tumour samples to identify genetic
alterations in glioblastoma, the mutation status of tli#H1gene was shown to correlate with

the younger age of the patie@ndl y A YLINR OSR LINRPIYy2aAa&T LI GAS)
mutated IDH1gene wa 3.8 years compared to 1.1 years for patients with Myijue IDH1

(Williamset al,, 2008) The enhanced survival shown in these IDH mutated gliomas may be

result of the 2HG accumulation inhibiting homologous recombination (HR) DNA repair,
AYRdAzOAY3 aG.w/!ySaaég LKSyz2GeLISd® ¢KAa LKSyz2ae
alternative DNA damage response mechanisms such as-§lAdRfel base excision repair

(BER) to maintain genomic integrity, provoking vulnerability to drugs targeting these other

DNA repair pathways such as PARP and ATR inhigaikowsket al., 2017)
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1.2.4ATRX loss

ATRXs a transcriptional regulatdrelongngto the SWI/SNF family of chromatin remodelling
proteins ATRX is one of the most commonly mutated tumour suppressor genes in eawcer
within glioblastoma it is the third most mutated ge&guilera and LjgezContreras, 2023)
Within glioblastoma, mtations within the ATRX chromatin modelling pathway are most
common within adolescents and young adults aged betweerBAQSchwartzentruber,
Korshunov, XY. Li, et al, 2012) In adults aged >30 the mutation of ATRX it is most
commonly associated with lower grade (WHO Il and Ill) and secondary glioblastomas, it is less
prevalent in primary higher grade glioblastonfdgmoet al., 2012) The mutation results in the

loss of expression for this chromatin remodelling facifithin adult gliomas the mutation
seems to be also associated with béfiH1land TP53mutations(Nandakumar, Mansouri and
Das, 2017)whereas in paediatric cancers it is commonly associated with histone H3.3 and
TP53nutations(Schwartzentruber, Korshunov, X. Y. etwgl, 2012; Koschmanet al.,, 2016)
Research suggests ATRX plays a central role within the maintesiacto®matin state, gene

expression and DNA damage, its multiple roles are summaridéidunel.5.
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Figure 1.5 ¢ Multiple roles of ATRX ATRX maintains chromatin state at heterochromatin regic
responds to replication stress and promotes replication fork restart, DNA damage response, re!
transcription and prevents Guadrugex secondary structures-igure adapted frorRang et a{2023)
Copyright permissions obtained from publisher (Open Adcess

One crucial role of ATRX involves its depositing of HBU® telomeres, pericentric
heterochromatin and otherepetitive DNA sites, it does this togethesth chaperone protein

death domain associated proteiDQAXX forminga histone chaperone complg)Goldberget

al., 2010; Garbarinet al, 2021)Ineukaryoteg 5b! A& 2NBI YAASR @Al 6N
like structures known as nucleosomes. These nucleosomes are histone octamers composed

of two copies of four core histones H2A, H2B, H3 andvHith arewrapped 1.7 times by 147

base pairs of DNA.ugeret al,, 1997) The role of these histone proteins is to package DNA

and regulate accessibility of gené$3.3 is the most common variant of histone H3, it differs

in structure by only-5 amino acids, this subtle change allows for the recognition of H3.3 by

variant spedic chaperone DAXK.iuet al, 2012) Its difference in structure confers altered

nucleosome stability resulting miterations in thewrapping of DNA.

ATRX also plays an essential role DNA repair synthesis and exchange of sister chromatids
(Chapman, Taylor and Boulto@012¥ 5 dzNAyYy 3 | wx F2ff2Ay3 pQ &l
loaded onto the single stranded ends of damaged DNA, allowing for invasion of the sister
chromatid to find the complimentary DNA strand. Research suggests-defieKdent H3.3

deposition occursfollowing successful RAD51 homology search, which is thought to
overcome topological constraints at the moving displacement loejo@p), as unwinding of

the DNA can lead to torsional strggsiha Set al,, 2018) ATRX then interacts with PCNA and

replication factor X subunit RFEL) which are essential fdDNA repair synthesis during HR.

Initially ATRX function was found to protect against hydroxyurdaced stalled replication
forks and the promotion of replication fork restdtteunget al., 2013; Clynest al., 2014; Huh

et al, 2016) The Fanconi anaemia (FA) pathway, is activated in respongaeaistrand
crosslinks (ICLipducing agents such as cisplatin, and mitomyciMore recent evidence
suggests ATRAsointeracts with FANCD?2 to promote HR dependent replication fork restart
as depicted byfigure 1.5 Studies show both ATRX and FANCD2 areireshjdior the
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recruitment of HR factors such as CtBP interacting protein and also promote MRE11

exonuclease dependent fork restgRRaghunandaet al., 2020)

ATRX also prevents replication stressrbgolvingnon-B form DNA structures called- G
guadruplexes (G4) ahead of the replication fofkenget al., 2021) G4s arise within high GC
rich areas, initially four guanine residues form @u@artet through cyclic hydrogen bonding
these planar Quartets can then stack upon one another forming large stable four stranded
helical stuctures(Rhodes and Lipps, 2019)hese structures prevent replicati machinery

to proceed along the leading and lagging strand during replication, this in turn leads to
replication fork collapse and double stranded DNA brgdksheret al., 2017) It is thought

that ATRX aids in theplication of these highly stable structuressATRX deficientells and
tumours have increased G4 formation, replication stress and DNA dantage confers
increased sensitivity to effects ionising radiation (IRnd hydroxyurea(Wanget al., 2019)
whilst exogenous expression of ATRX in deficient cells decreases the amount of G4 structures
and has shown to protect against chemical treatment of G4 stabilisers such-8461XXuet

al.,, 2017; Wanet al,, 2019)

Depletion of ATRX within cell lines has shown to induce cell cycle defects, inducing lobulated
nuclei, intranuclear DNA bridges, poor proliferation, prolonged transition between pro
metaphase and metaphase indicating its role within normal mitotic prograg®itchieet

al., 2008) ATRXdeficient glioblastoma cellshow enharced sensitivity tolR (Koschmann,
Lowenstein and Castro, 2016; Koschmaatral., 2017)and DNA damaging and/or repair
inhibitors such as WEE1 and PAR&ther analysis has showATRX to bind to regulatory
elements oftheckpoint kinase (CHK}in glioma celland bss of ATRX c®nsistentwith loss

of cellcycle regulatoilCHK1 causing premature release from G2/M checkpoint followRig

The loss ofHK1land ataxia telangiectasia and Raddated kinasgATR increases thesells
reliance onataxia telangiectasia mutate@hTM) and checkpoint kinase 2CHK2, therefore
inhibition of ATM may sensitize ATRX deficient tumourRTdreatment (Qinet al,, 2022)

The effect of ATRX on the G2/M and G1/S cell cycle checkpoints is depictedfluglosni.q.

Note; DNA damage response/repair pathways are discussed in more detail below (see section
1.6).

41



ATRX-wildtype glioma ATRX-mutant glioma

G1

— G1IS

Cell Cycle

I 1 (=
ATR ATR atm Y7 ATM inhibito

Figure 1.6 ¢ How ATRX indirectly effects cell cycle checkpoints G2/M and GL/ATRX binds tc
regulatoryelement on CHK1, thiscreases transcription &HHK resulting in inhibition of M and S phas
transition. ATRX deficiency results in reduces levels of CHK1, thus reduced capacity to maintai
checkpoint, which causes an increased reliance on ATM/CHK2, which can be therapeatgetiid
(Panget al., 2023) Copyright permissions obtained from publisher (Open Access).

ATRXdeficiency wasassessed withiranimal glioblastomamodels utilizing the Sleeping
Beauty transposase systemdlice harbouring both ATRX amb3 loss were compared with

p53 loss alone, the former group of mice were found to be more sensitized to DNAgdama
agents through an impairment of nemmologous end joining (NHEJ) DNA repair correlating
with loss of activateddNAdependent protein kinaseDNAPKcs) staininKoschmanret al.,,

2016) When left untreated, loss of ATRX increases tumour proliferation and reduces median
survival within animal model¢his genetic istabilityhowevercan be targeted therapeutically

as it sensitizes glioblastoma tumour cells to DNA damaging agents such as IR. It is thought
that ATRX loss causes restricted access to heterochromatin bound NHEJ proteins such as DNA

PKcs

1.3 Genomicabnormalities of molecular pathways

A previousTGCA study highlighted dysregulation of three core biological pathindysth
primary and secondary glioblastomd@TK/RAS/PI3K signall{i8§%) Rb(78%) and tumour
protein p53 (87%)(McLendonet al, 2008) The most commorgeneticaberrations which

were observed irglioblastomalDHwild-type tumours werePTENmutation or homozygous
deletion, CDW2A and CDKN2B homozygous deletion, TERJpromoter mutations,
chromosomal rearrangements (gain of chromosome 7 and monosomy of chromosome 10),

receptor tyrosine kinaseRTK gene amplifications (commonl£ZGFIR and less @ammon
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mutations which involv@P53NF1 PIK3CAndPIK3R1These will be discussed in more detail

below.

1.3.1p53 pathway

Often calledd 3 dzI NRA | Yy 2 FTPS3iKStundB guppreSsorsgenehich encodes
protein p53 which plays an important role in regit@ genes involvedin the cell cycle
regulation cell death and differentiation, DNA repair and neovascularisatiomaintains
genome integrity and prevesthe proliferation of cells with damaged DNA through inducing
cell cycle arrestcheckpoint regulationand apoptosis, therefore preventing tumorigenesis
(Bessetteet al, 1992) TP53is one of the most commonly deregulated genes in cancer, in
glioblastomaspecifically87% of cases studiday TCGAxhibit alterations in p53 signalling
pathwayand 28-35% containd a mutation or deletioMcLendonet al, 2008; Brennaret

al., 2013) With respect to tumour grade, population based study revealed that 65% of
secondaryglioblastomacases hadp53 mutations compared to 28% in primary cag@sgaki

et al, 2004) Mutations within p53 usually disrupt the ability of p53 to bind @NA or
modifying the folding of theDNAbinding domain, thereforealtering transcription factor

activity, often through gairof-function mutations

p53 is activated through a variety of stresgnals such as DNA damage, hypoxia,/lceéd
shock.Thep53 protein transactivates p21 which in turn results in cell cycle arrest in G1 or G2
through p21 inhibitory binding tacyclindependent kinaseCdk2/CyclinD, Cdk2/Cyclin E
complexes and p53 indirecg¢pression of Cyclin B transcripti@hrauseet al, 2000; Heet al.,
2005) Specific mutations of p53 compromigstumour suppressor functions, resulting in an
increased risk of genomic instabil{fyegrini,Gorgoulis and Halazonetis, 2010his instability
can lead to the initiation and progression of cancer in multiple wags.instancesomep53
mutations affecthe ability to efficientlyactivate DNA repair mechanisms in response to DNA
damage Mutant p53 can also losés ability to activate cell cycle arreshus allowing cells
with damaged DNA to continue replicatidgdditionally, othep53 mutations can lead to anti
apoptotic properties, as a result sommancercell can evade programmed cell deaeven
whenthe damage is severgevine, Hu and Feng, 2006; Zhahal.,, 2020) Due to the very
high prevaénce of p53 mutations in glioblastomas, nanotechnolbgged gene therapy

approaches have been used to deliveitdtype-p53 to tumour cells, which successfully re
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sensitise temozolomide resistant tumours to treatment batkvitro and in-vivo (Kim et al,
2015) however, further clinicaimplementation of this approach has not to date been

realised.

1.3.2Retinoblastomgpathway

The Rbprotein isa tumour suppressoryhichplays an important role in the negative control

of the cell cycle and tumour progression via its interaction with transcription factor E2F,
resulting in down regulation of cell cycle progression ggiésinberg, 1995; Nevins, 2001)
Within glioblastomaRb signalling is altered in approximately 78% of cases studied, with a
homozygous deletion of Rb protein in 1X#8cLendonet al, 2008) Attempts have been
made to reestablish the B pathway in glioblastoma by employing Palbocilib, an inhibitor of
Cdl/6. This compound functions to impede the downstream suppressioRoénd has
demonstrated efficacy in restraining the growth of intracranial glioblastoma xenograft

models(Michaudet al.,, 2010.

1.3.3RTKSignalling

Within glioblastoma mutations or amplification BiTKss observed in approximately 80% of
primary tumours the most common are the PDGFR @&@FROhgaki and Kleihues, 2009;
Brennaret al., 2013) Activation ofEGFRIaysa pivotal role, witln two major pathways being

the RAS/RAF/MAPK pathway, which drives cellular proliferation, differentiation, and
migration, and the PI3K/AKT/mTOR pathway, primarily responsible for enhancing cell
proliferation and ensuring cell survival by regulating the cell cycle and inhibiting apoptosis
(Ohgaki and Kleihues, 2009)

The RaRAFMAPK pathway, also known as thetogien-activated protein kinase (MAPK)
pathway consists of a series of proteins which transmit siginata the membrane bound
cytoplasmic RAS family across the cytoplasm to within the nucldiesRAF familjonstitutes

the initial tier of thissignallingcascade and comprises three isoforms:-RafRaf, BRaf, and

A-Raf, each encoded by distinct genes. These isoforms all possess three conserved regions
denoted as CR2. CR1, situated at the-tdrminal, enconpasses the RAS binding domain

(Matallanaset al,, 2011) In contrast, CR3 is located at thege@minal and serves as the site
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for activation of the serine/threonine kinase mitogactivated protein kinas1/2 (MEKL/2).

All RAF proteins exhibit a limited range of substrates, including MEK1/2, which constitutes
the second tier of the MAPK cascade. MEK1/2 functions assgheaificity tyrosine/threonine
protein kinases, sharing the characteristic narrow substrate eéamigh the RAF family. Their
substrates encompass extracelluignalregulated kinases (ERK)1/2, the third tier of the
MAPK pathwayRoskoski, 2012)n contrast to BRAF and MEK1/2, ERK1/2 possesses a
broader spectrum of substrates and can migrate from the cytoplasm to the nucleus. The
subsequent phosphorylation of the thonine and tyrosine residues of ERK1/2 ultimately
culminates in the activation of prsurvival transcription factors, such as HL&d CREB, and

the deactivation of the apoptotic transcription factor FOX@®&bratu and Tesfaigzi, 2009)

Upon activation oRTKthrough binding of respective liganghosphatidylinositol &inase
(PI3K) igecruited which phosphorylatgshosphatidynositoé,5-bisphosphate (PHp to the
respective 3phosphate (PIB. This then activates downstream targets such kitsasAd mTOR,
which results in increased proliferation and survival of the cell through blockiagoptosis
(Maoet al,, 2012) The kinase activity ¢?13Kis directly regulated by tumour suppres$drEN
which counteract$I3Ksignalling by dephosphorylating RtB PIR (Mellinghoffet al., 2005;
Zhao and Vogt, 2008pI13Kmutations occur in 21% of glioblastomend were shown to be
mutually exclusive oPTENmutations/deletions with 59.4% of samples showing only one
(Brennanet al, 2013) Loss ofPTENis olserved in approximately 36% of glioblastomas
(McLendoret al., 2008) it is thought to be a contributing factor to EGFR therapy resistance,
through the dissociation oEGFRsignalling from downstream PI3K pathwahibition
(Mellinghoffet al., 2005)

1.3.4CDKN2A

CDIN2A gene is located on chromosome 9 and is responsible for the production of several
tumour suppressoproteins. The most studied are the INK4 family member p16 (p16INK4a)
and the p1l4(ARFproteinswhich regulate both the p53 and Rb pathway respectiyislgller

et al, 1999) The p16(INK4A) proteiaresponsible for the inhibitory binding 1@k 4 and 6
disrupting their binding to cyclin Bhereby preventing phosphorylation of Rb and therefore
cell cycle progressigdiao, Feng and Wang, 201B)e p14(ARF) protein protects degradation

and nuclear exporof tumour suppressor protein p53, through indirect sequestering of
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MDM2 (Pomerantzet al, 1998; Zhang, Xiong and Yiambgh, 1998) Mutations within this

gene results inthe inability to form stable complexes with enzymesncontrolled
phosphorylation of Rb leads to abnormal cell cycle progression where cells gain uncontrolled
proliferation (Romagoseaet al., 2011) while lack of p14(ARF) protein results in increased
MDMZ2 resulting in the inability of p53 to exert it apoptosis and growth arrest functions

(Pomerantzt al., 1998)

1.4 Glioblastoma Treatmer®& Resistance

1.4.1Surgical Removal @mour

Theinitial treatment route for glioblastoma is surgical resection of the tumioulk, however

AG A& y20 &adZAadlrotS F2NJ Ftf LI GA Sy (aadbhe { dzNH S N
anatomical location for instance brainstem gliomas are usually inoperable dueisk
associated with surgical resectiowhere surgery is not possible, or metastatic disease is
suspected, fine needle aspiration biopsy is performed (where accesSola)ltzt al., 2005)
Theprimary challenge associated with teargical resection of brain tumours is distinguishing
between healthy and cancerous brain tissuehilst it is inperative to extract as much
cancerous tissue as possible, there is the risk of also removing healthy eskmitigissue
essential for speech, motor function and sensBwerefore, a large amount of tumour often
remainsfollowing surgery, especially at the tumour margimere it can be difficult to
differentiate as the tumour cells invade healthy brain tissBecent advances have helped to
improve surgical resection, for instancEpod and Drug AdministratiorFDA approved
optical imaging agent calledAminolevulinic Acid BLA)which acts as a fluorescent marker

for brain tumour cells. Prior tsurgeryLJr G A Sy Ga FFNBE 2Nl ftfteée | RYAY:
containing 5ALA, this produces a fluorescent metabolite protopomh IX (PplX) by
intracellular synthesis in malignant glioma cells. This metabolite can be visualised after
excitation by 400410 nm blue light, thus helping neurosurgeons properly distinguish
between healthy and cancerous tiss(d@/. Stummeret al, 1998; Walter Stummeet al,

1998) Additionally intraoperative MRI imaging is also used, providing the highest resolution
for tumour resection, its only disadvantage is the high cost of equipmentn@aidtenance
(Kuhntet al., 2011).
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Due to the heterogenous nature of gliomasis important that the surgical resection is
reflective of the whole tumour; markers such as IDH 8M@MTare usually homogenously
present throughout. However, there are often biological differences leevtumour core
and residual cells which are often left behind following resectigecent advances have
allowed the separation of glioblastomas into bulk tumour cells ghoblastomastemtlike
cells GSG, it is hypothesised that it is in fact th@{ / @feibehind following surgery which
give rise totumour recurrence and subsequent drug resistanés such, identification of
effective drug targets in residual disease models is particularly appealingdyg agitheir
heterogeneity and response to treatment will be most reflective of what is left behind
following surgery, thus a better disease model for the pati@uaminiyi, AlTamimi and Collis,

2019; Weller and Le Rhun, 2020)

1.4.2Chemotherapeutics

Glioblastoma is not onlyheterogeneousat a cellular level but also genetically¥his
heterogeneity makes it extremely difficult to treat using singular targeted molecular
therapies, therefore there is a requirement into the investigation of combination therapies
which can target multiple genotypes/phenotypic traits. Therapeutic treatment is also
restricted due to the inability of suitable chemotherapeutic drugs to pass through the blood
brain barrier (BBB) from systemic or oral delivery. The BBB is a protective physical obstructio
in the CNS between blood and neural tissue, its role is to block any toxins including drugs from
reaching brain tissue and causing irreversible dan{Bgekeret al,, 2014) The ability of novel
drugs to pass througlthe BBBIis only demonstrated once a drug discovery pipeline has
reached testing within murine modelk.is estimated that 98% of lomolecula weight drugs

and almost all large molecules such as antibodies are unable to penetrate tH@&®BBdge,
2005; Neuweltet al, 2008) As such, a lot of time and money is often wasted developing

successful drugs-vitro only to be unsuitable withiin-vivomodels and preclinical studies.

There have been developments twy and circumvent the BBB issue, including the
development of transcranial drug delivery systemsvhich comprise intracerebral
implantation, intracerebroventricular infusion ancbnvection-enhanceddiffusion, of the
three approaches the latter is most superiordmes not require drug diffusion from specific

site, instead it is able taleliver the chemotherapeutics directinto the tumour through
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catheters(Neuweltet al., 2008) However this is a highly invasive drug delivery mechanism
which may not be suitable for all patientSiven this, it is perhaps not surprising thhete

are only four FDA approved chemotherapeutics for treatmgigblastoma lomustine,
carmustine, temozolomideral bevacizumab. Lomustine, carumustine and temozolomide are
all alkylating agents which affix to guanine and adenine residues on DNA attaching methyl
groups thus inducing mutagenic DNA legions. The lipophilic nature of these three drugs
allows them to pas through the BBB and permits oral administratitee, 2016)Out of the

three, carmustinehas limitedBBBpermeabilityand therefore is commonly administered at

the resection site of tumour in the form of a biodegradable wgferryet al., 2007)

1.4.3Temozolomide (TMZ£)Standard of Care

Alkylating agents form strong covalent bonds with oxygen rich atoms within biological
molecules, they were first discovered for the treatment of cancer following the use of sulphur
gases in World War I. There are twifferent types of alkylating agents, monofunctional and
bifunctional; bifunctional alkylating agents work by forming an irreversible bond between two
base pairs within DNA known as ICLs these include agents such as carmustine and lomustine,
whilst monofunt¢ional alkylating agents react with just one strand of a pair of bases which

include TMZ and dacarbazine.

As mentioned previous)yart of the currentSoQreatment for glioblastomais the alkylating
agent TMZThe mechanism of action ssmmarised by figure 1. At physiological pH TMZ
undergoes a ring openindiydrolysis to generate compound -£3-methyltriazle-1-
yl)imidazole4-carboxamide (MTICG)which is further metabolised intd-amino-5-imidazole
carboxamidgAIC) and activemethyl diazonium ion(Clark et al, 1995) This highly
electrophilic ion methylates nucleophilic sites on DNA including spsi#& on guanine (N7
and O6) and adenine selues (O3)The most detrimental of these modifications is the
alkylation of O€guanine, which leads to the incorrect insertion of thymine, instead of
cytosine, on the complementary strand during DNA replicatidimder normal cellular
conditions a dealkylating repair enzyme known &8GMTis responsible for sequestering any
mutagenic DNA legions of@ethylguaning[O6MG)back to its original guanine state, thus
repairing DNA damage. However epigenetic silencing diAGé&1Tgene through methylation

of the upstream promoter regionis able to prevent the synthesis of the repair enzyme,

48



resulting in additional mutagenic DNA legions, amplified cell cycle arrest and therefore
increased levels of cell death as a result of alkylating agent(fHediet al., 2005) If the O6

MG lesion is not sucessfully resolved by the MGMT enzytrpersists as a miscoding base,
which results in mismatch with thymine on the opposite strand. MMR machinery can remove
this incorrect thymine, however due to the @8G lesion persistinghymine will continously

be reincorperated leading to futile cycles of MMRhis futile cyclingan ultimately lead to

the formation of double stranded breaks, stalled replication forks and eventual cell death via

apoptosis.
Temozolomide MTIC AlC
o}

H3C\ 30\

N N

R Q\

Y

NH,
o]
_ .- N==N—CH,
Methyl Diazonium lon ~ __---~
- é‘_——‘
Adenine N==N—CH,

N —

_______________________

Mismatch Repair

BER - BER +
e R s e R e \- Direct repair 4
\\ Repw MMR - MMR +
$SB > DSB Mutatlon
tolerav\ce DSE’
HR/NHEJ

HR/NHEJ

Cell death - Cell death

Figurel.7 - Summary of TMZ mechanism of action and DNA repair mechanisms involved with
induced damage Initially TMZ undergoes hydrolysis and metabolism into active methgbniumion.
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This ion methylates guanine and adenine residues on DNA to formetfrylguanine (70%), N@ethyl

adenine (9%) and the most lethal, @&thyl guanine (O81G) (5.3%). The former lesions are repail
via BER, however the @8G lesions are repaired by direct repair via MGMT enzymes. When MG
defective the OBVIG lesion cases mismatch with thymine on the complementary standhich is
recognised by mismatch repair (MMR) machinery. When MMR is functional this thymine resi
excised however due to the O81G lesion persisting, will later by rematched with thymine uporaeig|
synthesis. This repetitive incorporation and removal of thymine on the opposite strand leads to
cycles of repair by MMR machinery, leading to replication fork arrest, DNA double strand brea
eventual cell death. Figure adapted frq@trobelet al., 2019)

Promoter rmethylationof the MGMTgene reduces cellular levels of the enzyme and therefore
impedes its ability to repair DNA and thus improves the efficacy of alkylating agent and
standard treatment TMZ. Despite being a prognostic marker of TMZ sensitiNg&y| Tgene
methylation status teting is not currently standard practice within the N(Hi8giet al., 2005.

There are still cases though whevBsMTmethylation is present but mRNA levels of MGMT
are abundant therefore evidencing that anomalies do exist. As UGMT methylation
status unfortunately does not always correlate with overall patient treatmesgponse
(Sasmita, Wong and Ling, 2018)

1.4.4RadiotherapyStandard of Care

Following surgical resection, patients will often wait up to four weekshe wound to heal

prior to starting any therapyBefore 2005patients received only RT, however since 8tepp
regimenshowed anincreasein median survival to 14.6 months versus 12.1 with RT alone
TMZ is given both concomitantly and after Stuppet al, 2005) RT treatmenkills cancer

cells through the formation of electrically charged particles wioah pass through tissues
transferring energy. This energy deposit to cells results in the damage to deoxyribonucleic
acid (DNA) through single strandelaks (SSB) and double strand breaks JD&&n via
ionisation of water molecule@adiolysisproducing damaging oxygen free radicals. This
result in the damage of cells beyond repair caugingwth arrest and/or activation of cell
death mechanisms ugh as apoptosis, mitotic catastrophe, necrosis, senescence and
autophagy.Being SoCfor many cancers, the DNA damage causedRAyis not able to
differentiate between healthy and normal cells, however advances in guided external beam
therapy techniques ha allowed for a more accurate pinpointed delivery methdbus

sparing normal healthy tissue.
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1.4.5Monoclonal AntibodyBevacizumab

Bevacizumalis a anti angiogenic humanised monoclonal antibody which is a direct antagonist
againstVEGFIt directly blinds to VEGF cell surface receptors, preventing the production of
microvascular tumour blood vessels thus limiting nutrient supply to tumour tssine2009
bevacizumab was granted accelerated approval by the FDA for the treatment of patients with
recurrent glioblastomgCoheret al., 2009; Chamberlain, 2011)ts use has been extensively
explored in clinical trials for both recurrent and newly diagnosed glioblastoma, despite
showing mininal efficacyFor newly diagnosed glioblastoma, two stage Il clinical trials have
involved the use of bevacizumab alongsi8eCTMZ andRT In both trials an improved
progression free survivllPFSyvas observed with bevacizumab treatment 10.7 to 7.3 months
(Gilbertet al,, 2013)the other 10.6 to 6.2 monthgChinotet al., 2014) however theOSwas

not altered significantly between the treatment and placebo grawaiditionally, there was

an abundance in adversedsi effects therefore bevacizumab was not selected as it did not
meet the improvement target. Aeparatephase Il clinical trial for the treatment of patients
with progressive glioblastomevestigatedthe combination of bevaciumab and alkylating
agent lonustine, the PFSwas improved in the combination therapy by 2.7 months
Furthermorethe OSwas improved from 8.6 months in the monotherapy group to 9.1 in the
combination group, however this improvement is only minipmavertheless it still led to full
approval of its use in 201®Vicket al,, 2017)

1.4.6 Tumour Treating Fields (TTFields)

Tumour Treating Fieldd TFieldsis an emerging noinvasive cancer therapy involving the
introduction of low intensity (23V/cm), intermediate frequency (16B00kHz), alternating
electrical fieldghat disrupt cancer cell division resulting in cell deathis most widely used,
clinicaly approved delivery syster@ptune (Novocura), consists of four transducer arrays,

a field generator, and a power source. The alternating electric fields are delivered to the
patient through transducer arrays which are adhered to the patients scalptfteast 18
hours per day(Rominiyiet al, 2020) TTFieldsnduces antimitotic effects during the
metaphase of the cell cycle through disrupting the tubulin dimaitso during anaphase
preventing the localisation of septin proteitsthe mitotic spindle which both cause unequal
separation of the sister chromatids, therefore leading to abnormal cell segregation and

ultimately mitotic cell death. There is also evidence that TTFields can down regulate DNA
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repairproteins cause repliation stressactivate autophagy, stimulate artimour immunity,
stimulate antimigratory pathways and also promote cell membrane permeal(iRyminiyi
et al, 2020)

The EF4 trialwhich assesd TTFields efficacys the only trial since addition of TMZ &C

in 2005 whichdemonstrated significant increasedSfor newly diagnosedjlioblastoma
patients TTFields plus TM2d to increasedOSby an average of 2.8 months (Stuppal,
2015). This dataesulted inthe approval of TTFields by the FDA in 2015. Despite this
encouraging clinical dataTFields has not been approved yet in the UK dubldabonal
Institute for Health and Care Excellen®dCE considering the treatment as sbineffective
therefore not justified for use within the NK&lthough some Ulased patients can access

TTFields therapy through private healthcare providers
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1.5 Clinical Trialg Future treatments

There arecurrently 167 active ongoing clinical trials (nemcruiting) for glioblastoma, of whichOlhave study results available. These are

summarised in tabld.1; the majority of the trials includ&oC(surgical removal of tumour, TMZ and RT) in combination with new therapies

currently under investigatiorData was obtained from the clinical trial databaké{s://clinicaltrials.gov).

Tablel.1 - Summary table of active clinical trials, not recruiting with results publicly available.

Trial Number Therapeutic Target Details Chemotherapy Radiotherapy Diagnosis Stage
NCT02586857 ACP196 BTK inhibitor N/A N/A Recurrent
NCT03661723 Pembrolizumab PD1 immunotherapy N/A Yes Recurrent
NCT04225039 INCMGAO00012 PD1 immunotherapy N/A Yes Recurrent
NCT02152982  ABTF888 (veliparib) PARP inhibitor Temozolomide N/A Newly Diagnosed
NCT02455557 SurVaxMm Immunotherapy Temozolomide N/A Newly Diagnosed
NCT02017717 Nivolumab PD1 immunotherapy Bevaciszumab/ N/A Recurrent

Ipilimumab
NCT02337686 Pembrolizumab PD1 immunotherapy N/A N/A Recurrent
NCT02142803 MLNO128 TORC1/2 inhibitor Bevacizumab N/A Recurrent
NCTO01817751  Sorafenib, Valproic Kinase inhibitor, HDAC N/A N/A Recurrent

acid, sildenafil inhibitor

/11
I
Il


https://clinicaltrials.gov/

1.6 DNA repair pathways
1.6.10verview of DNA damagesponse

It is estimated that our cells go through approximately-10° spontaneous DNA damaging
lesions each dagLindahl, 1993; Lindahl and Barnes, 2000; De Bodtvan Larebeke, 2004)
These lesions includBNA SSBnd DSB base damage, cytosine deamination, cyclopurine
adducts, depyrimidination DNAprotein crosslinks, mimatched base pairing and DNA
crosslinks(Hoeijmakers, 2001; Ciccia and Elledge, 2080ich lesions can be caused by
endogenous sources (cellular nabblic processes) such as oxidative damage, hydrolysis,
alkylation and DNA replication errors or exogenous sources (environmental factors) including
ultraviolet (UV) radiation, ionizing radiation and various chemical agents such as from
carcinogens in cigatte smoke. All these lesions pose a threat, and therefore evolutionary
mechanisms have evolved to detect, signal, and repair the lesions; collectively known as the
DNAdamage response (DDR), which involves a complex network of signalling and DNA repair
mechanisms(figure 18) working in concert with the cell cycle progression/checkpoint
machinery to preserve and maintain genomic integrftgure 1.9). Improper functioning of
these DNA damage response checkpoints and repair pathways can cause the attonrofila
unrepaired DNA which can pass onto daughter cells and lead to mutations that can drive

cancer development and progression.

Oxygen radicals Polyaromatic
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Figurel.8 - Overview of DNA damage and types of response mechaniswaved - DNA damage cal
occur through endogenous and exogenous factors. These types of damage include base mismatc
stand breaks, single base damage, bulky lesions, crosslinkingafidtraterstrand) and double strande
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breaks. Each type of damage activates a particular repair mechanism, which include, base excisic
nucleotide excision repair, base mismatch, #Awmologous engoining and homologous
recombination. Figure frorklelenaet al (2018) Copyright permissions obtained frgoublisher (Open
Access).

There are three regulatory checkpoints known as G1/S,8tphase and G2/M, owed t
the phase of the cell cycle in which they exMaintenance of the genome not only reli¢
on efficient DNA repair mechanisms but also theighbibr the cell cycle checkpoints to t
activated, tlerefore allowing time for DNAlamageto be repaired.Early DDR processt
involve the activation of several kinases, which in turn regulate cell cycle progre
through checkpoint activatiarThese kiases include ATM, ATR and DRAThese kinases
along with various €k@ and the central cell cycle regulator p53 and its associated fac
regulate the intricate pathways involvétigure 1.9\Hustedtand Durocher, 2016; Romini
and Collis, 2022)

‘A.

ATM DNA DSBs
Chk2
! | !
p53/p21 CDC25A / CDK2 CDC25C / CDK1
‘ ‘ )
I | I ’“\\
/”‘_\ ! l T\‘: \ . /
[ 3 NG ’,I_:L:;_.i"’ N A i y
\\. 2 / B j =
1 1 I )
G1/Ss sIntra S G2/M &
t t
CDC45 CDC2s5C / CDK1
inhibition
Chk1

Figure1.9 - The function of ATM and ATR in regulating the cell cycle after DNA damage is a ci
aspect of cellular control The cell cycle encompasses phases such as mitosis (M) and DNA synth
which are divided by gap phases called G1 and G2orblgeession of mitotic cells through the cell cy«
is under the governance of CDKs and cyclins, which periodically accumulate and are subse
degraded. To ensure proper cell cycle progression, three principal checkpoints (G1/S, mtihG2/M
chedpoints) act as safeguards against inappropriate advancement, indicated by dashed red lines
event of DNA damage, activating these checkpoints becomes pivotal as it grants adequate ti
recruiting the necessary molecular machinery to preserveogdc integrity.Figure fromRominiyi and
Collis(2022) Copyright permissions obtained from publisher (Open Access).
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1.6.2Mismatch Repair

MMRis responsible for the restoration of base mismatsla@d insertion deletion loops (IDLs)
which have escaped proofreading by polymeragesi, Keijzers and Rasmussen, 2017)
Mismatched bases are detected by MutS proteinsattform two heterodimers, Mut$S
(MSH2a { | c 0 | YR a-M&HB)Oncé defettad they bintb the damaged DNA,
following this MutL recruits the DNA helicase Il to separate the ¢amplimentaryDNA
strands Consequently,the endonuclease activity of MLHAMS1 is activatedallowing
excision of the nicked DNA strand by EXEMally the new stand is synthesisedbylt and
ligated by DNA ligase | (LIGChakraborty and Alani, 2016pdovichiet al., 2020)

MMR status is also an important predictor of TMZ efficacy alonddi@® Tgene expression
(McFalineFigueroaet al, 2015) Typically,06-MG residues caused by alkylating agent TMZ
are directly repaired by MGMT enzyme, however whenM@MTgene is hypermethylated,
this damagepersists resulting irO6MG. Thyminemismatch following an initial round of
replication. The MMR pathway will attempb trepair this damage, removing the patch of
newly synthesized DNA containing the thymine residdmwvever, vithout the removal of the
initial O6MG on the template strand, incorreghcorporationof thymine will persist on the
opposite strand, leading taifile cycling of the MMR system. This then results in fork collapse,
double strand breaks52/M arrestand eventual cell deat(Drablgset al,, 2004) Often when
MMRmachineryis defectivethe mignatchedthymineresiduewill be left unrepairedleading

to increase in mutational tolerangcd MZ resistancand cell survival. Which may in turn lead
to survival advantage, through heightened levels of mutations within oncogenes and tumour

suppressor genes resulting in clonal expang\éon Buereret al., 2012)

A recent multicentre study showed that partial and complete IHC loss of MMR protein
expression was present in 43/33tigh grade gliomasamples, of which 15% showed a
complete loss in one MMR prote{€acceset a., 2020) Also TCGA data demonstrated that
MMR geneMutS homolog §MSH§ was mutated within approximately 26% of recurrent
tumours, which had received alkylating agent TIMELendoret al., 2008) suggesting MSH6
mutations are selected for during TMZ treatment and are casually associated with TMZ

resistancgYipet al,, 2009)
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1.6.3Base Excision Repair

BERresolves SSB base oxidation, deamination and alkylation which are typicaly non
distorting to the DNA helixKrokan and Bjeras, 2013)ypically,BER is usually activated
following spontaneous decay of DNA or thougther factors such aROS andR There are

two distinct BER pathways; short patch (SP) repair for single base sites and long patch (LP)
repair for oxidized and reduced sites. Both SP and LP repair involve initakiole of
damaged lesion by one of at least 11 DNA glycosylases, these are enzymes that cleave the
bond between the deoxyribose and modified lesion. This removal createsbasic site

which is cleaved by the AP endonuclease (APEE and Kang, 201%or SP repair DNA
polymeraseb (Pob) is recruited tdill the gapand ligation byDNA ligase 8ig3)complexed

with XRCCZILodovichiet al., 2020) LP repairrequires assistancefdlap endonucleasd

(FEN1) to displace the largé&lap structure it thenutilises PCNADNA polymerase k

ot 2 fte fidl thé gapalongsideligation byDNA ligase 1 (Liglllee and Kang, 20190his

process is summarised belofiglre 110).
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Figure 1.10 ¢ Overview of DNA excision repair pathways for bulky distorting (nucleotieision

repair) and nonbulky lesions (base excision repair) caused by reactive oxygen species {Rig&e
obtained fromLee and Kan2019) aopyright permissions obtained from publisher (Open Astes

57



1.6.4Nucleotide excision repair

Nucleotide excision repair (NER) is specifickiolky single stranded DNA helix distorting
lesions whichcan blockDNA replication and transcriptiodNER is famed for its ability to
remove a large range of structurally unrelated DNA lesions, including: cyclobpyeinedine
dimers and & pyrimidineprimidone photoproducts which are the common lesions
produced by UV radiation, bulky chemical adductsd d@€Ls caused by cisplatin and
cyclopurines generated by R@8arteijn et al., 2014) There are two types of NERoth
summarised above in figure1D. One type is known agobal genome NER (@@&R) which
surveys the entire genome for damalgg sensor XPC and {DDB (ultraviolet (UV) radiation
DNA damagéinding protein) comlex The other type iganscriptioncoupled NER (TGIER)
which only identifies damage actively transcribed DNAhe damage is indirectly activated
following RNA polymerase Il (RNA pol II) stalling during transcript elongation at a(&#lietn
and Schérer, 2006; Hanawalt and Spivak, 200B¢ affinity of CSB and RNA Pol Il then
increases, causing the Cockayne syndrome WD reperein (CSACSB) to form, causing

reverse translocation allowing access to DNA lefidarteijn et al., 2014)

Following activation within both types of NBERe transcription initiation factor IIHis

recruited, which possesses helicase activity to open the double Adlex.helicase subunit

XPD verifies the existence of lesions with the help of the ATPase activity XPB subunit and XPA,
which binds to singlestranded chemically #ered nucleotides.Consequentlythe single

stranded DNA binding protein RPA is recruited and coats the undamaged strand.

9y R2y dzOf SaSa -tC IyR -tD FNB G§KSYy NBONMz (SR
YR 0Q AyOA&Az2y NB helddringed ®Sidn avihin 420 hudl&otidésE OA & S &
C2ft26Ay3 GKS AYAUALIET pQ AYyOAaAA2RoHG&frtC® GfF
t 2t C -filing &ndl fidally §ealing the nick with DNA Ligl or [(Marteijn et al,, 2014)

1.6.5Homologous Recombination

Homologous recombination repairs D3firing S/G2 phase of cell cy¢rarzei and Foiani,
2008) It is the least error pronef all repair mechanisms, as it uses the sister chromosasne
atemplate. Overview of the HR mechanism of action is depictefidaye 111. Initially the

DSB is detected by MRN comp(B4RE11ANBSIRAD50) which binds to it and recruits ATM
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NexttK S awb NXaSOla GKS 5{. 2y GKS pQ SyRa 27F
BRCAZ1 activityNextPALB2 recruits BRCA2 to the DSB and sequesters RAD51 to the resected
ssDNA regiondRAD514d involved in the search for homologous DNA and aids invasion of
homologous double stranded DNA, making-loa@p. DNA polymerases synthesise new DNA
strands usinghe homologoussDNA aghe primer. DNA is ligated and cleaved before the

break is completelyestored either through noftross over HR repair or cross over HR repair

(most common,)
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Figurel.11 - Schematic overview of the HR mediated DJair - Initially the DSB is detected by tt
MRN complex comprised of MREX8IS&B1RADS50 which recruits ATM. The damaged DNA is proce
G2 ONBIGIS 0Q 20SNKIy3aId . w/!u O2yiNRfa GKS
invasion of homologous templat®n the sister chromatid. The invasive strand displaces
complimentary strand on homologous DNA creatinglaap structure. DNA polymerases synthesis
new DNA strand based on the sister template, repairing the DNA damage. Sometimes the resoli
DNA results in a crossover event where genetic material is exchanged between the homc
chromosomes. Adaptetlord and Ashworti2016) copyright permissions obtained from publishe
licence numbeb660150681331

1.6.6Non-homologous Engbining (NHE)

NHEJ isreother DNA DSB repair mechanism acting mostly in thel@ase this is more error
prone as bases can be trimmed by nucleases which can lead to loss of gefoetr@tion.
Summarised ifigure 112, initially theKu70 and Ku80 dimerise form Ku complex which
recognises DNA DSBs and recruits other NHEJ prolRN&PKcs are recruited to the Ku
heterodimer bound to the DNA to form the DN complexThis now active DNRKs
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into blunt ends), DNA polymerase, XRCC4, XLF, DNA ligase andHa2XXis a well
established DNA DSB marker which also recruits further DSB prdtitttple rounds of
nucleotide additions and deletions often occur before ligatbNA end$o produce repaired

DNA(Changet al.,, 2017)
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Figurel.12- Schematic overview of the nehomologous end joining mediated DNA repaifhe Ku86
Ku70 heterodimer plays a pivotal role in detecting and responding to desitded breaks (DSBs) in tt
DNA. This detection initiates a cascade of events, startingtivitimecruitment of the DNAlependent
protein kinase catalytic subunit, DNZKcs. Subsequently, the DNAPK complex forms and its k
activity is activated. DNRK, in turn, enhances the recruitment of key repair proteins, including Arte
XRCC4, DNAdise IV, and XLF. These proteins work collaboratively to complete the fjogling step.
Figure adapted from(Brochier and Langley, 2013 @yright permissions obtained from publishe
licence number 5660181197219.

1.7 GiomaStem Cells

1.7.1Cancer Stem Cell Theory

Thecancerstem cell(CSCjheory stipulates that aare subpopulation of cellfarbourthe
ability to undergo unlimitedegeneration andoossesselfrenewal propertieJReyaet al.,
2001; Pardal, Clarke and Morrison, 2Q08dllowing the proposal of this CSC theory, there

followed an influx of studies describing brain CSCs, which &ptipose of this thesis we
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will refer to as glimaa G SY OS f(lgnatovaeDa{., 2002 Klemmatet al, 2003; Gallet

al., 2004, Singlet al,, 2004) Glioblastomagonsistof both bulk tumour cells an@&SCand it

is thought to be the latter which give rise to tumour heterogeneity, secondary foci and drug
resistance within patientéBaoet al,, 2006; Chert al, 2012) Following surgical removal of
bulk tumour population, it is hypothesized th& / l@f&ibehindcaninfiltrate the brain and
migrate to form secondary tumour foci and therefore it is this subpopulation of residual cells

which needs to be targeted and utilised to test novel drugs and treatment methods.

There is controversy regarding the origin of GS@sere is evidence to suggest they develop
from malignant mutations withimeural stem cellsNSGwhich arise from the subventricular
zone (SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the hippocampus in the
dentate gyrus(Leeet al, 2018) GSCs and NS@ossess similar gene expression profiles,
additionally they both express neuronal and glial markers such as Q3 0on and Alvarez
Buylla, 2008)Otherevidence suggests that GSCs arise from other mature cells which possess
the ability to sefrenew and differentiate into various tumour typé€Bachooet al, 2002;
Gimpleet al,, 2019) Advances in cell culture methods have now made it possible to maintain
GSCasn-vitro, replacing the media containing serum used for established cell lines with
conditions optimal for normal NS@llowing them to maintain selfenewal capabilities;
neurobasal serum free media supplemented with growth factors fibroblast growth factor

(FGF) and epidermal growth factor (E@feeet al., 2006)

Early studies conducted [8inghet al (2004) revealed a subset of brain tumour cells were
positive for cell surface stem cell antigen CD18&0o commonly known as prominin
Experimental work revealed that following magnetic sorting CDa88itive cellsexhibited

the ability to initiate new tumours in immunocompromised mwéh as fewas 100 cells,
whereas CD138egativehuman brain tumour cells were completely unable to form tumours
in-vivo. These findingsled to the assumption that CD13Serves asmarker for G[ /,Q a
instigating further exploration of the relationship between glioblastoma and GSCs
Additionally, gparateresearch conductetty Galliet al (2004)provided further support for

the GSC theory by identifying a population of neutahour cells with the capability to
WSadl of AIAMKRE  SHEGY R y i dzY 2 gedthdOrdsinv@etd BN FudcSsful |

isolation and identification dNSC$rom glioblastoma and performed a successful orthotopic
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transplantation immunocompromised mouse despite challenging conditions set by serial
transplantation experiments, thus also approving the human glioblast@8&s theory
Markers frequently used to identify and/or isolate GSCs include: CD133, CD33, Cd,5, CD
S100A4, ALDH1A3, Nanog, AC$OX, and Nestir{Hassn Mesratt al., 2020)

1.7.2Hasticity In glioblastoma

Typical neural differentiation involves the transformation d&Csor progenitor cells into
specialised neural cell types which include neur@sstocytesand oligodendrocytes.hese
differentiated neural cells become terminabipecialized and contribute to the structure and
function of the nervous system. In contrasite differentiation of glioblastomaumour cells
is a highly transient process, they have the abilitjurop between a spectrum of phenotypic
states fromquiescent to proliferative and multipotent to differentiated his isdue to their
permissive epigenetic and transcriptomic landscaménich contributes towards their
treatment resistancgDe Silva, Stringer and Bardy, 20Z3pgle cell RN#eq analysis of 28
tumours revealed 4 distinct cellular states which are responsible for driving glioblastoma
heterogeneity(Neftelet al., 2019) These cellulattates are defined as neurgirogenitorlike,
oligodendrocyteprogenitorlike, astrocytelike and mesenchymdike. One potential
treatment strategyis the indution of differentiation in these glioblastomaultures into a
specific lineage.For instance, tB knockdown of OLIGhas been shown to induce
differentiation into cells resembling eithgtial fibrillary acidic proteif(GFAR+ astrocytelike

or CD44+mesenchymalike state like The direction of differentiation depends on the
presence of EGFR amRDGFRA amplificatiofKupp et al, 2016) This approach aims to
manipulate thetransient cellular states within glioblastoma to potentialtgrget specific

tumour characteristics or vulnerabilities.

1.8 Frequently utilised GSC markers
1.8.1CD133Promininl)

CD133 also known as promirlinis a transmembrane protein, It was initially identified as
surface antigen expressed on hemopoietic stem ¢dlisagliaet al., 1997; Baueet al.,, 2011)
later in NSCgCorbeilet al, 2010)} Yy R | £ §Shghé fl/ 20G4) Analysis of a series of

newly diagnosed and recurrent glioblastoma neurospheres utilogescenceactivated cell
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sorting FACYprevealed that there is high variability of CD133 expression in glioblastAma
study revealed 4/11 neurospheres displayedhhabundance of CD133 positive céfiom

84.8% to 58.1%), whilst the remaining 7/11 contained much lower populations of CD133
positive cells (from 8-4.0%)(Bresciaet al,, 2013) Thepercentage of CD133 positive cells

was also analysed over seveiralitro passages and therefore may not be an artifact of cell
cycle dependent expression of the CD133 protein. Despite some neurospheres showing low
levels of CD133 during FACS analysissiderable levels of transcript were observed,
suggesting mMRNA levels do not always corroborate with CD133 plasma membrane expression
levels. It is hypothesized CD133 appears in an interconvertible state, changing expression and
subcellular localisation leeen the cytoplasm and the plasma membrane depending on
multiple stimuli such as cell cycle progression, supply of oxygen and nut(atsantes
Freeret al,, 2015)

Contradictory to previous reportdoth CD133ositive and CD13Begative cell fractions
sorted from glioblastoma patient derived neurospheres and tumour specimens showed
similar seHrenewal capabilitiesn-vitro and have the ability to regenerate tumours in mice
models(Jooet al, 2008; Bresciat al, 2013) The knockdown of CD133 using short hairpin
RNA was able to impair GSC growth andregléwal capabilities linking it to GSC tumorigenic
capacity, suggesting it could be used as therapeutic target in glioblastBresciaet al.,

2013) This ignteresting asone would expect to see the same loss of tumorigenic potential

in CD133egative cells. It is possible that in previous experiments Ch&gative cells may
have been labelled incorrectly, due to specific antibodies only targeting the AC133 specific
epitope, which is located in one of the extracellular domains of memb+hoend CD133

(BarrantesFreeret al., 2015)

Previous wrk by (Baoet al., 2006)showed that following IR treatment of human CD1-33
positive and CD13Begative glioma xenografts, the CD33&sitive subpopulation increased
3-5 times relative to control xenografts. Additidha freshly isolated glioblastoma cultures
showed an increase of CDZ1p8stive cells from B% to 610% after IR treatment.

Interestingly irradiation did not induce CD133 expression in CID&gative cells. Through
comparison of the DNA damage responsetpins the CD13®ositive cells had significantly

higher activating phosphorylation of ATKHKL, CHK2 and Rad17, indicating CD1p8sitive
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cells show greater checkpoint activation in response to IR induced DNA damage. Additionally,
the baseline phosphorgtion of crucial DNA damage checkpoint regulator Radl7 was
significantly higher in the CD13®sitive cells, suggesting these cells may be better primed

to respond to DNA damage. Comet assay results revealed that following IR treatment comet
tails decrease 2-9 times more rapidly in CD13®sitive cells indicating that they were able

to repair DNA damage more efficiently than CDh&gative cells, thus corroborating tl¥DR
protein data. This data confirms that CD}38sitive cells have greater radiesistance and
tumour repopulation potential through heightened checkpoint response and DNA repair

mechanisms.

1.8.2S0X2

SOX2; sex determining region Y (SR isa transcription factor which controls gene
expression throughput embryonic development ansl involved in neurogenesis and
gliogenesis. Its expressiondewnregulatedwhen neural cells mature and exit the cell cycle
(Uwanoghoet al., 1995; Kamachi, Uchikawa and Kondoh, 2086jvever in glioma, SGX
expression is frequently higl®0%)with expression corelating positively with tumour grade
(Schmitzt al,, 2007) suggesting its involvement in maintaining the undifferentiated state of
GSCqSchmitzet al, 2007) Slencing of SOX2 in glioblastoma cells resulted in loss of
proliferative activity, mat likely due to becoming more mature and exiting the cell cycle
(Mariaet al,, 2009) Additionally, vihen cellswere placed into differentiating conditions, the

expression of SOX2 dramatically decreb@dariaet al., 2009)

1.8.3Nestin

Intermediate filaments, microtubules and microfilaments are all structural components of the
cytoskeleton, which provide mechanical and stresping mechanisms to celfSnider and
Omary, 2014)Nestin is an intermediate filament protein that is expressedNBCsand is
commonly used as a marker f&CsNestin positive cells are highly proliferative and have
the ability to differentiate into multiple lineages making them an attractive target for therapy
(Bernal and Arranz, 201&imilar to SO, knockdow of nestin supressed the proliferation

and invasion of glioblastoma celé/ei et al, 2008) As progenitor cells differentiate their
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nestin filaments are replaced by othietermediate filament proteins suchasGFARLuet al.,

2011)

1.9 Glioblastoma Models

1919adF6f AAKSR WwWOflFraaaoQ OStt tAySa

Established cell lines arfeequently employed inresearch due to theipracticality, cost
effectivenessreproducibility and minimal ethical consideratiofWanget al., 2009) Classic

cell lineshave beerimmortalised ensuring they do not undergenescencand proliferative
rapidly. Despitetheir initial derivation from glioblastomapatient tumours these cell lines
rarely represent the clinidacharacteristics of primary cells from which they originated often
diverging genetically and epigeneticallyee et al (2006) demonstrated that xenograft
tumours developed from seruagrown cell lines did not accurately represent true
glioblastoma characteristics. This divergence can be attributed to genetic modifications that
enable indefinite growth, the addition of growth fact) and the phenotypic and genotypic
variations that can occur with consecutive passaging on plastic surfaces. As a result, their use
is typically confined to initial clinical experiments, such as testing agents and conducting
mechanistic studiesThere isalso the issue of cross contamination with mycoplasma and
other cell lines, which can additionally affect the outcome of experiments leading to false
results. For instance in 1970 Walter Neld®ees showed that the majority of cell lines were

in fact cros-contaminated with highly proliferative HeLa cef{delsonRees, Daniels and

Flandermeyer, 1981)

1.9.2PatientRSNA SR WLINAYI NBEQ OSff fAySa

Patientderived primary cell lines are obtained directly froesectedtumour samplesor
biopsiesand cultivated in the laboratoryDespite altering theumours original architeture

and environment, itoffers several advantageBrimary cell linegnable a higher degree of
control over experimental conditions, making it possible to test multiple drug combinations
that could be ethically problematic in-vivotesting. Additionally, these models make it easier

to study the effects of treatment on tissues during and after the process using imaging
techniques that would be otherwise unfeasible iniasvivosetting.Compared to established

cell lines utilising aprimary cell approach gives a more accurate representation of
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glioblastomatumours andtheir response talrug treatment. Onekeyreason for this ishat
dissociatedtumour cells retain all the different cellular populationsincluding immune
fibroblasts ad endothelial cellsFurthermore, patient derived primary cell linbave not
undergone multiple passaging on plastic which can promote selection of specific cell types
and thus causgenetic and phenotypic changes that may not accurately reflect thénatig
patient tumour. As aresult, primary cellmodelsexist as avaluable tool in glioblastoma
research, offering a more faithful representation of the disease and its response to

therapeutic interventions.

Thechallenge of establishing consistent culture conditions for glioblastoma cells is evident,
with a plethora over20 possible culture conditions within the literature (idSCmedia,
oligodendrocyte precursor celDPC media, and fetal bovine serum (FB8&)atoing media)
(Leduret al., 2017) This extensive variation in culture conditiopsgesentsa significant hurdle

in making direct comparisons across studiEer instance tihas been shown culturing cell
lines within DMEM media containing FBS, stimegadlifferentiation towards astrocytic cell
state, whereas serurree conditions containing growth factors EGF and-EGFe able to
propagate cell lines withiSGproperties which avoid differentiation (Corti al.,, 2005; Suret

al., 2008).It is worth noing, culturing glioblastoma cells within EGF and 2Gfas shown to
increase expression and signalling of EGFR, this correlated with an increase in sensitivity to
EGFR inhibitors Gefitinib and A&78 Hence, careful consideration of appropriatell
culture conditionsis paramounbefore undertakingeltbasedscreening to avoid misleading
results (Leduret al, 2017). It is known that glioblastoma cells grown under serum free
conditions are more representative of their parent tumour (letal., 2006; Deet al., 2008),
alarmingly the majority of early research involving cell lind/an Xenograft models have
used these serum culture conditionghis raises the unsettling possibility that numerous
potential therapeutic strategies may have been prematyrdismissed due to the genetic

drift resulting from these early experiments employing serocomtaining growth conditions.

Culturing of primary glioblastoma cell lines can be performed as either 2D monolayers or in
3D suspensionTo initiate adherent monolayer formationa basement membranextract
(BME)such asViatrigel or Cultrexs essentiaglas neurospheres form in suspension cultures in

the absence of such supporNeurospheres which replicate the 3D morphology of the
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original tumour come with some disadvantage3hese include slower expansion rates,
elevated levels of cell death, and an increased presence of differentiation markers compared
to adherent culturegPollardet al., 2009) Leveraging neurosphere cultures for drug screening
poses several challenges. Firstly, conducting robust screenings necessitates a substantial
guantity of neurospheres due to their relatively low expansion rates. Quantifying cell
proliferation within these spheress more complex than 2D methods requiringoma
sophisticated microscopy techniques and methods of analydisreover, neurospheres
exhibit variable levels of cell death and differentiation, and the fusion of multiple
neurospheres can further complicate analysis when assessing either the numhbee @f s
these structures. To address these complexities, the utilization of adherent monolayers of
gliomaNSCsmerges as the more favourable approach, particularly in the context of drug

screening.

1.9.30rganoid Structure Models

Organoids are multicellular miturized threedimensional cultures, constructed from stem
cells in-vitro. Cerebral organoids with salénewal and selbrganising properties can be
constructed from stem cells, either through thaduction of embryonic stem (ESC) or
pluripotent stemcells (iPSCs). Human cerebral organoids have been successfully developed
to model human developmental disorders such as Timothy and PiM¢irermid syndrome
(Bireyet al.,, 2017; Miureet al., 2020) Glioblastoma can be modelled using cerebral organoids
through gene editig techniques such as clustered regularly interspaced short palindromic
repeats (CRISPR) to initiate mutagenesis through targeting glioblastoma specific genetic
aberrations (Biaret al,, 2018; Ogawat al., 2018) Neverthelessthis approach is limited to
studying the initiation and progression of the disease. Alternativetganoids can model
glioblastoma through implantation of patient deriv&5Cgo initiate growth of glioblastoma

within a 3D model brain environment (Ogaeial., 2018).

Unlike cdl cultures, organoids cabe coecultured with both tumour andhealthy cells and
therefore interactions between these two cells environments ardlvidualdrug response
profiles can be monitored within the same systetmus highlighting any potential ffects
on healthy cellor the interaction with other cell types such as the immune complement

Organoids are limited, they do lack essential cell types such as endothelial cells, microglial,
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other issues include the ability for cerebral organoids dell&ully differentiate into the six

layers of the cortex, only the deepest layers have been produced. NeverthelessFace

et al, 2018)showed it is feasible to vascularize brain organoids usingdhell A Sy 1 Qa 246y
derived endothelial cells, many more improvements and strategies have been developed,
including a more recent advanced approach which also incorporated a funci@ilike

structure as well as microglial cells into brain organoidsckvhre brain specific immune cells

(Sunet al,, 2022)

Despite showing promise there are limitations to the organoid model, as they are not a
perfect replica of the human brain. Cerebral organoids most commonly used for glioblastoma
research lack endothelial cells meaning there is no vasculature, the ceriitoegamoids can

turn necrotic due to lack of oxygen and nutrients, therefore extra experimental design is
needed in order to achieve vascularization of brain organoiham et al, 2018)
Furthermore, thehuman cerebral cortex consists of six layers, but only the deepest of these
have been expressed in cerebral organoids showingithaitro the stem cells are not able

to fully differentiate(Ogawaet al., 2018) Culturing organoids is also an expensive process as
they take months in order to grow and mature thus reducing their efficiency as a glioblastoma
model and alsdheir practicality for higithroughput screening method#lubertet al., 2016;

Qian, Song and Ming, 201&)nally, there is large variability between organoid culture within
research laboratorieslhis is due to protocols relying tmman pluripotent stem cellhPSE
selforganisation meaning no two organoids being identical, limiting the reproducibility and
therefore the quality of research produced through organoid mo@@sn, Song and Ming,
2019)

1.9.4Murine mode$

Mouse models are commonkmployed inglioblastoma researcdue to their accessibility

and costeffectivenessMice and humans share relatively similar genomic and physiological

characteristics, it is predicted that mice share approximately 80% of humans orthologue
genome (Waterstoret al., 2002). The preclinical glioblastoma mouse models are categorized
into three categories; xenografts, genetically engineersbuse models(GEMMs) and

syngeneic mouse models. Murine models provide researchers with a useful tool to investigate

68



basic mechanisms of cancer development, treatment response and insight into

pharmacokineti¢PK)and pharmacodynamid®D)of drugs.

Thereis alongstandingdebate asto whether animal models such as mice can accurately
predict human therapy responsBrug development is a high risk, costly and lengthy process,
which suffers from high attrition rates, approximately 90% of clinical drug developments fail.
In particular, oncology has the lowest possibility for success in drug development
programmegJardimet al,, 2017; Wong, Siah and Lo, 201Bhe main causes of failures are
due to lack of efficacy and increased toxicity of drugs within humans, which only becomes
apparent in the late stagp of clinical trials. Equally lead compounds may be eliminated at
early preclinical stages due to their toxicity in animals, which may have acceptable risk
profiles in humans. Clearly suggesting that drug development success is highly dependent on
the pre-clinical animal model used. Certainly, efficacy can be improved through the use of
more clinically relevant models for instance replacing cell line xenograft models with patient
derived models. Toxicity can only be monitored through testing within hupanosided that
safety has been shown within animal studies, however this can be avoided through the

repurposing of preapproved drugs.

1.9.5Xenograft Models

Xenograft models can be classified as either traditional cell line or patenited xenografts
(PDX. Both can be accomplishédrougheither orthotopic or subcutaneousansplantation

For glioblastoma establishing orthotopic models involves the transplantation of spheres or
biopsies directly into the brains of mice and are therefore more closelyeekat the clinical
setting as they provide mouse brain microenvironment. In comparison to subcutaneous
xenografts where spheres or biopsies are transplanted directly into flanks of mice, orthotopic

intercranial models are more technically challenging todurce.

It is important to note that @nograft modeldave limitations, particularly irepresenting the
hostQ antitumor immure responsein human glioblastomaThe absence of &nctional
immune system in xenograft models make thesdundant in the teshg of immunotherapies
which are becoming increasingly desirable to investigate due to increasesGior many

cancers. Additionally, the loss of immune complement has considerable effects on increasing
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the growth rates of the implanted tumours, clearly making them more susceptible to

antiproliferative agents, often providing false drug efficacy infornmatio

1.9.6Cell line Xenograft

Traditional xenograft models involve the transplantation of human cancer oaits
immunocompromisednice. Multiple establisheglioblastomacell lines such as U87, U251
and LN18 have been successfully xenografted. These modets ddwantages of high
engraftment, reliable disease growth and progression, high growth rates with good
reproducibility for investigating glioblastoma. Immortalised cell lines can be easily expanded
in-vitro, to yield large numbers of tumour cells for exjpeental use (Huszthgt al., 2012).
Despite this, cell line xenografts often do not resemble the complex clinical characteristics of
the original tumour they are presumed to model (Kerbel, 2003; Martnal., 2008). For
instance the U87M@ell linewhichwas originally obtained in 1966 was recentlysequenced

in 2018, evidently the results indicated a large number of indels, copy number variations and
translocation presumably due to years of cell culture (Eskin, 2010). This suggests that the
U87MG celline used today is drastically different to the original tumour, despite being one
of the most widely used glioblastoma cell models with over 3,800 entries in PubMed over the
last 10 years. Why are we continuing to use these dated glioblastoma cell lidelsnehen
GKSe R2y Qi YAYAO (0UKS GNHzZS OKINIFOGSNR&aAGAOa 27

1.9.7Patient Derived Xenograft

The most clinically relevanh-vivo model is the PDX, where surgically removed tumour
biopsies or spheroids are implanted into immunocompromiseide. There are two main
methods for establishing PDX modélss first involves the direct injection of biopsy tumour
tissue andthe secondis injection of cultured tumourcells or spheres. Both methods can
maintain the genetic and phenotypical femes of original patient tumour. Nevertheless,
injecting biopsy tissue may be more clinically relevant as the architecture of original tissue is
maintained, along with endothelium, extracellular matrix and resident macrophages (Kijima

and Kanemura, 2017).

PDXmodels have the clear advantage of retaining both the genetic and histological features

of the original patient tumour (Kijima and Kanemura, 2017). One main reason for this is
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tumours are propagated through successive generations of mpieajening the selection
events and phenotypic drift that often occureell culture (DangleMarieet al, 2007; Daniel

et al, 2009). One major caveat of PDX models is unsuccessful engraftment due to tumour
size, aggressiveness, and low viability. PDX modelsighly reliant on large tumour samples
with good viability, to achieve successful engraftmevitjch is notalways possibléor every
patient. This makes it increasingly difficult to model lower grade tumour such as
oligodendrogliomas which proliferatauch slower than higher grade tumours, more invasive
tumours which are surgically difficult to remove and smaller sized tumours in general. Once
engraftment is successful it can take betweeill® months for sufficient tumour growth
(Wanget al., 2009)

1.9.8Genetically Engineered

Better understanding of the genomic mutations involved in primary brain tumours and their
classifications has led to the development of Q&which represent an important tool to
expose the genetic aberrations involved in tumour initiation and progression. GEMMs are
genetically modified to give rise to mutations, deletions or overexpression in one or several
genes thought to be involved in th@rogression of glioblastoma (Richmond and Su, 2008).
Gene expression is manipulated using-fieggulation or Creénducible gene alleles, allowing
gene expression to be tightly controlled is a tissue specific and/or time specific ma&gaan,

these modet also require up to a year to develop prior to drug screening (Richmond and Su,

2008), which for the purpose of producing rapid reliable models is one of its downfalls.

When comparing GEMMs to PDX models, each have their own strengths and weaknesses.
Firstly, GEMMs are established in immunocompetent animals, therefore will allow the testing
of immunotherapiesNeverthelessthe tumour and the immune responseaé mouse origin

and therefore cannot reliably mimic glioblastoma behaviour and immune response
humans. The cascade of mutational events which lead to specific glioblastoma classifications
is extremely complex and not fully understoaidis therefore questionable whether GEMMs
cantruly mimic the tumour initiating events in human glioblastomdditionally, not only the

tumour environment but the tumour itself is of mouse origin, for this reason PDX models are

more suitable when the goal is to create a clinically relevant model to for the investigsdtion
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noveltreatments However, ifpurposeisunderstanding the mutational events involved in the

initiation of glioblastoma and tumour progressiahen GEMMs aresuitablemodels.

1.9.9Syngeneidlouse Models

Syngeneic mouse models come in two varieties: spontaneous or those induced by carcinogens
or chemicals. The tumour cells in these models originate from mice themselves, either
developing spontaneously or, more frequently, induced through mutagenic sulestamc
transposongAusman, Shapiro and Rail, 1970; Geneual., 2018) Syngeneic mouse models

are immunocompetent, therefore can recapitulate host immunity and thereforelaeenost
preferred modelfor the analysis of immunotherapeutic therapi¢Genoudet al., 2018)
Syngeneic mouse models have contributed significantly to our understanding of cancer
biology and the development of new cancer therapies. They provide a controlled and
reproducible system for studying tumour growth, progression, and the effects of therapeutic
interventions within the context of an intact immune systehedegree to which mune
induced glioma models reflect human glioblastoma and human immunity is unknown
therefore clinical relevance is questionablor example, when examining the mutational
load of syngeneic models and comparing it to human glioblastoma, these modelstitgque
exhibit a substantially elevated mutational burden (often hundreds of times highehnganns

et al, 2016; Genouet al,, 2018)

1.10Exvivodrugscreening

1.10.1Introduction

In the realm of precision medicine, personalized therapy is often synonymous with genetic
biomarkers/profiles, as indicated blyetai (2017) This approach has yielded remarkable
success in tailoring treatments based on genetic biomarkers in specific cancer types, such as
the use of EGFR inhibitors in nemall cell lungcancer (NSCLC) and BRAF inhibitors in
melanoma(Bria et al, 2011; Hausdld et al, 2012) Nevertheless, several studies have
demonstrated that a significant proportion of cancer patients undergoing genomic testing
alone do not experience the advantages of a precision medicine strategynstance, data

from a sequencingrogram conducted at the MD Anderson CanCentrein Houston showed

that only11% (83/2000participants enrolled were eligible fgenotypematched trialsbased
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onthe presence of actionabl@utations(Meric-Bernstamet al., 2015) Similarly, a Molecular
Analysis for Therapy Choice (MTATCH) trial conducted at the US National Cancer Institute
could only match 2% ahe 795 participants enrolled with targeted therapi@dahertyet al.,
2020) In the context of glioblastoma, advancementggenomics have enabled clinicians to
subdivide the disease into different subtypas despite these developments, there has been
no corresponding improvement in patient survival ratésrecently initiated pilot program
within the NHS, known as the Mindexd’recision Brain Tumour Programme in Cambridge,
aims to introduce personalized medicine to patients with glioblastobssed on genomic
sequencing dataNevertheless, it is yet to be determined whether this trial will achieve
success.The limitations of gnomicsin guiding treatment decisions have prompted the
exploration of alternative approaches to personalized medicine. One such approach involves
integrating genomic data with drug screening of pat@mtimour samples or biopsig®auli

et al, 2017) or even as a standalone technique in bldmsed malignancies and rare cancers
(Snijderet al,, 2017; Arjoneret al,, 2020; Nykaneet al., 2021) A summary of the important
factors to be considered whilst implementing an ex vivo screening pipeline into clinical

practice is shown below ifigure 113.
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Figure1.13 ¢ Examination of the factors to be considered when incorporating ex vivo methods
clinical practice- Patient derived (PD), Conformité Européenne (Eigure adapted fronwilliamset al
(2022) Copyright permissions obtained from publisher (Open Access).

1.10.2Success of ex vigoreening

An ex vivo screeningapproach for personalised therapy @&lvancechaematological cancers

has successfully reached clinical trials (NCT03389B4ps://clinicaltrials.gov/). A study by

Snijderet al (2017)investigated the use oéx vivo screening of 17 leukaemia and multiple

myeloma patient against a library consisting of 139 drug compounds. The study combined

immunofluorescencélF) highthroughput microscopy and single cell image analysis named

at KFENXYI O02a02 L3 ¢

I YR A yalldviadNdligibBtRrfor iarfy patientwyial 2

had exhausted all standard treatmentsr were not suitable for any ongoing clinical trial.

Drug response was measured through comparison between mgdstive viable cells

following treatment to markeipositive cells in dimethyl sulfoxide (DMSO) control wells.

Significant results were then be assessed by a panel of experts consisting of haematologists,

pathologists, pharmacists and molecular biologists to approve the pharmacoscopy guided

treatment as safe and avable for the candidate. In the study patients who receieadivo
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guided treatment experienced significantly long@®FSand positive overall response
compared to their previous most recent treatment regimemsth 15/17 patients showing

complete remis®n or partial response, compared to 4/17 respectively

Diffuse intrinsic pontine glioma (DIPG) is a childhood brain tumour and is the main cause of
child brain tumour related death. Similar glioblastomaprognosis is poor, survival has
remained unchaged over the past 20 years with median survival less than one year
(Hargrave, Bartels and Bouffet, 2006pCis imited to conventionaRT, despite numerous
clinical trials investigating its use in combination with chemotherapy, no single
chemotherapeutic alone or in combination has been able to improve disease free survival or
OSin children(Hargrave, Bartels and Bouffet, 2006; Khattial., 2011) Unlikeglioblastoma
surgical resection is notsiandard practiseas removal can cause severe neurological damage
or be fatal, hence the use of biopsy and &g tissue mentioned belovh previous study by
(Grasseet al,, 2015)screened a panel of 83 drug compounds in patéeatived DIPG cultures
obtained from biopsy and autopsy samples. The research was able to identify histone
deacetylase (HDAC) inhibitpanobinostatas a promising agent for DIPG bathvitro and
orthotopic xenograft models, the results have led to multiple clinical trials into the use of
panobinostatin DIPG treatment (NCT03632317, NCT02717455, NCT03566199). Further work
by the same grougLinet al, 2019)has advanced this high throughput screeniftl'S)
application through testing combinatorial drug therapies in DIPG. Several drug screens were
performed combining 9195 drudrug combinations in order to identify possible combination
therapies for DIPG. This study identifietDAC inhibitorpanobinosta and proteosome
inhibitor marizomib as a potential drug combination, this has then guided another phase |

clinical trial combining these two identified drugs (NCT04341311).

1.10.3EXx vivo screening glioblastoma

Regarding glioblastoma, previous research conducted Qmartararo (2015) involved
screening a variety of compounds, including those in clinical development ecapipéved,
using eight patientlerived glioblastoma models. These models were cultured either in
adherent two-dimensional monolayers on laminin or as neurospheres, whicl3@usters
enriched withCSCsBy comparing the sensitivity data obtained from these patwsived

glioblastoma models with publicly available data from traditional glioblastonidices, the
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study identified the BeR targeting drug AB263 and the mTOR inhibitor AAD55 as hits.
Interestingly, these drugs had previously shown no sensitivity in established glioblastoma cell
lines. This observation is significant as it suggestisrtany other potential drugs might have
been overlooked in investigations using conventional cell line models. It underscores the
value of this study in providing an opportunity to-egaluate drugs that were previously
dismissed,or repurpose already appved compoundsusing a more suitable model that

reflects real patient tumours.

A larger study bydothiet al (2012)screened a 2,000 drug compound library against five GSC
cultures, the library consisted of FDA approved drugs, those reaching late clinical trials,
experimental drugs and also natural products. The study identified disulfiram (a clinically
approved druga treat chronic alcoholism) as a potential potent inhibitor of GSC proliferation.
This is an example of how HTS approaches can identify possible new treatment methods, as
disulfiram is an FDA approved drug for which human PK are already established; tis abl
penetrate the BBB and is fairly néoxic (Johansson, 1992Additionally, the timeline for
which preclinical and early Ipase clinical testing can be carried out from the initial HTS hit
discovery towards a potentiaglioblastoma treatment would be significantly less in
comparison to novel experimental drugs, which require a full drug discovery process which
usually take ~1§ears to ensure the drug is suitable for human consumption and the adverse

side effects are minimal.

A more recent study conducted bySkagaet al (2019) employed HTSfor recurrent
glioblastoma patients undergoing secondary surgery followdogtreatment. This study
expandedprimary cell cultures for approximately 6 weeks until an appropriate cellular yield
was reached prior tacompletion of any assaydacilitating the ability to screen a much
broader drug library and potentially combination therapi€espite this, therolonged cell
culturemayinduce differentiation and mutagenessifor instance work b{VikMo et al.,, 2010)

has shown that brain tuwur biopsies dissociated into cells and grown in serum free
conditions have adapted to conditions, e.g increased growth r&@essequently, it@uld be
argued that the methodologies used in this project may yield cells that are less representative
of tumour cells in their original stat&everthelessnone of the resected cell models displayed

any sensitivity to TMZ, confirming clinical response data.
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1.10.4Benefits and limitations to ex vivo screening

The overarching advantages and disadvantages of HTS esareening approaches are
summarised intable 1.2 below.In-vivo glioblastoma models that are considered more
clinically relevant often invohe PDX. This entails the orthotopic or subcutaneous
implantation of surgically removed tumour biopsies or spheroids into immunocompromised
mice. PDXnodels can be established either by directly injecting tumour biopsy tissue or by
injecting cultured tumour gheres or monolayer cells. When comparggvivomethodology

with the generation of PDX models involving the direct injection of tumour biopsy tissue, the
fFGGSNI FLILINRFOK 2FFSNE (KS FTR@GFIYyGFr3IS 2F LINBa
as naintaining elements like endothelial cells, the extracellular matrix, and resident
macrophages(Kijima and Knemura, 2017) While this method closely reflects clinical
relevance, it is important to acknowledge a significant drawback: its reliance on larger tumour
samples with high viability for successful engraftment. This dependence leads to the
generation & fewer PDX models using tumour biopsy tissue and, consequently, limits the
scope of drug compounds that can be test@tieculturing of these cells for drug screening
and before PDX implantation may introduce some phenotypic changes and selection
processe while they are on plasticware, potentially affecting the representation of the

original tumours characteristig®anglesMarie et al., 2007; Daniekt al., 2009)

Within HTS there are multiple available microplates which contain either 96, 384, 1536, 3456
or 6144 individual wells, therefore depending on the dose range and number of replicates of
each drug it is possible to test ~600different compoundsObtaining the necessary number

of PDX avatars per patient required to recapitulate the capabilities of HTS would be highly
challenging Typically, testing a single treatmemithin PDX model requires approximately 5

10 mice If we wereto design a screen testing 30 different compounds within 30 patients, in
order the replicate this inn-vivo, a minimum of5,250PDX models would be needed (175
models for each patient)[his constitutes an exceptionally large sample size, angribeess

of serially transplanting into multiple cohorts of mice would be both financially astronomical
and extremely timeconsuminglnvestigation of the literature highlighted that successful PDX
engagement can take anywhere between four to eight mor{fRsbicViqueiraet al., 2006;

Zhanget al., 2018) without considering the additional21 months it can take for sufficient
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tumour growth(Wanget al., 2009) When this timeline is considered alongside the average

life expectancy of glioblastoma patients, which is typicalkl&@2nonths attempting to utilize

PDX model#® guide treatment therapyould be considered unethical and impractical.

It is important to note that HTS does not come without its limits; firstly it does not take into

account the BBB and also endothelial cell drugigflumpgDaher and de Groot, 201&Iso

it is nota model that an be used to completely replace murine models indefinitely but

instead reduceand replacetheir use. If drug sensitivities are investigated and shown to be

significant through HTS, future work would entail investigatingRikeand PD properties of

the drugs in mice (if not already known).

Tablel.2 - Advantages & Disadvantages @ vivo drug screening

Advantages
Cheaper and more rapid thd?DX models

Can give individual patient response to
treatment in 7 day®f surgery

Possible to test large drug libraries on one
individual sample

Sample is more reflective of original
tumour compared to cell lines due to less
time on plasticware

More ethical as does not involve the use
animal models which would usually
experience moderate/severe symptoms

Disadvantages

New field of research thereforémited
availability of expertise

Tumour integrity e.g vascularity broken
down during dissociation

Does not give any farmation regarding
drugsPKandPD properties

Not possible to perform direct biological
repeats using freshly dissociated patient
samples

Non approved drugs & drug combinations
will often stillrequire preclinical
investigationwithin animals
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1.11 Study Aims

1.11.1Aims of thestudy

We anticipate that tle development of this ex vivo screenigproach will become a
standard tool integrated into the posturgery pipelineof glioblastoma. This platforroould

serve as a primargcreeningmethod, especially for patients with functiomg MGMTgenes

who do notstatisticallybenefit from the SoC TMZ treatment in termsRFSEX vivo screening
represents a highly personalized approach, with suitable drug choices determined on an
individual patient basis, in contrast to traditional otiai studies that rely on overall

improvements within patient populations.

1.11.2Hypothesis
- Ex vivo drug screening methodologies can be developed using solid glioblastoma
tissue.
- We can predict clinicalresponse to TMZ based on their MGMT gene methylation
status
- Highlight drugs which can specifically target the glioma stem cell populations through

optimisation of suitable IF markers.
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Chapter 2¢ Materials and Methods

2.1 Materials

Table2.1 - General laboratory equipment

Iltem

Cellometer Mini Automated Cell Counter

Cell Discoverer 7 Microscope
Centrifuge
Incubator (tissue culture)

Multichannel PipetteEXClipTip 5125uL

pipette

Multidropu Combi Reagent Dispenser

Repetmam Electronic Pipette
Waterbath

Mr Frosty freezing container,
NanoDrop2000 Spectrophotometer
Thermal Cycler T100

RealTime PCRApplied Biosystems
7900HT)

SpectraMax iD5 Plate Reader

Matrix Plate Mate Plus
Echo 550
ThermoMixer® C
Caesium (137) Irradiator

Table2.2 - Table of consumables.

Item

Tissue Culture Flasks (Nunclombelta
Surface EasYFlagsk¢ 25cm2, 75cm2
CellBIND, 384-well plate

Perkin Elmer Cell Carrier Ultra 38¢ell
6 Well Tissue Culture Treated Plates
Disposable Serological Pipettessml,
10ml &25ml

Centrifuge Tubes50mL

Centrifuge Tubeg 25 mL

Cryovials

Eppendorfsg 0.2ml, 0.5ml, 1.5ml & 2ml

Disposable Reservoid0mL)
Breathe Easy sealing membrane

Company

Nexcelom Bioscience
Carl Zeiss

Eppendorf

Sanyo

Thermo Scientific

Thermo Scientific
Gilson

Cleaver Scientific
Corning

Thermo Scientific
BioRad

Thermo Scientific

Molecular Devices

Thermo Scientific

Labcyte Inc

Eppendorf (5382000031)

Cis Bio International (IBL 437 C)

Company (Product Code)
Fisher Scientific

Corning (3770)

Perkin Elmer (6057302)
Costar

FisherBrang

Scientific Laboratory Supplies
Scientific Laboratory Supplies
Sarstedt

Scientific Laboratory Supplies
Fisher

Scientific Laboratory Supplies
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Nunot Cell Scrapers
Filter Tipsg 0.1-10>l, 2-20>1, 2-200>, 100
Mmnnan>t

Optical Adhesive Film (MicroAmyp)
Repetmam Sterile Pipet Tipg 1.25ml,
5ml, 12.5ml

PCR TubesH n n > §

QAlshredder Tubes (50)

Reagent Reservoir 50m|

RNeasy Mini Kit

MicroAmpu Optical Adhesive Film
BreatheEasy® Sealing Membrane

Table2.3 - Table of reagents
ltem
1,4-dithiothreitol (DTT)
4'.6-Diamidino-2-Phenylindole,
Dihydrochloride (DAPI)
Accutaset  StemProt  Cell
Reagent
ACK lysing buffer
Advanced DMEM/HL2 (Dulbecco's
Modified Eagle Medium/Ham's #2)
Amphotericin B (Fungizone)
B-27 Supplement (50x) Serum Free
wtNicotinamide mononucleotide
Benzonase Nuclease

Bovine Serum Albumin (BSA)

Cultrext Stem Cell Qualified RGkasement

membrane extract

Dimethyl Sulfoxide (DMSO)

EGF Recombinant Human Protein
Ethylenediaminetetraacetic acid (EDTA)

FGF Recombinant Human Protein

Dissociatior

Thermo Fisher Scientific (179707PK)
Starlab

ThermoFisher Scientific (4311971)
Gilson

Starlab

Qiagen (79654)

Corning

Qiagen (74104)

Applied Biosystems (4311971)
Sigma (Z380052PAK)

Company (product code)
Sigma (DTRO)
Thermo Fisher Scientific (D1306)

Invitrogen (A111091)

Gibco (A1049201)
Invitrogen (12634028)

Gibco (15290)

Invitrogen (1750444)
Sigma (N3501)

Novagen (706648)
SigmaAldrich (A2153L00G)
R&D Systems (3433D5-02)

Fisher Scientific (BP23D0)
Invitrogen (PHG0313)
Sigma (1233508)
Invitrogen (PHG0263)
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Foetal Calf Serum

Heparin Sodium Salt
High-Capacity RNAo-cDNA« Kit
L-Glutamine200mM (100x)
Minimum Essential Medium (MEM)

N-2 Supplement (100x) Serum Free

NuPAGHKH 4-12% BisTris Protein Gelscg

1.5mm, 10 well

NuPAGHKH 4-12% BisTris Protein Gelscg

1.5mm, 15 well

NuPAGEH LDS Sample Buffer (4X)
NuPAGEK MOPS SDS Running Buffer
(20X)

NuPAGHk Transfer Buffer (20X)
NuPAGH TrisAcetate SDS Running
Buffer (20X)

Paraformaldehyde (PFA)4% solution in PB¢

PenicillinStreptomycin (10,000U/ml)
Phosphatase Inhibitor Tablets
(PhosSTOWR)

PierceECL Western Blotting Substrate
Prolong Gold Antifade Mountant
Protease Inhibitor Cocktail (cOmplete
ULTRA Tablets MifitASYpagk
RNeasy Mini Kit

Sodium chloride

TagMam Universal PCR Master Mix (N

AmpErasa UNG)
Tris Hydrochloride
Tritonn X-100
Trypan Blue

Lonza (BEXB0F4)

Sigma (H33930KU)

ThermoFisher Scientific (4387406)
Invitrogen (25030081)

Invitrogen (10376)47)

Invitrogen (17502048)

ThermoFisher Scientific (NP0O335BOX)

Thermo Fisher Scientific (NP0336BOX)

Thermo Fisher Scientific (NP0O007)
Thermo Fisher Scientific (NFII)

Thermo Fisher Scientific (NP0O006)
Thermo Fisher Scientific (LA0O041)

Thermo Fisher Scientific (J60401)
Invitrogen (15140122)
Sigma (4906845001)

Thermo Fisher Scientific (32106)
ThermoFisher Scientific (P36930)
Sigma (5892970001)

Qiagen (74104)
Sigma (S7653)
Applied Biosystems (48P18)

Sigma (10812846001)

SigmaAldrich
Sigma (T81520ML)
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TWEEN® 20

Nitrocellulose Membrane (Protran®)

Table2.4 - Table of antibodies.

Antigen
a-PAR
ATM
ATR
Aurora A
Aurora B
B-Actin
BRCA2
CD133
CD133
(Prominin)

CDK1

CHK1
CHK2

DNAPK
(Thr2609)
DNAPKcs
FANCD?2
GAPDH
GFAP
GFAP
KAP1
Nestin

Nestin

P53

Raised in

Rabbit

Mouse

Goat

Mouse

Rabbut

Mouse

Mouse

Rabbit

Rabbit

Rabbit

Mouse
Rabbit

Rabbit

Mouse
Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Rabbit

Sigma (P1379)

Conjugated
Unconjugated
Unconjugated
Unconjugated
Unconjugated
Unconjugated
Unconjugated

Unconjugated

Unconjugated

Alexa Fluor® 488

Unconjugated

Unconjugated
Unconjugated

Unconjugated

Unconjugated
Unconjugated

Unconjugated

Alexa Fluor® 549

Unconjugated

Unconjugated

Alexa Fluor® 647

Unconjugated

Unconjuagated

VWR (10600010)

Application

& Dilution
WB 1:1000

WB 1:1000
WB 1:1000
WB 1:500
WB 1:1000
WB 1:2000
WB1:1000
IF 1:250

IF 1:500

WB 1:500

WB 1:1000
WB 1:1000

IF 1:250

WB 1:1000
WB 1:1000

WB 1:5000

IF 1:500

WB 1:1000

WB 1:1000

IF 1:500

WB 1:250

WB 1:500

Company

Millipore
(MABE1016)
Santa Cruz (sc
23921)

Santa Cruz (sc
1887)

Abcam (ab13824)
Abcam (ab2254)
Santa Cruz (sc
ATT778)
Calbiochem
(OP95)

Abcam (ab216323)

Abcam (ab252126)

AbClonal
(WH224668)
Sigma(C9358)

Cell Signalling
(2662S)

Thermo Fisher(PAl
29541)

Abcam (ab1832)
Abcam

(ab12450)

Abcam (ab174646)
Santa Cruz (SC
33673)

Santa Cruz (sc
58766)
BethylLaboratories
(A300274A)
Abcam (ab196693)
Abcam (ab6142)

Abcam (ab131442)
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PARG Mouse Unconjugated

PARPL Mouse Unconjugated
pATM Rabbit Unconjugated
(Ser1981)

p-CDC2 Rabbit Unconjugated
pCHK1 Rabbit Unconjugated
(Ser345)

pCHK2 Rabbit Unconjugated
(Thr68)

pDNAPKcs  Rabbit Unconjugated
(s2056)

pKAPL1 (s821) Mouse Unconjugated
Rad51 Mouse Unconjugated
yH2AX Mouse Unconjugated
(Ser139)

Table2.5- Table of secondary antibodies

Secondary Antibody Application &
Dilution
Alexa Fluor ® 555 Goat IF 1:500
Anti-mouse
Alexa Fluor ® 647 Goat IF 1:500
Anti-rabbit

Table2.6 - Inhibitors and Cytotoxic agents.

Drug Target Solvent
Alisertib AURKA DMSO
Aphidicolin PKC DMSO
AX15836 ERKS5 DMSO
AZD0156 ATM DMSO
AZD1775 WEE1 DMSO
(Adavosertib
MK-1775)
AZD6244 MEK1/2 DMSO

(Selumetinib)

WB 1:500 Santa Crugsc

398563)

WB 1:1000 Santa Cruz (sc
8007)

WB 1:1000 Abcam
(ab81292)

WB 1:1000 Cell Signalling
(9111)

WB 1:500 CellSignalling
(133D3)

WB 1:500 Cell Signalling
(13C1)

WB 1:1000 Abcam
(ab18192)

WB 1:1000 Bethyl Laboratories
(A30G767AM)

WB 1:1000 Abcam (ab213)

IF 1:500 Millipore
(JBW301)

Company(Product Code)

Life Technologies

(A21424)
Life Technologies
(A21245)

Stock Conc Company
10mM apex bio
10Mm apex bio
10mM Med chem expres:
10mM Selleckchem
10mM apex bio
10mM apex bio
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AZD6738 ATR
AZD9291 EGFR
(Osimertinib)

AZD1390 ATM
AZD7648 DNAPK
Bevacizumab Anti-VEGF
Bleomycin DNA strand

breaks
BLU5S54 FGFR4
Butamben Calcium channels
Cisplatin DNA synthesis
Curcumin FAPathway; NK
kB
D-Penicillamine  Copper chelator
Debrafenib CdK1&inding
Dexamethasone Glucocorticoid
receptor, IL
receptor
Ipilimumab Anti-CTLA4
KU55933 ATM
LNT 1 FEN1
M3814 DNAPK
(Nedisertib)
Metformin AMPK
Olaparib PARPL
(AZD2281)
Ouabain Na/K-ATPase,FA
Pathway
Palmoic acid Pol beta
PDDO00017273 PARG inhibitor
Pembrolizumab Anti-PD1
Pyrvinium Androgen
Pamoate receptor
RADS51 Inhibitor RAD51
B02
Staurosporine  DNA synthesis
Temozolomide  DNA synthesis
TH9619 MTHFD2
Tinostamustine PanHDACI &
alkylating
VE821 ATR

DMSO
DMSO

DMSO
DMSO
PBS

DMSO

DMSO
DMSO
H0
DMSO

DMSO
DMSO
DMSO

PBS

DMSO
DMSO
DMSO

DMSO
DMSO

DMSO

DMSO
DMSO
PBS

DMSO

DMSO

DMSO
DMSO
DMSO

DMSO

DMSO

10mM
10mM

10mM
10mM
1mg/mL

10mM

10mM
10mM
10mM
10mM

10mM
10mM
10mM

1mg/mL

10mM
10mM
10mM

10mM
10mM

10mM

10mM
10mM
1mg/mL

10mM
10mM

10mM
100mM
10mM

10mM

10mM

Selleckchem
apex bio

Selleckchem
Selleckchem
Selleckchem

apex bio
Selleckchem
apex bio
Sigma Aldrich
apex bio
apex bio
apex bio
apex bio

Selleckchem

Selleckchem
Biotechne
LKT labs inc

apex bio
apex bio

Sigma Aldrich
apex bio
apex bio

Selleckchem
apex bio
apex bio
apex bio

Sigma Aldrich

Helleday lab, KI.

Selleckchem

Selleckchem
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Volasertib
Paxalisib

PLK1 DMSO
PI3K, AKT, and DMSO
MmTOR

Table2.7 - List of longterm primary cultured cells.

10mM
10mM

apex bio
Selleckchem

https://drive.gooqgle.com/file/d/1B2n3lcdkplx00snKmzrNwp4dL7RSaM7A/view

Cell Line Name
LN18
Ox5 Edge
Ox5 Core
Cx18 Core 1
Cx18 Core 2
Cx18 Edge 1
Cx18Edge 2
Cx18 BULK

Type MGMT status
Established Unmethylated
Longterm GSC Unmethylated
Longterm GSC Unmethylated
Longterm GSC Methylated
Longterm GSC Methylated
Longterm GSC Methylated
Longterm GSC Methylated
Longterm Bulk culture Methylated

Table2.8 - List of patient samples screened using GBM V01 plate.

Sample
Identifier
GBMO7
GBMO08
GBMO09
GBM10 (A,B,C)
GBM11
GBM12
GBM13
GBM14
GBM16
GBM17
GBM18
GBM19
GBM20 (A & B)
GBM21
GBM23
GBM24
GBM25

WHO MGMT
grade status

4

R LR LN U R R s S S SR GO R

Unmethylated (2.3%
Unmethylated

NR

Unmethylated
Methylated (40.5)
Unmethylated (2.2%
Unmethylated
Methylated (41.7%)
Methylated
Unmethylated
Unmethylated
Methylated
Unmethylated
Methylated (21.5%)
Unmethylated
Unmethylated
Methylated (33.9%)

Age Sex

LTINS

Age

65
76
76
59
59
59
59
59

IDH1 status

wt

wt

Mut (R132H)

wt

wt

wt

wit

wit

wit

wit

wt

wt

wt

mut

wit

wit

wit

Sex

M 1 T Tm T Mmoo m <

Primary/
Recurrent
Primary
Primary
Primary
Primary
Primary
Primary
Recurrent
Primary
Primary
Recurrent
Primary
Primary
Recurrent
Primary
Primary
Primary
Primary
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Table2.9 - List of patient samples screened using GBM V02 plate.

Sample Identifier WHO MGMTstatus Age Sex IDH1 Primary/
Grade recurrent
GBM26 (A, B & C) 4 Unmethylated M wt Primary
GBM27 4 Methylated M wt Primary
GBM30 4 Methylated M wt Primary

Table2.10- TagManx gene expression probes for quantitative PCR.

Gene Assay ID Fluorescent Reporter Dye Company

GAPDH  Hs02758991 g1 FAM ThermoFisher

CD133 Hs01009259 m1l FAM ThermoFisher

NESTIN Hs04187831 gl FAM ThermoFisher

SOX2 Hs01053049 s1 FAM ThermoFisher
Methods

2.1 Established human cell line culture
2.1.10btaining established glioblastoma cell lines

LN18 cells were obtained from laboratory stocks originally purchased from American Type
Culture Collection (ATCC).

2.1.2Cell Culture

The handling of live cells and any cell culture experiments were performed in a Class |l sterile
laminar flow hood using only sterile plasticware and solutions. The laminar flow hoods were
cleaned thoroughly before and after their use using chemgene digtiafit spray followed by

industrial methylated spirit (IMS) to avoid any contamination.

2.1.3Growth Conditions

Cell lines were propagated as adherent monolayers in flat sided flasks of ¢bamaining
10mL DMEM with 10%B5 in an incubator at 37°C, 5%.,@0d21% Q. Cells were routinely

passaged every-3 days once they had reached a confluency of approximately 80%.

87



2.1.4Serial passaging of established cell lines

Cells were serially passaged upon microscopic investigation of flasks reaching between 70
80% conflence. Media was aspirated off gently before the cell monolayer was washed twice
with PBS in order to remove residual media and any cell debris. Cell layers were then treated
with pre warmed trypsirVersene/EDTA (1mL) and returned to the incubator untisdegan

to detach from the flask surface (approximatehg 2nins). Upon removal from the incubator
flasks were gently agitated and returned to the hooeBr8L of warm media was then added

in order to inactivate trypsin and dilute the cell suspension.Ceire agitated mixed
thoroughly to provide a single cell suspension, which was then used to seed into new flasks

at a ratio of 2:51:10 depending on their doubling times.

2.1.5Counting cells

Cells were detached from monolayers using pre warmed trygsisenéEDTA (1mL) as
above. Cells were then resuspended up to 10mL with warm media and mixed thoroughly by
pipetting up and down. Then 20uL of the single cell solution was added to a Nexcelom
Cellometer Disposable Counting Chamber, this was then inserted i@oNexcelom
Cellometer automated cell counter, the focus was manually adjusted before the count per mL

of solution was calculated.

2.1.6Cryopreservation

Cells were detached from monolayers using pre warmed try@sirsene/EDTA (1mL) and
diluted with media asbove. Cell solution was then collected and centrifuged at 1000rpm for

2 minutes before discarding media. The cells were then resuspended in 3mL cryopreserve
DMEM media for each 75¢nflask containing 10% DMSO and 10B5.Flml aliquots of cell
solution wee placed into labelled cryovials before storing&Q2°C for at least 24 hours within

a Mr Frostyt freezing container to achieve a cooling rate cloself&/minute, after this time

cryovials were moved to a separate labelled cryogenic box for shortstarage.
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2.1.7Thawing Cells

Cryovials were removed fror80°C and immediately placed into a 37°C water bath. Once
thawed the cells were added to a 25¢ftask containing 9mL warm media and left to adhere
overnight, the following day media was changed. Cellsewiben transferred to a larger

75cn? flask once 7680% confluence was reached using passaging methods above.

2.2 Patientderived primary cell line culture

2.2.10btaining primary glioblastoma cell lines

G7 stem cells were obtained from the Collis laboratory bud baen previously gifted by
Professor Colin Watts (University of Birmingham, Brain Cancer Programme Chair) and
Professor Anthony Chalmers (University of Glasgow, Chair of Clinical Oncology), they have
been previously characterised and used by multiple geaio facilitate glioblastoma research

(Fael AMMayhaniet al., 2009; Ahmecet al, 2015) O5 and Cx18 cells were derived from
patient samples by previous members of the Cddlis Ola Rominiyi, PhD thesis and Connor

McGarrity, PhD thesis.

2.2.2Patientderived primary glioblastoma cell line growth conditions

Primaryglioblastomacell lines were maintained in advanced DMEM F12 medium containing
1% B27, 1%-glutamine, 1% Penicillistreptomycin, 0.1% amphotericin B, 4ug/ml heparin,
20ng/ml EGF and 20ng/ml FGF. To maintain stem cell populations, cell cultures were seeded
onto BME Matrigel™ coated plasticware. Prior to use 1ml aliquots of Matrifjeiere
defrosted on ice and diluted with cold advanced DMEM F12 (without supplements) at a
dilution of 1:40. This was then coated on plasticware at various volumes {flasksg 2.5mL

and 25cntflasksg 1.5mL), in order for the gel to polymerise flasks were incubated at 37°C for

one hour. The flasks were then stored in the refrigerator at 4°C for up to two weeks.

2.2.3Serial passaging of patiederived primary cell lines

Cells were seriallpassaged until flasks had reached a confluency of approximateBp%
Media was gently aspirated before the cell monolayer was washed twice with PBS in order to

remove residual media and any cell debris. Cell layers were then treated with pre warmed

89



accuase (0.5mL) and returned to the incubator until cells began to detach from the cell
surface (23 mins). Upon removal from the incubator flasks were gently agitated and returned
to the hood, 4.5mL of warm media was then added in order to inactivate aczatas dilute

the cell suspension. Cells were agitated mixed thoroughly to provide a single cell suspension,
which was then used to seed into new Matrijelcoated flasks at a ratio of 2B10

depending on their doubling times.

2.2.4Counting Cells

Cells were dtached from monolayers using pre warmed accutase (0.5mL) as above. Cells
were then resuspended up to 5mL with warm media and mixed thoroughly by pipetting up
and down. Then 20uL of the single cell solution was added to a Nexecel@eometer
Disposable Gmting Chamber, this was then inserted into the Nexcefoi@ellometer
automated cell counter, the focus was manually adjusted before the count per mL of solution

was calculated.

2.2.5Cryopreservation

Cells were detached from monolayers using pre warmed aceu@émL) and diluted with
media as above. Cell solution was then collected and centrifuged at 1000rpm for 2 minutes
before discarding media. The cells were then resuspended in 3mL cryopreserve DMEM media
for each 75craflask containing 10% DMSO. 1ml atitgiof cell solution were placed into
labelled cryovials before storing a80°C for at least 24 hours within Mr Frastyreezing
container to achieve a cooling rate close16C/minute, after this time cryovials were moved

to a separate labelled cryogenbox for short term storage.

2.2.6 Thawing Cells

Cryovials were removed fror80°C and immediately placed into a 37°C water bath. Once
thawed the cells were added to a Matri¥toated 25crflask containing 9mL warm media

and left to adhere overnight, the flowing day media was changed. Cells were then
transferred to a larger 75chflask once 7880% confluence was reached using passaging

methods above.
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2.3 Optimization Experiments

2.3.1Seedingells

Once cells had been counted, they were seeded at a volume of @%oL384 well plates
using automated multidrop equipment. Prior to use the equipment was primed using water,
70% ethanol and plain media, ensuring that all nozzles were dispensing properly with no
blockages. Cell solution was then primed, and appropridaéepcolumns could be selected

for automated seeding. Following use the equipment was then cleaned using water and 70%

ethanol.

2.3.2Fixing and Staining of 384ell drug plates

ForlFimaging cells were initially fixed and permeabilized with 4% PFA and Orié86-X for

30 min. Following this the cells were then washed twice in phospbatiered saline (PBS)
ready for staining with antibody markers. All antibodies used were diluted in PBS containing
0.05% TWEEN20 and 3% bovine serum albumin (BSA), whicHetteeincubate at 4°C
overnight in the dark. Following the incubation of conjugated antibodies, plates were washed
with PBS and ready for imaging. For primary antibody incubation: secondary antibodies were
then added for 1hr at room temperature, platesere then washed with PBS and ready for

imaging.

2.3.3Dimethylsufoxide titration

The growth of LN18 cells was investigated through increasing DMSO concentrations
compared to media. DMSO was diluted using plain DMEM to give concentration ranges
between 0.02%1% these dilutions were then seeded onto a 384 well plate 5uL per well.
Before the LN18 cells could be seeded they were detached from flasks and counted using
above methods and made up to a density of 1,000 cells per well. The cell solution was then
seededat a volume of 45uL using the automated multidrop to avoid human error. Once
seeded the cells were then incubated at 37°C, 5% @@ 4day period. On day 4 plates were

then fixed and stained using DAPI, before microscope analysis @gelHgscoverer7.
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2.4 Development of drug plates

The drug library chosen for this project was a mixture of therapeutic and preclinical
compounds with a focus on DNA damage repair pathway inhibitors given that SoC TMZ and
IR induced DNA damage in treated cells. Tevalues for the initial VO1 drug pks were
chosen based on the literature. The drug concentrations for second batch of V02 plates were
selected based off primary glioblastoma cell line Ox5 Core and Edge resptmsss

responses are shown within our supplementary chapter 8, figure 8.1

2.4.1Drug Preparation

All compounds were purchased directly from Selleckchem as either solids or pre diluted
liquids and diluted in DMSO or water (for platindrased compound cisplatin) to stock
working concentrations of -A0mM and stored in-80°C. Immune drug) (bevacizumab,
pembrolizumab, and ipilimumab) were added diluted as required straight into media
OHpxIkYEOUDP [/ 2YLIRdzyRa LIJzNOKIFASR a4 fAljdzAR
instructions, to avoid any extra freeze thaw cycles these were thawed aqdos#d as
appropriate on day of drug plate printing. A master plate layout was created ensuring all drug
repeats and dilutions were evenly spread across the innermost 308 wells of a 384 well plate
(Perkin Elmer 384 Cell Carrier Ultra) to avoid any biadtineg from edge evaporation effects

or well positioning. These outermost wells would be filled with 100uL of media following cell
seeding. Two different liquid dispensers were tested in this project, the first batch of VO1 drug
plates we used a Thermo 8atific ¢ Matrix Platemate, whilst the second V02 plates were

used using an acoustic liquid handing device Echo 550 (Labcyte Inc.).

2.4.2Drug Plate PrintingBatch V01

For the VO1 drug plates, all drugs were diluted to 10X their top concentration andyseriall
diluted into 4 concentrations using a 1:2 dilution, in four 96 well master plates, in duplicate
These compounds and their concentrations within each master pleeshown withirtable
2.11, the coordinates of each of the compounds within the 96 weltergplate is depicted

by figure 2.1A Thermo Scientifi¢ Matrix Platemate Plus dispensed 5L from the four master
plates onto the allocated 384ell plate well, in addition to any vehicle control wells. Once

the 384well plates were printed, they wereriefly centrifuged and sealed with a non
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permeable cover and immediately frozen-80°C. The final VO1 drug plate layout is shown
within figure 22, negative control DMSO was disgadinto 24 wells across the plate at a
concentration of 0.3%. Positive mnols staurosporine and aphidicolin were both dispensed

into 4 wells at a concentration of 5plhd 2uM respectively.

Table2.11- Drugs and concentrations used on V01 384l drug plates.

Drug Concentration (UM)

P1 P2 P3 P4
Stausporine 5 5 5 5
Aphidicolin 2 2 2 2
Alisertib 5 2.5 1.25 0.625
AX15836 20 10 5 2.5
AZD0156 5 2.5 1.25 0.625
AZD1775(AdavosertidK-1775) 5 2.5 1.25 0.625
AZD6244 (Selumetinib) 2 1 0.5 0.25
AZD6738 5 2.5 1.25 0.625
AZD9291 (Osimertinib) 5 2.5 1.25 0.625
Bevacizumab 25 12.5 6.25 3.125
Bleomycin 20 10 5 2.5
Fisogatinib (BL854) 10 5 25 1.25
Butamben 20 10 5 2.5
Cisplatin 20 10 5 25
Curcumin 10 5 2.5 1.25
D-Penicillamine 20 10 5 2.5
Dabrafenib 25 125 6.25 3.125
Dexamethasone 5 2.5 1.25 0.625
Ipilimumab 25 125 6.25 3.125
KU55933 10 5 2.5 1.25
LNT 1 5 2.5 1.25 0.625
M3814 (Nedisertib) 5 25 1.25 0.625
Metformin 50 25 12.5 6.25
Olaparib (AZD2281) 10 5 25 1.25
Ouabain 2 1 0.5 0.25
Palmoic acid 10 5 2.5 1.25
Paxalisib 5 2.5 1.25 0.625
PDD00017273 5 25 1.25 0.625
Pembrolizumab 25 12.5 6.25 3.125
Pyrvinium Pamoate 10 5 25 1.25
RAD51nhibitor BO2 10 5 25 1.25
Temozolomide 500 250 125 62.5
Tinostamustine 5 25 1.25 0.625
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VES21 2.5 1.25 0.625
Volasertib 0.5 0.25
Master plate top conc
1 2 3 4 5 5] 7 g 9 10 11 12
A H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20
B H20 |DMSO STAU BLUS PYRV APHI IPIL 9619 VOLA OUAB 6244 |DMSO
C H20 TMZO METF |DMSO AZD9 BLEO E821 7156 LNT1 |DMSO DEBR APHI
D H20 ALIS LNT1 1775 TINO |DMSO BUTA |DMSO 7273 CISP 5836 3814
E H20 DEXA CURC 5933 7273 6738 PENI 3814 STAU PEMB PALM BEVA
F H20 6244 1156 E821 PEMB DEBR RADS METF TMZO AZD9 BLEO RADS
G H20 OLAP BEVA CISP 5836 OUAB DEXA ALIS 5933 PYRV 1775 BUTA
H H20 PENI IPIL 9619 PALM VOLA BLUS OLAP CURC 6738 TINO H20
Master plate 1/2
1 2 3 4 5 5] 7 g 9 10 11 12
A H20 |DMSO PAX1 BLUS PYRV PAX2 IPIL 9619 VOLA OUAB 6244 |DMSO
B H20 TMZO METF |DMSO AZD9 BLEO E821 7156 LNT1 |DMSO DEBR PAX4
C H20 ALIS LNT1 1775 TINO |DMSO BUTA |DMSO 7273 CISP 5836 3814
D H20 DEXA CURC 5933 7273 6738 PENI 3814 PAX3 PEMB PALM BEVA
E H20 6244 1156 E821 PEMB DEBR RADS METF TMZO AZD9 BLEO RADS
F H20 OLAP BEVA CISP 5836 OUAB DEXA ALIS 5933 PYRV 1775 BUTA
G H20 PENI IPIL 9619 PALM VOLA BLUS OLAP CURC 6738 TINO H20
H H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20
Master plate 1/4
1 2 3 4 5 6 7 8 9 10 11 12
A H20 |DMSO PAX1 BLUS PYRV PAX2 IPIL 9619 VOLA OUAB 6244 |DMSO
B H20 TMZO METF |DMSO AZD9 BLEO E821 7156 LNT1 |DMSO DEBR PAX4
C H20 ALIS LNT1 1775 TINO |DMSO BUTA |DMSO 7273 CISP 5836 3814
D H20 DEXA CURC 5933 7273 6738 PENI 3814 PAX3 PEMB PALM BEVA
E H20 6244 7156 E821 PEMB DEBR RADS METF TMZO AZD9 BLEO RADS
F H20 OLAP BEVA CISP 5836 OUAB DEXA ALIS 5933 PYRV 1775 BUTA
G H20 PENI IPIL 9619 PALM VOLA BLUS OLAP CURC 6738 TINO H20
H H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20
Master plate 1/8
1 2 3 4 5 5] 7 8 9 10 11 12
A H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20
B H20 DMSO STAU BLUS PYRV APHI IPIL 9619 VOLA OUAB 6244 |DMSO
C H20 TMZO METF |DMSO AZD9 BLEO E821 7156 LNT1 |DMSO DEBR APHI
D H20 ALIS LNT1 1775 TINO |DMSO BUTA |DMSO 7273 CISP 5836 3814
E H20 DEXA CURC 5933 7273 6738 PENI 3814 STAU PEMB PALM BEVA
F H20 6244 7156 E821 PEMB DEBR RADS METF TMZO0 AZD9 BLEO RADS
G H20 OLAP BEVA CISP 5836 OUAB DEXA ALIS 5933 PYRV 1775 BUTA
H H20 PENI IPIL 9619 PALM VOLA BLUS OLAP CURC 6738 TINO H20

Figure2.1 - Master 96well plate layouts- Initially compounds were diluted to x10 the top concentrati
to be used and added to their corresponding wells on the x10 master plate. Drugs from this plat
then serially diluted down 1:2 into x5, x2.5 and x1.24ster plates. Vehicle control (DMSO) and posit
controls (Staurosporine and Aphidicoline) were added to the plate independently at ¢
concentrations.
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1 2 3 4 5 G 7 8 9 10 11 12 13 14 15 1 17 13 13 20 i | 22 3 24
& H2O P2H2D H20 PZH2D H2D P2 H2O H2D P2 H20 H20 P2 H2O H2O P2 H20 H2O P2 H20 H20 P2H20 H2O P2 H20 H2O P2 H20 H2O P2H2D H2O P2ZH2D
B PIH2D | PAH20 |P3 DMSO| P4 TIND | PIPAXL | PAGT3E | P3 BLUS | PACURD | PAPYRY | PAOLAR | PIPAXNZ | PABLUS | PIIPIL | P4 WOLA | PIS6LS | PAPALM | PAVOLA | P4 3619 | PIOUAR| P4IML | PIG234 | PAPENI |PADMSO) P4H2D
C H2O PRH20 | DMSO | P2 TIND | STAU P2G738 | BLUS |[P2CURC| PYRV | P2OLAP | SPHE | P2ELUS IPIL P2 WOLA| 9619 |P2PALM | WOL& | P29G13 | OUAR | P2IPIL G244 | P2ZPENI | DMSO | P2H2D
D PIH2D | P4 BUTA [P3 TRED| P4 1775 | PAMETF | P4 PYRY |P3DMSO| P45333 | PAATDS | P4ALIS | PIBLED | PADEXA | PIERZL (P4 OUAR| PIZISG | P4 SEIG | PALNTL | P4 Q5P |PADMSO| P4 BEVA | P3DERR | PAOLAP | PIPAXS | PAH2D
E H2O | P2 BUTA | THED | P21775 | METF | P2 PRV | DMSO | P25333 | AZDS P2 ALIS MED | P2DEdA | ES21 P2 OUAR| 156 P2 5836 | LNTL P2 Q5P | DMSO | P2 BEVA| DEBR | P2OLAP | APHI P2 H2D
F PIH2D | PARADS | PIALIS | PABLED | PILNTL | P4 4709 | P3 1775 | PATMED | PATING | P4METF |P3 DMS0| P4 RADS | PIBUTA | P4 DERR (PADMSO | P4 PEMEB| PI7273 | P4 EB21 | PICISP | P4 Z156 | PISE36 | PG244 | PI5E1A | PAHRD
G H2OD | PZRADS | ALB PRELED | LNTL |P2AZDE| 17795 |P2TMED| TIND |P2METF| DMSO | PZRADS | BUTA | P2 DERR| DMSO (P2 PEMEB| 7273 | P2 EE21 Cisp P2 2156 5836 | P2G244 | 3314 P2 H2D
H PIH2D | PABEVA | P3 DEXA | P4 PALM | PACURC | PAPEME | P3 5933 | PASTAU | P3T7273 | PA38LS | PIGTIE | PAPENI | PIPEMI | P4GT38 | PI3BLS | PA 7273 | PIPAXG | P4 5333 | PIPEME | PACURC | P3PALM | P4 DEXA | PIBEVA | PAH2D
| H2D | PZEBEVA | DEds | P2PALM| CURC |PZPEME| 5833 (P2 PAG | 7273 P2 3814 G738 | P2PENI PENI P2 6738 3814 | P27273( STAU | P2 5333 | PEME (P2CURC| PALM | P2DEMA| BEVA | PR2H2D
1 PIH2D | P43E14 | P3 G244 | PA5SESE | PI 256 | PACISP | PIEE21 | P47273 |PAPEME P4 DMSO| P3DECR | PABUTA | PIRADS (Pl DMSO| PI METF | PATING | PATMED | P4 1775 | P3 AZDS | PALNTL | P3BLED | P4AUS | PARADS | PAH2D
K H2O | P23814 | G244 | P23836 | Z156 P2 CISP Ea21 P27273 | POME |P2DMSO| DERR (P2BUTA| RAADS (P2 DMISO( METF | P2ZTING | TRED | P2 1775 | AZDS | PZLNTL| BLED | P2ALS | RADS | P2H2D
L PIH2D | PAAPHI | P3 OLAP | P4 DERR | P3 BEVA |PADMEO| P3 OS5P | P4 LNTL | PASEIG | PAZISG (PIOUAR | PAESE2]L | PIDEXA (P4 BLEQ | PIALIS | PAATDE | PIS933 (P4 DMSO) P3 PRV | PAMETF | P3 L1775 |PATMED | PIBUTA | PAH2D
b H2d | PZPaxd | OLap | PRDERR| BEVA |P2DMSO| CIF P2 LNT1| 53836 PRZIS6 | OUAR | PRES21 | DEMA | P2 BMED| &US PRAZDS | 5933 |P2DMSO| PYRY | P2METF| 1775 |P2TMWED| BUTA | P2H2D
N PIH2D |PADMS0O| P3 PENI | PAG244 | PIIML | PAOUAR| P3 9613 | PAVOLA | PIPALM | PAS61S | PIVOLE | PAIPL | PIEBLUS | PSAPHI | P3OLAP | PAPYRY | P3CURC | P4 BLUS | PIGT3E | P4 STAU | P3TIND |P4DMS0| PIH2D | PAH2D
] H2D  [P2DMSD| PEWI | P2G234 IPIL PROUAR| 9619 | P2WVOLA| PALM | P29G619 | WOLA P2 IPIL BUS (P2PAXZ | OWLAP | P2PYRY | CURC |P2EUS| 6738 | P2PAL1| TIND |P2DMS0| H20 P2 H2D
P PIH2D | PAH2OD | PAH2D | PAH2ZD | PIH2D | PAH2OD | PAH2O0 | PAH2D | PAH2D | PAH2D | PAH2D | PAH2D | PAH20 | PAH2D | PAHZD | PAH2D | PAMH2D | PAH2D | PAHRD | PAH2D | PAH2D | PAH2D | PIH2D | PAHD

Figure2.2 - Final VO1 plate layout layoutsControls are colour coordinated. Negative control DMSO is highlighted in yellow, positive control STAU (staurc
is highlighted orange and APHI (aphidicolin) is highlighted in gtegompounds are labelled with FP4 prefix to determine the exact concentrations, whi
specified previously itable 2.11. All outer wells are filled with water and are not used for any drug plate analysis.
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2.4.3Drug PlatePrinting- Batch V02

For the second batch of VO2 drug plates we generated the plates using the acoustic Echo 550
(Labcyte Inc.hquid plate dispenser. The equipment uses acoustic energy to transfer liquids
from the microplate to the desired wells withing 384well drug plate in 2.5nl increments to
reach the desired final well concentration. Stock solutions of drugs (10mM) were loaded into
the mastermicroplate by hand, each drug well coordinate, and its stock concentration was
logged, any drugs requireat lower concentrations (lower than concentration corresponding

to 2.5 nl) were further diluted in DMSO and loaded into a separate well location on the
microplate. The plate layout was designed using blét in equipment softwarewhich is
depicted withn figure 2.2. Altcompounds weralispended onto the final platen duplicate,

at 6 different concentrations using a 1:3 diluticihese compounds and their concentrations
are specified within table 231 Negative control DMSO was disea into 24 wells amss

the plate at a concentration of 0.3%. Positive controls staurosporine and aphidicolin were
both dispensed into 4 wells at a concentration of 5pvid 2uM respectivelyWe also
normalised DMSO concentration within each well to highest concentratiorhefpiate
(0.3%).

The main benefit of this equipment is that it eliminates the rick of cross contamination caused
using tips, has a high degree of accuracy and repeatability of results, it also preserves the
integrity of the drug samples during transfemdastorage on liquid nitrogen. Additionally, it
enables the user to easily make small adjustments to any drug concentrations, the microplate
is stored on liquid nitrogen and once the plate layout and microplate is set up it requires
minimal interaction fron the user, so new drug plates with adjusted concentrations can be

made rapidly.
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Table2.12-Drugs and concentrations used on V02 384l drug plates.

Drug

Stausporine
Aphidicolin
Alisertib

AZD1775(Adavosertib MK/ 75)
AZD6244 (Selumetinib)

AZDG6738

AZD9291 (Osimertinib)

AZD7648

AZD1390
Bleomycin
Fisogatinib (BLA354)
Butamben

Cisplatin

Curcumin
Dabrafenib
Dexamethasone
LNT 1

Metformin

Olaparib (AZD2281)
Ouabain

Palmoic acid
Paxalisib
PDD00017273
Pyrvinium Pamoate
RADS51 Inhibitor BO2
Temozolomide
Tinostamustine
Volasertib

P1

100
20
100
15
100
15
100
15
0.3
100
15

800

0.3

P2
5

2
0.667
0.667

1.680

1.680

33.5

6.66

33.5

33.5

33.33

0.1
33.5

1.680
0.333

266
1.680
0.1

Concentration (uUM)

P3
5

2
0.222
0.222
15
0.550
15
15
15
0.550
15
11
2.22
11
15
11
15
11.11
15
0.333
11
15
0.550
0.111
15
88.5
0.550
0.333

P4
5

2
0.074
0.074
0.55
0.175
0.55
0.55
0.55
0.175
0.55
3.50
0.72
3.50
0.55
3.50
0.55
3.66
0.55
0.111
3.50
0.55
0.175
0.037
0.55
295
0.175
0.111

P5
5

2
0.025
0.025
0.2
0.050
0.2
0.2
0.2
0.050
0.2
1.0
0.25
1.0
0.2
1.0
0.2
1.22
0.2
0.003
1.0
0.2
0.050
0.012
0.2
9.57
0.050
0.003

P6

0.008
0.008
0.05
0.025
0.05
0.05
0.05
0.025
0.05
0.5
0.08
0.5
0.05
0.5
0.05
0.4
0.05
0.001
0.5
0.05
0.025
0.004
0.05
3.31
0.025
0.001

97



2 3 4 5 5] 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
A H20 H20 H20 H2O HZO H2O H2O HZO H20 H20 HZO H2O H2O H2O H2O H20 H20 H2O HZO H2O0 H2O H20 H20 H20
B H20 DMSO | PLALIS | P16738 | PIBLED |PLOUAB| PL7273 [PLTINO | P1VOLA | P17648 | P1 6244 | PILNT1 | P1 1390 | P1 1775 | P1 AZD9 | P1 BLUS | DMS0 | P1 OLAP | PLPYRV [ PLRADS | P1PAX | PLDEBR | DMSO H20
C H20 P11775 | PLAZDS | P1BLUS | PLOLAP | P1 PYRV | PLRADS | P27648 | P26244 | PZLNT1| P2 1350 |PLCURC|PL1PALM | PLDEXA (P1BUTA | PLALIS | P16738 | PLBLED |PLOUAB| P1 7273 | PLTINOD | PLVOLA [ APHI H20
D H20 FZ ALIS | PZ6738 [ DM30 | PZBLEC (P2 QUAB| P27273 |P2TINO [ PZVOLA | P1PAX | PLDEBR| P2 1775 | PZ AZD9 | PZBLUS | PZ OLAP | PZPYRV (P2 RADS | PZ PAX | PZDEEBR |P1CURC|P1PALM | PL DEXA (PLBUTA H20
E H20 P21775 | P2 AZDS | P2 BLUS [ P2ZOLAP | P2 PYRV ( PZRADS | P2PAX |PZDEBR| DMSO | P2ALIS | P26738 |P2BLEC | DMS0 |PZOUAB(P27273 | P2TIND | PZVOLA| P1 7648 | P1 6244 | DMSO |P1LNT1 | P11330 H20
F H20 APHI P37648 | P3 6244 | P3LNT2Z | DMSO | P3 1351 |P2ZCURC|PZPALM | P2 DEXA | P2 BUTA| P3 1775 | P3 AZDS | P3BLUS | P3 OLAP | P3 PYRW | P3 RADS | P3 PAX | P3DEBR |PZCURC| P2 PALM | P2 DEXA | PZBUTA H20
G H20 F3 ALI5S | P36738 | P3 BLED |P3 OUAB| P3 7273 | APHI P3ITINOD | P3VOLA | DM50 | P3ALIS | P36738 | P3BLEOD |P3 OUAB| P37273 [ P3TIND |P3VOLA| STAU DMS0 | PZ 7648 | P2 6244 | P2 LNT1 [ P213590 H20
H H20 P4 7648 | P46244 | PALNT3 | P4 1352 |P3 CURC| DMSO STAU (P3PALM | P3 DEXA | P3 BUTA| P4 1775 | P4 AZDS | P4 BLUS | P4 OLAP | P4 FYRV | DMSO | P4 RADS | P4 PAX | P4 DEBR | P3 PALM [ P3 DEXA [ P3BUTA H20
! H20 P4 ALIS | P4673E8 | P4 BLED P4 OUAB| P4 7273 | PATINO |P4CURC| DMSO | P4 VOLA| P4ALIS | PAG738 | DMSO | P4BLEDC |PA0OUAB| P47273 | PATIND | P4 VOLA (P3 CURC | P3 7648 | P3 6244 | P3LNTZ | P31351 H20
1 H20 P31775 | P3 AZD9 | P3 BLUS [ P3OLAF | P3 PYRV | P3RADS | P3PAX | P3 DEBR | P4 PALM | P4 DEXA | P4 BUTA | P5 1775 | P5 AZDS | PS5 BLUS | P3 OLAP | PSPYRV | P3 RAD5 | P53 PAX | PSDEBR | P4 PALM | P4 DEXA | P4BUTA H20
K H20 P57648 | P5 6244 | PSLNT1| DMSO | P5 13593 | PEPALM | P6 DEXA | PEBUTA | PS5 CURC| PSALIS | P5 6738 | PSBLED |P5 OUAB| P57273 | PSTINO | P VOLA | PA CURC| DMSO | P4 7648 | P4 6244 | P4 LNTL | P4 1352 H20
L H20 P4 1775 | P4 AZDS | P4 BLUS | PAOLAP | P4 PYRV | P4 RADS | PAPAX | P4 DEBR | PE 7648 | Po 6244 | P6 1776 |PEAZD10| DMSO | PEBLUG | P6E OLAP | PEPYRV | PG RADE | PE PAX | PEDEBR | PS5 PALM | P DEXA | PSBUTA H20
M H20 P5 ALIS | P56738 [ DM50 | PSBLED [P5 OUAB| P57273 | PSTINO [ PS VOLA | PE CURC| PEALIS | PE 6738 | PEBLED |P6E OUAB| PE7273 | PETIND | PE VOLA| P5 7648 | PS 6244 |PSCURC| DMSO | P5LMNT1 | P51353 H20
N H20 OMSs0 STAU | PS PALM | PS DEXA | P5 BUTA | P53 1775 | P5 AZDS | P5 BLUS | P5 OLAP | PSPYRV | PSRADS | PS5 PAX | P DEBR | PELNTL | PE 1354 APHI DMS0 | PE CURC | PEPALM | PE DEXA | PEBUTA | STAU H20
0] H20 PG ALIS | PEE738 | PE BLED |PE OUAB| PE 7273 | DMSO (PETINO | PE VOLA | PE 1776 |PE AZD1D| PEELUG | PEOLAP | PE PYRV | PB RADE [ PEPAX DMS0 | PG DEBR | P6 7648 | P6 6244 | PE LNTL | PE 1354 | DMSO H20
P H20 H20 H20 H20 H20 H20 H2O H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20 H20

Figure2.3 - Final V02 plate layout Controls are colour coordinated negative control DMSO is highlighted in yellow, STAU (staurpspdigidighted orange
and APHI (aphidicolin) is highlighted in grey. All compounds are labelled w6 prefix to determine the exact concentrations, these are specified previou
table 2.12. All outer wells are filled with water and are not usedny drug plate analysis.
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2.5 Sample Collection and Processing

2.1.1ummary of ex vivo screening pipeline

The project workflow is illustrated ifigure 2.4. Prior to the surgical procedure, obtaining
informed consent from the patieris essential to determine their willingness to allow the use

of tumour tissue for research purposes. Once consent is granted, samples are collected
immediately after surgical removal and transported to the laboratory at room temperature
in sterile containes within 30 minutes of surgeryJnder sterile conditions the sample is
processed @ create a singkeell suspension, the tumour samples undergo mechanical and
enzymatic dissociation, followed by cultivation under specific conditions to isolate the GSC
population, which represents the druggsistant tumour population after surgeryrhe cells

are subsequently counted and dispensed onto-poated 384well drug plates at precise
volumes using automated multidrop equipment to minimize human error. These phages
then left to incubate for4-daysat 37°C and 5% GQAfterward, the plates are fixed and
stained with fluorescently tagged antibodies, reflective of the entire tumour cell population
(including GSCstumour bulk and healthy cells). This prepares them for downstream
automated microscopy and image analybisrthermore, an additional sample is collected for

further genetic, transcriptomic, and phenotypic analyses in our research laboratory.
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Figure2.4 - Schematic representation of the ex vivo screening protocol for glioblasterRatient
tumour samples are initially obtained from clinic; same day dissociation and cell seeding is perfo
onto pre-coated 384well drug plates. Drug plates are thenubated for 4days (37°C and 5% 0O
Following this, plates are fixed and stained with appropriate fluorescent antibody markers ready
downstream microscopy and image analysis to evaluate treatment response.

2.5.1Patient recruitment and sample transfer

Fresh treatmennaive glioblastomas were collected from patients who provideitten
informed consent undergoing surgery at Sheffield Teaching Hospitals NHS Foundation Trust
(Ethical approvalSTH2085) The patent information sheet and consent form are provided
within supplementary section 8.3Fresh glioblastoma tissue surplus to histological
requirements resected by the operating surgeon was collected intraoperatively whilst surgery
was ongoing, pseudonymisealisigned a unique sample identifier and then rapidly

transferred to the ex vivo laboratory within <30 minutes within a dry sterile specimen pot.
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2.5.2Sample processing and culture

Tumour samples were placed into-200mm petri dishes depending on the tissue size and
washed thoroughly with pre warmed (37°C) PBS. All excess PBS was aspirated, and tissue
specimens were measured, for larger samples multi region sampling was useddbgates
intratumoural heterogeneity (e.g. GBM1 sample A, B, C). These we then further divided into
smaller 2x2x2mm regions prior to dissociation. Depending on the size of the samgleml0

of preewarmed stem media, without growth factors (advanced DMHA/ fRedium containing

1% B27, 1%-@lutamine, 1% Penicillistreptomycin, 0.1% amphotericin B, 4ug/ml heparin)
was added to immerse sample. Specimens were then mechanically dissociated using forceps
and pipette tip, with more calcified solid tumours dissded wsing scalpels. For smaller
samples not modelling heterogeneity the total tissue homogenate was then divided equally
into 4-6 15ml falcon tubes to give a maximum of ~Qrél pellet of tissue per tube. Larger
tissues modelling intratumoural heterogemgiwere split into appropriately labelled 15ml
falcon tubes (e.g. A, B, Gb4ubes per sample. It is possible to derive smaller samples with
1-2 1ml pellets, however samples screened in this study are usually in excess, therefore we
find it important to dissociate majority of tissue to give accurate representation of cells in
entire the tumour. Following this 15ml tubes were then centrifuged at ~i@@tive
centrifugal force(RCIl-for 3 minutes, after which the supernatant was carefully removed. If
the residual pellet contained a large red blood cell (RBC) layemwwammed PBS was added

to each tube, agitated and left to settle for 10 mins. Subsequently, tubes were then
centrifuged at 200RCHor 30 seconds, and supernatant was carefully aspirated. Acautase
(3ml) warmed to (37°C) was then added to each individual tube and the suspension was
pipetted up and down to provide further disaggregation prior to agitated incubation using
ThermoMixer C (Eppendorf) set at 37°C 750 rpm for 30 minutes. This enzymatic dissociation
step was repeated until cells were well dissociated with the majority as single cells (typically
45-60 minutes). Dissociation was checked under brightfield using gpassslips. Stem media
(7ml) was added to each falcon tube and mixed well using a 10/5ml stripette. Cell suspensions
were then centrifuged at ~180 RCF, the supernatant removed, and pellets resuspended in 3ml
stem media, mixed well then filtered through7@uM cell strainer. Cell solutions were then
divided equally into 15ml falcon tubes (one per every 2x2mm tissue sample) and then

centrifuged for 5 minutes. If a RBC layer was still present on the pellet, 5ml of ACK lysing
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buffer was added and mixed well foee leaving for 5 minutes before further centrifugation

at ~180 RCfor 5 minutes. Following aspiration of the supernatant, cells were resuspended
in 5ml PBS and mixed well and centrifuged again for 5 minutes, the supernatant aspirated and
pellet resuspaded in stem media including growth factors (EGF and FGF). Cells were then
counted, viability tested with trypan blue using Cellometer Mini (Nexcelom Bioscience) cell
counter, viability was typically between 2% however samples were used regardlessidJsi

the live cell count, cells were further diluted in stem media containing growth factors into a
50ml falcon tube to give an appropriate density (usuailyOk cells per well in 384 well). The
pre-loaded drug plates were treated with Cultrék:20 dilution with plain DMEM F12nd
allowed to polymerise for 30 minutes prior to cell seeding (5uL per well), CultreBNséEa
required to maintain GSC as adherent monolayers on plasticware. 40uL of the resulting
suspension was dispensed to all but the outer weflthe 384well drug plates, making the

total volume 50pL.The empty outer wells of the plate were then filled with media (100uL)
0SF2NBE aSlItAy3a GKS LXFTGS gA0GK GaoNBFGIKS Sk aece
any evaporation effects and placedtlin the incubator (37°C in 5% gQor a 48 day
incubation period, which was set based on previous publications using similar techniques
(Arjonenet al., 2020; Makelat al., 2020; Rantalat al., 2020)

2.6 Irradiation of drug plates

All irradiation was performed using axperimentallR source within our research facility
(3’Cs irradiator; CIS Blaternational 1BL437cDrug pates were placed within equipment
cannister at45-degreeangle, 1 hour after cell seeding2Gy/mir). For irradiation of cell
lysates for western blotting, when cells reached confluency, 6 well dishes were taped shut
using atoclave tape and inserted into equipment cannister atdégree angle and were

irradiated 1 hour prior to lysing-6Gy/min).

2.7 Analysis of drug plate responses

2.7.1Microscopylmaging

All drug plates were imaged using a Cell Discove(@D77 using Zen Blei1 3.0 software. Prior
to inserting the plate into the microscope, the bottom of the plate was wiped clean of any

debris using lint free tissue. If the plate had been stored in the fridge it was left at room



temperature for half an hour prior to analysis temove condensation. Once the specific
brand of 384well plate was selected from the plate list (Perkin ElImer 384 Cell Carrier Ultra),

the plate could then be placed into the tray and loaded into the microscope.

Using the plate setup tab, the appropriatkannels were selected for based on the excitation

of the conjugated antibodies used, along with brightfield and DAPI as the reference channel.
Next, the lens was set to a 10x magnification using the 0.5 lens. The plate was then calibrated
using the brigtfield channel as a reference to set the peripheral walsl ensure the plate

is positioned correctly. Tile strategy was then selected for the plate, this determines how
many images per well the microscope takes. This was usually set at-tefigtrategy
however on plates with reduced numbers of cells (common with freshly dissociated cells) this
number has been increased tel12 tiles per well to increase imaged area. Finally the focus
was then set using DAPI as the reference channel, any of the additimtibody markers

from this reference adding any offset values to the appropriate channels tab. Once this has
all been completed the experiment would be started, usually taking betwednhdurs

depending on the number of channels and density of cells.

2.7.2lmage analysis

All image analysis was performed using Zeiss Zen Blue 3.0 analysis software. Using the
processing tab an image subset from the initial image file was extracted selecting
approximately 30 individual tiles, these included a selection of wells from positive,
Staurosporine and negative DMSO control wells along with any wells containing significant
debris such as hairs and fibres. This subset was then selected to train the software using the
Zen Intellesis machine learning module, which allows segmentationageémbased on the

user training distinguishing between object and backgrqustgects are then highlighted in
yellow as shown bfigure 25. The intellesis models used for drug plate analysis were trained
using DAPI positive nuclei as an object, parameteisided the 50 features settin@nce the

Intellesis training model was completed an image analysis program was then created.
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Figure2.5 - Example of how the Zen Blue software images were obtained using3B&10x
magnification - Example of how the Zen Blue software images were obtained usingXhd @x
magnification. Primary glioblastoma positively DAPI stained nuclei were identifiebjects by the
algorithm for scoring purposes (yellow outlines).

2.1.2RStudio analysis

Plate layout templates were designedlsing excelwhich specified compound name,
concentration and well number it corresponded to. Using RStudio software version 4.2.2 the
output CSV files that were produced by Zen Binalysis softwargvere initially concatenated
using the summarise function by dplfwrersion 1.1.4jo obtain a DAPI frequency count per
well. This file was then merged with the plate layout template by well number, so that each
well corresponded to DAPI frequency, drug and concentration. Any drug response plots were
generatedusing thegraphical visualegion packageggplot2 (version 3.5.0n order to obtain

cell metrics such al€ko values which is the concentration at which the relative cell count is
equal to 0.5(equation 2.1)and area under the curveAUQ the area below the fitted dose
response arve (equation 2.2) a package called GRmetrics was ugetsion 1.28.0The
output files generated from GRmetrics containing AUC values were imported back into
RStudio, these values were then visualised as a heatmap using the pheatmap package (version
1.0.12).

P

P W
Equation2.1 ¢ Four parameter logistic equation2 K SNBE W& Q NBLINBaSyda GKS NBA&L
concentration of the drug, a represents the bottom plateau of the curve, b represents the top plateau of
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the curve, ¢ represents the concentration of drug causing 50% of the maximum respegsar@@ R Q A a
the Hill slope which describes the steepness of the curve around the IC50 value.

o e @ WZw o
0O YO
C

Equation2.2 - Equation for obtaining area under dosesponse curve2 KSNBE Wy Q NBLINBaSyida
number of data pointsxiandxi+1 are the concentrations corresponding to consecutive data poyits
andyi+1 are the response values corresponding to the concentratiorisaoid xi+1respectively.

2.7.3Evaluating drug response

When evaluating drug response profiles, we have plotted bothealhcountsusing DAPI as
our positive cell§DAPI freqand also normbsed relative inhibition which is calculated using
both positive and negative controls, as shown within the literatpfadaet al., 2014; Gupta
et al, 2020) Percent inhibition removes crogdate effects by normalising the data to a
specific percent score, however it does rely on quality of the data obtained from the positive
and negative ontrols (equation 2.3)

b OO QO Qaem p w DI OEDEGRDO REQ QP QUL Q
Equation2.3 - Percentage Inhibitiorr 2 K SNB VYE Q NS LINE & S})f G&LRES 0 A)@Q RGA Rdzl
NELINsaSyiua U0KS YSIyYy LRaAUADS O2y UuNRBf O2dzyd oadl dzNR
control count (DMSO).
Whilst 1Gp values are a commonly used statistic for drug screening data, it is not always
possible to determine the kKgas not all responses to drugs will fit within the canonical
sigmoidal shape of a dose response, additionally lack of concentration data points can lead to
an ilHitting model. This therefore leads to gaps in results makisgakCan endpoint statistic
useless, when comparing an entire cohort of samples. Instead, we adopted the use of AUC
statistic as it will always give a numeric value usually between 0 and 1. Additionally wdaere IC
only gives information regarding the concentration to achieve 50% tdmbiAUC values can

capture increased sensitivities that beyond thepM@lues at higher drug concentrations.

2.7 .4 Statistical Analysis

ShapireWilk normality tests were performed to assess the datasets prior to statistical

analysis to decide the correct tests to perform. In order to confirm differences between two
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groups ManAWhiney Utest was performed on noparametric datasets or Studés t-test

on parametric datasets,-palues less than 0.05 would determine whether the differences in
results were significantly different. All normality tests and statistical analysis was performed
using R packagstats version 4.2.2. As the current study not comparing ex vivo drug
responses to any clinical indications, normal power calculation or simulation studies were not

used to determine the sample size at this time.

2.8 Stem marker optimisation

The GSC population is speculated to be the basis of tumour residual cells which gives rise to
secondary foci with resistant characteristics. Using antibody markers specific to this GSC
population e.g. CD133, nestin, SOX2 alongside tumour bulk cell pomslagig.GFAP, an
astrocytic differentiation marker, it is hoped that we caivestigate treatment response
through multiparameter, ultrahigh content microscopy and sophisticated image analysis
algorithms; for instance, comparing the counts of DAPI sthtells between drug and DMSO
control wells. Suitable drugs would be those which coudgecifically target the GSC
population, exploiting specific antibody markers for each it would be possible to assess the
effect of the drug in multiple cell populatien Additionally depending on the therapeutic
identified, further analysis techniques would be performed; for instance, apoptosis would be
measured for known cytotoxic agents using caspase markers and cell cycle arrest or cellular
proliferation would be aalysed for known cytostatic chemotherapeutics markers such-as ki
67.

2.8.10ptimization of conjugated antibodies

In order to optimise the concentration required for conjugated stem cell marker antibodies
nestin and CD133X5 edge cells were seeded at a densifyl,000 cells per well on a Perkin

Elmer 384 well plate and incubated for 4 days at 37°C 5%0@0QCday 4 the plate was fixed

and stained using antibody concentrations of 1:1000, 1:500 and 1:250 in PBS containing 3%
BSA and 0.05% TWEENZ20, which was ieftraght in the dark at 4°C and analysed using
microscopy. Buffer only (PBS containing 3% BSA and 0.05% TWEENZ20) was used as a control.
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2.1.3Quantitative PCR

For RNA extraction, Cx18 Bulk/steells were seeded into Cultrex coatedvell plates and

incubated until 70% confluent before harvesting. Qiagen RNeasy Mini Kits were used to
extract RNA. Initially, media was aspirated from cultured cells and cells were washed twice

with PBS. PBS was then aspirated and 350uL RLT buffer was added to each well aacecells w

then dislodged using a cell scraper and transferred to labelled QIAshredder columns before
0SAy3 OSYUNRTFAdASR G ynnn w/ C F2NJ H YAydziSac
of 70% ethanol was added to the supernatant, this solution was thersteared to a RNeasy
aAYAALAY O2fdzyYy FyR OSYUNRFdzZSR F2NJ mp asSozy
RW1 buffer was added to each column and centrifuged at 8000 RCF for another 15 seconds.
¢tKAa LINRPOSaa ¢l a (KSy NB LIS thé BRinstasca c@r@rifugedzi 6 A
for 15 seconds and the second for 2 minutes, discarding the flow through for each step. Excess
SiKFIy2f ¢l a GKSYy NBY2@0SR o0& OSYGNRTdAAYy3I (K!
RNase free water and centrifuging agdor another 1 minute to elute the RNA. Total RNA

was then quantified for each sample using Nanodrop 2000 spectrophotometer, which
guantifies absorbance at wavelength at 260nm to establish the concentration of RNA in each
sample, and the ratio of samplbsorbance at 260/280 was used to confirm purity (absence

of contaminants such as protein, which absorb strongly at/near 280nm) with ratios of ~2
RSSYSR (2 NBLINBaSyild WLH2NBEQ wb! & ! FGSNI |jdzZ y
immediately or stored at80°C. RNA samples were reverse transcribed usingChglacity
RNAto-DNA Kit (Applied Biosystemy. The RT reaction was prepared on ice in order to
200FAY | on>f &lFYLXS 2F O5b! F2NJ R2gyaiGNBIY
RNA were added td& 3SyGa Ay GKS {Ad FFGSNI mp>f o0dzF¥S
on>f dzAAy3 wblasS FTNBS 6FGSNW® { YL Sa 6SNB Gr¢
cycler T100 using cycling parameters 37°C for 1 hour, 95°C 5 minutes to convert RNA into
cDNA. BEch resulting cDNA sample was analysed in triplicate for each individual probe within
a384g Sttt t/w LXIGS 6AGK D!/'t51 dzaSR Fa I O2y (NP
reaction consisted of:3&. cDNA, 8L TagMam Universal PCR Mastermix, 2l15ddH20 and

ndp>[ 2F LINE tabe.10). Thieplgtd WaS Bealed \ising optical adhesive film
(MicroAmpt) and loaded onto a 7900HT Fast REate PCR System to perform quantitative

PCR. The system was set to report FAM with repeats of 40 cyclesg@gciditions involved

an initial 95°C hold for 10 minutes followed by 40 cycles of 15 second 95°C denature step and
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finally 60°C for 1 minute in order to anneal and extend. Double delta)€(2 GO | yI f @ & A 3
used to determine relative gene expressiaing an average Ct value from the triplicate runs.

For example, to detect differences in expression between primary, patient defB&@s

ANR Y Ay aiSY O2yRAGAZ2Yya&a YR o0dZf 1 RAFFSNBYy (A
¢Mean Gene Probe Ct,apd/ (i 9 E LINB/AE® 2¢/K $'y &1 &HangOdxfredsiah | (S T
Ay D{/a NBtlIGA@®S G2 odzZ | OSttay nnpn/ad r p/d 9

2.8.2Immunoblotting

For immunoblotting glioblastoma cells were seeded into Cuteated 6well plates and
incubated at 37C in 5% C£or 48 hours. Before media removal, cells were washed twice in
ice-cold PBS. Cells were then lysed with the addition of 100ul lysis buffer (20 mMCT s
7.5,150 MM NaCl, 1% Tritoaixn 1S ™M Ya 5¢¢ FyR ™M Ya 95¢! a dzL
benzonase (Neagen), protease and phosphatase inhibitors (Sigma). Cells were immediately
harvested using a cell scraper and transferred to labelled eppendorf tubes on ice. Each sample
was then vortexed for 10 seconds before being placed on ice for 15 minutes. Sarmepées w
vortexed again following a final A&inute incubation on ice and one final vortex. Samples
were then centrifuged at 14,000 x g for 15 min at 4°C. Gel electrophoresis was performed
using NuPage system (Invitrogen). Samples were resolved1@¥04Bislris gels in MOPS
buffer, transferred to Protran® nitrocellulose membranes (0.1um pore size) which were then
probed for proteins of interest using antibodies diluted in 5% BSA (details of antibodies shown
intable2.4).

2.9 Flow Cytometry and analysiso@dl cycle distribution

2.9.1Sample Preparation

Cells were plated into-@ell dishes overnight, they were treated with WEEL1 inhibitor for
1lhour before being collected. Media was removed and cells were washed twice in PBS, before
500ul/well of Accutase. Bothhe media and PBS washes were retained. Following
detachment, cells were collected into labelled 15ml falcon tubes. Each Falcon tube was then
centrifuged at 1,200 rpm for 3 minutes. The supernatant was discarded, retaining a cell pellet,

to this 1ml of icecold 70% ethanol was added in a dropwise manner, ensuring even
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distribution through gentle mixing on a vortex. Cells were left to fix overnight before excess
ethanol was spun off and cells were washed twice in PBS, centrifuging at 1,200rpm for 3
minutes. 2 S OK &l YLX S pdz 2F wb! aS! é6m>3k>ft a2
and incubated at room temperature for 15 minutes to allow the degradation of RNA, whilst
fSFGAYy3I 5b! AydlFrOde ! FOSNI GKAAZ al YLIXPRSa ¢ SNJ
6pn>3kYt &ad2010 slFa FRRSR G2 SIFOK al YL So {1}
(but typically overnight at 4°C) to allow the intercalation of Pl with DNA, prior to flow

cytometric analysis.

2.9.2FACSCalibur Analysis

Samples were processed using@ FACSCalibur system, the data was analysed using FlowJo
(Version 10.8.1) software. In order to remove cell debris and doublet cells from single cell
gating cells, the forward scatter and side scatter was analysed. A 488nm laser was utilised to
excite Pl,with emission detected using the HL(530nm emission filter)A cumulative
histogram based on Pl emission data and the number of cell/levents was plotted in FlowJo,

each peak was then gated for each stage of the cell cycle.



Chapter 3¢ Ex Vivo Optimisation
3.1 DrugPlate Optimisation

3.1.1Introduction

Despite success within haematological cand&msijderet al, 2017) the concept of ex vivo

drug screening is relatively novel within solid glioblastoma tissue, and therefore required
optimisation. Most of the optimisation work described within this chapter was carried out
using the same low passage primary glioblastortemdike cell lines so as to be as
representative of primary dissociated cells as possible (a list of these cells is available within
Chapter 2table 2.7). However, despite our best efforts, there were some instances due to
COVIBEL9 disruptions that this &s not possible, and therefore either different primary or
established glioblastoma cell lines were also used during optimisation experiments. Initial
work investigated; drug solvent effects, plate brand optimisation, seeding density
optimisation, reducing plate variability through circumventing evaporation effects,
comparing electronic hand vs plate cell seeding and centrifuging drug plates to minimise loss

of cells through fixing and staining stepigre 3.1).

Figure3.1 - Summary of optimisation steps required to develop ex vivo HTS for glioblastoma

The plating efficiency and quality of microscopy images were compared between two differenels
drug plate brands using a solvent (DMSO) titration assay. Additionally, the seeding orB®tEC
(Matrigel), drug, and cells within the 384ell plate wasexamined. Drug responses of primary cell lir

were compared using two different BME extracts (Matrigel and Cultrex), and optimal seeding de
for both primary cell lines and freshly dissociated patient samples were determined. The effe(
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breathable sealing membrane on reducing plate evaporation was evaluated by testing DMSO «
coefficient of variation (COV) with and without the membrane. Furthermore, the impact of us
humidifier chamber during a-day incubation period on reducing platgaporation effects was assessi
by comparing drug responses of three patient samples. A comparison was made between two d
cell seeding methods: handheld automated-ditannel EACIlipTip electronic pipette and automate
multidrop dispenser. Effectfaentrifuging sample drug plates to minimize cell loss during fixing
staining steps was tested. Finally, IC50 values of the drug library within cell lines were investig
design updated V02 plates.

3.1.2Solvent sensitivity of glioblastoma cells

DMSO is an extensively used solvent in pharmacology and toxicology and is the solvent used
to dilute the majority of the drugs within our ex vivo library. As part of initial optimisation of
ex vivo screening methodology, the sensitivity of glioblastomas cédl increasing
concentrations of DMSO was investigated using established LN18 cells across two brands of
384-well plates. From the data ifigure 3.2 it was shown that there were no significant
differencesbetween the DAPI cell counts within growth medintrol and the lower 0.02%
and 0.05% DMSO treated cell counts. There were however significantly higher (p value =
<0.0001, one way ANOVA) cell counts within the DMSO wells 0.1%, 0.25%, 0.5% and 1% in
comparison to normal growth media for both 38¢ll brand plates tested.
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Figure3.2 - DAPI cell counts of LN18 cells subjected to DMSO concentrations compared betwee
384 well plate brands A: Cell Carrier Ultré&84-well plate (PerkinElmerB: CellBIND 384vell plate

(Corning. LN18cells were seeded ontboth brand 384 well plates and incubated for 4 daywith

corresponding media or DMSO conditiéHates were then imaged on@L¥ microscopewith 20x lens
with 0.5 magnification using a-tHe imaging strategyThe central box of the boxplot displays ti
interquartile mange (IQR), where the lower boundary corresponds to the first quartile and the
boundary corresponds to the third quartile, the horizontal line within the box represents the me
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and the whiskers extend to the minimum and maximum values within ilnBst the IQRAsterisks
indicate where there was statistically significance between DMSO concentration and media contrc
p <=0.001, ****: p <= 0.000Biological repeat = 1, technical replicates.= 6

3.1.3Seeding density Optimisation

Theoptimal seeding density of a primary GSC cell line (Cx18) and a patient sample (GBM10A)
were investigated to determine a suitable range of seeding densities required fatay 4
incubation period to obtain drug response profiles. Raw AUC values were etht@nevery

drug at each seeding density, these individual values were then plotted using a linear

correlation to give an®alue, values nearer to 1 represent good correlation between results.

Cx18 cells were seeded onto GBM drug plates at four diftegseeding densities of 250, 500,
1000 or 2000 cells/well. Plates were imaged to obtain DAPI counts, these counts were then
used to determine AUC for each specific drug at each specific seeding density. Correlation
analysis was then performed in relatitm 1000 cells/well condition to test the consistency in
results. The Rvalues depicted ifigure 3.3\ suggest that all seeding densities tested against
the pre-established 1000 cells per well gave similar end point drug response results and
therefore there is a suitable range in which cells can be seeded to get reproducible drug

response profiles.

The behaviour of freshly dissociated cells from a patient sample however is quite different to
primary cell lines, as following the dissociation steps of patteamour samples the cell
suspensions often have low viability counts-®%o). Additionally, some of the cells counted

Ay GKS Fylrfegaira Fa WRSFRQ INBE AYYdzyS 2NJ NBR
get washed away during fixing and stainstgps. For this reason, the cell counts used for
dissociated tissue is much higher than that for cell lines, for this purpose a range of seeding

densities was therefore compared from2® thousand cells per well.

Ex vivo sample GBM10A was seeded on tidtentical drug plates at three different seeding
densities 20,000, 15,000 and 10,000 cells/well as shovigume 3.38. When comparing to
20,000 cells per well an?Ralue of 0.846 and 0.944 for 10,000 cells and 15,000 cells
respectively indicated thereavas a high degree of consistency between all three seeding

densities and therefore suggesting that it is possible in future to seed a range of densities,



which is particularly important when dissociating smaller sized tumour samples, which

achieve much loer viable cell counts.

A. B
L4 <
—8— 2000 cells
<@ 1.0 —o— 10k cells ®
—— 250 cells ®
1.0 1 —-o— 15k cells
500 cells 4
O A 0.8 1 R?=0.846
> R*=0.944
- § 0.805
0.5
L] ‘ = 0924 0-6 _
%
0.0L° . . . | | | .
0.0 0.3 0.6 0.9 0.4 0.6 0.8 1.0
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Figure3.3 - Comparing the individual drug dose response AUC values at different seeding densi
A: AUC values for Cx18 cells seeded onto drug plates at 250, 500, 2000 cells per well relative to o
1000 cell per well plateB: AUC values for GBM10A cells were seeded onto drug plates at 10,0C
15,0000 cell per well compared to 20,000 cell petl plate.Plates were imaged on@D7 microscope
with 20x lens with 0.5 magnification using il& imaging strategy.

3.1.4Reducing Evaporation effects

¢2 OANDdzY@Syid LI I GS SOFLRNIGAZ2Y (y26yellda aSR
drug plates were not used for amxperimental samplesnstead they were filled with 100uL

of media. To further avoid plate evaporation effects, bread@sy seahg membranes were

used as they had been shown previously to significantly reduce plate evaporation effects
(Boehnkeet al, 2016). To investigate whether these membranes would help reduce
evaporation effects and improve reproducibility on our drug plates we compared the cell
counts of two different glioblastoma cell lines, LN18 (established) and G7 stemtdlomg
cultured primary stemlike) following a 4day incubation period with and without breathable
membranes. Figure 3.4 shows a comparison between the 24 DMSO control wells which are
distributed evenly across 384ell drug plates. Due to a lack of biological repeats, fitois

clear whether the membrane significantly aided the cell counts, however the membrane did

reduce the coefficient of variation (COV) by 0.4% in the LN18 cells and 1.9% in G7 stem. Based

11

1)



on the reduced COV across the DMSO wells when using the breathabibrane, it was

decided that all further experiments would incorporate the breathable membrane.

6000 -
o 5000 -
o
N
o
- 8
0 4000 -

3000

Membrane No Membrane Membrane No Membrane
Condition Condition

Figure3.4 - Investigating the effects of cell counts using plates with and without a breattesy sealing
membrane to circumvent evaporationA. Comparing DMSO cell counts from drug plates seeded
G7 stem cells incubated with and without breathable membrane. COV with membrane = 9.4%, v
= 11.3%B.Comparing DMSO cell counts from drug plates seeded with LN18 incubated with and v
breahable membrane. membrane = 11.8%, without 22.2Plates were imaged on a CD7 microscc
with 20x lens with 0.5 magnification using &il& imaging strategyError bars represenstandard
deviation 8D around meanBiological repeat = technical replicates 22.

To further prevent evaporation effects drug plates wetsoincubated within humidifier
chambers. The TMZ drug response profiles of three primary cell lines (GBM18, GBM20,
GBMZ21) were compared between plates incubated normaityaithin ahumidifierchamber

(figure 3.5 A, C and E). Additionally, the DAPI cell counts from the DMSO control wells were
compared between platedigure 3.5B, D and F). From the boxplot comparisons of the DMSO
control wells it suggests that the DAPIdteencies are lower when cells have been subjected

to humidifier chamber incubation. Nevertheless, there are multiple outliers within the data
(figure 3.5 B and D) from cells GBM18 and GBM20 subjected to incubator only, this is most
likely a factor of incrased evaporation effectsvithin wells towards the outer circumference

of plates The use of humidifier chamber is used therefore to reduce variation between repeat

measures across drug plates.
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Figure3.5 ¢ Comparing the TMZ dose response curves with drug plates incubated with and witl
being placed in a humidity chambefThree different primary samples were test&¢B corresponds to
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GBM18, incubator COV= 8.6%, chamber = 8QMcorresponds to GBM20,incubator COV = 6.6%
chamber = 4.8%E/F corresponds to GBM21, incubator COV= 5.1%, chamber = 5.0%. Left han
response curves represent TMZ percent inhibit{oalculated using equation 2.3j both conditions,
right hand boxplots compare the DIAg®dunts in 24 DMSO control wells for both conditions. The cel
box of the boxplot displays the IQR, where the lower boundary corresponds to the first quartile a
upper boundary corresponds to the third quartile, the horizontal line within the fapresents the
median and the whiskers extend to the minimum and maximum values within 1.5 times thE|&p#3.
were imaged on a CD7 microscope, with 20x lens with 0.5 magnification usiitparbaging strategy.
Error bars on dose response curves resgnt SEM, biological repeats n=1, technical replicates N=

3.1.5Comparing Cell Seeding Methods

During the course dhese optimisation experiments, it was noted that there was often a high
variation within the DMSO control wells when using our Multidrop cell seeding equipment,
therefore we compared this original method to seeding by hand using an autontsted
ClipTip éctronic pipette. To compare these two methdds¥18 cells were seeded onto blank
384-well plates, half of the plate using the traditional Multidrop cell seeder and the other half
using16 channelEXClipTip electronic pipette. Followingdéays the plate ws imaged and

DAPI cell counts were compared as showhigare 3.6 below.

Whencomparing the Multidrop equipment thand seeding using the6 channeEXClipTip
pipette, the COV was reduced from 14.07 % to 9.41% highlighting the multidrop equipment
may have required calibrating or the dispenser heads replacing. A comparison between the
two seeding conditions using an unpaired studeriest revealed significant differences
between the two seeding conditiongiqure 3.6). Whilst the DAPI count mean waghleir

using the multidrop, the variance of the replicates was significantly reduced seeding by hand.
Further investigation of this by another lab member showed that the multidrop equipment
was dispensing approximately 10% more volume, which can explaindtease in cell count
(data not shown). As a result, it was decided that future experiments should be seeded by

hand to avoid any unnecessary variation within results.
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Figure3.6 - DAPI cell counts of LN18 cells seeded by hand or using automated Multidrop cell se:
LN18 cells were seeded both by hand using afCEfTip electronic pipette and using automat
Multidrop equipment at a density df,000 cells per well onto a 384 well plate.comparison between
DAPI counts following the two different seeding methods, unpaired studézgttwas performed p=
<0.0001. Error bars represent $DHeatmap showing the well specific DAPI frequenciestif eeding
methods. Plates were incubated for a 4 day period following fixing and staining with DAPI, plate
then imaged on a&CD7with 20x lens with 0.5 magnification using &il® imaging strategyLN18
multidrop seeder (COV 14.07%) vs. hand sed@&aV 9.41%).

3.1.6Centrifugation of drug plate

In order to avoid loosely adherent cells washing awaytegted plate centrifugation during

the fixation steps. GBM011 sample was seeded identically onto two drug plates, prior to any
fixing and staining stepsne of the plates was centrifuged @10,000G for 2 minutes halfway
into 30-minute PFA fixation. To compare the two different methods percentage inhibition was
calculated for each well and the data was plotted using a linear correlation to givivalu®

of 0.862 figure 3.7). This represents a good correlation between the results, showing that
centrifugation of the plate may have little effect on the drug response profiles. Due to this
good correlation between results, we believe most of the cells whielrewvashed away are
either dead or are immune cells and therefore do not adhere toBMEprovided. As we are
aiming towards using multipléF antibody markers to target stem cell populations and
evaluate treatment response, we decided to not adopt thestcifuge approach atllowing
microscopic investigation, it showed to retain dead cells and debris, makimgi¢hescopy

images very dirty and difficult to analyse. When the DAPI counts for the DMSO control well



were compared there was much higher iaion within the centrifuged plate repeats. To

maintain the lowCOWon the drug plates the spin method was not adopted.
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Figure3.7 - Investigating spin steps to reduce washing away of cello retain whole cell populatior
on plates following fixing and staining steps two identical drug plates were seeded with sample (
freshly dissociated cells, following addy incubation plees were removed from incubator and spt
@10,000G for 2 minute®\: Correlation coefficient comparing the individual well percent inhibiti
(calculated using equation 2.3)alues from spin and no spin plates. R2= 0.8Zomparison of the
DAPI frequencies from the 24 DMSO control wé&le central box of the boxplot displays the IQR, wh
the lower boundary corresponds to the first quartile and the upper boundary cpaoreds to the third
quartile, the horizontal line within the box represents the median and the whiskers extend t
minimum and maximum values within 1.5 times the IBRIogical repeats n=1, technical replicates |
24,

3.2 Optimising Basement Membrane

Next, we wanted to assess the effect of plating alternations within out-@@&dls.Due to not
having direct access to plate printing machinery within our department, drug plates would
need to beproducedin large batches and stored within our lab-80°C Another factor to
consider was that lgppblastomastem-like cellsare noradherent and will grow as spheroids
without the presence of a BME on plasticware. We therefore wanted to investigate whether
the seeding order of the drug, BME and cells had any tefiethe efficacy of the drugs, as a
result the three possible plating alternations were testéthe three conditions are shown in
figure 3.8. Out of the three possibilities, condition 1 is the ideal order as it would allow for a
higher throughput processirug plates would be printed in batches and storeeB&°C, once

confirmation of a suitable clinical sample is then relayed to the ex vivo team, prior to surgery,
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pre-printed drug plates would then beoated withBME (Matrigel) ready for downstream

tumour cellseeding.

Figure 3.8 - lllustration of the three plating
alternations which were tested to investigate
@ Drug effects on drug efficacy within 38ell drug
plates - Condition 1 plating order (drugzCM

ECM
cells), Condition 2 plating ordeECM drug,
Cells cells). Condition 3 plating ordefECM cells,
drug).
L

L]
Condition 1 Condition2  Condition 3

3.1.1Plating Ordec, Cisplatin Sensitivity

To investigate if the plating order of dru@ME (Matrigeliand cells affects drug efficacy, the
sensitivity ofCx18cells to cisplatin was investigated in the three different conditions, as
shown by the dose response curvedigure 3.9. Using R package GR metrigsvilues were
calculated;Condition 1 165= 1.21 + 0.260 puM, condition 254G 1.30 £ 0.315 uM, condition
31Go=1.20 £ 0.2.12 uMThere was complete overlap between tbisplatin 16 values for

all three conditions, this encouragingly suggests that condition 1 can be used successfully for

the purpose of this drug screening project.
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Figure3.9 - Dose response curves for Cx18 cells treated with cisplatin for 4 days using three diff
plating conditions- Cx18 cells were seeded into 384l platesat a density of 1000 cells per welhd
incubated for 4days with G- 100 uM cisplatinDAPI cell counts were obtained ugitheCD7 microscope
with 20x lens with 0.5 magnification usiagd-tile imaging strategyCondition 1 I65= 121+ 0.560 uM,
condition 2 16 = 130 = 0315 pM, condition3 1Go = 120 £ 02.12 uM. Error bars represent SEN

Biological repeats =3, technical replicates = 4

3.2.1Plating Orde Temozolomide Sensitivity

To further illustrate that condition 1 is suitable for drug screening, $o€drug TMZ was
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cycling of MMR, multiple rounds of cell cycling are required for agllsmtiergo DNA damage

resulting in cell death, therefore andiay incubation period was also tested alongside 4 days

as shown below ifigure 3.10
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Figure3.10 - Cx18 TMZ dose response curves comparing three different plating conditions 1, 2 i
at two different incubation periods 4lay and 8day - Cx18 cells were seeded into 384 well plates :
density of 1000 cells per well amdcubated with 0- 500 uM TMZ forA. 4-days,B. 8-days.DAPI cell
counts were obtained usigthe CD7 microscopat 10x magnification (20x 0.5 leref) a 5Stile imaging
strategy Independent biological repeats=4, technical repeats within each biological 3

The mean and SD of th&o values from three biological repeats for each conditoa shown

in figure 3.11. Conditions 1 and 2 have the most consistenp Malues across all three
independent biological repeats withibboth the 4-day and 8day incubation period
highlighted by smaller SD around the medihis suggests that seeding TMZ above or below
the ECM has similar effects on drug efficacy, and overall, it is improved within these 2
conditions shown by lowemean |G values within both incubation periods. Condition 3
showed thehighestmean |G values with largest degree of variatievithin both the 4day
(28.8+£19.1uM) and 8day(22.60+ 12.5uM incubation period This highSDbetween repeats

may be due to higher cell adherenaad cell cycling, by allowing the celtsadhere toBME

prior to druggingDespite Condition 3 being the most representative model of patient tumour
treatment, for logistical reasons described above around the critical need for ex vivo
screening of climal samples with short notice requiring the use of-preated drug plates,

we therefore proceeded to adopt condition 1 for future ex vivo screening development.
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Cell Condition

Figure3.11- Comparison of the ligresponse values comparing three different seeding conditions
two incubation periods 4day and 8days- Mean estimated I§ values are represented by the black
datapoints, with red error bars showing the standard etrGellsvere incubated for 4 days. Conditiol
1 averagdGsp=9.94+ 2.54uM, condition 2 average $6=11.5+ 4.44uM, condition 3 average 6=
28.8+19.1uM. Cells were incubated for 8 days. ConditloaveragdGo=8.62+ 3.47uM, condition 2
average 165=8.84+2.19uM, condition 3 average $¢=22.60+ 12.5uM. IGo values were calculated
using theDRC package (Version-3.0withinR
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3.2.2Comparing Basement Membrane Brands

As previously mentioned,BMEis required for primary glioblastoma stelike cells to adhere

as monolayers on plasticware. Initial work proceeded with the use of BME extract Matrigel,
which had been previously optimised by the Collis laboratory for the culturing of glioblastoma
primary cells. However, following the first year of this study there were Matrigel shortages
within the UK due to Brexit and COVIB, which resulted in our lab sourcing anoti&vE

alternative Cultrex.

To evaluate the suitability of alternative BME, a direasinparisonwasperformedbetween

our already optimised BME Matrigel atite potential alternativeCultrex To investigate the
suitability to retain sterdike cultures on plasticward)API cell numbersf Ox5 cells were
comparedfollowing a 4day incubatiorperiod culturedusing thetwo differentbrandextracts
(figure 3.12). This data demonstratétht Cultrexwould be a suitable alternative tdatrigel,
asboth cell linesexhibited higher cell countshen cultured within Cultrexneasured through
positive DAPI cetlounts This could have been due to different level8dEcomponents in

the Cultrex, permitting more cells to adhere initially or alternatively higher levels of growth
factors which caused the cells to divide fast€his data therefoe confirms the ability of

Cultrex to retain stenlike cultures, and be used as a suitable alternative to Matrigel.
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Figure3.12 - Comparing the cell numbers of the DMSO control wells of plates coated with either

Matrigel or Cultrex as a basement membraneCell numbers were obtained from DAPI cell counts
within DMSO control wells. A: Ox5 Core. B: Ox5 Edge. The central box of the boxplot displays tk
where the lower boundary corresponds to the first quartile and the upper boundary corresponds
the third quartile, the horizontal line within the box represents the median and the whiskers exter
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the minimum and maximum values within 1.5 times the IQR. Biological repeat =1, technical repli
=24.

In order to determine whether or not the differentMBEE had any inadvertent effecin drug
responses, the two differeBMECultrex and Matrigel wereompared usin@x5 cells seeded

on our VO1 GBMdrug plates.DAPI cell counts were obtained using microscopy and
normalised using percent inhibition calculati@@guation 2.3), to obtain the dose response
curves depicted byigure 3.13.It was decided to test both the BME extracts on the entire
drug library, rather than just controls to confirm the BME results were consistent over a large
range of drugsThe data shownhighlights identicainhibition dose curves for both Matrigel
and Cultrexwithin both the Ox5 Core and Edge callsmonstratingthat drug efficacy was

not alteredby brand oBME
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Figure3.13- Investigating the relative inhibition of Ox5 Core and Edge cells using two different br
basement membranes (Cultrex and Matrigel) to confirm drug efficacy is maintain€x5 cells were
seeded onto V01 GBM plates af@nsity of 1000 cells per well and incubated fedalys. DAPI cell count
were obtained using a CD7 microscope, with 20x lens and 0.5 magnification usitilg ariaging
strategy. DAPgell counts were used to calculate percent inhibit{oalculated using equatio®.3). A:

Ox5 core cellB: Ox5 edge cell8iological repeat =1, technical replicates =2

3.3Image Capture and Analysis Optimisation

3.3.1Tile Strategy Comparison

To evaluate drug responses, multiple images of each individetiwithin a384-drug plate

must be capturedising high content microscopy. To do this using the Zeiss CD7 microscope
aGNy GS38

' WGAESQ AYF3IAyYyS

individual well area captured. Two different number tile strategies were therefore evaluated:

5 image tiles per well or 9 image tiles per well, corresponding to 28.8% and 51.5% of total well

gl a

Fsadtidn »fgtieR =

area respectivelybased off the dimensions of @ RinElmer Cell Carrier Ultra 38¢ll plate

The locations of these tiles can be gelected using th&eisssoftware either through a

symmetrical arrangement or can be set randomly, for the purpose of this study all tile images

were selected symmetricigito give even coverage within the well.
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To test the consistencies between the results using these two different number tile strategies,
four different patient sample drug plates were imagesing both & tile and 9 tile strategy.

The AUC values were @h calculated for each individual drug for both strategies, the
consistency of these results were compared using a correlation analysis as shbguren
3.14. From the data shown samples GBM23 (graph B) and GBM24 (graph Cyha&Rof

0.96 and 0.94vhich signifies a high level of correlation between the AUC results from both
tile strategies, therefore the much fastertle strategy would be suitable to capture the

whole well drug response.

This is not the case for every sample however, as fiteendata shown for samples GBM13
(graph A) and GBM25 (graph D), there is very poor correlation between the AUC results from
both tile strategies (0.744 and 0.167). This is apparent when there are very low cell counts on
the plates, and therefore a highemaging strategy such as -ii&e or higheris required to
achieve a higher percentage of well and therefore cell population imaged. Consequently, the
tile strategy used is often reflective of the quality of sample, whilst it would be optimal to
image the etire well of every single sample, it is often wasteful as the time and running costs
of the microscope usually supersede the benefits. Therefore, it was decided that the imaging
strategy should be selected on a cdsecase approach depending on the celliots within

the DMSO control wells, as showntable 3.1 belowHere it was shown that increasing the

tile imaging strategy from 5 to 9 led to improvement in the COV, apart from GBM24 where
COV was increased by 2.7% using a largie Strategy. ThédMSO control counts with the
highest COV corresponded sampleswith lowest mean cell counGBM25 &ile (142 cells

COV 30%and GBM13 Sile (315 cellsCOV 15.8% The data frontable 3.1 supports the
notion that lower cell counts lead to higher COV tire we decided it was important to set

a threshold for our imaging pipeline. It wHwerefore decided that if theDAPI counts from

the DMSO control wells displayed a COV abovdhheshold of 15%, the plate would be-re

captured at a larger tile stratgy

12t



300 1

200+

100 -

9 Tile

=100 -

100 0

100 200

5 Tile

120 1

9 Tile

-40 - r

Table3.1 - Comparison of DMSO counts and COV for different tile imaging strategies.
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Figure3.14 - Correlation analysis using relative inhibition calculated from DAPI cell counts fretite5
and Ytile imaging strategy for 4 primary samplesA: GBM13,B: GBM23,C:. GBM24 and: GBM25.
Correlation analysis using calculated percentage inhibition gdieeveen two independent tile strateg
settings. For the majority of samples, il6 strategy was sufficient to capture the whaeaough cells
to generate a dose responshowever on less densely populated samples such as GBM25 whel
correlation indose response is low between 5 and 9 tile, a higher 9 or 12 tile image strategy was ac

100

Sample Name Tile Strategy Mean DMSO count | COV
GBM25 5 142 30%
GBM25 9 372 8.1%
GBM24 5 681 6.8%
GBM24 9 1246 9.7%
GBM23 5 517 7.0%
GBM23 9 961 6.1%
GBM13 5 315 15.8%
GBM13 9 609 10.6%
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3.2 Drug plate response optimisation

3.3.2Sample EndPoint analysis

Various metrics are available for defining a positive drug response to treatment. Two of the
most commonly used metrics arest@nd EGo. 1Go denotes the dose necessary for a 50%
inhibition in enzyme activity or cell count compared to controls, whiley E€presents the

dose that corresponds to the midpoint of the sigmoidal dossponse curvéBrookset al.,

2019) An alternative measure is the AU@hich exhibits greater resilience against
experimental fluctuations compared tos{Cand EG. AUC conenses the complete dose
response relationship into a single numerical value between 0 and 1, making it much easier
to compare and rank different drug respongg®zdeye\et al, 2016) 1Go and EG on the

other hand only provide information about a specific point on the curve, for highly resistant
cultures it is not aways possible to obtain dose for 50% viability and therefore is less reliable
as requires extrapolation of dose response curve. Inmamy AUC offers a comprehensive,
standardised and less noisensitive perspective in overall drug responses, making it the
preferred choice when comparing and evaluating multiple sample drug responses across a

library of different compoundgéFallahiSichanet al., 2013)

For the first batch of glioblastoma specific drug plates, drug concentration ranges were
selected based upon d€values from the literature. This apprdaavas taken in order to
conserve time and allow optimisation of ex vivo screening within solid glioblastoma tissue.
Using these drug plates, a total of 18 samples were successfully screxdrirdse samples

two were multiple regiorsamplesmodellingheterogeneity. Our initial heatmap generated
using AUC values is shownfigure 3.5. We were able to retrospectively annotate each
tumour sample based on theilGMTgene methylation status, this highlighted the issue with
SoC drug TMZ as we saw no resporespide differentiaMGMTstatuses. This led to further

investigation of TMZ within chapter 5.
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Figure3.15 - GBM sample heatmap depicting raw AUC drug response for primary GBMs dissoc
from 18 individual tumous - Scale shown represents cell death as 0 (blue) and cell survival as 1
Larger samples such as GBM10 (A, B and C) and GBM20 (A anctdimlicold) were sectioned int
multiple regions and screened independently in order to model the intertumoral heterogeneity ¢
disease. AUC values were calculated from 2 technical replicates following 96hr drug incubations
package GR metriand the heatmap was constructed using R package pheatmap as detailed
methods section. Note, due to the fact that this was performed on limited fresh clinical mat
biological repeats were not performed. Hierarchical clustering is explaindzb itext below.
¢CKS WLKSIFGYFLIQ LI O1F3AS dzaSR G2 3ISYSNI OGS
clustering function. This function initially calculates a Euclidean distance matrix, based on all
the observations and variables within the data frame matAgglomerative clustering is then
performed on the distance matrix, whereby each drug response is separated out then
clustered iteratively to merge the closest clusters, until one single cluster remains. The
dendrogram allows visualisation of these ohbssions how they are grouped and their
relative distances. Despite limited drug concentration optimisation for these plates, it was still

possible to identify differential responses through multiple drug signatures.
Two different samples (GBM10 and GBNM®2@&re subsectioned into multiple regions and

screened individually to model intratumoral heterogeneity. GBM20 appears to be the most

heterogenous sample of the two, shown by the large distance between A and B sample
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responses. Of the two GBM20A appedre tost sensitive sample, especially to EGR®R
ouabain, it also shows a response to cisplatin treatment unlike the GBM20B sample. GBM10
samples A, B and C appear less heterogeneous as they are clustered together, however it does
appear than GBM10C is neoresistant than the other two samples in particular to EGFR
inhibitor, whilst GBM10A and B show very similar drug response prailggesting that they

were from spatially similar regions within the original tumour tissue.

3.2.11dentifying resistant and seitive tumours

In order to differentiate between resistant and sensitive tumour samples, we investigated the
AUC drug response data for each individual drug, shown in figuéé& ®é&low. For each drug

we used a Shapiro wilk test for normality, mean AUldesawere used for drugs which had a
normal distribution, median AUC values were used for-nommal data. This allowed us to
determine patient tumour sensitivity or resistance for each drug, based on their AUC value
being below or above the mean/medianrof the drug library 5/34 drugs AZD1775,
AZD6244, AZD6738, Palmoic acid and Alisertib were not normally distributed, therefore the

median AUC value was used.

Another common way to compare drug AUC values is to standardise the datapoints Bsing a
score normalisationthis method measures how many SDs above or below the group mean
each data point igMalo et al, 2006) Normalising using this method makése sample
responsesasier tocompare as all the data points are plotted on a common scale therefore
removing plate variationfigure 3.5B). One of the issues with this method is that it assumes
the data is normally distributed, we know frarable 32 there are 5 drugs that do not flolw

this trend. We therefore tested another method known as tnedified z-score, which can

be used for norparametric data sets as it utilises the median and median absolute deviation

(MAD) to calculate azcore.
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Figure3.16 - Distribution of sample AUC values
for each drug on the VO1 platas raw values or
scaled using-&core - A. Boxplot showing the

distribution of raw AUC values for each

compound.B. Boxplotshowing the zscaled AUC
values for each compoun@..Boxplotshowing
the modifiedz-scaled AUC values for each
compound. Positive-gcores indicate values
above the mean (ncesponse) negative-gcores
indicate values below the mean (response). Th
central box of the boxplot displays the IQR, wh
the lower boundary corresponds to the first
quartile and the upper boundary corresponds tc
the third quartile, the horizontal lia within the
box represents the median and the whiskers
extend to the minimum and maximum values
within 1.5 times the IQROutliers are displayed

by data points outside the whiskers

The zscore normalised AUC data from VO1 drug plates easulated and plotted as a

heatmap shown f{gure 3.77). By normalising the data, it is much easier to distinguish

between responders and neresponders for each drug, also clustering of more resistant (left

hand side) and more sensitive (right hand sis@nples can be useful.
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Figure 3.17 - GBM sample heatmap depicting-scaled AUC drug response for primary GBI
dissociated from 18 individual tumoursScale shown represents cell death-agblue) and cell survive
as 3 (red). Larger samples such as GBM10 (A, B and C) and GBM20 (Adindt®&] in bold) were
sectioned into multiple regions and screened independently in order to highlight the intertun
heterogeneity of the disease. AUC values were calculated from 2 technical replicates following 96
incubations using R packa@R metrics and the heatmap was constructed using R package phei
as detailed in the methods section. Note, due to the fact that this was performed on limited fresh ¢
material, biological repeats were not performed. Hierarchical clustering isievegl in the text below.
Out of the 32 drugs on the platégure 3.5A highlighted the majoritgpf AUC values residing
around 1, highlighting no response. Therefore, to distinguish between active and redundant
compounds we investigated the AUC values in more detail. We first performed a Shapiro Wilk
test for normality which revealed that the dataset svaot normally distributed with a median
IQR AUC of 0.961 (0.871101;figure 318). Any compounds which had a mean/median AUC
greater than 0.961 were deemed as inactive and were subsequently removed from drug hit
and phenotype analysis, as showntable 3.2 highlighted in red. The 13 active compounds

were then plotted as a heatmap, shown belowfigure 319.
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Table3.2 - Determining active drugs based on the thresholds generated by mapping AUC distributions
for all 18 glioblastoma samples screened

Compound Normal Mean/Median Activity
Distribution?
AZD9291 YES 0.3493 Active
Ouabain YES 0.4577 Active
Pyrvinium Palmoate YES 0.6401 Active
Bleomycin YES 0.7397 Active
PDD00017273 YES 0.7428 Active
AZD0156 YES 0.7800 Active
Cisplatin YES 0.8193 Active
Olaparib YES 0.8475 Active
Volasertib YES 0.8938 Active
Paxalisib YES 0.9156 Active
AZD6244 NO 0.9250 Active
M3814 YES 0.9280 Active
AZD6738 NO 0.9479 Active
Dabrafenib YES 0.9629 Inactive
AZD1775 NO 0.9635 Inactive
AX15836 YES 0.9687 Inactive
TH9619 YES 0.9723 Inactive
Curcumin YES 0.9736 Inactive
Temozolomide YES 0.9803 Inactive
BLU554 YES 0.9827 Inactive
Palmoic Acid NO 0.9850 Inactive
Metformin YES 0.9904 Inactive
Ipilimumab YES 0.9916 Inactive
Tinostamustine YES 0.9976 Inactive
KU55933 YES 0.9994 Inactive
Butamben YES 1.0018 Inactive
D-Penicillamine YES 1.0086 Inactive
Alisertib NO 1.0131 Inactive
Dexamethasone YES 1.0161 Inactive
RAD51 YES 1.0178 Inactive
VE821 YES 1.0233 Inactive
Bevacizumab YES 1.0247 Inactive
LNT1 YES 1.0254 Inactive
Pembrolizumab YES 1.0444 Inactive
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Figure3.19- GBM sample heatmap depicting raw AUC values (A) asdaed AUC (B) obtained fror
active drugs in ex vivo screens of primary GBMs dissociated from 18 individual tum&aale showr
represents cell death a8 (blue) and cell survival as 3 (red).dearsamples such as GBM10 (A, B an
and GBM20 (A and B; indicated in bold) were sectioned into multiple regions and scr
independently in order to highlight the intertumoral heterogeneity of the disease. AUC values
calculated from 2 technicakplicates following 96hr drug incubations using R package GR metric
the heatmap was constructed using R package pheatmap as detailed in the methods section. N¢

to the fact that this was performed on limited fresh clinical material, biologéeg@dats were not possible
Hierarchical clustering is explained in the text below.

We then plotted the positive drug responses for each sample using raw mean and median
AUC values (based on results of a normality test) or using calculsisates, datahown in

figure 320. Using the raw AUC values, a median threshold value of 5 was calculated and set
as threshold for sensitive (green) and resistant (red) tumour samples, giving a total of 12
sensitive tumours and 9 resistant. Whilst for thescore standrdised data, the median
number of drug responses was 6, resulting in 11 sensitive and 10 resistant tumours. The two

approaches do lead to similar results, apart from whether GBMO7 is classeiihas a
resistant or sensitive sample.
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Figure3.20 - Segregating multi hit sensitive (green) and resistant (red) tumors based on their ac
drug responsesA: Segragating based on mean/median AUC of single data value relative to grou
B: Segragating following-gcore normalisation (formula =-(rean)/standard deviation, where x = th
single data value.

3.4.3 Measuring assay quality usingrame

The typical HTS process involves a primary screen to identify potential hits, followed by a
secondary screen to further confirm the initial findin@4alo et al., 2006) However, the use

of freshlydissociated tissue hinders our ability to obtain biological replicates and perform
secondary screens. We therefore need to be confident that our HTS easaletect real
reproducible drug hits. One way to do so is to investigate the technical replicatesah
individual drug plate, low SD and COV would indicate that the measurements are consistent

and reproducible.

A more comprehensive way to determine the robustness of our HTS drug plates is through
calculation of a-prime number. This was deemed asitable quality control measure as it
guantifies the separation between controls, which we have used throughout to calculate
percentage inhibitiorfMpindiet al., 2015) Zprime was calculated for each sample drug plate
using the mean and SD values of positive constalufosporine) and negative control (DMSO)
(the equation used is shown belowllhe raw data used to calculate thgpgme values are
depicted bytable 3.3, for dng term primary cell line cultureand table 3.4 for feshly
dissociated patient sampled zprime value greater than 0.5 reflects good robustness and

reproducibility, values between-0.5 shows a marginal but acceptable assay, whilst a score
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less than 0 is poor and is unable to distinguish between positive and negative cqBtay}s

Carpenter and Imaging Platfa, 2017)

0°YG Q0 "YhE & O EWEWE QOGO €1 MNEA RIQ
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Equation3.1 - Calculation of zprime - Where SD represents standard deviation calculated as the square
root of variance relative to the mean

Z-prime calculations rely on the mean ar&D of positive and negative controls, which
statistically assumes that these both follow a normal distribution. Skewed data and outliers
in the data can disrupt this assumption giving misleadipgie values. For each sample and
cell line which was screedeusing VO1 GBM drug plates we calculated theime value,
which are plotted below infigure 321. When investigating the mean DMSO and
staurosporine counts for samples withpfime values <0, they have complete overlap
between the controls, partly dueothigher staurosporine counts and reduced DMSO counts,
both with largeSD Therefore, samples drug responses wibrime values <0 should not be

used andwvere therefore removed from any further analysis.

0.6 4

v Vv N
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Figure3.21 ¢ Comparison oZ-prime scores for samples screened using GBM V01 drug piatesong
term primary cell line cultures. Cells were plated at a density of 1000 cells per well for 96 Bo
Freshly dissociated patient samples. All seeded at 5000 cells per well. The red dashed line indic
prime value of 0.5 which traditionally ised as a cut off value for assay quality.
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Table3.3 ¢ Control means and SD values used for calculation-pfime scores for long term primary
cell line cultures screened using GBM V01 plates

Cell Line Mean DMSO DMSO SD Mean STAU STAU SD
Cx18 Core 2 879 193 18 15
Cx25 Edge 2 429 88 8 6
Cx25 Edge 1 615 112 9 3
Cx18 Edge 2 757 140 7 1
Cx18 Edge 1 733 128 5 2
Cx18 Core 1 2247 367 24 13

Ox5 Core 3386 408 193 49

Ox5 Edge 2185 215 100 15

Table3.4 ¢ Control means and SD values used for calculation-pfime scores for freshly dissociated
patient samples screened using GBM V01 plates

Patient Sample] Mean DMSO DMSO SD Mean STAU STAU SD
GBM10C 667 66 495 103
GBM13 609 64 467 59
GBM26 573 87 258 91
GBM14 820 99 537 38
GBM20B 395 93 126 35
GBM10B 247 34 136 9
GBMO08 176 32 64 7
GBM17 407 56 202
GBMO09 830 59 338 82
GBM10A 219 21 122 5
GBM16 943 123 322 41
GBMO7 235 31 61 12
GBM20A 344 50 36 11
GBM12 1624 88 885 59
GBM25 372 30 103 23
GBM18 529 76 69 10
GBM11 1353 75 421 57
GBM21 1383 164 4 5
GBM19 362 32 25 5
GBM24 681 46 100 12
GBM23 961 59 78 15




3.4.4 Comparing freshly derived and established GSC drug responses

To investigate the differences in drug responses between patient derived samples and
primary cel lines a direct comparison was performed. The drug responses of two patient
samples (GBM21 and GBM25) were compared thiéir matched culturegorimarystemlike
cellsorder to evaluate whether drug sensitivities are maintaingtie heatmap shown in
figure 322 highlightscell cycle inhibiting drugs such as Weaid AURKAshowingincreased
effects on bothof the low passage celis comparison tahe freshly dissociated tissue. One
cause of the increased sensitivities shown in the cultured cells mayt&ube these cells
have been in culture for several weeks psstgical resection and are therefore stable and
dividing, making them more susceptible to cell cycle inhibiting drugs. Whereas the dissociated
patient tissuecells may be in a slow dividinguiescentstate due to havingundergone
significant stress including complete change of environment, dissociation into a single cell

suspension and then drugging in a duration & Bours.

Anotherpossible explanatiofor differential drug responses betwa the primary sample and
matchedprimarycultures could be the selectivity process of culturing on plasticware with the
supplementation of stem cell media and growth factdiise survivingcells withinthe culture
might exhibit heightened sensitivitp specific drugsAdditionally, it was observethat both
GBM21 and GBM25 cultured cells became increasingly sensitive tobbeimycinand
cisplatin treatment compared to freshly dissociated tissti@is heightened susceptibility
could be attributed, in par to elevated levels of cell division, rendering them more
susceptible to DNAlamaging agents. Notablthe primary cells from GBM2became more
sensitized to EGFR inhibitor Osimertihile this may be linked to culturing with the growth
factor EGF, th validity of this assumption is uncertain, especially considering that this trend

was not observed in the responses of GBM21.
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Figure 3.22 - Comparing the AUC responses of the freshly dissociated sample and correspo
primary cell lines for GBM21 and GBM25 he scale shows blue as cell death and red is no respc
AUC values were generated from GR metrics package in R, pheatmap paakageed to generate thi
heatmap.

Aphidicolin is a DNA polymerase inhibitor that is often used as a negative control for cytostatic
drugs, but also can be used to estimate the growth rates of samples, when compared to
positive DMSO control wellgor patient samples GBM21 and GBM25 andrtheatched
primary cell lines we proceeded to compare the cell counts obtained from both the DMSO
and aphidicolin control wells, as depicted in figure 3R28: sample GBM21, both the fresh
tumour cells and the primary culture celixhibited notabledifferences in the cell counts
betweenthe two controls. This suggests that both the cells screened from the original sample
and primary culture demonstrated growth over theddy assay periadConversely, in the
case olsample GBM2&here was no significantifferenceobservedbetween the cell counts

for the two controls However,there was a slightly significant differenbetween the cell

countsbetween the controldor the matchedprimary cells



Figure3.23- Comparison of the

DAPI cell counts within the

A B C D DMSO and Aphidicolin wells fo

2000 samples GBM21 and GBMZ
and their respective primary
cell lines- A. GBM21 primary
sample, B. GBM21 cell line, (
15001 GBM25 primary sample, D
GBM3 cell line. Unpaired t
test was performed on normall

* distributed data and Manr

Whitney U test was performe

Fkdkedke Fkkk * %

DAPI freq
o
3

1 on nonnormally distributed
* data. Normality testing wa:

e performed using Shapiro wilks
e S—— Each sample drug plat
P contained 4 aphidicolin repeat
—— and 24 DMSO repeatsis: p >
o @ 0 0.05 *: p<=0.05**: p<=0.0]

e 9 9 9 o p <= 0.001 **** p <=

P P Y S 0.0001
Condition

500 -

Upon comparing théAPI cell counts from DMSO and Aphidicolin treatmentshi@rentire

cohort of patient samples using the V01 drug platé8% (13/21) sampleshowed no
significant differences adepictedby figure 3.2.. Thisdemonstrates that most samples are

not exhibiting significant growth ovehe 4-day period. However, among the sample3,did

show a significant difference in the couritstween DMSO and Aphidicolin control wells. The
most significant being GBM21, GBM11 and GBM19. Interestingly GBM21 and GBM19
clustered together within thdigure 3.7 & 3.19 heatmap and showed increasing sensitivity

to the drug library.
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Figure3.24 - Comparison of the DAPI cell counts within DMSO and Aphidicolin wells for eaciple-
Aphidicolin is a cell cycle inhibiting drug, therefore the relationship between the counts of these c
wells can be used to estimate whether the sample cells are actively dividing withindhisidcubation
period. The central box of the boxplot giys the IQR, where the lower boundary corresponds to
first quartile and the upper boundary corresponds to the third quartile, the horizontal line within
box represents the median and the whiskers extend to the minimum and maximum values war
times the IQRUnpaired ttest was performed on normally distributed data and Mann Whitney U -
was performed on nomormally distributed data. Normality testing was performed using Shapiro w
Each sample drug plate contained 4 aphidicolin repaats24 DMSO repeats
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3.4 Summary points

T

DMSO concentrations used on these drug plates had no significant effects on the
DAPI cell countsf established LN18 cells relative to media controls.

Investigating the optimal seeding densities to show similar drug respansikin

cells a range of 50 2000 was suitable for obtaining similar end point results.
Within primary patient samples 10k, 15k, 20k were all suitable at obtaining high
correlation and therefore similar dose responses.

Evaporation effects can cause higbOV across drug plates control wells.
Breathable membranes were adopted to reduce GBV

Humidifier chambers were also able to redue®\Wvithin DMSO control wells
Variation in results were seen when using different cell seeding equipment,
highlighting the importance of using properly calibrated equipment. Moving
forward, handheld electronic pipettes were used for seeding drug plates with cells
to reduce variability.

It was hypothesised that fixing and staining steps could be washing away non
adherent cells, however the high correlation between drug responses and analysis
of images revealed centrifugation of drug plates caused retaining of cell debris and
dead cells, which wdd hinder quality of futurelF imaging, therefore this
centrifugation approach was not adopted.

Investigated drug, cells and Matrigel plating order to confirm seeding drug
underneath Matrigel still maintained drug efficacy.

Shortages in Matrigel due t€OVIBEL9 and Brexit led to replacement with the
alternative BME reagent Cultrex. This extract showed identical drug response
profiles when compared to Matrigel, but showed improved cell count numbers,
suggesting that it was better at maintaining primaryG3$pulation®x vivo

Analysis of image capture revealed that suitable tile strategy of microscopy is
dependent on sample quality. Samples with lower cell count require higher
imaging strategy to capture more percent of well area.

Initial VO1 drug platanalysis of 18 samples revealed that despite requiring further
drug concentration optimisation this tool was able to highlight tumoral

heterogeneity based on differential responses of multiple region samples. This



heatmap also highlighted the issues w&bC drug TMZ which were circumvented
in chapter 5.

1 Primary and matched longgrm GSC cultures dose responses were compared.
The longterm cultured cells showed increasing sensitivities to the drug library,
this would be expected partly due to their highrates of cell division due to
selection pressures of lorAgrm ex vivoculture and highlights the need to screen
tumour samples rapidly following surgical resection in order not to introduce any

growth selection bias.

3.5 Discussion

As DMSO is the primary solvent used within this study to dissolve our drug compounds we
initially performed a titration assay to investigate its individual effect on glioblastoma cells.
This data highlightedone of the concentrations of DMS@sted displayed toxicity to LN18
cells, however an increase in cell numbers was measured in wells cogt@irdil% solvent.
Several studies have reported DMSO to effect multiple cellular functions such as
inflammation, lipid metabolism, apoptosis, cell cycle, protein expression, differentiation,
molecule binding, enzyme activity, reactive oxygen species sgawg cell polarisation,
radioprotection and autophagffunceret al,, 2018) Previous work byuncer and colleagues
showed that low doses of DMSO ((L5%) carcause alterations in the membrane lipids of
epithelial cells, some of which may be responsible for the cells ability to adhere to plasticware
(Tunceret al., 2018) which may be one possible explanation of the higher cell counts in the
higher % DMSO wells. Previous work by others has also reported cell viability increasing
above controls in low doses of DMSO (< 0.5%), with antioxidative properties reducing cellular
reactive oxygen specieRQ$ levels, however high DMSO exposure (3.7%) enhanced
apoptosis, accelerated through mitochondrial dysfunction and oxidative s(&msgwenet

al,, 2021)

In another study, 3D microtissues modelling cardiac and hepatic tissue were exposed to
medium with and without DMSO (0.1%) for two weeks, following this the proteome, full
transcriptome and wholggenome methylation was measurdierheijenet al., 2019) The

results demonstrated that DMSO induces large changes in microRNAs and epigenetics
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especially within the cardiac model, while its obvious high concentrations of DKSOXx&,

low doses of DMSO are commonly regarded as being inert, however this is not the case. While
DMSO remains the universally used solvent in numerous research settings it is clear from this
data and the literature that its influence on cellular preses remains an area requiring
further investigation. Due to lack of suitable alternatives to solubilise the compounds within
our initial drug plates, the use of DMSO was unavoidable and was therefore used as the
primary solvent for solid drug dilutionsoffunately, the concentration of DMSO used on the
drug plates (0.05%) showed no significant differences in the cell counts compared to the

control media wells.

The experiments performed within this chapter have facilitated optimisation of ex vivo
screeniry for solid glioblastoma tissue. Following this, we have successfully highlighted how
ex VivoHTSof glioblastomacellscan be used to explore individual patient responses, to
highlight novel compound hits, of particular importance is our ability to rgghldifferential
responses within multi region samples to model the heterogenous nature of glioblastoma.
The total sample cohort consisted of 30 tissue specimens, 2 of which were muti region
samples (GBM20A & B and GBM10A, B & C). The first 6 specimensseérfor early tissue
dissociation optimisation, prior to designing VO1 drug plates. Of the samples screened 21/23

were successful using the VO1 plates failure was due to no attachment of dissociated cells.

To measure the robustness of the assay wedusezprime score, which calculates the
difference between positive and negative controls using the means and SD. From the analysis
of our primary cell lines screenetigure 321A) 100% showed a@ime score above zero,
whilst the freshly dissociated saoles, 66% (14/21) of samples were above zégufe 321B),
indicating the 7 samplewith a zprime scorebelow O should be removed from the analysis,

as they showed no separation between controls. It is important to note that not every patient
sample will be suitable for ex vivo screening, for instance some tumours are highly necrotic,
and others do not growvell on plasticware, which is consistent with the literature and our
findings when separately propagating adherent primary glioblastoma cell (Gwebeet al.,

2021)
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The process of screening freshly dissociated patient tissue removes the ability to perform
biological repeats, and therefore any directlgneparable follow up experiments. For all
patient samples the propagation of a primary cell line was attempted using any leftover cell
suspension, however these do not always expand and culture successfully. When successful,
we have been able to compare theug responses between freshly dissociated patient tissue
and their corresponding primary derive cell lines. From these analyses, we observe
differential responses between the two matched populations despite the low passage
number of primary cells. One wao circumvent this is increasing the number of technical
repeats on the plate, however, this then reduces the number of drugs that can be screen

within a single plate, therefore limiting the likelihood of identifying potential hits.

Upon comparison ofirug responses between freshly dissociated cells and matched low
passage primary cells, one cause of the increased sensitivities shown in the cultured cells may
be a result ofseveral week®f cell culture,within growth promoting media possurgical
resedion and are therefore stable and dividing, making them more susceptible to cell cycle
inhibiting drugs. Whereas the dissociated patient tissue has undergone significant stress
including complete change of environment, dissociation into a single cell ssispeand then

drugging in a duration of-8 hours.

Another factor contributing towards the differential drug responses between the primary
sample and matched loAgrm GSC cultures could be the selectivity process of culturing on
plasticware with the spplementation of stem cell media and growth factdgsem cellsvhich

have survived and multiplied faster (thus making up a larger population) within culture may
be more sensitive to these specific drugs. It also appeared that both GBM21 and GBM25
cultured cells became increasingly sensitive to bdileomycin and cisplatin treatment
compared to freshly dissociated tissue, which again may be partly due to higher rates of cell
division, making them more vulnerable to DNA damage agents. Interestingly the GBM25
primary cells became more sensitized to EGFR inhibitor Osimettisbmay be an artifact

of culturing the cells with growth factor EGF, however this assumption is unconfirmed as this
trend was not seen in the GBM21 responses. Another ex vivo screstuidly within
glioblastoma compared the transcriptome data between cultures and patient matched tissue.

The results of this study revealed that cell culture samples exhibited elevated expression
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levels of genes associated with cell cycle replication, imofuthose related to G, E2F,
and MYC target@\tafouliset al., 2023) The discovery of heightened expression of cell eycle
related genes in cell lines further corroborates our drug response daiegcifscally the

increased sensitivity to drugs like WEE1 and AURKAI.

When comparing thecell couns between the DMSO and aphidicolin controls for samples
screened using V01 drug plates, we were dblestimatethe extent ofproliferation during

the 4-dayassay The most significant differencascounts wereobservedn samples GBM21,
GBM19 and GBM1interestinglywhen weinvestigateat the active compound heatmap
(figure 319B), we observed hierarchical clustering of thesspecific samples within the
samecluster. Suggesting the similarities in drug resporcsegd be attributed toincreased

proliferation, potentially enhancing the efficacy of specific drugs.

Whilst it is useful having thisstimate of growth rate using aphidicolin and DMSO controls, it
is important to note that there will be different aphidicolin sensitivities between samples
based on preexisting molecular abnormalities and therefore other more reliable markers of
proliferation could be used, for instand¢@-67 staining which is a stapple use within histology.
This will also help us to indicate whether the assay has affected sample proliferation or if this
was preexisting of original tumour. Collectively, this data hightighe importance of ex vivo
screening, using freshly dissociated tissue we can recapitulate the whole tumour cell
population, which is more clinically relevant to the patient in comparison to using patient
derived cell lines which have undergone weekselection through multiple passages on
plasticware.

When culturing primary/established cell linesjs crucial to maintain optimal conditions to
promote growth. Typically, these cells exhibit much shodi@ubling timesin comparison to
cancer cells irvivo. Thisphenomenonwas observedduring the derivation of our tumour
samples into primary cdihes.A large proportion of the samples screengsing the V01 drug
plates displayegoor Z-prime valuesindicating inadequate separation between controlglan
minimal or no growth.Without sufficient cell growth many drugs within the library will
appear inactive For instance SoC drug TMeelies onfutile cycling of MMR to exhibit DNA

damage. Oneapproach tocircumvent this issue is the addition of and8y assay to
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complement the 4day, not only will this allow more time for cells to divide but will also act

as an additional biological repeanhancing the reliability of results.

Matrigel/Cultrex are a 9 derdved from EngelbretiHolm-Swarm mouse sarcomthey have

been a popular choice over the last 40 years for a multitude of cell culture purposes. However,
due to their animal derived nature they have a poorly defined composition, with large-batch
to-batch variability(Aisenbrey and Murphy, 2020additionally, specific pathways may be
influenced by unknown cell signalling factors present in the matrix, and may disrupt stem cell
phenotype and drug screening respons@&outsopoulos and Zhang, Z)1 For the initial
optimisation steps, it was believed that the ease of use, availability and lower cost associated
with animal derived ECM outweighed the benefits of optimising a synthetic ECM. Therefore,
for the purposes of this project, following Mael shortages it was ensured that a single
batch of Cultrex was purchased that would last the entire duration in order to maintain
reproducibility. Moving forward with this project, a synthe8ME alternative would be
desirable (costs permitting). Thegll allow for highly reproducible, more clinically relevant
tuneable synthetic scaffolds, which display similar peptide sequences derived from brain
ECM. Hydrogel scaffolds have been shown to improve cell survival and differentiation

properties when comared to Matrigel or collagen scaffol@soutsopoulos and Zhgn2013)

Investigating the IQR of the AUC values for each drug revealed most of the compounds upon
the VO1 plate were not within the correctsgange to see a response, or alternatively the
samples screened did not contain the relevant mutations for targeted therapy response. We
therefore investigated the Kgvalues of primary cell line cultures following lerange dose
response to advise fohe second batch of drug plates. At the initial stages of development,
the 1Go values were not essential, we were mainly focused on the podaioncept that ex

vivo screening was possible using freshly dissociated glioma tumour tiBsad¢Go data
obtained from these long range dose response curves depicted within supplementary chapter

8 figure 8.1, were essential for the design of the updated V02 drug screening plates.



Chapter 4¢ Molecular Analysis of Ex Vivo Data
4.1 Introduction

To further corroborate our ex vivo drug screening findings gaih insights into the
differential drug respons® molecular analysis was carried out whenatchedprimary cell
lines were available. For instance, our VO1 drug screen highlighted diffdreesiaonses
againstPAR glycohydrolase (PAR®@)bitor for our multiregion Cx18 sample cellBo further
investigatewe performedimmunoblotting of the key proteins involved with PARRediated
repair. Additionally, we explored thsensitivity ofGBM21to WEElinhibition by examining
key G2/M checkpoint proteins and through cell cycle analysis using FihaB;, weaimed

to understand the underlying differential response twmabain of Cx18 STEM and BULK

cultures, through investigation of key DDR pratekpression within these populations.

4.2 Cx18 Heterogeneity PARGI Sensitivity

Multimodal therapies are often used to overcome therapy resistance or induce synthetic
lethality. One promising target to potentiate the cytotoxicity of drugs is the use of ingit
which target DNA damage repair pathway enzymes such as PARP andPRRREa critical
enzyme involved in the regulation of several DNA repair pathways, inclBdiR§SBepair,

and DSBrepair. Both PARR and PARG are attractive drug targets as both are shown to be
upregulated in most glioblastoma cell lines compared to healthy astroqgesdyet al.,

2019) PARP inhibitors have been approved for the treatment of BRCA1/2 mutated ovarian
and breast cancers, working via synthetic lethality. Due to BRCA1/2 mutatiess, cancer

cells exhibit defective HR repair, and subsequent inhibition of PARP activity causes an
induction of collapsed replication forks due to defective HRR leading to efficient killing of

tumour cells(Bryantet al., 2005; Farmeet al., 2005)
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Figure4.1 ¢ Overview of PARP mediated DNA repaifollowing DNA damage, PARRs recruited to
the strand break, here it utilises NAD+ as a substrateatalysethe transfer of ADRibose onto itself
and other target proteins. Nicotinamide is cleaved off during this reaction. This permits the looali
and activity of essential DNA repair enzymes. To reactivate RARRRG activity is essential for P
chain catabolism. Figure created using Biorender (https://biorender.com/)

PARP mediated DNA repair is summarisefigure 4.1.Mechanistically, upn DNA damage
PARPL is recruited to the strand break where it induces the synthesis of PAR subunits, PARP
1 is the main target of this PARYylation, it is essential for its activation and recruitment of other
downstream repair factors. PARylation is comelgtreversible through the degradation
activity of PARGde-ribosylation allows PARP to be recycled at additional sites of DNA
damage(Fatherset al, 2012; Pascand Ellenberger, 2015 ellular cofactor NAD+ plays a
crucial role in PARP mediated DNA repair pathways. PARBnzymes require NAD+ as a
substrate to add ADHbose to target proteins, these PAR chains are essential for the
recruitment of essentidDNA repair factoréWilket al., 2020) Following severe DNA damage,

PARPL overactivation can lead to depletion of cellular NAD+, cells can overconsume ATP in
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efforts to restore NAD+ however this often leads to energy crisis and has showrdttolea
necrotic cell death off the ce(Braidyet al, 2019) The regulatioa of PARR is critical for
maintaining cellular homeostasis and preventing excessive DNA damage. A recent report by
Li et al, (2022) showed increasing cellular NAD+ through addition of precursor
dihydronicotinamide riboside (NRH) strongly increased the toxicity of TMZ and PARGI
combination treatment. They summarised that TMZ treatmémduces the activation of
PARP, and therefore the synthesis of PAR ch&ialssequently, th@dministration of NHR
increases cellular NAD+ which further enhances PARP aatidti AR chain formatioBulky

PAR adducts accumulate onto the site of DNA agenbut their degradation is blocked by
PARGIThisobstructioncauses trapping of DNA repair factors, resultinghie accumulation

of unrepaired DNA damageinconsequently, there is an upsurge dell death signalling
markedthrough increasedevels ofcleaved caspase 3 and suppression of survival signalling

evidenced byeduced pAKT signalling-iet al., 2022)

Interestingly PARGI have been shown to exhibit single agent activity in a number of different
GBM primary cell lines, showing robust radiosensitizing ac{@#@gkson, Gomezoman and
Chalmers, 2019nd similar to PARPI, PARGI have alswvalto potentiate TMZ treatment
(Muraiet al,, 2014; Gogolat al.,, 2018) Itis hypothesized that PARGI single agent therapeutic
ability is a result of existing HR repair deficiencies, thus PARGI treatment results in
accumulation of collapsed replication forks, without the proper HR repair machinery (BRCA

deficiencies) this damage synthetically lethalFatherset al,, 2012)

4.2.1 The effect of PARG inhibition on GSCs

As described in Chapter 3, initial drug plate optimisation was carried out using low passage
primary glioblastoma cell line model®) investigate whether our ex vivo screening plates
could detect tumour heterogeneity displayed through differential drugp@nse profiles.
Patient sampleCx18was sub sectioned into multiple CORE/EDGE regions to generate Cx18
heterogeneity cell line model, (total of 4 cell lines x2 CORE x2 EDGE) each of which was
processed using ex vivo. The complete dose response profiiesug plate VO1 are shown

in figure 42, and the associated AUC heat mapigure 43.
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Figure4.2 - Percentage growth inhibition drug response profiles to VO1 drug plates for the 4 C
primary GSC cell lines derived from multi region samphBAP| counts were collected using automat
IF microscopy, the counts were normalized using positive agdthe controls on each dose plate
provide the response measure (relative inhibition %). Each colour line is representative of ind
CORE or EDGE cell line. Biological repeat = 1, technical replicates = 2.
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Figure4.3 - Raw AUC heatmap for the 4 matched Cx18 primary GSCs cell lines calculated from t
dose response curvéEigure 4.1} Scale shown represents cell death as >0.1 (blue) and cell survi\
>1 (red). AUC values were calculated from 2 technical replicates following 96hr drug incubations
R package GR metrics and the heatmap was constructed using R package pheatntaifedsrdéhe
methods section. Biological repeat = 1, technical replicates = 2.

Of particular interest was the dose response curve to the PARG inhibitor denoted 7273 on
figure 42 (and further highlighted idigure 44A). The Cx18 CORE 1 (blue) dosearsg in
figure 42 appeared increasingly resistant to PARGI, while the other three cell lines showed
increasingsensitivityto the drug, the most sensitive being the EDGE 2 cell line (the spatially
furthest away from the CORE 1 sample based on dissedtithe @riginal tumour mass from

core to invasive edgeJ.o elucidate the mechanisms underlying this differential response to
the PARG inhibitor, further investigation was conducted on the most semsitid resistant

cell lines (CORE1 and EDGE?2).

Initially CORE. and EDGE 2 cells were incubated with incremental doses of PARGi for 24
hours, before being lysed and prepared for western blotting: blots were probed for PARG, a
PAR and PARP As shown ifigure 44Bthe levels of PARG appears lower in the ERD Gédlls
compared to the CORE 1, this itself may cause less drug requirgdiltd PARG anphitiate

a response in the EDGE 2 cells, making them more sensitive to PARGI treatment. It also
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appeared that EDGE 2 cells exhibit an inductiorPAR in a PARGse dependent manner,
while CORE X:RAR accumulation appeared relatively consistent across the three PARGI dose
points. Additionally, untreated levels of PARh the CORE 1 cells appeared slightly higher
than that of the EDGE 2, which may be a factonigher PARR activity thus more efficient

PARPL mediated repair and therefore decreased sensitivity to PARG inhibition.

Figure4.4 - PARG inhibition of Cx18 cell line#. Cx18CORE , ICORR, EDGH andEDGE

differential dose PARGI % inhbition dose response. Error bars represeri. S#dtern blot for
poly(ADPRribose)(PAR), PARPX t | w-Bctinin/OR1®ORHE andEDGR cells. PARG inhibition
increased cellular levels of poly(ADBose) in Cx18 cells untreated (DMSO) and treated with PAR(
inhibitor (0.625, 2.5 and 5uMBiological repeat = 1.

4.2.2 Rscuing PARGI usingNicotinamide mononucleotide

NAD+ serves as a crucial substrate for PARP enzymes, as it undergoes decomposition and
splitting into ADP ribose and nicotinamide, which can subsequently be red¢sss and
Carnero, 2021)To try and further understand the mechanisms behind the ineedaPARGI
sensitivity exhibited by EDGEcells compared with their matched COREounterparts, we
guestioned whether they possess a potential PAR&eficiency. We therefore useid-
Nicotinamide mononucleotide (NMNa precursor of NAD+ in an attempt to rescue these cells
from PARGI treatment. Initially we performed MMN titration assay to ensure that
supplementing the cells witNMNwould not exhibit any stimulatory or inhibitory effects on

the cells and therefore bias our results, which is depicteigure 45. From this data we did

not observeany significant differences betweedhe different cell populations Cx18 CORE
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