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Abstract

Glioblastoma is the most common and deadliest type of primary brain cancer, taking over 2,500 lives
each year in the UK. glioblastoma has a median overall survival of 10-16 months, despite treatment
consisting of maximal surgical resection followed by chemo- and radio-therapy. glioblastoma survival
rates have seen little improvement over the past 40 years and given this devastating prognosis, new
treatment options for the management of glioblastoma are urgently needed. Recently, Tumour
Treating Fields (TTFields) has emerged as a novel fourth modality for the treatment of high-grade
gliomas following its success in clinical trials, where the addition of TTFields to standard care
temozolomide was shown to increase median progression-free survival (6.7 versus 4.0 months) and
overall survival (20.9 vs 16.0 months) of newly-diagnosed glioblastoma patients compared to
temozolomide alone. TTFields are primarily thought to mediate their anti-cancer effects by disrupting
tubulin dimer alignment during mitosis, resulting in abnormal chromosomal segregation and mitotic
cell death. In addition, recent data suggests that TTFields affect a number of other cellular processes
— 1- cell membrane and blood-brain barrier (BBB) permeability, 2- cell migration and invasion, 3- anti-
tumour immunity, 4- autophagy, and 5- replication stress and DNA damage repair, the latter of which
will be the focus of this project. TTFields has also been shown to downregulate DNA damage response
(DDR) proteins and delay the repair of radiotherapy- and chemotherapy-induced DNA lesions, an
effect that is thought to be mediated through reduced homologous recombination repair efficiency
and induction of a ‘BRCAness’ phenotype. Such vulnerabilities within DNA damage repair pathways
provides a rational for the use of TTFields in combinational therapeutic approaches that target the

DDR.

We therefore aim to assess whether combining TTFields with DDR inhibitors (PARPi, ATMi, ATRi and
WEELi) can enhance the efficacy of TTFields in clinically relevant glioblastoma stem-like cultures
(GSCs) using a number of established cell survival assays. Additionally, we aim to investigate the
mechanisms by which combination treatments of DDR inhibitors and TTFields affect the DNA damage
response. In this thesis we show that combining TTFields with radiation and clinically approved PARP
inhibitor therapy leads to significantly increased amounts of DNA damage with concurrent decreased
clonogenic survival in GSCs. Furthermore, we have shown similar impressive potency when TTFields
treatments are combined with BBB-penetrant ATR inhibitors that are currently being assessed in
various global clinical trials for glioblastoma as well as other cancers. Overall, these exciting findings
support further assessment of TTFields and DDRi combinations to underpin future clinical trials
combining TTFields with clinically approved DDRi to improve outcomes for patients with currently

incurable high-grade gliomas.
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CHAPTER 1. INTRODUCTION

1.1 Glioblastoma

1.1.1 Characterisation of adult gliomas

Central nervous system (CNS) cancers comprise any cancer that develops within the CNS, either
intracranially or extracranially (e.g. in the spinal cord). The CNS is comprised of neurons and glial cells.
Glioma is a type of CNS cancer that originates from glial cells. Glial cells provide physical and chemical
support to neurons, which themselves provide the electrical impulses and chemical signals to the
whole CNS. There are three types of glial cells: astrocytes, oligodendrocytes and microglial cells.
According to The World Health Organization (WHO), adult diffuse gliomas are classified according to
grade and additional features of the cancer cells, such as oligodendrocytic or astrocytic phenotypes
and the location of the tumour: grade Il and grade Il astrocytic tumours, grade Il and Il
oligodendrogliomas, and grade IV glioblastomas depending on histological features and astrocytic and
oligodendroglial phenotype (figure 1.1) (1). Of these, glioblastoma, which is astrocytic in lineage, is
the most aggressive and deadly (2), with most patients succumbing to the disease within 12 months
of diagnosis and less than ~25% of patients surviving beyond two years despite aggressive treatment

regimens (3).

Glioblastoma is defined into primary glioblastoma, where it arises de novo without the presence of
precursor lesions, and secondary glioblastoma, which develops from a pre-existent, lower grade
astrocytomas (grade Il or lll). Primary and secondary glioblastoma present differently, with primary
glioblastoma being more common (roughly 90% of cases) (4). Primary glioblastoma often presents at
grade IV, progresses more rapidly and the risk of developing this type of glioblastoma increases with
age (more common in people over 50 years old). Secondary glioblastoma is usually lower in grade and
develops slowly initially before becoming more aggressive (5). Recurrent glioblastoma presents
differently to the primary tumour with yet again different molecular alterations (6-10). Brain
metastases refers to tumours originating from a different organ but spreading to the brain. Different
parts of the tumour exhibit different genetic alterations, making the diagnosis, prognosis and
treatment of glioblastoma difficult because different parts of the tumour will respond differently to

treatment and glioblastoma recurrence often occurs after treatment (11-13).
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Figure 1.1. Origins of tumours arising in the central nervous system.

Gliomas are defined based on the mature cell of origin they arise from: astrocytomas and glioblastomas arise
from astrocytes whilst oligodendroglioma arise from oligodendrocytes. Medulloblastoma is a primary CNS
tumour arising from neuronal progenitor cells and occur more commonly in children. Adapted from Huse et al.
(14).

The Cancer Genome Atlas (TCGA) program initially identified four molecular subtypes of
glioblastomas: classical, mesenchymal, neural, and proneural, although the neural subtype has since
been removed. Classification into these three subtypes is based on gene expression profiles: the
classical subtype is associated with chromosome 7 amplification, loss of chromosome 10, CDKN2A
(Cyclin Dependent Kinase Inhibitor 2A) deletion, high levels of EGFR (epidermal growth factor
receptor) amplification and TP53 mutations are usually absent; the proneural subtype is associated
with IDH1 (isocitrate dehydrogenases 1) point mutations, alterations of PDGFRA (platelet-derived
growth factor receptor alpha) and mutations in TP53 (tumor protein 53) are frequently described with
this subtype; and, the mesenchymal subtype expresses mesenchymal markers and is associated with
mutations in NF1 (Neurofibromatosis 1) (15, 16). Each subtype demonstrates different treatment

responses, with the proneural subtype being most treatment resistant (15). Since 2016, the WHO

revised the classification of brain tumours to include molecular markers (17). The addition of
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molecular markers to histological phenotypes improved prognosis and better predicted treatment

response and survival outcomes (1, 18, 19). In 2021, the WHO further updated the classification of

adult diffuse gliomas, simplifying the classification into 3 subtypes (as opposed to the 15 different

entities from the 2016 classification): astrocytoma (IDH-mutant); oligodendroglioma (IDH-mutant and

1p/19g-codeleted); and Glioblastoma (IDH-wildtype) (figure 1.2).

Histology:

IDH status:

1p/19q and
other genetic
parameters:

Figure 1.2. Histological and molecular classification of adult diffuse gliomas from the ‘2021 WHO Classification of

Astrocytoma

IDH-mutant

Oligodendroglioma

IDH-mutant

1p/19q codeletion

Oligodendroglioma, IDH
mutant and 1p/19q codeleted

Diffuse astrocytoma, IDH-mutant

Tumours of the Central Nervous System’

In 2021,WHO published an updated classification for tumours of the CNS, which incorporates both histological
(astrocytic/oligodendritic) and molecular markers (such as, IDH status and/or evidence of codeletion of chromosome
1p/19q). Gliomas of astrocytic lineage carrying an IDH-mutation are now classified as diffuse astrocytoma, IDH-mutant, and
are no longer considered glioblastoma. TERT promoter mutation, EGFR gene amplification, and/or 7 and loss of entire

Glioblastoma

IDH-wildtype

TERT promoter mutation
EGFR gene amplification

+7/-10 chromosome copy
number changes

Glioblastoma, IDH wt

chromosome 10 [+7/-10]) are associated with the glioblastoma, IDH-wildtype entity. Adapted from Louis et al. (1).
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Isocitrate dehydrogenases (IDH1-3) are enzymes that catalyse the production of a-Ketoglutaric acid
(a-KG) from isocitrate. Mutations in IDH1 and IDH2 have been described in glioblastoma and are
associated with improved outcomes. Only 5% of glioblastoma patients exhibit mutations in IDH genes
at first occurrence, but roughly 80% of secondary glioblastoma patients express IDH mutations. As
such, mutations in IDH are considered markers of secondary glioblastoma and IDH status is used in
the categorisation of gliomas (20). IDH mutations are often associated with mutations in ATRX and
TP53 (21, 22). The most common mutation in IDH1 is a single amino acid substitution at arginine 132
(R132)in IDH1 and arginine 172 (R172) in IDH2 in glioma (23). Mutations result in increased conversion
of a-KG into 2-HG (2-Hydroxyglutarate). 2-HG then competes with aKG-dependent dioxygenases,

which drive methylation events and gliomagenesis (24).

Co-deletion of the short arm of chromosome 1 (1p) and the long arm of chromosome 19 (19q): 1p/19q
co-deletion, together with IDH mutations, make a subtype of glioma know as oligodendroglioma (25).
Patients with 1p/19q co-deletion respond better to DNA damaging therapy and predicts improved

progression-free and overall survival (26).

ATRX (Alpha thalassemia/mental retardation syndrome X-linked) is a chromatin remodeler that
regulates the activity of gene expression and contributes to telomere maintenance. Telomeres are
TTAGGG repeats found at the chromosome ends. Telomeres shorten with each cell cycle division until
cells eventually lose the ability to divide and activate apoptosis or cellular senescence (27). As such,
preservation of telomeres enables tumour cells to survive forever. Mutations in ATRX induce
alternative telomere lengthening (ALT) (28, 29), a process that protects telomeres from being
degraded with each cell cycle by upregulation of the enzyme telomerase which catalyse the addition
TTAGGG at telomere ends (30). ATRX mutations are associated with tumour progression (31) and

glioma cells deficient in ATRX are more sensitive to ionising radiation treatment (32).

Methylation of the Lys 27 residue of the H3 histone variants (H3K27M) are associated with gliomas
developing from midline structures and is more commonly found in paediatric gliomas but can also
been found amongst the adult population (33). H3K27M-mutant diffuse midline glioma (DMG) is
predictive of poor prognosis in paediatric patients but does not affect overall survival in older patients
(34, 35). H3K27M prevents H3K27 trimethylation (H3K27me3) by the methyltransferase EZH2
(Enhancer of Zeste 2) (36, 37). H3K27me3 is usually responsible for repressing tumour-driving genes
such as PDGFRA. H3K27M has been suggested to contribute to gliomagenesis by releasing this

repressive state (38).

Telomerase reverse transcriptase (TERT): Mutations in the promoter of TERT have also been associated

with poor prognosis. TERT mutations arise in 70% to 80% of all glioblastoma patients and are more
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common in older patients (39), with C228T and C250T being the most common mutations. These

mutations increased TERT expression and telomerase activity and correlate with reduced survival (40).

O-6-methylguanine-DNA methyltransferase (MGMT) promoter methylation status: Certain
chemotherapies, such as TMZ, function by adding methyl groups to DNA, including at O6-
methylguanine (06-MeG). MGMT removes alkyl groups specifically at position O° sites on guanine
(41). Methylation in the promoter region of the MGMT gene, which occurs in roughly 50% of newly
diagnoses glioblastoma patients, results in transcriptional silencing and, in so doing, prevents the

repair of 06-MeG lesions (42, 43).

Phosphatase and tensin homolog (PTEN): Loss of the tumour suppressor PTEN (30-40%) is a very
common mutation in glioblastoma and is associated with treatment resistance (15, 44, 45). PTEN is a
protein that catalyses the dephosphorylation of PIP3 (phosphatidylinositol-3,4,5-trisphosphate) to
produce PIP2 (phosphatidylinositol-4,5-bisphosphate), inhibiting activity of the phosphoinositide-3-
kinase (PI3K)/protein kinase B (Akt) pathway (46). Loss of PTEN results in increased activation of
PI13K/Akt pathway, which has been correlated with tumour grade and with reduced survival outcomes

in human gliomas (47).

Epidermal growth factor receptor (EGFR) amplification is found in 40 to 50% of glioblastoma patients
and is more common in primary glioblastoma patients (5, 48, 49). The most common mutation is EGFR
variant Il (EGFRvIII) that arises from the deletion of exon 2-7 (50). EGFR is a transmembrane protein
that is involved in the regulation of cell proliferation, survival, differentiation, and migration. EGFR
becomes activated upon ligand binding to the extracellular domain, which leads to phosphorylation
of its intracellular tyrosine kinase domain (51). The tyrosine kinase activity of EGFRvIII is constitutively
active due to truncation in the extracellular domain that imitates the effects of ligand binding (52).
EGFRuvIIl expression enhances tumorigenesis and is correlated with poor prognosis (53, 54). Although,

recent studies have contested the use of EGFRUviii expression as a prognostic tool (55, 56).

1.1.2 Treatment of glioblastoma

The Stupp protocol, published in 2005, has become the standard-of-care (SoC) for the treatment of
glioblastoma patients. It consists of maximal safe surgical resection followed by DNA damaging
therapy with adjuvant radiotherapy (daily fractions of 2 Gy given 5 days per week for 6 weeks, for a
total of 60 Gy) and concomitant temozolomide (TMZ; 75 mg per square meter of body-surface area
per day for the duration of the course of radiotherapy treatment). Chemotherapy is continued at a
dose of 150 to 200 mg per square meter following completion of radiation therapy for 6 cycles
(temozolomide is taken for 5 days during each 28-day cycle). The addition of TMZ to the standard care

for glioblastoma offered a 2.5-month survival increase compared to radiation alone. However, even
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with this protocol, the overall survival for glioblastoma patients is still only 14.6 months (57). Several

major factors are responsible for the limited treatment efficacy.

Only a subset of glioblastoma patients benefit from additional treatment with TMZ because the
MGMT enzyme is expressed in over half of glioblastoma patients and limits the antitumor activity of
TMZ (58, 59). Whilst MGMT status predicts which patients will respond to TMZ, all patients receive
TMZ irrespective of MGMT status (58, 60). Although glioblastoma rarely metastasises outside of the
brain (61), glioblastoma cells are highly invasive and infiltrate into surrounding healthy tissue, which
often means the tumour cannot be completely removed during surgery, leaving behind cancer cells
that may repopulate the tumour and glioblastoma therefore almost always recurs, often in a more
treatment resistant type (62). Additionally, glioblastoma is characterised by extensive intra-tumoral
heterogeneity and therefore not all parts of the tumour respond the same way to treatment, with
certain subpopulations being particularly resistant (e.g. GSCs, discussed later), which again drives
tumour regrowth after treatment. The brain is protected by the blood brain barrier (BBB), which adds
an extra layer of complexity to the treatment of glioblastoma because the BBB restricts drug
accessibility to the brain from the blood. All these factors have contributed to the failure of many
clinical trials over the years and have limited the progression of treatment options for glioblastoma

patients.

Recently however, Tumour-Treating Fields (TTFields), which is a non-invasive medical device that
delivers low-intensity (1-3 V/cm), intermediate-frequency (100-300 kHz) alternating electric fields has
emerged as a first-in-class modality for the treatment of high-grade gliomas, and, following its success
in clinical trials was approved by the U.S. Federal Drug Administration (FDA) for treatment of recurrent
and newly diagnosed glioblastoma in 2011 and 2015, respectively. The mechanisms of action of

TTFields therapy are detailed in the following sections.
1.2 The DNA damage response

The DNA damage response (DDR) refers to the collection of cellular pathways that detect DNA lesions
and subsequently coordinates the mechanisms required to repair these lesions and/or determine
appropriate cell fate. The DDR comprises of DNA damage tolerance mechanisms, DNA repair and cell-
cycle checkpoint pathways as well as signalling pathways involved in cell fate decision (for instance,
the induction of programmed cell death pathways where damage cannot be repaired) (66, 67). Several
thousand DNA lesions are sustained in our cells every day and the DDR has therefore evolved as a
surveillance mechanism to monitor DNA integrity and prevent the generation of potentially harmful

genomic insults (68).
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DNA damage can be induced exogenously by physical (ionising radiation (IR) and ultraviolet (UV) light)
(69, 70) or chemical sources (chemotherapeutic agents, such as alkylating agents and crosslinking
agents e.g. temozolomide and mitomycin C, respectively) (71, 72). DNA damage also arises
endogenously from by-products of normal cellular metabolism, such as reactive oxygen species (ROS)
generated by mitochondria during oxidative respiration (73). Different types of DNA damage elicit
activity from different DNA repair pathways (74). For instance, DNA damage from oxidation,
deamination and alkylation is repaired via the base excision repair (BER) pathway (see figure 1.7a)
(75). Single-strand breaks (SSBs), as the name indicates are discontinuities in one strand of the DNA
double helix and are the most common type of DNA damage (76) and are repaired by the single strand
break repair pathway (SSBR) (see figure 1.7b). DNA double-strand breaks (DSBs) are breaks in both
strands of the DNA double helix and represent the most toxic type of DNA lesion. They are repaired
by the homologous recombination repair (HRR) pathway and by non-homologous end-joining (NHEJ)
repair pathways (C-NHEJ and alt-NHEJ) (see figure 1.8) (77). The choice of DSBR pathway is primarily
determined by the stage of the cell cycle (NHEJ occurs throughout the cell cycle, whilst HHR only
takes place during S and G2 phases of the cell cycle as it requires an intact sister chromatid as a
template for repair) and the extent of DNA resection at the break (78). Mismatched base-pairs and
nucleotide insertions and deletions are corrected by the mismatch repair (MMR) pathway (see figure
1.6) (79). The nucleotide excision repair (NER) pathway (see figure 1.3) is responsible for repairing
modified nucleotides that distort the structure of the DNA double helix (80). The Fanconi anaemia
repair pathway (see figure 1.4) coordinates the repair of lesions that impede DNA replication, such as
inter-strand crosslinks, which are covalently linked adjacent nucleotides on opposite DNA strands (81).
Non-canonical functions (non-ICL repair) of FA proteins have also recently been described, such as
their involvement in replication fork stabilisation and restart and the repair of non-ICL replication
blocking lesions (82). DNA damage tolerance mechanisms, such as transletion synthesis (TLS), mediate
lesion bypass so that the DNA replication machinery can replicate past the DNA damage, leaving the
damage to be repaired at a later stage (83). Finally, certain types of base damage (e.g. 06-
methylguanine, 1-methyladenine, and 3-methylcytosine) can be corrected directly by a single

enzymatic reaction (84).

Cell cycle checkpoints coordinate with the DDR to prevent progression through the process of growth
and cell division when DNA lesions have been detected. These allow time for DNA lesions to be
repaired before the cycle can begin again and are important for the maintenance of genetic stability
because they prevent damaged DNA from being passed onto daughter cells (85, 86). There are three
commonly accepted cell cycle checkpoints: G1, intra-S and G2/M phase checkpoints that are

controlled by several factors within the DDR network. Progression through each stage of the cell cycle
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is controlled by fluctuating concentrations of cyclins. Cyclins bind to cyclin-dependent kinases (CDKs)
and form activatable complexes (87). Once activated, cyclin-CDK complexes phosphorylate target
proteins on specific serine and threonine residues to mediate the events required for progression
through respective stages of the cell cycle (88). Inhibition of cyclin-CDK complex activity, as takes place
in response to DNA damage, mediates cell cycle arrest at respective stages of the cell cycle (see figure

1.5) (89).

The repair of damage induced by temozolomide and radiation treatment are detailed in the next

section.
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Figure 1.3. Nucleotide excision repair.

A. During global genome NER, XPC or DBD2 recognises the DNA lesions. In contrast, during transcriptioncoupled NER,
RNA polymerase stalls when it encounters the lesions, which triggers recognition by CSA (Cockayne syndrome, type A)
or CSB. B. Transcription initiation factor IIH (TFIIH) complex unwinds the DNA surrounding the lesion. C. ERCC1-XPF,
XPA and XPG bind the damaged DNA strand. RPA binds to and stabilises ssDNA on the intact strand. D. ERCC1-XPF and
XPG cut the DNA strand 5' and 3' from the lesion, respectively. E. DNA polymerase binds the DNA and mediates DNA
synthesis to fill in the gap and restore the normal nucleotide sequence. F. DNA ligase seals the gap.
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Figure 1.4. Fanconi anaemia repair pathway.

A-B. FANCM forms a heterodimeric complex with FAAP24 and MHF that recognises and binds to the ICL. The FA core
complex (formed by the interaction of 8 FA proteins: FANCA/B/C/E/F/G/L/M) is then recruited to the lesion and stabilises
the stalled replication fork. C. The FA core complex recruits and monoubiquitinates the ID complex (FANCI and FANCD2).
Ub-ID2 recruits nucleases (ERCC1-XPF, MUS81-EME1 and/or FAN1) required for nucleolytic incisions either side of the
ICL. D. The ICL is unhooked, leaving the ICL tethered to the complementary strand and generating a DSB. Specialized TLS
polymerases (REV1 and Pol ) mediate bypass of the unhooked lesion. E. The unhooked lesion is removed and repaired
by NER. F. The DSB is repaired via HRR. The FA repair pathway is completed when deubiquitinating enzyme (USP1-UAF1
DUB) cleave ubiquitin from the ID complex.
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G1 arrest. ATM mediates G1 checkpoint activation via phosphorylation of p53 on Ser-15. p53 phosphorylation
upregulates the expression of p21/WAF1, which inhibits cyclin E/Cdk2 and cyclin D/Cdk4 complexes, which are
required for progression into S-phase. Additionally, ATM phosphorylates Chk2 on residue Threonine 68, which in turn
phosphorylates p53 on Ser-20 and Cdc25A phosphatase required for CDK complex activation), to inhibit cyclin E/Cdk2
and cyclin D/Cdk4 complexes. ATR phosphorylates Chk1 on residue Serine 345, which in turn prevents CDC25 activity
and negatively regulates cycle E-Cdk2 activity. Finally, WEE1 protein kinase regulates Cdk2 activity by inhibitory
phosphorylation on tyrosine 15 (Tyrl5) and prevents transition from G1 to S phase. G2-M arrest. ATM mediates
Chk2(Thr68) phosphorylation. P-Chk2 inactivates Cdc25C, which is required for cyclinB1/Cdkl complex activation.
CyclinB1/Cdkl complex activity mediates G2-M phase transition. ATR phosphorylates and activates Chk1. P-
Chk1(Ser345) also inactivates Cdc25C, preventing activation of the cyclinB1/Cdkl complex and entry into mitosis.
Additionally, ATM and ATR both phosphorylate p53 to promote p21 accumulation and inhibit CyclinB1/Cdk1 complex
activation. Weel phosphorylates Cdkl on residue Tyr15, inactivating Cdk1 and preventing progression through the
G2/M checkpoint.
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1.2.1 Direct repair of 06-methylguanine

TMZ is a DNA alkylating agent which adds a methyl group at various positions on the DNA. The most
commonly found product of TMZ methylation is product N7-methylguanine (N7-MeG), which
accounts for around 70% of the lesions, followed by N3-methyladenine (N3-MeA, ~10%), N3-
methylguanine (N3-MeG), and O6-methylguanine (06-MeG) (90). Whilst methylation on O6-guaning
is least common (<8%), 06-MeG is the most cytotoxic lesion induced by TMZ. TMZ-induced 06-MeG
lesions are subject to direct removal by the enzyme MGMT (91). Efficacy of TMZ treatment is therefore
determined by MGMT status and predicts prognosis in glioblastoma (92, 93). MGMT transfers the
methyl group from 06-MeG onto the cytosine residue within its active pocket. Even when MGMT is
present, because it is a suicide enzyme, MGMT is targeted for proteasomal degradation following
removal of 06-MeG (94, 95). O6-benzylguanine (06-BG) is an inhibitor of the MGMT enzyme that
enhances TMZ toxicity in MGMT-proficient cells in vitro (96). However, 06-BG has only demonstrated
limited efficacy in the clinic because MGMT levels and activity are restored within 24 hours after
removal of 06-BG (97, 98). Resistance to TMZ-induced O6-MeG lesions therefore depends both on
MGMT levels and the ability to restore MGMT levels following depletion either by proteasomal

degradation or chemical inhibition.

Inactivation of MGMT, for example through promoter methylation (94, 99), results in persistent 06-
MeG lesions that mispair with thymine during DNA replication (100). 06-MeG itself is mutagenic,
however 06-MeG lesions become lethal when they are converted to DSBs during DNA replication
through the MMR pathway. O6meG:T mispairs trigger activation of the MMR pathway (described in
figure 1.6) (101, 102). In brief, MutSa and MutLa initiate the MMR pathway by localisation and
recognition of the mismatched base. Exonucleases mediate degradation of the mismatched base on
the newly synthesised DNA strand. DNA polymerases mediate DNA synthesis and the gap is sealed by
DNA ligases (103). However, because the MMR pathway can only remove mismatched bases on the
newly synthesised strand (e.g. thymine in this instance), O6-MeG continues to pair with thymine
during DNA synthesis, resulting in “futile cycling’ and eventual conversion of these replication-
impeding lesions into DSBs. At least two cycles of replication are necessary for the conversion of 06-
MeG into DSBs (101). MMR-induced DSBs have also been shown to occur independently of replication.
06-MeG lesions do not directly obstruct DNA synthesis. Simultaneous activation of MMR and BER on
opposite DNA strands within close proximity may generate DSBs, for example when N3-MeA or N7-
MegG lesions, which activate BER, occur on the complimentary strand in the region that is degraded by
exonucleases during MMR (104). Comparison of tumours from matched primary pre-treated
glioblastoma patients and recurrent post-treatment glioblastoma patients identified that

downregulation of MSH6, a MMR gene, is more commonly detected in post-treatment recurrent
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glioblastoma, suggesting that these mutations may arise during treatment and have been suggested
to mediate resistance to TMZ (105, 106). The cytotoxicity of TMZ therefore also depends on a
functioning MMR pathway and deficiencies in the MMR pathway have been shown to lead to

resistance to TMZ and has also been linked to the recurrence of glioblastoma (107).
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Figure 1.6. Mismatch repair.

MMR can only remove mismatches on the newly synthesised DNA strand. A. Mismatched base on newly synthesised
DNA strand. B. A mismatch is detected in the newly synthesised DNA by MutS heterodimer (comprised of proteins
MutS homolog 2 (MSH2) and MutS homolog 6 (MSH6)), which allows recruitment of MutL heterodimer (comprised
of proteins MutL homolog 1 (MLH1) and PMS1 homolog 2 (PMS2)). ATP binds MutS/Mutl, inducing a
conformational change to become a sliding clamp which travels along the DNA. C. (left) Clamp travels upstream of
the mismatch until the 5’ nick/replication factor C (RFC) is located and cleaved. EXO1 is loaded onto the DNA to
mediate degradation of the newly synthesised strand in the 5’-3’ direction, through and beyond the mismatch.
(right) Alternatively, the sliding clamp travels downstream from the mismatch until the 3’ nick/Proliferating cell
nuclear antigen (PCNA) is located. EXO1 is loaded onto the DNA strand. Bound RFC promotes degradation by EXO1
in the 3’-5’ direction. D. RPA binds to ssDNA and stabilises the template strand. The mismatched base and
surrounding bases are replaced by DNA polymerase. E. DNA ligase seals the gap.
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1.2.2 Single strand break repair (SSBR)/Base Excision repair (BER)

SSBs arise directly from various stresses (such as radiation) that disintegrate the sugar backbone (108).
lonising radiation also generates SSBs indirectly by increasing intracellular levels of reactive oxygen
species (ROS) from the ionisation of water molecules (radiolysis) within the cell. Oxidative damage
induced by ROS is in fact the most common source of SSBs (109). Oxidated bases are processed by the
BER pathway (described in figure 1.7a), which indirectly generates a SSB (110). The majority of TMZ-
induced lesions (N7-MeG and N3-me-A) are substrates for repair by BER. There is significant overlap
between proteins involved in repair of SSBs, irrespective of how they are generated and BER is
therefore considered a form of SSBR. SSBs are much more common than DSBs (25:1 ratio) but, unlike
DSBs, are not cytotoxic in themselves (111) but can become toxic when they are converted into DSBs,
for example during replication stress when the replication fork machinery collides with a SSB and
collapses (112). Although these DSBs can be repaired by DSBR pathways (see below), excessive DSB

formation may cause these pathways to become saturated (113).

SSBR generally consists of four steps (figure 1.7): SSB detection, DNA end processing, DNA synthesis
and finally, DNA ligation. Poly(ADP-ribose) polymerase (PARP) initiates repair by recognising SSBs and
recruiting downstream DNA repair proteins. DNA glycosylases (Alkylpurine-DNA-N-glycosylase, APNG)
then cut the N-glycosyl bond between the sugar and the base of DNA, generating an abasic site (i.e.
apurinic/apyrimidinic (AP) site) (114, 115). The phosphodiester backbone is cleaved either side of the
AP site by an AP site-specific endonuclease, such as APE1, generating a SSB intermediate with 3'OH
and 5'deoxyribose phosphate (5'dRP) ends (116). DNA polymerases, POLB or Pold/¢, respectively,
mediate DNA synthesis of either a single nucleotide (short-patch BER) or multiple nucleotides (long-

patch BER) (117, 118). DNA ligases seal the gap to complete the process (119).

Although MGMT-mediated repair of 06-MeG lesions is the primary determinant of TMZ sensitivity,
some patients that are deficient in MGMT still do not respond to TMZ treatment (120), indicating that
other DNA repair mechanisms may dictate TMZ treatment response. Over 80% of TMZ-induced lesions
are repaired via the BER pathway. As such, BER has been suggested to mediate resistance to TMZ
(121). BER is also the main repair pathway recruited for the repair of IR-induced SSBs (122). Targeting
the SSBR pathways therefore constitutes a strategy that is being explored to overcome TMZ and

radiation resistance.

PARP activity (discussed in section 4.1) is a central regulator in the repair of SSBs and is upregulated
in glioblastoma (123), which makes PARP a therapeutic target for the treatment of glioblastoma. PARP
inhibitors enhance sensitivity to DNA damaging agents and have even been shown to overcome TMZ

resistance in cells where the MMR pathway is inactive (124). Additionally, a link between APNG
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expression and TMZ sensitivity has been suggested. Increased APNG expression mediates resistance
to TMZ and is associated with worse overall survival in glioblastoma patients (125). Targeting the BER

pathway may provide therapeutic gain in the treatment of glioblastoma.
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Figure 1.7. Single strand break repair and base excision repair pathways.

Base excision repair. A-B. The DNA glycosylase (APNG) cuts the N-glycosyl bond between the sugar and the base of
DNA, generating an abasic site (i.e. apurinic/apyrimidinic (AP) site). B-C. The AP endonuclease (Apel) cuts the DNA
strand 5’ of the abasic site, resulting in 3'0OH and 5'deoxyribose phosphate (5'dRP) ends. DNA polymerases fill the gap
with either a single nucleotide (short-patch BER) or multiple nucleotides (long-patch BER). D. Short-patch repair: Polf
removes the 5’dRP ends and mediates nucleotide synthesis to fill the gap. The gap is sealed with DNA ligase Ill. E. Long-
patch repair: Pol&/s carries out displacing synthesis. Flap endonuclease-1 (FEN-1) removes 5 dRP ssDNA overhang.
DNA ligase | seals the gap. Single strand break repair. F-G. PARP1 and XRCC1 detect and bind the SSB. G-H.
PNK/APE1/XRCC1/L3 mediate end processing of damaged 3'- or 5'-termini at the break. D-E. The SSB is then repaired
via short-patch or long-patch repair.
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1.2.3 Double strand break repair

DSBs are the most toxic types of DNA lesions, and a single unrepaired DSB is enough to induce growth
arrest and cell death (126, 127). lonising radiation directly affects the DNA by inducing single- and
double-strand breaks (128). DSBs are not generated directly by TMZ, however, failure to repair
damaged bases by BER/SSBR pathways may lead to DSB formation during replication (129, 130).
Nonetheless, TMZ has been suggested to activate HRR more potently (~10-fold) than IR (131), and a
number of DSBR factors (e.g., NBS1, RAD51 and BRCA2) have been implicated in mediating TMZ
sensitivity (132-134).

There are two pathways involved in the repair of DSBs: homologous recombination repair (HHR) and
non-homologous end joining, which can be further divided into canonical and alternative NHEJ (figure
1.8). DSBR, irrespective of the pathway, is initiated when the MRE11/RAD50/NBS1 (MRN) complex
binds to the DSB and activates the PI3K, ATM (135). ATM phosphorylation then mediates the
recruitment of DSBR factors at the DSB, alters chromatin structure at the site of damage allowing
access to repair factors and induces checkpoint activation so that the damage can be repaired before
progressing onto the next stage of the cell cycle (136-138). The cNHEJ repair pathway is the main
repair pathway in mammalian cells and is initiated by binding of the DSB by the DNA-PK complex
(Ku70, Ku80 and DNA-PKcs), which protects the DSB from end resection by other repair proteins, and
is followed by ligation of blunt DNA ends by the DNA IV complex (XLF and XRCC4) seals the gap (139).
ATM-mediated activation of proteins that preserve blunt ends and prevent DNA end resection, such
as 53BP1 (140, 141), histone yH2AX (142), and the MRN complex (143, 144), promote activation of
cNHEJ. When DSBs are not repaired in time, they are at risk of end processing by nucleases, forming
single-stranded 3’ overhangs that are substrates for repair by either HRR or A-NHEJ (145, 146). aNHEJ
is limited to short track resection by MRE11 (147) and CtIP (148-150), which is mediated by ATM
activation. The single-stranded overhangs produced by end resection are ligated, a process that relies
on microhomology (151-153) and results in the loss of genetic information and is therefore associated
with increase genetic instability (154). For HRR, initial short track resection by MRE11 and CtIP is
extended by EXO1 (143) and BLM (155) to provide longer stretches of single-stranded 3’ overhangs
that are required for homology search on the sister chromatid, a process that is dependent on ATM-
mediated activation of BRCA1l in late S phase and G2. BRCA1 displaces 53BP1 in order to channel repair
through HRR (140, 141, 156, 157). RPA initially binds to ssDNA produced during end resection but is
rapidly displaced by RAD51. BRCA2 binds to RAD51-coated ssDNA to mediate homology search (158-
161).
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DSBR pathway choice is therefore mediated by cell cycle stage and the extent of DNA end resection.
BRCA1 and 53BP1, which are both recruited to DSBs by phosphorylation of the histone variant H2AX,
compete which each other during end resection. During G1 phase, 53BP1 recruits KU and DNA-PKcs
to DSBs which compete with BRCA1 to channel repair through cNHEJ (162). BRCA1 binding is therefore
prevented by 53BP1, which in turn prevents CtIP-mediated end resection. 53BP1 therefore limits the
extent of end resection and favours repair through NHEJ (163). Despite this, 53BP1 is not considered
a core NHEJ factor, rather 53BP1 maintains blunt DNA ends or shorter ssDNA strands by preventing
end resection, preventing activation of HRR but promoting activation of cNHEJ (164). In contrast,
BRCA1 displaces KU factors in order to channel repair through HRR (165). BRCA-deficient cells allow
53BP1 to bind at DSBs, even in S-G2 phases of the cell cycle, and therefore lose the ability to activate
HRR because DNA end resection cannot take place (141). BRCA-deficient cells are therefore associated
with enhanced genomic instability and tumorigenesis (166). Loss of 53BP1 is sufficient to restore HRR
in BRCA-deficient cells by allowing resection to occur (156). Competition between 53BP1 and BRCA1
couples cell cycle regulation with DSB repair pathway choice. aNHEJ is activated in the absence of
cNHEJ, loss of HRR, or by inhibition of EXO1-mediated long track resection (167). NHEJ takes place
during all stages of the cell cycle, unlike HRR which requires a sister chromatid as a template for repair
and therefore only takes place during late S and G2 phase and is an error-free repair pathway (168).
Given that NHEJ is active throughout the cell cycle, NHEJ is considered the main DSBR pathway and
has been shown to play a considerable role in the repair of IR-induced DSBs in glioblastoma patients

(169, 170).
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Figure 1.8. Double strand break repair.

A. Homologous Recombination Repair. HRR is active only in the S and G2 phases of the cell cycle. MRN complex
(Mre11/Rad50/NBS1), CtIP, and BRCA1 bind to the DSB and mediate initial resection of the 5’ ends of both strands of
the DSBs to produce 3’ single-strands. EXO1 and BLM mediate further resection of 5" ends. RPA binds to and stabilises
ssDNA formed during end resection. BRCA2 displaces RPA, allowing RAD51 to bind to ssDNA. RAH51 then mediates
strand invasion into the intact sister chromatid. DNA polymerase mediates nucleotide synthesis and DNA ligase seals the
gap to resolve the DSB. Non-Homologous End Joining. NHEJ is active throughout the cell cycle. B. Canonical NHEJ. The
DNA-PK complex (Ku70, Ku80 and DNA-PKcs) binds the DSB and protects the DSB from end resection by other repair
proteins. Polymerase m and Pol | then mediate nucleotide synthesis and the DNA IV complex (XLF and XRCC4) seals the
gap. C. A-NHEJ. PARP1 binds to the DSB and recruits the MRN complex, which mediates short-track end resection of the
DSB. The resected ends are ligated by DNA ligase Ill and XRCC1.

Cell cycle stage, the extent of end resection and competition between DNA-PK complex/resection machinery binding
will determine whether DSBs are repaired by HRR, canonical NHEJ or A-NHEJ.
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1.2.4 Replication stress

Replication stress refers to a change in speed or stalling of replication fork progression. Replication
stress occurs both endogenously (from oncogene drivers, errors during DNA replication and
transcription, and some DNA lesions) (171-173) and exogenously, from exposure to DNA damaging
agents, such as chemo- and radio-therapy (figure 1.9a) (174, 175). DNA lesions, which pose a physical
barrier to replication fork progression, are the most common source of replication stress (176). DNA
damage tolerance (DDT) pathways use special DNA polymerases that allow replication to continue in
the presence of damage and help minimise the deleterious effects of replication fork collapse (177).
Lesion bypass generally occurs on the lagging strand, where DNA synthesis is discontinuous and
therefore a ssDNA gap can be left for repair after replication (178). Lesions in the lagging strand are
therefore generally well tolerated. Prolonged stalling on the leading strand, however, results in
uncoupling of the CMG helicase and DNA polymerases and exposure of ssDNA, which can be converted
into DSBs. One-ended DSBs are formed when stalled replication forks are cleaved by endonucleases,
such as Mrell, DNA2 and Mus81 (179-181). Replication fork collapse or replication fork cleavage
convert unligated Okazaki fragments in the lagging strand into DSBs. Alternatively, if a replication fork
on the leading strand encounters an unligated Okazaki fragment on the lagging strand, a DSB can be
generated (182). Two-ended DSBs can form during replication stress if two separate fork collision
events occur either side of the origin (183). These ensuing DSBs are pick up by DSBR pathways and are
recognised by ATM and ATR. NHEJ can also repair DSBs induced during replication stress (184).
Increased levels of replication stress are therefore associated with DNA damage generation and

genomic instability (185).

Replication fork reversal or regression is the first step in the resolution of replication stress. Replication
fork reversal refers to a change in direction in replication fork course when the replication fork collides
with a DNA lesion (figure 1.9b). During replication fork reversal, a protective four-way junction is
formed by annealing of nascent complementary strands (186). Fork reversal facilitates nucleolytic
attack because the four-way junction is recognised as a one-ended DSB by nucleases (180, 181). Mrel1l
is recruited to stalled replication forks by PARP1 (147, 148, 187) and has been implicated in replication
fork restart by mediating short track resection of DNA ends behind the replication fork that form
substrates for repair by HR, enabling HR-mediated replication fork restart. While end resection is
needed for replication fork stabilisation, excessive resection results in chromosomal abnormalities and
genomic instability (188, 189). BRCA genes are required to prevent extensive end processing by Mrel1l
(190). FANCD2, another FA repair pathway protein, also prevents excessive resection by Mre11 (189).
The appearance of ssDNA during nuclease resection signals the presence of replication stress. ssDNA

gaps can be filled in by HRR, translesion synthesis (which is mediated by specialised translesion
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synthesis polymerases) or template switching (where an alternative intact template is employed for
synthesis on nascent strands) (figure 1.9c) (191). Firstly, RPA binds to ssDNA. BRCA2 mediates loading
of RAD51 onto ssDNA. FA pathway proteins, FANCA and FANCD2, coordinate with BRCA genes to
promote RAD51 nucleofilament formation on nascent DNA (189). RAD51 plays a role in fork reversal
by mediating invasion of ssDNA into the complementary strand. HRR pathway components, such as
RAD51, have been implicated in fork stabilisation, independently to their role in HR-mediated DSBR
(192, 193). HR-mediated repair of DSBs occurs differently to HR during replication stress, although the

same components are involved (194).
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Figure 1.9. Replication stress
A. Sources of replication stress. Replicative stress results from both endogenous or exogenous stresses, examples

of which include: depletion of deoxynucleotides (dNTPs) that impairs progression of ongoing DNA replication,
sustained DNA damage, repetitive DNA sequence, R-loops, misincorporation of ribonucleotides, secondary DNA
structures (hairpins and quadruplexes) and collisions between replication and transcription machinery. Adapted
from da Costa et al. (1, 2). B. Activation of ATR. ssDNA is first bound RPA. ATRIP then binds to RPA and recruits
ATR to RPA-coated ssDNA. Interactions between RAD17, the RAD9-RAD1-HUS1 (9-1-1) complex and
Topoisomerase Binding Protein 1 (TOPBP1) complete ATR activation. Once activated, ATR phosphorylates several
substrates to orchestrate checkpoint activation, DNA repair, and stabilisation of stalled replication forks. C.
Resolution of replication stress. Different responses take place after replication stress. Translesion synthesis:
DNA damage tolerance pathways employ special TLS polymerase to mediate replications past lesions. Fork
reversal: the replication fork changes direction, forming a protective four-way junction by annealing of nascent
complementary strands. Template switching: an alternative intact template is employed for synthesis on nascent
strands to mediate repair.

1.2.4.1 The role of RPA in replication stress

RPA is composed of three subunits, namely RPA1, RPA2 and RPA3 (or RPA70, RPA32 and RPA14,
respectively) (195). During normal replication, RPA regulates DNA polymerases (such as DNA Pol a and
Pol 8) assembly and activity to promote initiation and elongation of replication and processing of
Okazaki fragments on the lagging strand (196-198). During replication stress, RPA firstly protects
ssDNA generated during replication stress from excessive nucleolytic attack (199). RPA-coated ssDNA
also prevents repair by aNHEJ by preventing spontaneous annealing between microhomologies (200).
Annealing of short inverted repeats can generate secondary DNA structures such as hairpins after DNA
synthesis and ligation (201, 202). RPA also recruits chromatin remodelers, such as SMARCAL1
(SWI/SNF-related, matrix-associated, actin-dependent, regulator of chromatin, and subfamily A-like
1), ZRANB3 (zinc finger, RAN-binding domain containing 3), and HLTF, which contribute to fork reversal
and stabilisation by mediating invasion into the complimentary strand (203). ssDNA-coated RPA
recruits ATRIP and ATR (figure 1.13b) (204). Rad17 and 9-1-1 then localise to the break, and together
with DNA topoisomerase |l binding protein 1 (TOPBP1) mediate activation of ATR to promote repair
via HR (205-208). Activated ATR also induces cell cycle arrest by phosphorylation of Chk1, which in
turn inhibits cyclin-cdk activity (figure 1.13b) (209). This ensures that replication forks can be stabilised
before cell cycle progression is resumed. Chkl activation also presents origin firing (210). Re-
replication occurs when the genome is replicated more than once during the same cell cycle and is a
major source of genomic instability. One way in which DSBs can be generated is when two adjacent
replication forks collide during re-replication, causing replication fork collapse and formation of a DSB
(211-213). In contrast to normal replication forks, replication forks that are established during re-
replication are limited in their ability to progress along the DNA (30-35 kb from the origin). As such,
re-replication is associated with loss of genomic information and ploidy (214). Regulation of
replication initiation is coupled with cell cycle regulation in order to guarantee that origin firing only

takes place once per cell cycle. CDK activity inhibits re-replication (215).
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Activation of ATR by RPA also mediates phosphorylation of RPA itself. Phosphorylation of RPA is
mediate by the phosphoinositide 3-kinase (P13K)-like protein kinases, ATM, ATR and DNA-PK. RPA2 is
the primary site of phosphorylation, with T21 and S33 being the most commonly phosphorylated sites
(216). Phosphorylation of RPA alters its structure such that it no longer interacts with DNA
polymerases, thereby preventing replication initiation (217). RPA phosphorylation enhances its
affinity for ssDNA, however, increased affinity for ssDNA does not necessarily translate to increased
RPA activity (218). Phosphorylation of RPA is also carried out by cyclin-Cdk complexes and occurs
during S and G2 phases of the normal cell cycle, but also occurs in response to DNA damage (219, 220).
RPA phosphorylation is lost after mitosis during normal cell cycle (221). Protein phosphatase 2A
(PP2A)-mediated dephosphorylation of RPA is necessary to complete the repair process. Replication

fork protection therefore depends on the availability of RPA (222).

In the absence of RPA, or when excessive ssDNA is generated, RPA stores can become depleted, a
process known as RPA exhaustion. Any additional ssDNA formed beyond this point results in
replication fork collapse and DSB formation (223) and loss of RPA is synthetically lethal (224). RPA
binds to ssDNA during replication stress and to ssDNA that form as intermediates during processing
by repair pathways (such BER and NER) and RPA-coated ssDNA has been suggested to dictate which
pathway is recruited for repair, although how exactly this takes place has not yet been established.
ssDNA intermediates vary in length and are accompanied by different proteins and adjacent structures
depending on how they were generated, which allows differentiation between ssDNA that arises

during replication stress or during DNA damage processing (225).

1.2.5 Parallel targeting of DDR processes

Disruptions in cellular pathways that are enlisted to resolve DNA damage are important for driving
cancer development and progression due to increased genomic instability, increased mutation rate
and the establishment of a heterogenous cancer cell population (226, 227). Genomic instability is
therefore recognised as one of the hallmarks of cancer (228) and germline mutations in essential DDR
genes are associated with a predisposition to cancer (66). Consequently, and unsurprisingly, cancer
cells often harbour somatic mutations in key DDR genes, such that cancer cells often rely on a reduced
subset of functioning DNA damage repair pathways in comparison to normal cells which possess a
fully functioning set of DDR pathways (229, 230). Cancer cells are therefore perpetually subjected to
increased DNA damage as a result of combined failure to repair DNA damage and continual formation
of additional DNA lesions due to increased replicative and oxidative stress, which typically drive

genomicinstability in cancer (231, 232). These characteristics make cancer cells particularly vulnerable
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to treatments that further exacerbate the induction of DNA damage and overwhelm cancer cells with
DNA damage, hence the establishment of DNA-damaging agents, such as chemotherapy and
radiotherapy, as the mainstay in cancer therapy (233, 234). However, despite efforts to minimise
normal tissue toxicity, the cytotoxic effects of radio- and chemo-therapy on normal tissue remain a
limiting factor for radiation and chemotherapy doses (235). Additionally, cancers display intrinsic or
acquired resistance to these treatment modalities, such that their efficacy and clinical benefit is often

limited or short-lived (236).

Because of these deficiencies in key DDR genes, cancer cells are particularly reliant on remaining and
unimpaired DDR processes to compensate for such high DNA damage burden, such that activity of
these remaining DNA repair pathways is enhanced in cancer cells compared to normal cells (237, 238).
This is exemplified in glioblastoma, where increased activity of DNA repair processes is particularly
seen in a subpopulation of glioma cells, called glioblastoma stem-like cells (GSCs). These GSCs have
been shown to have increased DNA damage repair efficiency compared to glioblastoma bulk cells due
to this increased DDR/DNA repair pathway activity (239). As such, GSCs are better able to recover from
DNA-damaging agents compared to their bulk counterparts and due to their stem-cell like properties,
such as their self-renewal and multi-lineage differentiation capabilities, GSCs likely mediate tumour

regrowth and cancer recurrence after treatment (240).

The addition of DNA damage repair inhibitors (DDRi) to DNA-damaging treatment therefore
constitutes an obvious and sensible approach in efforts aiming to overcome and mitigate the
establishment of resistance to conventional chemoradiation therapy and to improve DNA-damaging
agent efficacy (241). Indeed, further inhibition of even one of these remaining and highly active repair
pathways should in theory increase the cytotoxic effects and chemo- and radio-therapy treatment.
This particularly holds true in cases where cancer cells rely specifically on a single backup repair
pathway for survival and where a synthetic lethality relationship between two repairs pathways has
been described; a relationship between two or more genes where deficiencies in a single one of these
genes does not lead to cell death but where deficiencies arising in these genes simultaneously results
in cell death, offering the possibility for single-agent activity (242). In addition, the use of DDRi with
DNA-damage inducing agents should expand therapeutic efficacy within cancer cells specifically with
minimal cytotoxicity effects on healthy tissue due to healthy cells owning a complete set of function
DNA damage repair pathways allowing them to recover from such treatments (243). This approach
has proven successful so far, with various DDRi/DNA-damaging agents combinations either currently
undergoing investigation in clinical trials (see table 1) or having demonstrated sensitising effects and

improvements in survival in cancer patient cohorts (244-246).
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However, because of functional redundancy (where backup repair pathways can compensate in the
absence of the more favourable repair pathway) and overlapping functions between DNA damage
repair processes (247), inhibition of a single DNA damage repair pathway often only offers partial
sensitising effects to DNA damaging agents and/or can trigger alternative backup repair pathways to
become activated, in turn leading to drug resistance (248, 249). Therefore, in an attempt to maximise
efficacy of combination strategies, targeting multiple DDR processes simultaneously has been
proposed by reason of complimenting effects between drugs (249, 250). Given that TTFields has been
shown to induce conditional vulnerabilities within DDR processes (discussed in the following section)
and no additional systemic toxicities have been associated with TTFields treatment, TTFields makes
the ideal candidate to form the basis of combinational strategies aimed at the DDR, particularly in

resistant GSC populations.



Table 1. DDRi in combination with DNA damaging agents - completed and ongoing clinical trials in glioblastoma.

Trial name and ldentifier

A Phase 0 Study of AZD1775 in
Recurrent GBM Patients
(NCT02207010)

Adavosertib, Radiation Therapy,
and Temozolomide in Treating
Patients With Newly Diagnosed or
Recurrent Glioblastoma

(NCT01849146)

ABT-888, Radiation Therapy, and
Temozolomide in Treating Patients
With Newly

Diagnosed Glioblastoma Multiform

e (NCT00770471)

Status & Design

Completed, Single Arm

Phase O trial

Completed, Phase | Non-

Randomised Study

Completed, Single Arm
Phase I/1l trial

Number of
Treatments
participants

Drug: Adavosertib
20
(WEE1i)

Drug: Adavosertib (WEE1i)

Radiation: Radiation
114
Therapy

Drug: Temozolomide
Drug: Veliparib (PARPi)
Radiation: Radiation

24 Therapy

Drug: Temozolomide

46

Conclusions

Primary outcomes: plasma and
intratumoral concentration of AZD1775
Secondary outcomes: measurements of
p-CDC2(Tyr15), H3 and yH2AX levels in

patient tissue

Primary outcomes: MTD of adavosertib
radiotherapy and temozolomide and
incidence of toxicities

Secondary outcomes: OS and PFS

Primary outcomes: MTD of veliparib
when administered in combination
with radiotherapy and temozolomide
and OS Secondary outcomes:
determine toxicity and frequency of

toxicity



Olaparib and Temozolomide in
Treating Patients With
Relapsed Glioblastoma

(NCT01390571)

Study of the Safety and Efficacy of
MK-4827 Given With
Temozolomide in Participants With
Advanced Cancer (Including GBM)
(NCT01294735)

Carmustine Plus O(6)-
Benzylguanine in Treating Patients
With Recurrent or Progressive
Gliomas of the Brain

(NCT00003348)

Temozolomide and O6-

benzylguanine in Treating Patients

Completed, Open Label

Phase | trial

Completed, Non-

Randomised Phase | study

Completed, Phase | trial

Completed, Phase | trial

34

19

56

20-30

Drug: Olaparib (PARPi)

Drug: Temozolomide

Drug: Niraparib (PARPi)

Drug: Temozolomide

Drug: 06-benzylguanine
(MGMT inhibitor)

Drug: Carmustine

Drug: 06-benzylguanine
(06-BG)

47

Primary outcomes: determine whether
olaparib crosses the BBB and achieves
tumor penetration and determine the
safety and tolerability of the
combination Secondary outcomes:
assess the possible anti-tumor activity
of the combination

Primary outcome: number of
participants with DLTs

Secondary outcomes: Number of
participants with an objective response

rate of partial or complete response

and PFS

Objectives: Determine the MTD of
carmustine when administered
following O6-benzylguanine and

characterise the toxic effects

Objectives: Determine the dose of 06-

BG effective in producing complete



With Newly Diagnosed, Recurrent,
or Progressive Anaplastic Glioma

(NCT00006474)

06-Benzylguanine and Carmustine
Implants in Treating Patients With
Recurrent Malignant Glioma

(NCT00004892)

A Study to Assess the Safety and
Tolerability of AZD1390 Given With
Radiation Therapy in Patients With
Brain Cancer (NCT03423628)

BGB-290 and Temozolomide in
Treating Patients With Recurrent
Gliomas With IDH1/2 Mutations
(NCT03914742)

Completed, Phase | trial 14

Active, Single Arm Phase |
132
trial

Recruiting, Non-Randomised
100
Single Arm Phase I/Il trial

Drug: Temozolomide

Drug: O6-benzylguanine

Drug: Carmustine implants

Radiation: Radiation

Therapy

Drug: AZD1390 (ATMi)

Drug: Pamiparib (PARPI)

Drug: Temozolomide

48

suppression of tumor MGMT activity,
determine MTD of TMZ administered
after O6-BG and determine toxicity and
anti-tumour response

Determine the dose of O6-BG that
completely suppresses AGT levels and
evaluate the safety and tolerance of
06-BG + carmustin implants

Primary outcomes: incidence of DLTs
and AEs

Secondary outcomes: EVS, objective
response (RANO, RANO-BM and RECIST
criteria) and pharmacodynamic
properties

Primary outcomes: MTD and
percentage of participants with AEs
Secondary outcomes: PFS, OS and
percentage of participants with serious

or life-threatening AEs



AZD1390 in Recurrent Grade IV
Glioma Patients (NCT05182905)

Olaparib in Treating Patients With
Advanced Glioma,
Cholangiocarcinoma, or Solid
Tumors With IDH1 or IDH2
Mutations (NCT03212274)

Study of Pamiparib in Newly
Diagnosed and rGBM
(NCT04614909)

Cediranib Maleate and Olaparib
Compared to Bevacizumab in
Treating Patients With Recurrent

Glioblastoma (NCT02974621)

Recruiting, Non-Randomised

21
Phase 0/1b trial
Recruiting, Single Arm Phase

145
Il trial
Recruiting, Non-Randomised

30
A Phase 0/2 Clinical Trial
Active, Randomised Phase 2

70

Clincial Trial

Drug: AZD1390 (ATMi)

Drug: Olaparib (PARPi)

Drug: Pamiparib

Drug: Olaparib (PARPi)

Drug: Temozolomide

Radiation: Radiation

therapy

Drug: Bevacizumab

Drug: Cediranib

Drug: Cediranib Maleate

49

Primary outcomes: pharmacokinetics
(PK) of AZD1390 in tumor tissue and
PFS. Secondary outcomes: Drug-
related toxicity, AEs, OS, PK of AZD1390
in CSF and deaths at 12 months

Primary outcomes: overall response
rates Secondary outcomes: PFS, OS,
duration of response and safety and

tolerability of olaparib monotherapy

Primary outcomes: Systemic plasma PK
profile parameters

Secondary outcomes: PFS, OS, Drug-
related toxicity, AEs, PD of pamiparib

and deaths at 24 months

Primary outcomes: PFS
Secondary outcomes: OS, AEs, levels of
circulating cytokines involved with

angiogenesis, levels of serial circulating



Veliparib, Radiation Therapy, and
Temozolomide in Treating Patients
With Newly Diagnosed Malignant
Glioma Without H3 K27M or
BRAFV600 Mutations
(NCT03581292)

Talazoparib - Carboplatin for
Recurrent High-grade Glioma With
DDRd (TAC-GReD)

Active, Single Arm Phase 2
115
Clincial Trial

Recruiting, Single Arm Phase
33
2 Trial

Drug: Olaparib (PARPi)

Drug: Veliparib (PARPi)

Drug: Temozolomide

Radiation: Radiation

Therapy

Drug: Talazoparib

50

biomarkers involved with

deoxyribonucleic acid (DNA) repair

Primary outcomes: Efficacy of
Veliparib, TMZ and IR in combination
based on H3 K27M, BRAF, and IDH1/2
status of patients with newly-

diagnosed high-grade glioma

Primary outcomes: PFS at 6 months
Secondary outcomes: OS, objective
response rate and duration of response

(RANO criteria)
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1.3 Tumour-Treating Fields

Tumour-Treating Fields (TTFields) are an emerging and recently clinically approved non-invasive
therapeutic device (Optune, Novocure™) that deliver low-intensity (1-3 V/cm), intermediate-
frequency (100-300 kHz), alternating electric fields. The Optune system consists of four transducer
arrays (each made up of 9 ceramic disks), a field-generator, and a power source (shown in figure 1.10).
For glioblastoma, the four transducers arrays are attached in pairs, orthogonally to the patient’s
shaved scalp, the optimal positioning of which is determined using NovoTAL™ (Novocure Ltd., Haifa,
Israel) simulation software based on tumour location and the size and shape of the patient’s head
(251). The field-generator delivers the alternating electric fields at a set frequency through the

transducer arrays, across the brain and to the tumour site.

N

Figure 1.10. The Optune System.
Left - The Optune delivery system consisting of four transducer arrays, a field-generator, and a power source. Right —

A patient wearing the Optune delivery system. Images taken from Novocure, 2020.
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The optimal frequency at which anti-cancer effects are imparted by the Optune system varies between
cancer types, which for glioma cells is at a frequency of 200 kHz (252). The patient’s head must be
shaven consistently to allow optimal contact of the transducer arrays with the scalp and a layer of
conductive hydrogel is coated onto the ceramic disks before application. The main adverse event of
TTFields is contact dermatitis at the site of transducer array attachment caused by irritation from
sweat and/or hydrogel, however, this is usually of low grade (I-11) and can easily be managed by
changing the positioning of the arrays or protecting the skin with sterile dressing pads and oral

antibiotics may be prescribed if necessary (253).

Important financial considerations are associated with incorporating TTFields therapy into the
standard of care for glioblastoma patients. Presently, Novocure, the sole producer of the therapeutic
TTFields delivery systems, rents Optune to patients for a total monthly cost of around $21,000 (subject
to discounts negotiated by healthcare providers/payers) (254). This cost covers the TTFields delivery
system, and includes transducer arrays, array layout planning, patient/physician training and 24-h
technical support (255). Additional expenses associated with implementing TTFields might include
additional staff and training (251), and costs associated with managing treatment-related morbidities

(256).

There have been three major studies estimating the costs associated with adding TTFields to the
standard-of-care therapy for glioblastoma, all of which use EF-14 trial data. Bernard-Arnoux et al.(257)
used interim EF-14 data, while Connock et al/.(258) and Guzauskas et al. (259) used the trial’s final
results. During economical modelling, the assumptions made by Bernard-Arnoux et al. and Connock
et al. were based on a French National Health Insurance perspective, while analyses by Guzauskas et
al. were based on the US healthcare perspective. All three studies relied on the full list price of TTFields

therapy and therefore do not incorporate potential discounts negotiated by healthcare payers.

Bernard-Arnoux et al. estimated 0.34 life years gained (LYG) from the addition of TTFields to
maintenance of TMZ, with an added cost of €185,476, while Connock et al. estimated 0.604 LYG with
an added cost of €453,848. These two studies then estimated the incremental cost-effectiveness ratio
(ICER, a summary measure that compares the economic value of a particular intervention with another
expressed as cost per LYG) to be €549,909 and €510,273, respectively. Both studies analysed survival
using statistical models that were unable to account for changing (decreasing) hazard rates as patients
live longer. This is an important limitation since epidemiological data suggest that as a patient survives

longer, the ongoing probability of death reduces. For example, analysis of the US SEER database
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demonstrated patients alive 5 years after diagnosis had a 70.4% probability of surviving to 10 years
post diagnosis (260). Therefore, although data from the EF-14 trial suggested that addition of TTFields
may increase 5-year OS from 5% to 13%, the studies by Bernard-Arnoux et al. and Connock et al. did
not fully account for the impact of long-term survivors beyond the trial period. This resulted in
reported incremental lifetime survival benefits (the LYG) close to the median OS benefit observed
within the trial period. By contrast, Guzauskas et al. integrated EF-14 data with external glioblastoma
epidemiology data and US life expectancy data to estimate long-term conditional survival (similar
integration of oncology trial and epidemiological data to model long-term survival has previously been
considered by NICE in its decision to licence ipilimumab for metastatic melanoma (261, 262)).
Consequently, the Guzauskas model estimates 1.25 LYG from adding TTFields to TMZ and estimates a
corresponding ICER of $150,452.

As such, Japan, Israel and Sweden have included TTFields within their national reimbursement systems
following cost-effectiveness evaluations, whilst Germany has approved TTFields for national
reimbursement based on a clinical comparative effectiveness review without respect to costs. As
noted above, the method of estimating future survival beyond the time observed in the trial is a critical
assumption within any model. Healthcare payers that prefer the extrapolated constant hazard rate
models of Bernard-Arnoux and Connock might not be willing to adopt the therapy. Adoption by
healthcare systems that include considerations of cost-effectiveness as a major driver of decision-
making, such as the NHS in the United Kingdom or the Australian and Canadian systems (263, 264), is

likely to depend on how those systems choose to model long-term survival.

Although the number of patients receiving TTFields has increased since this approach was first
approved for use in glioblastoma patients (2909 patients worldwide in 2019 compared with 605
patients in 2015) (265, 266), it is thought that many more patients with approved indications could
benefit from TTFields treatment (on average, 30% of eligible glioblastoma patients currently receive
TTFields in countries where the therapy is available) (259, 266). Substantial geographic variation in
TTFields availability exists in the clinical usage of Optune, with the majority of patients who receive
TTFields residing in the United States (roughly twice as many patients receive TTFields in the United
States compared with the rest of the world) (266). As highlighted above, high treatment costs and
differences in long-term survival modelling represent major drivers of geographical variation in the
usage of TTFields worldwide. Notably, some reluctance to adopt TTFields within the neuro-oncology
community also exists; this might be fuelled by a range of factors. Firstly, the high cost of TTFields

therapy (discussed above) may represent a barrier to adoption at an individual or national level.
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Secondly, valid concerns have been raised that patients in the control group of the EF-14 trial did not
receive any placebo treatment (63), such as via a sham TTFields device. However, requiring patients
to wear a sham device (ideally > 18 h per day) with no potential for benefit would likely present its
own ethical challenges (267), and objective endpoints such as OS (which demonstrated survival
benefit with TTFields in the EF-14 trial) are unlikely to be influenced substantially by the lack of placebo
or blinding. Thirdly, a perceived burden of patients having to carry and wear the device with high
compliance may contribute to reluctance to adopt or prescribe TTFields; nevertheless, objective data
suggest that quality of life in these patients is not reduced (65, 268). Critically, much reluctance to
adopt TTFields may stem from the fact that the mechanisms of action for TTFields are currently less
well-defined relative to more established therapeutic modalities (269). It can be expected that, as
technologies continue to evolve and as competing products enter the market, TTFields might become
increasingly affordable. Additionally, any enhancement of the therapeutic efficacy of TTFields might
also improve the ICER and facilitate TTFields uptake by healthcare systems that currently do not deem
the technology to be cost-effective, including the NHS (NICE) (270). To improve the efficacy of TTFields,
an improved understanding of the diverse mechanistic effects of this therapy and how these effects

can be exploited to increase the therapeutic index of TTFields-based regimens is required.
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1.3.1 Existing and novel mechanisms of TTFields

Electric fields have been shown to exert biological effects at various frequency ranges. Low-frequency
electric fields (<1kHz) influence cell membrane polarisation and may alter the behaviour of excitable
tissue, such as action potential firing in neuronal cells (271). On the other hand, high-frequency fields
(>500kHz) cause charged and/or polar molecules inside cells to vibrate. As vibrating molecules come
into contact with other vibrating molecules this creates friction and causes kinetic energy to transfer
between molecules, which can be radiated out as thermal energy, leading to tissue heating (272).
Intermediate-frequency alternating electric fields (100kHz-500kHz), however, do not generate enough
thermal energy to cause significant tissue heating and alternate too quickly to trigger action potential
firing, and thus, alternating electric fields of intermediate frequency were originally not thought to
have any considerable biological effects (273). In the past two decades, however, intermediate-
frequency alternating electric fields have been shown to exert effects on many more biological
processes than initially thought (figure 1.12) and will be discussed in the following section. Figure 1.11.
describes the different properties that characterise electric fields that are required in order to

understand the MOAs of TTFields.

Non-uniform electric field Uniform electric field
-+
-+
+
o 1
# x

Figure 1.11. Properties of electric fields.

An electric field describes the area around an electric charge in which an electric force is exerted on other surrounding
charged particles. Electric fields are represented by arrows, with the arrow direction reflecting the direction in which
positive charges travel. The distance between electric field lines represents the field strength. Electric fields can be
either uniform or non-uniform. Uniform fields refer to electric fields that generate the same field strength at any point
in space (represented by equally distant field lines), whereas the magnitude and/or the direction (converging or
diverging) of the field can vary at any point in space with non-uniform fields (represented with narrower field lines
where the field intensity is highest and wider spaced lines where the field intensity is lowest). When the field is
uniform, the forces exerted on dipole molecules are equal and opposite, therefore dipolar molecules do not travel
along the field but simply align with the field instead (right). On the other hand, when the field is non-uniform, dipolar
molecules travel toward the point of highest field intensity, resulting in a process known as dielectrophoresis (left).
Single charge particles travel to the oppositely charged source when the field is both uniform and non-uniform. Electric
fields can also be constant (usually when only one source charge is present), meaning that the field travels in a single
direction only toward the source of opposite charge. Alternating electric fields refer to fields that are generated from
different sources in time resulting in fields that travel in different directions at different points in time. Therefore, the
orientation of dipolar molecules and the direction in which single charged particles (both when the field is uniform
and non-uniform) and dipolar molecules (when the field is non-uniform) travel will change as the source of the field
alternates.
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Figure 1.12. Summary of the mechanisms of action (MOAs) of TTFields.

A. Anti-mitotic effects. During metaphase, the electric fields are uniform, causing dipolar molecules, such as tubulin, to align with the field. TTFields therefore interferes with tubulin
polymerisation and depolymerisation during metaphase. At anaphase, the electric fields are non-uniform, with the fields converging to the cleavage furrow, where the field intensity is
highest. As a result, TTFields prevent localisation of Septin proteins to the mitotic spindle and prevent assembly of the Septin complex into a ring structure at the cleavage furrow. These
effects result in abnormal chromosome segregation and/or cell death. B. DNA repair. TTFields have been shown to downregulate genes BRCA and FA proteins. This has been associated
with increased replication stress and increased DSB break formation. Additionally, HRR has been shown to be impaired with TTFields. C. Autophagy. TTFields have been suggested to prevent
the inhibitory effects of the mTroc1/PI3K/Akt signalling pathway on autophagy, resulting in increased activation of autophagy with TTFields. The mechanisms which determine whether
autophagy is activated as a cell survival or cell death signal in response to TTFields are unknown.D. Cell membrane permeability. TTFields increase cell membrane permeability possibly by
increasing the number and size of holes on the cell membrane. Blood brain barrier permeability. TTFields increase BBB permeability by causing the localisation of tight junction proteins,
claudin-5 and ZO-1, from the cell membrane of endothelial cells to the cytoplasm. E. Anti-tumour immunity. TTFields stimulate macrophages to secrete ROS, NO and pro-inflammatory
cytokines, such as IL-1B, TNF-a, and IL-6. Additionally, TTFields increase the accumulation of CD4+ and CD8+ T cells at the tumour site. F. Cell migration and invasion. TTFields has been
shown to inhibit cell migration and invasion in vitro, which was suggested to take place via downregulation of the expression of pro-angiogenic and pro-metastatic factors, such as VEGF,
HIF11 and MMP-2 and -9, and through inhibition of EMT. Figure taken from our published review (3).
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The biological effects of low-intensity, intermediate-frequency (100-300 kHz), alternating electric
fields, were originally studied in 2004 both in vitro in melanoma, glioma, lung, prostate, and breast
cancer cell lines, and in vivo. Kirson et al. (2004) demonstrated that alternating electric fields
successfully inhibited cancer cell growth, both in vitro and in vivo, by interfering with microtubule
polymerisation during mitosis (252). These findings led to the first pilot study in glioblastoma patients
in 2007 (275) and, eventually, to the development of TTFields as a therapeutic strategy for treating
cancer (figure 1.13 and table 2). Indeed, TTFields have since been evaluated in two phase Il clinical
trials in patients with either primary or recurrent glioblastoma. In 2014, a phase Il clinical trial
concluded that although TTFields (200kHz) as a single agent did not offer additional benefits in terms
of overall survival (OS) or progression-free survival (PFS) compared to 'physician's best choice'
chemotherapy in patients with recurrent glioblastoma, TTFields efficacy was at least comparable with
the added benefit of having fewer toxicities (65). In patients with newly diagnosed glioblastoma, a
phase lll clinical trial showed that the addition of TTFields to maintenance TMZ chemotherapy offered
significant improvements in PFS (7.1 months vs 4.0 months in TMZ alone group) and OS (20.5 months
vs 15.6 monthsin TMZ alone group) compared to TMZ monotherapy, again with no additional systemic
adverse effects (63). On the basis of these positive clinical trial results, TTFields received approval from
the FDA for the treatment of both recurrent and primary glioblastoma in 2011 and 2015, respectively.
In addition, preliminary data suggest that glioblastoma patients should benefit from TTFields
treatment irrespective of MGMT status (276). However, despite its apparent success in clinical trials,
scepticism surrounding TTFields technology, stemming from the unblinded nature/lack of sham-
control group in clinical trials to date, high costs and from a lack of understanding of the underlying
mechanisms of action (MOAs) of the technology against tumour cells, has hindered its acceptance

amongst clinicians and patients (269, 277).

Additionally, despite improvements in OS and PFS for newly diagnosed glioblastoma following the
addition of TTFields therapy to standard care TMZ, over half of glioblastoma patients still do not
survive beyond 2 years, indicating a requirement for further advances in the management of
glioblastoma, even for patients receiving TTFields treatment (267). Whilst the anti-mitotic effects of
TTFields remain the main MOA mediating its anti-cancer effects, which formed the basis of much of
the preclinical studies that ultimately led to its approval as a novel strategy for the treatment of
glioblastoma, since its establishment as a fourth modality for glioblastoma treatment, TTFields have
been shown to affect a number of other cellular processes: (1) cell membrane and blood-brain barrier
(BBB) permeability, (2) cell migration and invasion, (3) anti-tumour immunity, (4) autophagy, and (5)

replication stress and DNA damage repair. In addition to alleviating some of the concerns surrounding
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the TTFields technology, new insights into the MOAs of TTFields have highlighted potential TTFields-
induced vulnerabilities that could be exploited for the basis of future combinational approaches in the

management of glioblastoma.

Given the TTFields effects on DNA damage induction and repair, combining TTFields with inhibitors
directed at the DNA damage response (DDR) is one such strategy that is being explored in efforts
aiming to enhance TTFields efficacy. This is a particularly attractive strategy in the treatment of
glioblastoma due to the role of DNA damage repair in mediating IR- and chemo- resistance, especially
amongst the GSC population (239, 278). TTFields may elicit conditional vulnerabilities in cancer cells
that make them more susceptible to additional treatment with DDR inhibitors (DDRi), especially in
combination with DNA-damaging agents. In addition, the lack of systemic toxicities seen in the clinic
following the addition of TTFields to standard care chemotherapy (64) make TTFields an ideal

candidate for strategies exploring combinational approaches in the management of glioblastoma.

In the following sections, the various mechanisms of action through which TTFields have been
demonstrated to mediate their anti-cancer effects will be examined. Additionally, how the various
DNA damage checkpoint and repair proteins previously introduced can be exploited for use in a

combinational therapeutic approach to enhance TTFields efficacy will be highlighted.



PFS: 26.1 weeks and median
0S: 62.2 weeks, more than
2x the reported medians of
historical control patients.
Conclusion: TTFields are
deemed safe and effective

Prospective, randomised clinical
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diagnosed glioblastoma patients.
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Median OS was 20.9 months in the combination
group vs 16.0 months in the TMZ alone group
and the median PFS was 6.7 months and 4.0
months, respectively. No serious adverse events
were reported in either group. Conclusion: the
addition of TTFields to temozolomide resulted in
statistically significant improvement in PFS and
OS, with no added toxicity.

2014 2015 2016 2017 2018 2019

FDA approves TTFields
device for treatment of

Phase Ill randomised,
controlled clinical trial
testing the efficacy and
safety of TTFields in
patients with recurrent
or progressive

TTFields with TMZ was
performed in 20 patients
with recurrent or newly
diagnosed glioblastoma.

l

newly diagnosed

PFS: 155 weeks and OS: 39+
months. No TTFields-related
serious adverse events
reported.

Conclusion: TTFields with TMZ

is safe and increases TMZ
efficacy.

Conclusion: There was
no improvement in OS
with TTFields compared
to TMZ, but the OS was
at least comparable to
TMZ and the QoL of
glioblastoma patients
was improved with
TTFields.

Figure 1.13. Historical timeline of the emergence of TTFields as
a novel therapy for glioblastoma patients.

In 2004 the first paper demonstrating the anti-cancer effects of
TTFields in vitro and in vivo was published. Following the
promising pre-clinical data, a number of clinical trials investigating
the safety and efficacy of TTFields for the treatment of
glioblastoma took place (the details of which are described at each
relevant date), eventually leading to the approval of TTFields for
the treatment of both primary and recurrent glioblastoma. Figure
taken from our published review (3).



Table 2 Key TTFields clinical trials - completed and ongoing

Indication & Trial

EF-11 Trial (NCT00379470): Effect of

NovoTTF-100A in Recurrent
Glioblastoma Multiforme
(glioblastoma).

EF-14 Trial (NCT00916409): Effect of

NovoTTF-100A Together with

Temozolomide in Newly Diagnosed

Glioblastoma Multiforme
(glioblastoma).

METIS Trial (NCT02831959): Effect of
TTFields (150 kHz) in Non-small Cell

Lung Cancer (NSCLC) Patients With
1-10 Brain Metastases Following
Radiosurgery.

Extracranial tumours
Indication & Trial

STELLAR (NCT02397928): Safety and

Efficacy of TTFields (150 kHz)

Concomitant with Pemetrexed and
Cisplatin or Carboplatin in Malignant

Pleural Mesothelioma.

Status & Design

COMPLETE, Phase Il
Randomised

COMPLETE, Phase IlI
Randomised

Ongoing (Recruiting) Phase IlI
Randomised

Status & Design

COMPLETE Phase Il Single
arm

Number of participants

237 patients

695 patients

260 patients — planned

Number of participants

80 patients

Treatments

TTFields alone
(120)

TMZ alone (117)

TTFields + TMZ
(466)

TMZ alone (229)

TTFields after SRS
(130 planned)

SRS only
(130 planned)

Treatments

TTFields + chemo
(pemetrexed with
cisplatin or
carboplatin)

60

Outcomes

0S: 6.6m (TTFields) vs 6.0m (TMZ)
PFS: 2.2m (TTFields) vs 2.1m (TMZ)
BOS at 1-year: 20% in both groups
Toxicity: 6% (TTFields) vs 16%
(TMZ)

PFS: 6.7m (TTFields+TMZ) vs 4.0m
(p<0.2006-09001)

0S: 20.9m (TTFields+TMZ) vs 16m
(p<0.001).

Toxicity: 48% (TTFields+TMZ) vs
44%

Primary endpoint: Time to 1st
intracranial progression

Secondary endpoint: OS. Toxicity,
Qol, Radiological response (RANO-
BM & RECIST V1.1), Neurocognitive
failure.

Outcomes

0S:18.2m PFS: 7.6m

Toxicity: 36% AEs(G3-4) + 3 (4%)
chemo-related deaths — TTFields-
related AEs = 5% (all grade 3 skin).
Radiological response (mRECIST):
40% partial response, 57% stable
disease at first F/U scan (6 weeks).



NovoTTF-100L in Combination with

Pemetrexed (Alimta®) for Advanced

Non-small Cell Lung Cancer.
(NCT00749346)

LUNAR (NCT02973789): Effect of

Tumor Treating Fields (TTFields) (150

kHz) Concurrent with Standard of
Care Therapies for Treatment of
Stage 4 Non-small Cell Lung Cancer
(NSCLC) Following Platinum Failure.

PANOVA (NCT01971281): Safety

Feasibility and Effect of TTFields (150
kHz) Concomitant with Gemcitabine

or Concomitant With Gemcitabine
Plus Nab-paclitaxel for Front-line
Therapy of Advanced Pancreatic
Adenocarcinoma.

PANOVA-3 (NCT03377491): Effect of
Tumor Treating Fields (TTFields, 150

kHz) as Front-Line Treatment of
Locally-advanced Pancreatic
Adenocarcinoma Concomitant With
Gemcitabine and Nab-paclitaxel.

COMPLETE Phase I/Il Single
arm

Ongoing (Active) Phase Il
Randomised

COMPLETE Phase Il Non-
randomised

Ongoing (Recruiting) Phase llI
Randomised

42 patients

534 patients — planned

40 patients

556 patients — planned

TTFields + chemo
(pemetrexed)

TTFields + ICl or
DOCE

ICl or DOCE

TTFields + GEM

TTFields + GEM &
nab-P

TTFields + GEM &
nab-P

GEM & nab-P
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Time to local progression: 28w )
PFS: 22 weeks.

0S:13.8m (57% survival at 1 year)
Radiological response: 15% partial
response, 49% stable disease.
Toxicity: no TTFields-related SAEs.

OS (TTFields+ICl/DOCE vs IClI/DOCE
alone)

OS (TTFields+ICl vs ICl) and OS
(TTFields+DOCE vs DOCE).

PFS, Toxicity, Radiological
response,

Qol, Exploratory non-inferiority
analysis of TTFields+DOCE vs ICI
Toxicity (SAEs): TTFields+GEM =
85%

TTFields+GEM+nab-P = 85%

G3 TTFields-related skin toxicities =
18% 0OS: 14.9m (TTFields+GEM) &
median OS not reached (>15m)
(TTFields+GEM+nab-P).

PFS: 8.3m (TTFields+GEM) & 12.7m
(TTFields+GEM+nab-P)

OS, PFS, Toxicity (Aes), Radiological
response, Resectability rate and
QolL.



INNOVATE (EF-22)

(NCT02244502): Safety, Feasibility
and Effect of TTFields (200 kHz)
Concomitant With Weekly Paclitaxel
in Recurrent Ovarian Carcinoma

INNOVATE-3 (NCT03940196): Effect
of Tumor Treating Fields (TTFields,
200 kHz) Concomitant With Weekly
Paclitaxel for the Treatment of
Recurrent Ovarian Cancer.

HEPANOVA (NCT03606590): Effect of
Tumor Treating Fields (TTFields,
150kHz) Concomitant With
Sorafenib For Advanced
Hepatocellular Carcinoma (HCC).

Gastric cancer

(NCT04281576): Effect of Tumor
Treating Fields (TTFields, 150 kHz)
Concomitant With Chemotherapy as
First Line Treatment of Unresectable
Gastroesophageal Junction or
Gastric Adenocarcinoma.

COMPLETE Phase Il Single
arm

Ongoing (Active) Phase Il
Randomised

COMPLETE Phase Il
Single arm

COMPLETE Phase Il
Single arm

31 patients

540 patients — planned

27 patients

28 patients — planned

TTFields + PAC

TTFields + PAC

PAC

TTFields +
sorafenib

TTFields + XELOX
(+ Trastuzumab if
HER-2 positive)

62

Toxicity: G3-4 AEs 55% patients

G3 TTFields-related skin toxicities =
6% OS: median not reached
(>21m).

PFS: 8.9m.

Response rate: 25% partial
response, 46% stable disease.

OS,PFS, Toxicity (AEs), Radiological
response rate and QoL (EORTC
QLQC30).

Overall response rate (ORR):
TTFields/sorafenib (9.5%) vs.
historical controls (4.5%).

OS rate at 1 year TTFields +
Sorafenib: 30%

PFS rate at 12 months TTFields +
Sorafenib: 23%

70% of patients experienced
TTFields-related skin AEs (none
serious).

Overall response rate, OS, PFS,
disease control rate, time to
progression, duration of response,
12-month OS rate and toxicity
(AEs)
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1.3.1.1 Anti-mitotic effects of TTFields.

The main mechanism of action through which TTFields application is thought to mediate its
therapeutic effects are anti-mitotic. Alternating electric fields at frequencies between 100-300
kilohertz (kHz) can generate electric fields within cells and this has been hypothesised to disrupt
interactions within dipolar molecules (those containing equal and oppositely charged poles)
(252). During chromosome segregation, chromosomes align at the metaphase plate and sister
chromatids are separated and pulled to opposite poles of the cell by the mitotic spindle. The mitotic
spindle is formed of a bipolar array of microtubules, which are made up of tubulin polymers (279).
Electricfields are uniform during metaphase, therefore when TTFields are applied, tubulin dimers align
with the electric field, preventing its accumulation at the growing end of the microtubule and
interfering with microtubule polymerisation-depolymerisation during mitosis. This in turn results in
abnormal spindle formation and failure of the spindle assembly checkpoint (SAC) (280-282), a mitotic
checkpoint that ensures that all chromosomes are properly attached to the mitotic spindle before
proceeding through to anaphase and ensures correct chromosome segregation (283). TTFields have
been shown to disrupt normal spindle assembly, leading to aberrant metaphase exit, abnormal
chromosome segregation, multinucleation and cell death (280, 284). Because these effects require
cells to be actively replicating, TTFields has been suggested to selectivity target cancer cells (284-

286).

Additionally, whist the electric field is uniform in non-replicating cells, the electric field is non-uniform
in dividing cells because of the ‘hourglass’ structure dividing cells assume after anaphase. Non-uniform
electric fields generate forces that cause dielectrophoresis, whilst uniform fields lead to dipole
alignment. During anaphase, the electric fields converge to the cleavage furrow, where the field
intensity is highest, causing dipolar molecules to accumulate at the furrow (275). During cytokinesis,
the mitotic Septin complex (comprised of Septin 2, 6 and 7) is normally recruited to the spindle midline
and cleavage furrow (a hollowing of the cell’s surface which initiates the cleavage process) at anaphase
and assembles into a ring structure, where it stabilises microtubule structure and sets the partition
for cleavage furrow contractility that limits contraction to the equatorial plane and restricts
determinants to separate cortical domains (287, 288). The Septin complex is also involved in cross-
linking actin, non-muscle myosin Il and RhoA, easing actin-based myosin contraction which directs
cleavage furrow ingression and provides the contractile forces required to physically separate the
forming daughter cells from each other (288-290). TTFields has been shown to interfere with the

assembly of the mitotic Septin complex at anaphase due to TTFields-induced dielectrophoresis. This
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again caused abnormal chromosomal segregation, extended duration in mitosis and induced
morphological changes in the membrane of cells that are characteristic of post-mitotic apoptotic cell
death, such as cell membrane rupture and membrane blebbing (284). However, due to the faster
microtubule polymerisation dynamics, the effects of TTFields on microtubule assembly are expected
to mostly account for the anti-mitotic effects of TTFields (291). Only about 25% of cells rupture at the
cleavage site and Li et al. suggested that the duration of telophase may influence the ability of TTFields
to induce cell death his way because they found that it took up to 40 minutes for molecules to

accumulate at the cleavage furrow during telophase.

Others have however claimed that the forces exerted by TTFields would not be sufficient to induce
such cytoskeletal disruptions, challenging the theory that TTFields interferes with the mitotic spindles
(292-294). Li et al. (293) proposed that, alternatively, TTFields affect the membrane potential (Vm) of
cancer cells, specifically. The Vm is cells is important to cell homeostasis, it maintains the intracellular
ionic concentration and regulates processes, such as cell metabolism and proliferation (295, 296).
Changes in Vm may as a result lead to cell death (297). They postulated that this effects was specific
to cancer cells because tumour cells have a different resting Vm relative to healthy cells (-70 mV to
-90 mV), with the Vm of tumour cells being more depolarised (-26.7 mV) (293, 298). Additionally, the
Vm of cells changes throughout proliferation therefore the effects of TTFields may still preferentially
act on dividing cells. Changes in Vm correlate with changes in expression and/or activation of ion
channels. TTFields has been shown to activate the CaV1.2 channels of glioblastoma cells (299).
Activation of calcium channels results in a rapid diffusion of calcium ions into the cytoplasm because
the extracellular concentration of Ca2+ is much higher than the concentration within the cytoplasm
(300). Ca2+ influx into the cytoplasm has been shown to decrease microtubule polymerisation (301).
TTFields-induced changes in Vm may then not only induce changes in ion channel activity but could

also interfere with microtubule polymerisation as has previously been shown.

Alternatively, Berkelmann et al. (302) suggested that TTFields-incudes cell death was a result of
localised tissue heating at the cleavage furrow. Whilst the frequencies applied during TTFields
treatment are generally considered not to be within a range known to induce significant tissue
heating, increases in temperatures can still occur due to the Joule effect (which describes the
phenomenon where electric energy is converted into thermal energy when a current passes through
an object or a tissue) (303, 304). This is particularly expected with sustained exposure to an electric
field as is recommended for the optimal anticancer effects of TTFields (>18h). Berkelmann et al. (302)
predicted that the specific absorption rate (SAR), a measure of power absorption that describes the

amount of energy that is converted into heat per unit time, was increased in dividing cells at the
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cleavage furrow during cytokinesis specifically with TTFields treatment (100kHz) and proposed that
this was responsible for the anti-proliferative effects of TTFields. The increased SAR during cytokinesis
may result in local heating of the cells and interfere with cell proliferation and induce cell death (305).
The SAR measured within cells at different stages during cell division was normalised to the SAR in the
surrounding medium. At this frequency, the effects were not likely to be due to heating of the external
medium because TTFields did not enhance the temperature of the medium the cells were cultured in.
As has been suggested by previous studies, they concurred that the maximal effects of TTFields on
proliferation were exerted on cells that were dividing parallel to the field direction and claimed that
this was because the SAR at the cleavage furrow reduces as the angle between the axis of cell division
and the field increases rather than the effects on Septin localisation. However, how exactly SAR
measurements are reflected as a temperature change is not obvious and depends on different factors:
thermal conduction, blood perfusion, and other thermoregulation processes are all factors that would
affect the SAR (306), which were not considered in their model and therefore their measurement for
SAR is not likely to translate with what would be seen in patients. Berkelmann et al.’s model only
accounted for membrane capacitance based on membrane thickness and permittivity and measured
the SAR with TTFields delivered at a frequency of 100kHz. Additionally, they showed that SAR
measurements were frequency-dependent but did not assess the effects on SAR at the only approved
frequency for glioblastoma (200kHz). Temperature calculations are likely to be more informative than
SAR measurements because there is a more direct relationship between temperature changes and
biological changes. Hyperthermia has been used as a treatment for cancer by exposing cancer cells to
temperatures within the range of 39°C to 43°C to induce a heat shock response, which in turn leads
to cancer cell death, induces DNA damage, inhibits DNA repair and cell cycle progression (307-310).
Gentilal et al. (311) established a model based on different properties that contribute to tissue
temperature (such as metabolism, conduction, blood perfusion etc.) to predict the effect of TTFields
on tissue heating at the tumour site. They also took into account the fact that the Optune system is
programmed to shutdown automatically when the temperature sensors within the transducer arrays
detect temperatures of 41 °C at the site of array attachment, and the Optune system consequentially
shuts down roughly every 2.5 minutes for 2 to 4 seconds at a time, which is the time required for the
transducer arrays to cool. Based on this model, they showed that the expected temperature at the
tumour site does not surpass 37.1 °C and therefore concluded that the effects of TTFields are not likely

to be due to induced hyperthermia.
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1.3.1.2 Effects of TTFields on the DNA damage response

A couple of studies have reported that TTFields sensitise glioma cell lines to radiotherapy (RT) (312,
313). TTFields have been suggested to radiosensitise cancer cells by delaying the repair of radiation-
induced DNA damage, promoting mitotic catastrophe and cell death. Indeed, although TTFields
treatment alone has been shown to induce DNA damage, when combined with RT treatment, DNA
damage induction was enhanced, as measured by a significant increase in yH2AX foci (an established
marker of DNA damage) and 53BP1 foci (an established double strand break marker) after
combination treatment compared to either treatment alone, and this was accompanied by a
synergistic effect on cancer cell killing in the combination group (312); similar effects were observed
in the studies presented in this thesis. Importantly, TTFields has been suggested to induce DSBs
specifically in cancer cells. Jo et al. measured an increase in H2AX stain and an increase in tail length
by alkaline comet assay with TTFields treatment in cancer cells but not in normal cells (285). In
addition, because cells receiving combination treatment sustained more yH2AX and 53BP1 foci 24-
hours following treatment compared to cells receiving either treatment alone, TTFields was suggested
to interfere with DNA damage repair efficiency (312-314). Together, these results suggest that the
increased sensitivity to RT seen with TTFields application could be mediated through both anincrease
in DNA damage and/or a persistence of this DNA damage over time in TTFields-treated cells due to
impaired DNA repair kinetics. In addition, TTFields treatment both prior to and after RT treatment was
shown to radiosensitise various cancer cell lines (312-314), therefore, these findings could have
implications for the scheduling of TTFields application in future pre-clinical and clinical studies, with
TTFields application prior to or immediately after radiotherapy likely to enhance therapeutic efficacy

the most.

Differential gene expression analysis revealed that the expression of BRCA1 DNA-damage response
genes (BRCA1, ATRIP, MLH1, MRE11A) and FA repair pathway genes (FANCM and FANCD?2) (i.e. genes
involved in the repair of RT-induced DNA damage) were significantly downregulated in TTFields-
treated non-small cell lung carcinoma (NSCLC) cell lines and in malignant pleural mesothelioma cell
lines compared to baseline expression levels (314, 315). Interestingly, this downregulation was more
pronounced in TTFields-sensitive cell lines compared to cell lines that are more resistant to TTFields
(42), further supporting the notion that TTFields treatment could interfere with DNA damage repair
efficiency (314). BRCA1 plays a central role in homologous recombination repair (HRR). During HRR,
BRCA1, along with BRCA2, recruits RAD51 filaments at sites of DNA damage (160, 316, 317). RAD51
mediates sequence homology search, strand invasion into the sister chromatid and prevents
replication fork degradation (318). RAD51 foci can be used to monitor HRR efficiency, with cells that

retain RAD51 foci for 24 hours following RT being associated with persistent double strand breaks
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(DSBs) and eventual cell death. Giladi et al. (2017) showed an increase in RAD51 foci formation 24
hour following combination treatment (RT + TTFields) compared to either treatment alone, suggesting
that the reduced repair efficiency previously reported with TTFields could be the result of impaired
HRR following TTFields application, especially considering non-homologous end joining repair (an
alternative DSB repair pathway) kinetics were not affected by TTFields treatment (312). In addition to
their role in HRR, BRCA genes cooperate with FA pathway proteins to maintain replication fork
stabilisation (319). Karanam et al. (2019) showed that replication stress was increased with TTFields
and that replication fork dynamics were impaired (320). Measuring the incorporation of labelled
nucleotides onto newly synthesised DNA strands during DNA replication serves as a robust readout
for replication stress and replication fork dynamics (321). Karanam et al. (2019) showed that DNA fibre
length was shorter in H157 and H1299 cells treated with TTFields compared to untreated cells, and
that the difference in DNA fibre length between groups increased over time, indicating that TTFields
interferes with replication fork progression and induces replication stress. In addition, they showed
the presence of other replication stress markers following TTFields treatments (320); such as increased
RPA foci (322) and increased R-loop formation (3-stranded nucleic acid that form when a replication
fork collides with the transcription machinery, these are produced at a higher rate during replication
stress) (323). Finally, they also showed reduced expression of the Mini-Chromosome Maintenance
(MCM) complex genes, MCM6 and MCM10 (a DNA helicase that is crucial for replication initiation and
replication fork assembly) (320). Together, these data suggest that downregulation of BRCA genes and
FA pathway proteins with TTFields treatment results in an increase in replication stress induced DSBs

and reduced double strand break repair efficiency due to impaired HRR kinetics.

1.3.1.3 Effects of TTFields on autophagy.

The role of autophagy in cancer is diverse. During the early phases of cancer initiation, upregulation
of autophagy carries out tumour suppressive functions, whilst at later stages of cancer development
autophagy can be activated to promote cancer cell survival and treatment resistance (324). Previous
studies have demonstrated that TTFields-treated cells display features that are characteristic of
autophagy, such as increased cell volume and granularity, and the formation of double-membraned
autophagosomes (284, 325, 326). When cells undergo autophagy, microtubule-associated protein
light chain 3 (LC3-I) is converted to LC3-1l through lipidation by autophagy-related protein 7 (ATG7),
permitting its recruitment to the autophagic vesicle membrane, where it activates ATG5 (involved in
autophagic vesicle formation) (327). As such, LC3 is often used as a marker for monitoring autophagy
(328). Shteingauz et al. (2018) recently showed an increase in the LC3-Il protein in cancer cells in

response to TTFields application (325). However, increased levels of LC3-1l do not always correlate
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with increased autophagy, they can also signify reduced autophagosome turnover due to defects in
autophagosome transport and fusion of the autophagosome with the lysosome (329), therefore
autophagic flux, which describes the entire process of autophagy (autophagosome formation,
maturation, fusion with lysosomes, and lysosomal degradation of cytoplasmic constituents) must be
measured to determine the degree of autophagy. Measuring the difference in LC3-Il levels in the
presence and absence of a lysosome inhibitor, such as Chloroquine (CQ, inhibits autophagosome-
lysosome fusion), allows the determination of how much LC3-Il is degraded in a lysosome-dependent
manner because it stops autophagic flux before lysosomal degradation can take place and therefore
indicates the extent of degradation that would have taken place during the treatment, reflecting the
degree of autophagy (330). Combining CQ with TTFields was shown to significantly increase LC3-II
levels in cells relative to control and relative to TTFields-treated cells in the absence of CQ, indicating

that TTFields increases autophagic flux and activates autophagy (325).

TTFields has also been shown to induce abnormal chromosomal segregation (280) and aberrant
mitotic events have been linked to increased activation of autophagy (331). TTFields-treated cells that
underwent aberrant mitosis (identified as cells displaying abnormal numbers of chromosomes or
abnormal cell morphology) were shown to be more likely to activate autophagy in comparison to cells
that had not divided over the course of the experiment or cells that underwent normal cell division
(325), suggesting that TTFields-induced aberrant mitotic events could be driving activation of

autophagy.

The PI3K/protein kinase B (Akt)/mTOR signalling pathway is known to suppress activation of
autophagy (332). Kim et al. (2019) found that the expression of Akt2 and downstream targets of
MTORC1 (4E-binding protein 1 (4EBP1) and 70 kDa ribosomal protein S6 kinase (p70S6K)) were
downregulated in glioma cells upon TTFields application, and that phosphorylation of mTOR at
Ser2448 was reduced. Re-expressing Akt2 prevented the TTFields-mediated induction of autophagy,
indicating that Akt2 pathway signalling regulates autophagy in TTFields-treated cells and that TTFields
activates autophagy by suppressing the inhibitory action of the PI3K/Akt/mTOR pathway on
autophagy (326). Additionally, mTORC1 function is inhibited under various types of stress in the cell.
For example, AMPK (AMP-dependent kinase) is activated by low energy (ATP) levels. AMPK
phosphorylates and inhibits mTORC1, thus suppressing the inhibitory effects of mTORC1 on autophagy
(333). Shteingauz and Porat et al. (2018) demonstrated that TTFields reduced intracellular ATP levels
in surviving daughter cells. They showed that siRNA-mediated knockdown of AMPK prevented

TTFields-mediated upregulation of autophagy and concluded that activation of AMPK was required
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for increased activation of autophagy in TTFields-treated cells (325). Together these data suggest that
activation of autophagy in TTFields-treated glioblastoma cells is mediated via regulation of the

mTOR/PI3K/Akt signalling pathway.

Whether activation of autophagy with TTFields serves as a cell survival or a cell death signal is still
unclear. Some studies have shown that inhibition of autophagy enhances cell killing of cancer cells
with TTFields, suggesting that upregulation of autophagy may act as a mechanism resistance to
TTFields and thus highlighting the potential use of autophagy inhibition as strategies to enhance the
therapeutic effects of TTFields (325). Others have reported that autophagy inhibition reduces the cell
killing of cancer cells with TTFields (326). For example, Silginer et al. (2017) reported that TTFields-
mediated cell death took place in a caspase-independent manner and that autophagy played an
important role in TTFields-mediated cell death (334). However, TTFields-mediated cell death has been
shown to occur through both caspase-dependent (characteristic of apoptotic cell death) and caspase-
independent pathway (280, 284, 334), suggesting that the type of cell death activated upon TTFields
application may vary between cell lines. Identifying the regulatory mechanism directing autophagy to
act as a pro-survival or a pro-death signal with TTFields warrants further study and will facilitate the

identification of a population of patients that may benefit from additional inhibition of autophagy.

1.3.1.4 TTFields to enhance immunogenic cell death.

Glioblastoma possesses an immunosuppressive tumour microenvironment (TME) associated with lack
of cytotoxic T cell infiltration and upregulation of regulatory T cells (Tregs) which release of
immunosuppressive cytokines (335). TTFields has been suggested to activate an immune response in
glioblastoma and could be exploited to switch the TME of glioblastoma patients from an

immunosuppressive TME to an immune active one.

Macrophages play a central role in governing the nature of the immune response. Macrophages can
assume one of two phenotypes. M1 macrophages are proinflammatory macrophages and secrete
proinflammatory cytokines, such as interleukin-1B (IL-1pB), IL-12, tumour necrosis factor-a (TNF-a). M1
macrophages initiate the immune response. M2 macrophages are anti-inflammatory and release anti-
inflammatory cytokines, such as IL-10 and tumour growth factor-B (TGF-B). M2 macrophages are
involved in the resolution of inflammation. Macrophages are also themselves stimulated by cytokines
(336, 337). Inflammatory cytokines stimulate macrophages to produce Nitric Oxide (NO). NO induces
toxic reactions against invading pathogens and regulates the function of host immune cells. NO is

converted from L-arginine by the inducible NO synthase (iNOS) during inflammation, and the
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expression of iNOS is regulated by both pro-inflammatory and anti-inflammatory cytokines. The pro-
inflammatory cytokines TNF-a, IL-1B and IL-6 participate in upregulation of iNOS by activating the
transcription factor, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), and the
mitogen-activated protein kinase (MAPK) proteins p38, extracellular-signal-regulated kinases (ERK)
Erk1/2 and c-Jun N-terminal kinases (JNK). Additionally, when NO is present at low concentrations
when macrophages are first activated by cytokines, NO can stimulate the NF-kB signalling pathway to

upregulate iNOS expression in a positive feedback loop (338).

The mRNA expression levels of IL-1B and TNF-a were significantly increased in RAW 264.7 cells (a
macrophage-like cell line) following TTFields treatment. TTFields-treated RAW 264.7 cells were also
shown to upregulate messenger RNA (mRNA) and protein expression of iNOS and increased NO
production (339). Park et al. (2019) showed that an increase in IL-1B, TNF-a, and IL-6 secreted into the
medium of RAW 264.7 co-cultured with 4T1 cancer cells was detected in the TTFields-treated group.
These data indicate that TTFields promotes activation of proinflammatory macrophages and the
expression of proinflammatory cytokines. Additionally, 4T1 cells that were exposed to the culture
media from TTFields-treated RAW 264.7 cells displayed a reduction in cell viability compared to 4T1
cells that were exposed to the culture media of RAW 264.7 untreated cells, suggesting that TTFields-
mediated activation of macrophages promotes anti-tumour immunity (339). Gene expression analysis
of glioblastoma patient tumour prior and after TTFields treatment revealed that the expression of

immune-related genes switched from pro-tumoral to anti-tumoral with TTFields treatment (340).

Reactive Oxygen Species (ROS) are also produced by macrophages via the NAPDH oxidase. ROS is a
secondary messenger that activates both NF-kB and MAPK signalling pathways (341). Interestingly,
ROS secretion was also increased in RAW 264.7 cells following TTFields treatment. Under normal
circumstances, the inhibitor of kappa B (IkB-a) protein is bound to and inhibits NF-kB, sequestering
NF-kB to the cytoplasm. Both ROS and TNFa can activate IkB kinase (IKK). IKK phosphorylates IkB-q,
which results in polyubiquitination and subsequent proteasomal degradation of IkB-a, releasing the
transcriptional subunit of NF-kB, NF-kappa-B p65 subunit, which can subsequently translocate to the
nucleus and regulate transcription of target genes, including transcription of pro-inflammatory
cytokines (342). TTFields-treated RAW 264.7 cells showed increased phosphorylation of IkB-a and the
NF-kappa-B p65 subunit (339). This could be due to increased activation of the cyclic-GMP-AMP
synthase/stimulator of interferon genes (cGAS/STING) signalling pathway with TTFields treatment
(343). cGAS recognises cytosolic DNA, such as extra-nuclear micronuclei formation from DSBs (344),

which was shown to be increased by exposure to TTFields (345). cGAS produces cyclic guanosine
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monophosphate-adenosine monophosphate (cGAMP) upon detection of cytosolic DNA and activates
dimerisation of STING. TANK-binding kinase 1, an IKK-related serine/threonine kinase, associates with
STING and mediates NF-kB signalling in the presence of cytosolic DNA though inhibitory
phosphorylation of IkB-a (346). The sensing of cytosolic double-stranded DNA can also be detected by
the DNA sensor absent in melanoma 2 (AIM2), which activates caspase-1 and promotes maturation of
proinflammatory cytokines (IL-1B and IL-18) (347). TTFields was also shown to stimulate this process
(343). Phosphorylation on both threonine and tyrosine residues within a TxY motif is required for full
activation of MAPK proteins (348). Additionally, TTFields-treated RAW 264.7 cells displayed increased
phosphorylation of the MAPK protein, p38 (339). Sorafenib-mediated inhibition of signal transducer
and activator of transcription 3 (STAT3) enhanced cancer cell killing by TTFields in vitro and delayed
tumour growth in vivo. Re-expressing STAT3 in glioblastoma cells prevented sorefanib-mediated
sensitisation to TTFields, suggesting that this effect was mediated by STAT3 only and not through other
targets of kinase activity (serine/threonine kinases, receptor tyrosine kinases and MAPK/ERK
pathway), which are known to be inhibited by sorafenib (349). These data suggest that TTFields
mediates its anti-tumour immunity effects via regulation of NF-kB/MAPK signalling pathways in RAW

264.7 macrophages.

Patients that benefited most from TTFields treatment had higher blood T cell counts (350). T helper
cells, or CD4+ cells, stimulate B cells to secrete antibodies and macrophages against the invading
organism and activate cytotoxic T cells (CD8+ cells). Using rabbit models of lung cancer, Kirson et al.
(2009) showed that TTFields significantly increased the expression of CD45, CD4 and CD8 T-cells inside
the tumour compared to sham controls, suggesting that TTFields can also stimulate anti-tumour
immunity in vivo (351). TTFields may interfere with T cell functions that depend on cytoskeletal
changes or on vesicular transport, such as secretion, degranulation, and surface molecule
presentation. Importantly, TTFields was shown not alter T cell functions, such as IFN-y secretion,
cytotoxic degranulation, and PD1 upregulation. TTFields-treated chimeric antigen receptor (CAR)-T
cells were just as cytotoxic as untreated CAR-T cells toward their CAR targets. Although, TTFields did
reduce the viability of proliferating T cells, therefore a balance must be achieved between selecting a
frequency and intensity of treatment that permits efficient cancer cell killing whilst minimising the
anti-proliferative effects on T cells (340). Programmed cell death protein 1 (PD-1) functions by
preventing CD28-mediated co-stimulation during T-cell activation. By disrupting TCR/CD28 signalling,
PD-1 prevents cytokine production and therefore prevents activation of the immune response (352).
Such negative regulatory signals are essential to prevent hyperactivation of the immune system which

can result in autoimmune disorders (e.g. rheumatoid arthritis and multiple sclerosis), however, cancer
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cells can exploit this mechanism to evade immune response mediated cell death (353). Finally,
Voloshin et al. (2017) showed that combining TTFields with a PD-1 inhibitor reduced the tumour
volume of lung tumour-bearing mice with TTFields compared to sham control and compared to mice
treated with the inhibitor alone (354), suggesting that PD-1 inhibition may further promote the anti-

tumour immune response elicited by TTFields treatment.

1.3.1.5 TTFields suppresses cancer cell migration

Glioblastomais characterised by highly infiltrative growth, which limits the extent of surgical resection
that is safely possible and therefore contributes to the aggressiveness of the disease and disease
recurrence (355). Kirson et al. (2009) previously showed that TTFields treatment reduced metastasis

of solid tumours to the lungs in mice models (351).

Metastasis is a multi-step process that requires migration and invasion of cancer cells from a primary
tumour site to a secondary site where a new tumour is initiated (356). Wound healing and trans-well
assays demonstrated that TTFields treatment significantly reduced cell migration and invasion of
established glioma cell lines compared to untreated cells (334, 357). More importantly, these effects
were reproduced in the glioblastoma stem cell (GSC) population, a population of cells thought to be
of particular significance in terms of driving tumour recurrence and cancer progression
(334). Epithelial-to-mesenchymal transition (EMT) is an essential step that drives the establishment of
a highly migratory and invasive cell population and promotes metastasis (358, 359). EMT is
accompanied by the loss of epithelial cell markers, such as the cell-cell adhesion protein E-cadherin,
in favour of mesenchymal markers, such as vimentin. TTFields treatment was shown to increase
expression of the epithelial marker E-cadherin whilst decreasing the expression of the mesenchymal
marker vimentin, suggesting that TTFields could potentially inhibit EMT and prevent the establishment
of a more migratory and invasive cell population (357). TTFields downregulated the expression of Snail

and Twist, transcription factors associated with EMT (360).

Cell migration is especially important during invasion, the initial step of metastasis. Cancer cell
migration is facilitated by focal adhesions, which are structures that connect the cell cytoskeleton to
the extracellular matrix (EC) through integrins. Integrin molecules are transmembrane receptors that
control cytoskeletal organisation (by mediating actin polymerisation and depolymerisation) and link
the actin cytoskeleton to the extracellular matrix, a process regulated by Rho GTPases and ROCK (361)

(362). Focal adhesion strength determines the ability to form attachments with the EC. Strong
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adhesions are required to form connections with the EC at the leading edge so as to provide the forces
required to pull the cell body forward, whilst weaker focal adhesions are required to enable to release
the cell from the EC at the trailing edge. Too weak focal adhesions at the leading edge means the cell
cannot be pulled forward, whilst increasing strength of focal adhesions at the trailing edge prevents
release of the cell (363, 364). The size of the focal adhesion has been shown to be proportional to its
strength (365). TTFields increased the number of focal adhesions formed and increased their size
relative to untreated cells, such that cells formed stronger adhesions (366). Actin polymerisation and
clustering of integrin molecules is required to provide the mechanical forces that pull the cell forward,
whilst disassembly of integrins and actin depolymerisation is required to mediate detachment (367).
As might be expected, TTFields affects microtubule and actin organisation during cell migration and
was shown to activate the GEF-H1/RhoA/ROCK signalling pathway (366). The effects of TTFields are
more pronounced on tumour cells that migrate in the direction that is perpendicular relative to the

field. TTFields also affects the directionality of microtubule assembly (366).

In addition, Kim et al. (2016) demonstrated via a Matrigel-based tube formation assay that TTFields
reduced tube formation of glioma cell lines, effects that were accompanied by a reduction in
expression of the angiogenic factors, hypoxia-inducible factor 1 (HIF1) and vascular endothelial growth
factor (VEGF). Therefore, in addition to preventing cell invasion and migration, TTFields appear to
inhibit angiogenesis, another essential factor that drives cancer metastasis (368). Finally, matrix
metalloproteinases 2 and 9, which are proteins that degrade components of the extracellular matrix
and basement membrane and are therefore required for both angiogenesis and cell invasion (369,
370), were also downregulated by TTFields treatment, which was suggested to be due to inhibition of
NF-kB, MAPK and PI3K/AKT signalling pathways (357, 360). However, given the role the tumour
microenvironment plays in driving angiogenesis and cancer cell migration and invasion, in vivo

investigations will help consolidate the effects of TTFields on cell migration and invasion.

1.3.1.6 TTFields to enhance BBB permeability, cell membrane permeability and intra-cellular drug

delivery

The blood brain barrier (BBB) characterises the collection of micro vessels of the central nervous
system, which closely control the exchange of substances between the blood and brain tissues. Whilst
the BBB helps to maintain correct neuronal function and keeps the brain safe of toxins and pathogens,
the BBB also restricts access into the brain (and therefore at the tumour site) to a lot of drugs, some

of which have shown some hopeful preclinical data for the treatment of glioblastoma (371). The BBB
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is formed by a tightly packed monolayer of endothelial cells connected by tight junctions, a cell-cell
junction that is impermeable to most molecules either side of the epithelium. Two of the main
constituents of tight junctions are claudins, which limit paracellular diffusion of molecules, and

occludin proteins, which provide structural integrity to the tight junction (372).

Kessler et al. (2019) recently showed that TTFields application interfered with BBB integrity by causing
tight junction proteins, Claudin 5 and Zonula occludens-1 (ZO-1), to localise from the membrane of
endothelial cells to the cytoplasm, with most prominent effect seen at a frequency of 100 kHz and
with prolonged exposure to TTFields (72 hours). After 48 hours following cessation of TTFields
treatment, cell morphology started to return to normal and had fully recovered by 96 hours post-
TTFields exposure indicating that the effects of TTFields on the BBB are reversible (373). Evans Blue
(EB) dye extravasation is the most common method used to measure BBB permeability in vivo. EB
does not normally pass through thee BBB, therefore detection of EB within brain tissue is indicative of
changes in BBB permeability (374). Kessler et al. (2018) showed that TTFields significantly increased
EB build-up in the brain of rats, indicating an increase in BBB permeability with TTFields, making the
barrier leakier and more permissive to therapeutics. TTFields was also shown to reduce
transendothelial electrical resistance (TEER), indicative of reduced membrane integrity and increased
permeability (375). These effects have been suggested to be mediated through disruption of BBB
integrity via delocalisation of tight junction proteins, Claudin 5 and ZO-1 (373). GEF-H1/Rho/Rho
kinase activity, which has been shown to be elevated by TTFields treatment, disrupts the association
between claudin-5 and ZO-1. TTFields-induced activation of ROCK activity could also lead to changes
in microtubule organisation that resulted in delocalisation of claudin-5. Preventing activation of ROCK

using the inhibitor fasudil prevented TTFields-mediated delocalisation of claudin-5 (375).

In addition to increasing BBB permeability, TTFields has also been shown to increase cell membrane
permeability (376). Whilst integral membrane proteins mediate the transport of large polar molecules
and ions across the membrane by passive or active transport, small ions and molecules can simply
diffuse across the cell membrane through small holes that punctuate the surface of the cell membrane
(377). Electroporation is a technique that applies short electric field pulses to induce temporary and
reversible pores in the membrane of cells. Electroporation significantly modifies the transmembrane
potential around the cell and once a certain threshold is reached, the membrane is destabilised in
such way that aqueous pores form on the cell membrane (and activate ion channels) (378). As
previously described, TTFields has been suggested to induce changes in the Vm of cancer cells (293)
and has been shown to activate Cav2+ channels (299). Scanning Electron Microscopy showed that

TTFields increased both the number and the size of holes in the membrane of glioma cells, with the
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average hole size of TTFields-treated cells being 240.6 + 91.7 nm? compared to 129.8 +31.9 nm? in
untreated cells. Parameters such as electric field intensity, electric field frequency, and duration of
exposure contribute to the extent of electroporation that can be achieved (379), and TTFields may
therefore not be able to induce electroporation to same degree as standard electroporation
techniques. For example, standard electroporation techniques usually employ short electric fields
pulses at a frequency much higher than what would be expected with TTFields. Interestingly and
importantly, these changes were specific to cancer cells as they did not see any changes in membrane
structure of healthy human fibroblast cells with TTFields, possibly because cancer cells have varied ion
channel expression and membrane potential relative to healthy cells and the resting membrane
potential is important for the threshold for permeabilization (380). Additionally, they showed a
significant increase in the uptake of membrane-associating drugs of up to a size of 20 kDa (kilodalton),
and no larger than 50 kDa, into glioma cells with TTFields. These changes were reversible and returned

to normal by 24 hours after stopping TTFields treatment (376).

These findings could explain the reported increase in sensitivity to chemotherapeutic drugs with
TTFields and might even explain the EF-14 trial results demonstrating a significant improvement in
survival when combining TTFields with TMZ compared to TMZ alone (63). If indeed TTFields renders
cell membranes more permeant to chemotherapeutics and increases drug uptake across the BBB,
TTFields should in theory improve therapeutic efficacy of current chemotherapeutic agents, such as
TMZ, having important implications for the rational design of TTFields-chemotherapy combinations
and drug scheduling. Additionally, the use of TTFields could potentially widen the options of drugs that
can be used to treat glioblastoma, as it could not only potentially allow delivery of drugs into the brain
that were previously unable to cross the BBB but could also potentially increase intracellular

concentrations of these drug once inside the brain.

1.3.2 TTFields-based combinational approaches

Even with the addition of TTFields therapy to standard care TMZ, over half of glioblastoma patients
still do not survive beyond 2 years (267), and therefore improved treatment options are urgently
needed for the management of glioblastoma. Combination approaches directed at the DDR are being
explored as strategies for the treatment of glioblastoma, however considering that distinct DNA
damage response pathways share common functions and functional redundancy is observed within
the DDR, targeting separate DDR processes in parallel is likely to offer optimal therapeutic responses
and overcome treatment resistance. TTFields is associated with no additional systemic toxicities in

combination with DNA-damaging agents and has been shown to induce vulnerabilities within DNA
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damage repair processes making it the ideal candidate to form the basis of combinational strategies
directed at the DDR. However, whilst TTFields is gaining attention in glioblastoma research, there have
been to date no studies extensively exploring the therapeutic potential and scope of TTFields in
combination with DDRIi for the treatment of glioblastoma. As highlighted above, PARP1, FAP proteins,
WEE1, ATM and ATR each play a notable role in the response to DNA damage induction, therefore
providing a strong preclinical, and potentially clinical rational for the use of inhibitors towards these

proteins in combination with TTFields.

1.4 Hypothesis and Project Aims

1.4.1 Hypothesis

Combining TTFields with therapeutic DDR inhibitors will enhance TTFields potency in glioma cells

alone or in combination with current standard care chemo-/radio-therapy.

14.2 Aims

1. Todetermine the most effective combination of therapeutic DDRi with TTFields using a range
of glioma cell models (including those representing residual tumour following surgical

resection and tumour heterogeneity).
2. To assess the mechanistic basis of interaction of TTFields/DDRi-based combinations.
3. Todevelop and optimise a clinically relevant ex-vivo 3D scaffold-based TTFields culture system

for the assessment of treatment effects in primary, patient-derived glioblastoma cancer stem

cell cultures.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Materials

2.1.1 General laboratory equipment

Table 3. General laboratory equipment.

Centrifuge (5430)

Centrifuge (Heraeus MegaFuge 16)
Dri-Block® (DB-2D)

Electric Pipet Controller
Electrophoretic Transfer Cell

Film Processor (Mibolta SRX101A)
Fluorescent Microscope (Eclipse TE200)
Haemocytometer (Improved Neubauer
AC1000)

Incubator (Tissue Culture)

Incubator with Integrated Cooling System
(CCL-170 — dedicated TTFields Tissue

Culture)

Inovitro™ Tumour Treating Fields Delivery

System

Mini Gel Tank (Invitrogen)

Mini Gyro-rocker

Mini-Cell Electrophoresis System (XCell
SureLock™)

Mini-PROTEAN tetra cell

Multi-channel Pipettes — P10, P20, P1000
pH Meter (Model 3510)

Pipettes — P2, P10, P20, P200, P1000
PowerPac™ Basic Power Supply
Repetman™ Electronic Pipette
Scanner (Expression 1680 Pro)

Vortex

Water Bath (JB Aqua 18 Plus)

Eppendorf
Thermo Fisher Scientific
Techne
FisherBrand™
Bio-Rad
Konica

Nikon

Hawksley

Sanyo

ESCO

Novocure

Thermo Fisher Scientific

Stuart®

Thermo Fisher Scientific

Bio-Rad
Gilson
Jenway
Gilson
Bio-Rad
Gilson
Epson
Fisons Scientific Equipment

Grant Instruments



2.1.2 Consumables

Table 4. Consumables

Cell Scraper —25cm

Centrifuge Tubes — 15ml

Centrifuge Tubes — 50ml

Coverglass — 22 x 22mm

Cryovials (CryoPure White) — 1.8ml
Disposable Serological Pipettes — 5ml,
10ml & 25ml

Eppendorfs —0.2ml, 0.5ml, 1.5ml & 2ml
Filter Tips — 0.1-10pl, 2-20pl, 2-200pl,
10010004l

Filter Tips —0.1-10pl, 2-20pl, 2-200pl,
1001000l

Gel Loading Tips

Glass Bottles

Microlance Needles

Optical Adhesive Film (MicroAmp™)
Pipette Tips — 2-200ul, 100-1000pl
Reagent Reservoir — 50ml

Repetman™ Sterile Pipet Tips — 1.25ml,
5ml, 12.5ml

Round Tissue Culture Dishes —10cm
Sterile Syringes — 1ml, 5ml, 10ml
(Plastipak™)

Tissue Culture Flasks (Nunclon™ Delta
Surface EasYFlask™) — 25cm2, 75cm2
Tissue Culture Treated Plates — 24 well
Tissue Culture Treated Plates — 6 well

X-Ray Film (Fuji Medical Super RX)

78

Sartedt
Corning
FisherBrand™
Menzel-Glazer

Sarstedt

FisherBrand™

Sarstedt

Biosphere®

Starlab

Starlab
Fisher Scientific
Becton Dickinson
Thermo Fisher Scientific (4311971)
Sarstedt

Corning

Gilson

Cellstar

BD Biosciences

Fisher Scientific

Corning
Costar

Fujifilm
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2.1.3 Sterilisation
Solutions requiring sterilisation, such as PBS, were autoclaved. Autoclaving was performed at a

pressure of 15 pounds per square inch (psi) and temperature of 120°C for 15 mins.

Stock solutions of chemotherapeutic agents or DDR inhibitors were filter sterilised using a 5ml syringe

and a Millex GP filter unit (0.22um pore size).

2.1.4 Purified water

Type 1 ultra-pure deionised water (ddH20) was produced using a Triple Red System.

2.1.5 Reagents

Table 5. Reagents

1,4-dithiothreitol (DTT)

30% Acrylamide Mix
4',6-diamidino-2-phenylindole (DAPI)
Accutase™ StemPro™ Cell Dissociation

Reagent

Advanced DMEM/F-12 (Dulbecco's Modified

Eagle Medium/Ham's F-12)
Ammonium Persulfate (APS)
Amphotericin B (Fungizone)

Annexin V

B-27 Supplement (50x) Serum Free
Benzonase Nuclease

Bovine Serum Albumin (BSA)

Dimethyl Sulfoxide (DMSO)

EGF Recombinant Human Protein
Ethanol

Ethylenediaminetetraacetic acid (EDTA)
Goat Calf Serum

FGF Recombinant Human Protein
HiMark™ Pre-stained Protein Standard
(Ladder)

Hydrochloric acid (HCL) 37%

Sigma (DTT-RO)
Geneflow (A2-0084)
Merck (D9542-10MG)

Invitrogen (A11105-01)

Invitrogen (12634028)

Thermo Fisher Scientific (17874)
Gibco (15290)

BD Biosciences (# 556419)
Invitrogen (17504-044)
Novagen (70664-3)
Sigma (A2153)

Fisher Scientific (D/4120/PB08)
Invitrogen (PHG0313)
Fisher Scientific (AC615090010)
Sigma (1233508)

Sigma (G6767)
Invitrogen (PHG0263)

Thermo Fisher Scientific (LC5699)

Fisher Scientific (A144-500LB)



Industrial methylated spirit (IMS)
L-Glutamine-200mM (100x)

LMagrose

Matrigel® Growth Factor Reduced (GFR)
Basment Membrane Matrix LDEV-Free
(Corning®)

Methanol

Methylene blue

Milk Powder

N-2 Supplement (100x) Serum Free
Nitrocellulose Membrane (Protran®
NuPAGE™ 4-12% Bis-Tris Protein Gels —1.5
mm, 10 well

NuPAGE™ LDS Sample Buffer (4X)
NuPAGE™ MOPS SDS Running Buffer (20X)
NuPAGE™ Transfer Buffer (20X)

NuPAGE™ Tris-Acetate SDS Running Buffer
(20X)

Oxoid PBS Tablet

Paraformaldehyde (PFA) — 4% solution in
PBS

Penicillin-Streptomycin (10,000U/ml)
Phosphatase Inhibitor Tablets (PhosSTOP™)
PierceECL Western Blotting Substrate
Propidium iodide

Protease Inhibitor Cocktail (cOmplete™
ULTRA Tablets Mini EASYpack)

Protein Assay Dye Reagent Concentrate
SeeBluePlus2 Prestained Standard (Ladder)
Sodium chloride

Sodium Dodecyl Sulphate (SDS)

Sodium Hydroxide (NaOH) Pellets

Sucrose
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Fisher Scientific
Invitrogen (25030081)
R&D Systems (4250-050-02)

BD Biosciences (354230)

Fisher Scientific (A452SK-4)
Sigma-Aldrich (M9140)
Marvel
Invitrogen (17502-048)
VWR (10600010)

Thermo Fisher Scientific (NPO335BOX)

Thermo Fisher Scientific (NPO007)
Thermo Fisher Scientific (NPO001)
Thermo Fisher Scientific (NPO006)

Thermo Fisher Scientific (LAO041)

Thermo Fisher Scientific (BR0O014)

Santa Cruz Biotechnology (SC-281692)

Invitrogen (15140122)
Sigma (4906845001)
Thermo Fisher Scientific (32106)
Sigma (P4864)

Sigma (5892970001)

Bio-Rad (500-0006)
Thermo Fisher Scientific (LC5925)
Sigma (S7653)

Sigma (L3771-500G)
Sigma (55881)

Sigma (57903)



SYBR® Gold Nucleic Acid Gel Stain

Tris

Tris Hydrochloride

Base

Triton™ X-100

TWEEN® 20

Visualiser™ Western Blot Detection Kit

2.1.6 DNA damaging agents and DDR inhibitors

Table 6. DNA damaging agents and DDR inhibitors

AZDO0156

AZD1390

AZD1775

AZD6738

Olaparib (Lynparza;

AZD2281)

Temozolomide

2.1.7

Table 7. Antibodies

Antibodies

PARP1

aPAR

FANCD2

CDC2

p-CDC2(Y15)

Thermo Fisher Scientific (511494)

Sigma (TRIS-RO)
Sigma (10812846001)
Sigma-Aldrich
Sigma (P1379)

Thermo Fisher Scientific (10553414)

Selective inhibitor of DMSO
ATM

Selective inhibitor of DMSO
ATM

WEE1 inhibitor DMSO
Selective ATR inhibitor DMSO
PARP inhibitor DMSO
Alkylating agent DMSO
Mouse 1:1000 (WB)
Rabbit 1:1000 (WB)
Mouse 1:1000 (WB)
Rabbit 1:1000 (WB)
Rabbit 1:1000 (WB)

Selleckchem (S8375)

Selleckchem (S8680)

Selleckchem (S1525)
Selleckchem (57693)
Adooq Bioscience
(A10111)

Sigma (T2577)

Santa Cruz
(sc-8007)
Millipore

(MABE1016)

Santa Cruz

(sc-20022)
Cell signaling
(# 77055S)

Cell signaling



Chk1

p-Chk1(Ser345)

ATR

ATR

Chk2

p-Chk2(Thr68)

ATM

p-ATM(Ser1981)

KAP1

p-KAP1(S284)

BRCA1

P53

Caspase-3

LC3-B

B-actin

GAPDH

Anti-rabbit

Mouse

Rabbit

Goat

Mouse

Rabbit

Rabbit

Mouse

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Mouse

Mouse

Swine

1:1000 (WB)

1:500 (WB)

1:250 (WB)

1:250 (WB)

1:1000 (WB)

1:500 (WB)

1:1000 (WB)

1:500 (WB)

1:1000 (WB)

1:1000 (WB)

1:200 (WB)

1:1000 (WB)

1:1000 (WB)

1:1000 (WB)

1:5000 (WB)

1:5000 (WB)
1:1000 (WB)

(#91115)
Cell signaling
(#2360S)
Cell signaling
(#2341)
R&D Systems
(HAFA717)
Santa Cruz
(sc-515173)
Cell signaling
(#2662S)
Cell Signaling
(#21975)
Abcam
(ab78)
Cell signaling
# 13050S
ThermoFisher
# A300-274A

ThermoFisher

# A300-767A-M

Santa Cruz
(sc-642)
Bethyl
(A300-247A)
Cell signaling
#9662S
Cell signaling
# 3868S
Santa Cruz
(sc-47778)
Antibodies

DAKO
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(P0399)
Anti-rabbit Goat 1:1000 (WB) Cell signaling (7074S)
DAKO
Anti-goat Rabbit 1:1000 (WB)
(P0449)
Anti-mouse Goat 1:1000 (WB) DAKO (P0447)
Anti-mouse Horse 1:2000 (WB) Cell signalling (7076S)
Abcam
53BP1 Rabbit 1:500 (IF)
(ab21083)
Millipore
yH2AX Mouse 1:500 (IF)
(05-636)
Abcam
p-RPA2(T21) Rabbit 1:500 (IF)
(ab61065)
Alexa Fluor® 594 Invitrogen
Goat 1:500 (IF)
Anti-Mouse (A-11005)
Alexa Fluor® 594 Invitrogen
Goat Goat 1:500 (IF) (A-11012)
Anti-Rabbit
Alexa Fluor® 488 Invitrogen
Goat 1:500 (IF)
Anti-Rabbit (A-11010)

2.1.8 Standard solutions

Table 8. Standard solutions

1.0M Tris pH 8.0: 131.14 g tris base was dissolved in 500mL ddH20. HCl was used to pH the
solution. Once a pH of 8.0 was reached, the solution was topped up with ddH20 to 1000mL.
10% APS: 1g APS dissolved in 10mL ddH20.

10% SDS: 50g SDS dissolved in 500mL ddH20.

10X TBS: 24.2g Tris-Base and 80g NaCl dissolved in 500mL ddH20. HCl was used to pH the
solution. Once a pH of 7.6 was reached, the solution was topped up with ddH20 to 1000mL.
1X TBS: 100mL 1x TBS dissolved in 900mL ddH20.

1M DTT: 1.54g DTT dissolved in 10mL ddH20.

5% BSA: 25g BSA dissolved in 500mL PBS.

5% Marvel Milk: 5g Marvel milk powder dissolved in 100mL PBS-T.

83
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500mM EDTA: 146.12g EDTA dissolved in 1000mL ddH20.

5M NaCl: 146g NaCl dissolved in 500mL ddH20.

70% Ethanol: 700mL ethanol and 300mL ddH20.

70% Methanol: 700mL methanol and 300mL ddH20.

Alkaline Unwinding Solution: 4g NaOH pellets and 2.5ml 20mM EDTA (R&D Systems cat. # 4250-
050-04, included in comet assay kit) made up to 500ml| with ddH20.

Alkaline Electrophoresis Solution for Comet Assay: 8g NaOH pellets and 2ml 500mM EDTA made
up to1000ml with ddH20.

Methylene Blue (0.4%): 2g methylene blue dissolved in 500mL 70% or 100% methanol.

NuPage MOPS SDS Running Buffer: 50mL NuPage MOPS SDS Running Buffer (20X) in 950mL
ddH20.

NuPage Transfer Buffer: 50mL NuPage Transfer Buffer (20X), 750m| ddH20 and 200ml methanol.
PBS-T: 500uL TWEEN 20 dissolved in 500ml PBS.

PBS: 1 Oxoid PBS tablet dissolved in 100mL ddH20 and sterilised by autoclaving.

TBS-T: 500uL TWEEN 20 dissolved in 500mL 1X TBS.

TE buffer pH 7.5: 10mM TRIS HCI pH 7.5 with 1mM EDTA.

2.2 Methods

2.2.1 Celllines

G1 and G7 primary, patient-derived glioblastoma stem cells (GSCs) were kindly gifted by Professor
Colin Watts (University of Birmingham, Brain Cancer Programme Chair) and Professor
Anthony Chalmers (University of Glasgow, Chair of Clinical Oncology). These cell lines were initially
derived from freshly resected glioblastoma specimens by Professor Watts’ former laboratory in
Cambridge (381-383). Preliminary work using additional Sheffield derived primary glioma cell lines,
including residual surgical resected and tumour heterogeneity models, such as OX5-core and edge
stem cell models (figure 2.1), are also presented in this thesis. These models are described in the

recently submitted PhD thesis of Mr. Ola Rominiyi.
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Figure 2.1. Derivation of parallel Sheffield GSC lines to model intra-tumoural heterogeneity.
A. Pre- and post-operative MRI scans following intravenous contrast. The blue dot indicates the tumour core, whilst the

green dot indicates healthy, adjacent brain tissue infiltrated by the tumour edge. B. Tumour sample retrieved from the Royal
Hallamshire Hospital both prior to dissection (left) and after microdissection (right) into core, infiltrative edge, and
intermediate (inter.) components for parallel GSC line derivation. C. Brightfield light microscopy images (20x magnification)
of Sheffield OX-5 and OX-2 core and edge GSC monolayers. Scale bars = 500um. Glioma tumour heterogeneity models have
also been generated from multiple sampling within a single tumour (data not shown). Cell lines and figure courtesy of Mr.
Ola Rominiyi.
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2.2.2 Growth conditions

All glioblastoma stem cell lines were propagated as adherent monolayers on matrigel-coated T75
flasks with 10mL advanced DMEM supplemented with L-glutamine, B27, N2, Penicillin-Streptom,
Heparin, amphotericin B, EGF (2uL EGF (100ug/mL) per 10mL media) and FGF (1ulL FGF (100pg/mL)
per 10mL media) in a humidified incubator at: 37°C, 5% CO2 and 21% 02. Cells were passaged roughly
every 5-7 days (once cells had reached ~70-80% confluency), the frequency of passaging varying

between cell lines.

2.2.3 Matrigel preparation

Ice-cold (to prevent solidification) liquid Matrigel™ was diluted 1:40 with Adv DMEM (without
additives or growth factors). Diluted matrigel (1:40) was then coated onto tissue culture flasks and
plates (1.5mL/T25 flask, 2.5mL/T75 flask, 0.5mL in each well of 6-well and 12-well plates). Once coated
with matrigel, plates and flasks were incubated for 45-60mins at 37°C to allow matrigel solidification.
Excess matrigel was aspirated off. Matrigel-coated plates and flasks were either used immediately or

stored for later use at -2°C (stored for up to two weeks).

2.2.4 Serial passaging of cells

GSCs were passaged once they were roughly 70-80% confluent, based on microscopic appearance.
Old culture media was discarded, and cells were then washed twice with PBS to remove any remaining
culture media and to remove dead cells and cell debris. 500 uL Accutase was then added to cell
monolayers and cells were placed in the incubator until the cells had detached. Cells were re-
suspended with 4.5mL culture media was (enough to inactivate the Accutase). A fraction of this cell
suspension (usually 1:10) was then used to re-seed the cells onto a new matrigel-coated T75 flask
containing fresh culture media (advance DMEM with additives and growth factors). Cells were

passaged up to 25 times before cells were discarded and fresh cells were thawed.

2.2.5 Counting cells

GSCs were detached from monolayers using 0.5 mL Accutase and were then re-suspended with 4.5mL
Adv DMEM with additives and growth factors (stem media) to form a single cell suspension. 10uL of
this single cell suspension was pipetted into each chamber of a haemocytometer, between the
haemocytometer and the cover glass using a P-20 micropipette. The number of cells in each of eight

outer squares (four squares/chamber) were counted. The mean number of cells counted was



87

determined by dividing the sum of the cells counted in each square by eight. The number of cells per

mL is equal to the mean cell count x 1074,

2.2.6 Cryopreservation

GSCs were detached from the flask using Accutase (0.5mL) and re-suspended in 4.5 mL Adv DMEM
media (without additives or growth factors). The cell suspension was transferred to 15 mL centrifuge
tubes and the cell suspension was centrifuged at 1000 rpm for 3 minutes. The media was then
discarded, and cell pellets were resuspended in 2-3 mL (depending on cell confluence) of Adv DMEM
media with 10% DMSO. 1ml aliquots were placed in labelled cryovials. Cryovials were either stored at
-80°C for short-term storage or were transferred to liquid nitrogen for long-term storage, after being

stored at -80°C overnight.

2.2.7 Thawing cells

Cryovials were recovered from liquid nitrogen storage/-80°C freezer and were warmed in a 37°C water
bath to form a liquid cell suspension. Once thawed, the cell suspension was immediately transferred
to a T25 matrigel-coated flask containing 10ml stem media. Cells were left to adhere overnight. Old
media was discarded and replaced with new media the following day. Cells were transferred to T75

matrigel-coated flasks once cells had reached a confluence of 70-80%.

2.2.8 Survival assays

2.2.8.1 Cell counting

Following TTFields treatment, the number of GSCs in each dish (including control dishes) was counted
to assess how the viability of TTFields-treated GSCs compared to control cells (untreated). Old media
was discarded and 500uL Accutase was added to each dish. Each dish was covered with sterile parafilm
and placed in the incubator for ~4 mins to allow cells to detach. Cells were then re-suspended in 1.5ml
stem media. Cell suspensions were transferred to centrifuge tubes and mixed thoroughly. Cells were
counted using a haemocytometer as described above. The average number of cells counted using the

haemocytometer (in cells/ml) was multiplied by 2 to give the total number of cells per dish.

2.2.8.2 Clonogenic assay

Clonogenic assays were used in GSCs cultured in stem media to determine the effects of TTFields on
cell survival. Following TTFields treatment, G1 and G7 stem cells were plated in 6-well tissue culture

plates coated in Matrigel at varying densities (300, 500 and 1000 cells/well). Cells were then incubated
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for 21 days at 37°C. At the end of the incubation, the media was discarded, and cells were stained by
addition of ~2mLs/well methylene blue in 70% methanol for ~30 minutes. Methylene blue was then
removed, and plates were then washed by slowly dipping each plate twice in warm water to remove
any excess methylene blue. Plates were left overnight to dry, and colonies were then counted (a
colony = a group of 50 cells or more). Once counted, the plating efficiency (PE) was determined for

the untreated control of each cell line using the following equation:

number of colonies formed
number of colonies seeded

Plating ef ficiency (PE) =

The surviving fraction (SF) for each experimental condition was calculated relative to the untreated

control, using the following formula:

number of colonie formed after treatment

Surviving Fraction (SF) =
urviving Fraction (SF) number of cells seeded x PE

Where applicable, individual sensitiser enhancement ratios (SER) were assessed. SERs are
conventionally used to describe the ratio of radiation dosage (D) that is required to provide the same

reduction in survival with and without a sensitiser:

D, (survival fraction without sensitiser)

Sensitiser Enhacement ratio (SER) =
(SER) D, (survival fraction with sensitiser)

2.2.9 Western blotting

2.2.9.1 Protein extraction

2D inhibitor optimisations — At the end of the treatment, 6-well plates were washed three times with
ice cold PBS. Plates were kept at -80°C if not proceeding immediately. 100pl lysis buffer (table 9.) was
added to each well and cells were harvested from each well using a cell scraper and transferred into
labelled Eppendorf’s. Cells were left to lyse for 30 minutes on ice and were vortexed every 15 minutes.
Cells were then centrifuged at 15,000G for 15 minutes at 4°C and the supernatants were transferred

into fresh Eppendorf tubes.

3D inhibitor optimisations — At the end of the treatment, 6-well plates were washed three times with
ice cold PBS. Plates were kept at -80°C if not proceeding immediately. 100pl lysis buffer (table 9.) was

added to each well and incubated on ice for 15 minutes. Plates were then transferred to a rotating
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platform for 10 minutes at ~ 200rpm. Cell solution was then transferred to labelled Eppendorf tubes
and were left to lyse for 30 minutes on ice and were vortexed every 15 minutes. Cells were then
centrifuged at 15,000G for 15 minutes at 4°C and the supernatants were transferred into fresh

Eppendorf tubes.

TTFields-treated samples — At the end of the treatment, media was discarded and cells were lifted
with Accutase. Cells were resuspended in media and centrifuged for 3-minutes. Media was discarded
and cells were resuspended in ice cold PBS and transferred to Eppendorf tubes. Cells were centrifuged
at 15,000G for 3 minutes at 4°C before discarding the PBS. Cell pellets were stored at -80°C if not
proceeding immediately. Cells were resuspended in 100ul lysis buffer. Cells were left to lyse for 30
minutes on ice and were vortexed every 15 minutes. Cells were then centrifuged at 15,000G for 15

minutes at 4°C and the supernatants were transferred into fresh Eppendorf tubes.

Table 9. Lysis buffer

Tris pH 8.0 1M 250 pl

Nacl 5M 200 pL

Triton X-100 100% 50 pL

DTT M 5puL

EDTA 500mM 10 pL
Benzonase 25U/ml 250 pL
Protease inhibitor cocktail - 2.5mL
ddH20 - 1.98 mL

2.2.9.2 Protein quantification

The protein content of each lysate was then quantified if the following manner. 39ul of ddH20 and
1ul of protein lysate were pipetted into a 96-well plate in triplicate. 200uL Protein Assay Dye Reagent
Concentrate (BioRad), diluted 1:5 with ddH20, was then added to each well. The Optical Density (OD)
was read at 595nm on a Multiskan FC, Thermo Scientific spectrophotometer, relative to distilled
water. Protein standard curves were generated from known concentrations of protein using bovine
serum albumin (BSA). Protein standard curves were used to quantify protein concentration by solving
the linear quadratic equation y = mx + ¢ (with m = slope gradient, c = y-intercept and where solving
for x gives the protein concentration of the lysate). Once quantified, 25ulL of 4X NuPage LDS Loading
Buffer and 5mM DTT mix (10uL 5mM DTT/1mL loading buffer) was added to each lysate. Samples were

then vortexed and boiled for 5 minutes at 95°C and stored at -80°C until required.
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SDS-PAGE and western Blotting - 10-well NUPAGE 4-12% Bis-Tris gradient gels and 10-well NUPAGE 3-
8% Tris-Acetate gradient gels were used for western blotting. Between 25-50ug of protein and 4X
NuPage LDS Loading Buffer mix (depending on protein content of samples) were loaded onto the gels.
1X SeeBluePlus2 Pre-stained Standard was also loaded on either side of the protein samples, acting as
a molecular weight reference. Empty wells were loaded with 5ul of 4X NuPage LDS Loading Buffer.
The samples were electrophoresed in NUPAGE SurelLock Mini Cell Gel Tank or ThermoFisher Mini Gel
Tank (when blotting for FANCD2), with 1X NuPage MOPS SDS (20X stock) Running Buffer or 1X NuPage
Tris-Acetate Running Buffer (20X stock), respectively, at 140-150V for ~90 minutes. Protein from the
gels was transferred to nitrocellulose membranes at 100V for 120 minutes in Mini PROTEAN Tetra
Cells, using 1X NuPAGE transfer buffer (20X stock) diluted with pure methanol and
ddH20. Membranes were blocked for 60 minutes in 5% milk with PBS-T or 5% BSA with TBS-T, when
blotting for p-Chk1(Ser345). Primary antibodies were made up in 5% milk with PBS-T or 5% BSA with
TBS-T, again when blotting for p-Chk1l. Membranes were incubated with primary antibodies overnight
at4°C. Membranes were washed 3x with PBS-T, each wash lasting 10 minutes. Membranes were then
incubated with secondary antibodies conjugated to HRP made up with 5% milk with PBS-T at a
concentration of 1:1000 for 1 hour. Membranes were washed 3 times in PBS-T. Membranes were
visualised using Pierce ECL western blotting substrate and developed using medical x-ray film and a

Konica SRX 101A Processor.

2.2.10 Immunofluorescence

2.2.10.1 Seeding cells and treatments

Cells were seeded onto sterile Matrigel-coated coverslips in 12-well plates at a density of 3 x 10*
cells/well and cells were then incubated overnight. The following day, cells were pre-treated with
inhibitor treatment (as specified in the results) in the 12-well plates. 1-hour post inhibitor treatment,
cells were irradiated (2Gy) and cover slips were then transferred out of the 12-well plates into the
respective Inovitro™ dish containing either DMSO/media or drug/media. TTFields (48 hours, 1.33
V/cm RMS, 200kHz) treatment was initiated as soon as possible following irradiation and once all cover

slips had been transferred into dishes.

2.2.10.2 Immunostaining

H2AX/51BP1 — Following TTFields treatment, cover slips were transferred back into 12-well plates and
cells were then washed twice with cold PBS. Cells were fixed with 4% PFA for ten minutes and

subsequently washed with PBS twice. Cell were permeabilised with 0.5% Triton X-100 in PBS for ten
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minutes. Once permeabilised, cells were washed three times with PBS and blocked for 1 hour with 3%
BSA in PBS. Cells were then incubated overnight at 4°C with primary antibodies at the required
concentration (see table 7) in 1% BSA PBS. Following incubation with primary antibodies, cells were
washed three times with PBS. Cells were then incubated with secondary antibodies (M595 1:500 and
R488 1:500) and DAPI (1:500) made up in PBS with 1% BSA at room temperature for 1-hour in the dark
(wrapped in foil). Finally, cells were washed three times and cover slips were mounted onto
microscope slides using Shandon Immu-Mount medium (Thermo Fisher Scientific). Slides were left to

dry overnight at room temperature in the dark.

p-RPA(T21) — Following TTFields treatment, cover slips were transferred back into 12-well plates and
cells were then washed twice with cold PBS. Cells were pre-extracted with 300mM sucrose, 0.2%
Triton-X in PBS on ice for 5 minutes. Cells were then fixed with 4% PFA for ten minutes and
subsequently washed with PBS twice. Cell were permeabilised with 0.5% Triton X-100 in PBS for ten
minutes. Once permeabilised, cells were washed three times with PBS and blocked for 1 hour with 5%
Goat serum in PBS. Cells were then incubated overnight at 4°C with primary antibodies at the required
concentration (see table 7) in 3% Goat serum in PBS. Following incubation with primary antibodies,
cells were washed three times with PBS. Cells were then incubated with secondary antibodies (M595
1:500 and R488 1:500) and DAPI (1:500) made up in PBS with 3% Goat serum at room temperature
for 1-hour in the dark (wrapped in foil). Finally, cells were washed three times and cover slips were
mounted onto microscope slides using Shandon Immu-Mount medium (Thermo Fisher Scientific).

Slides were left to dry overnight at room temperature in the dark.

2.2.10.3 Immunofluorescence microscopy and foci quantification

Microscopy was carried out on a Nikon Eclipse T200 inverted microscope (Melville), equipped with a
Hamamatsu Orca ER camera and a 200W metal arc lamp (Prior Scientific) using a 100x objective lens.
Images were analysed using Imagel software. Individual 53BP1 foci in each cell nucleus were counted
and cells were scored as either positive (25 foci) or negative (<5 foci) for yH2AX stain. A minimum of

100 cells were analysed for each experimental condition.

2.2.11 Alkaline Comet Assay

2.2.11.1 Alkaline comet assay procedure

Cells were plated on cover slips in 12-well plates at a density if 3 x 10* and incubated at 37°C overnight.
Cells were treated as details in the results and then processed immediately following treatment. The
Trevigen comet assay kit was used to process samples. LMagarose was pre-warmed in the microwave

and kept at 37°C in the water bath. Media was discarded from dishes and cells were detached with
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500pL Accutase. Cells were resuspended in warm PBS and transferred to centrifuge tubes. Cells were
pelleted at 1000rpm for 3mins and washed twice with warm PBS. Cell pellets were then resuspended
in ImL warm PBS and cells were counted using a haemocytometer. A final cell suspension of 1 x 10°
cells/mL in PBS for each sample was produced. 112.5ul of LMagarose was pipetted into pre-labelled
Eppendorf’s stored on a heat block set to 37°C (to prevent the LMagarose solidification). 12.5uL cell
suspension was then mixed with the LMagarose (1:10 dilution). 100uL LMagarose/cell mix was
pipetted onto the sample area of Trevigen comet slides. Cells were stored flat at 4°C in the dark for
30 mins to promote adherence. Cells were then lysed with Comet Lysis Solution at 4°C for 30 mins in
the dark. Following lysis, cells were exposed to Alkaline Unwinding Buffer for 20 mins at room
temperature. Electrophoresis was carried out at ~21V, with a constant current of 300mA (achieved by
adjusting the volume of electrophoresis buffer) for 30 mins at 4°C. Slides were rinsed with H20 twice
and were then immersed in 70% ethanol for 5 minutes. Samples were dried overnight at room
temperature. To stain cells, 100ul SYBR Gold in TE buffer (1:30,000) was pipetted onto each sample
area and left to stain for 30 mins in the dark. Excess SYBR Gold solution was removed by gently tapping

the slides and dipping them in H20. Slides were allowed to dry before imaging.

2.2.11.2 Image acquisition and analysis

A least 50 cells per condition per experiment were imaged using the FITC channel and 20x lens on a
Nikon Eclipse TE200 Fluorescent Microscope. Images were analysed using TriTek Comet Score

software (AMSBiotechnology, 2010). The tail moment (Mt) was used as a measure of DNA damage.
Tail moment (Mt) = % DNA in comet tail x comet tail length

2.2.12 Flow Cytometry — Annexin V/PI stain

2.2.12.1 Sample preparation and Pl staining

Cells were plated in 12-well plates on cover slips, treated, and collected at various time points as
specified in the results. Following treatment, media from each dish was collected and transferred to a
labelled centrifuge tube. Cells were detached using Accutase and cells were transferred to the
corresponding centrifuge tube. Cells were pelleted at 1000rpm for 3 mins and cells were washed twice
with cold PBS. The supernatant was discarded, and cells were resuspended in 100uL Binding Buffer.
5uL Annexin V and 5uL Pl were added to each sample and cells were incubated at room temp for
15mins in the dark. A further 200uL Binding Buffer was added to each tube and the cell suspension

was then transferred into labelled FACS tube and analysed by BD LSR Il Flow Cytometer.
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2.2.12.2 LSRIl flow cytometric analysis

10,000 cells/sample were analysed on the LSRII and the data was analysed using Flowlo software.
Analysis of the Annexin V channel (Comp-Blue 530_30A) versus the Pl channel (Comp-Blue 695 40A)
was used to gate double negative (DN) cells (no stain) in untreated cells. Analysis of the Side Scatter
(SS) versus the Forward Sactter (FS) on the DN fraction was used to exclude any debris. Using the
Annexin V channel versus the Pl channel, four quadrants were drawn (AnnexinV'PI,, AnnexinV*PI’,
AnnexinV*PI* and AnnexinV'PI*) and the percentage of cells in each quadrant were produced. The

guadrants were set on untreated cells and applied to all other conditions.

2.2.13 Cell counting for growth curves

G1 and G7 cells were seeded onto 6-well matrigel-coated plates at a density of 2.5 x 10”4 cells/well.
Plates were kept in the incubator for the duration of the experiment. Cells were counted on the
indicated days (3-wells/day). When counting cells, media was discarded and 500 pL Accutase was
added to the desired wells and returned to the incubator until cells had detached. Cells were re-
suspended with 1.5ml stem media and transferred to centrifuge tubes. The cell suspension was mixed
well, and cells were counted using a haemocytometer (as above). The cell count obtained using the
haemocytometer was doubled to give the total number of cells/well. Results were plotted on a log-
linear scale using GraphPad to give the cell growth curve. Cell growth curves were used to determine

the cell doubling time of G1 and G7 stem cells.

Growth curves typically follow a sigmoid pattern and are characterised by four phases: a lag phase
(where cells do not divide as they adapt to the culture conditions), a logarithmic (log) growth phase
(during which cells are proliferating and cell number increases exponentially), a plateau phase (where
cell proliferation begins to slow down as cells reach confluence and cell number stabilises) and a
decline phase (where cells begin to die). The Log Growth Phase of the curve is used to determine cell

doubling time using the following equation (384):

duration * log (2)

Doubling ti =
oubling time log(Final concentration) — log (Initional concentration)

The initial concentration refers to the number of the cells present at the start of the log phase and the
final concentration refers to the number of the cells present at the end of the log phase. The duration

is time elapsed between initial and final concentration.
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2.2.14 Treatments

2.2.14.1 DDR inhibitor drugs

G1 and G7 stem cells were seeded onto 6-well matrigel-coated plates at a density of 25 x 104
cells/well. Cells were then incubated overnight in order to allow cell adhesion to the plates prior to
starting the treatment. All DDRi (AZD1390 and AZD0156 (ATMi), AZD6738 (ATRi), AZD1775 (WEEi) or
Olaparib (PARPi)) were diluted with DMSO to make 10mM stocks and were stored at-20°C. Cells were
treated with one of DDRIi at the indicated concentrations or with vehicle control only (DMSO). DMSO
and all DDRi were diluted in stem media to the final intended concentrations and 2mL of the
drug/DMSO dilutions was added to the desired wells. DMSO at concentrations equivalent to the drug
solutions were used as the vehicle control in all experiments. One hour following DDRi treatment, cells

were treated with a DNA damaging agent.

2.2.14.2 DNA damaging agents

Irradiation - Cells were irradiated in a Caesium-137 Blood Irradiator. Either a dose of 2 or 5 Gy (as
indicated) was used. In all experiments, irradiation was administered 1 hour following the inhibitor
treatment. Control plates (not to be irradiated) were taken out of the incubator for the same duration
as the treatment plates to minimise experimental variation and act as a ‘sham’ radiation control such
that control plates were subjected to comparable environmental changes as experienced by cells
during the irradiation process. One hour following IR treatment, drug media was discarded, and cells

were washed 3x with ice cold PBS and stored at -80 °C unless proceeding immediately.

Temozolomide - A 50 mM stock dilution (diluted in DMSO) was further diluted with stem media to
20x the intended final concentration (100uM) and 100 pL of the 20x drug solution was added to the
desired wells 1 hour following DDRi treatment. DMSO was also diluted with stem media to form a
dilution of 20x the intended final concentration and 100 pL of the DMSO dilution was added to control
wells. Four hours following TMZ treatment, drug media was discarded, and cells were washed 3x with

ice cold PBS and stored at -80 °C unless proceeding immediately.

2.2.14.3 TTFields treatment

The Inovitro™ system consists of a generator, which delivers the electric fields; a base plate, which is
connected to the generator via a flat cable; and ceramic dishes, which connect to the base plates (see
figure 2.2a-b). This system permits the transfer of the electric fields from the generator to and across
the ceramic dishes where the cells are found. The delivery and scheduling of TTFields/DDRi-based

combinations were carried out as described below.
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G1 stem cells were seeded onto sterile, matrigel-coated glass coverslips in 12-well plates at a density
of 10 x 1074 cells/well. Following seeding, cells were incubated overnight to allow for cell adhesion to
the coverslips. The following day, the matrigel-coated coverslips with attached cells were transferred
into Inovitro™ dishes (one coverslip/dish). 2mL of Advanced DMEM with additives and growth factors
was added to each dish and each dish was then covered with sterilised parafilm. Control dishes were
placed in a humidified incubator at: 37°C, 5% CO; and 21% O, for the duration of the treatment. Dishes
to receive TTFields treatment were slotted onto an Inovitro™ base plate and placed in a refrigerated
incubator (set at a temperature of 18°C, with 5% CO, and 21% 0O,) to maintain the temperature of
each dish at 37°C, as the delivery of electric fields generates heat within the dish. The temperature of
the refrigerated incubator will determine the intensity at which the electric fields can be delivered
(see table 10.). In these studies, the ambient incubator temperature was ~20-22°C (depending on
room temperature), equating to intensities ranging between 1.19-1.48 V/cm RMS (385). The
frequency of alternating electric fields to be delivered to each dish (200kHz) and the temperature to
be maintained within each dish (37°C) were set using the Inovitro™ software on the computer and

the treatment was initiated.

The treatment schedule for the full combination treatment (i.e. TTFields/DDRi/IR) was as follows (see
figure 2.2c): both G1 and G7 stem cells were pre-treated with DMSO or DDRIi for 1-hour (to allow time
for the inhibitor to take effect) prior to irradiation in 12-well plates. Immediately after irradiation,
cover slips were transferred into Inovitro dishes containing either DMSO/media or DDRi/media and
the TTFields treatment was initiated as soon as possible. Cells were treated for a duration of 48 hours

(roughly equal to one cell doubling time of G1 and G7 stem as determined by cell growth assays).
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Figure 2.2. The Inovitro™ system.

A. Invitro™ system base plate (top) with a single ceramic dish shown in the lower left panel and a full set of ceramic
dishes slotted onto the base plate after seeding cells shown in the lower right panel. B. TTFields generators, which
deliver the electric fields to the base plates via flat cables. Frequency of the electric fields is set using the Inovitro™
software on a dedicated desktop computer. C. Treatment scheduling for DDRi and TTFields-based combinations.

Table 10. Incubator ambient temperature and expected TTFields intensities inside the Inovitro™
system ceramic dish, taken from (385).

Incubator ambient Expected TTFields intensities
temperature (°C) (V/cm RMS)

18 1.62
19 1.55
20 1.48
21 1.41
22 1.33
23 1.26
24 1.19
25 1.12
26 1.04
27 0.97
28 0.9

29 0.83

30 0.76
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2.2.15 Statistical analysis

Statistical analysis was carried out using GraphPad Prism. Standard deviation of the mean was
calculated for values taken from multiple replicates. Standard error of the mean was calculated when
comparing means. The one way ANOVA test was used to compare means between conditions. p<0.05

=*, p<0.01 = **, p<0.001 = ***, p<0.0001 = **** and no significant difference = ns.
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CHAPTER 3. TARGETING PARP1 IN COMBINATION WITH
TTFIELDS AND STANDARD-OF-CARE TREATMENT

3.1 Introduction

Poly (ADP-ribose) polymerases (PARPs) form a family of enzymes that are defined by their ability to
catalyse the transfer of ADP-ribose units from NAD+ to form chains of negatively charged poly(ADP-
ribose) (PAR) on itself and on target proteins, a process known as Poly(ADP-ribosyl)ation (PARylation)
(386). PARPs produce branched and unbranched chains of up to 200 units in length (387), with PAR
chains forming scaffolds that recruit PAR-binding proteins and regulate signal transduction (386).
PARPs are involved in numerous processes, such as DNA repair, transcription, replication and
regulating chromatin structure. There are altogether 18 related PARP enzymes, sharing homology in
a conserved catalytic domain, however, PARP1, PARP2 and PARP3 are the main PARP enzymes
involved in regulating DNA repair processes (388). PARP1 is estimated to be responsible for 80-90% of
the PARylation activity triggered in response to DNA damage (389). However, whilst embryonic
knockout of both PARP1 and PARP2 simultaneously is embryonically lethal, knockout of either PARP1
or PARP2 alone is viable, suggesting that PARP1 and PARP2 exhibit some functional redundancy (390).
Such PARylation is a brief response to the detection of DNA damage (388), and therefore the removal
of PAR by PAR-degrading enzymes, such as PARG (poly ADP-ribose glycohydrolase), is equally
important (391). DePARylation ensures the DDR occurs in an orderly manner by allowing the release
of early DNA damage responders from the DNA in order to make way for other downstream repair
factors required for subsequent steps in the DDR (392). This also ensures PARP1 recruitment and
activation is possible in the event of any future DNA damage threat. Overactivation of PARP1 exhausts
NAD+ and ATP stores and triggers the release of apoptosis-inducing factor (AIF) from mitochondria,

activating cell death pathways (393, 394).

A summary of PARP1 function within the DDR is shown below in Figure 3.1.
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Figure 3.1. Multi-functional role of PARP1 in the DNA damage response.
A. PARP1 domains. PARP1 carries three different domains: the DNA-binding domain (DBD), consisting of three zinc

finger motifs (ZF1-3) and a nuclear localisation signal (NLS); an auto-modification domain, which consists of an
interaction motif (BRCA1 C terminus, or BRCT) domain; and a conserved catalytic domain (CD), which carries the active
site, that binds to NAD+, and the Trp-Gly-Arg (WGR) domain. B. PARP1 signalling. DNA lesions are detected via the
DBD domain. PARP1 synthesis PAR chains on itself and target proteins, using NAD+ as a substrate. Nicotinamide is
utilised to replenish NAD+ stores, which is ATP-dependent. PARG rapidly mediates removal of PAR chains. C. PARP1
function in DNA repair. PARylation of PARP1 and target proteins enables the recruitment of DNA damage repair
proteins to site of DNA damage to facilitate resolution of the DNA damage. Figure adapted from Chaudhuri et al. (2017)
and Sukhanova et al. (4).
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3.1.1 Roles of PARP1in DDR

3.1.1.1 Role in DNA repair

PARP1 is a DNA damage sensor that interacts with various types of DNA damage, such as SSBs, DSBs
and bulky adducts, through its DNA binding domain. Binding of PARP1 to DNA breaks results in
conformational change and activation of its catalytic domain and catalyses the formation of PAR on
itself and other proteins (396, 397). PARylation occurs at or close to the site of damage and mediates
the recruitment of PAR-binding DNA repair factors (388). PARP1 has mainly been described for its role
in the repair of bulky adducts during BER (figure 1.7, section 1.2) (398). PARP1 is recruited to SSBs
intermediates that are generated indirectly during BER following the activity of AP endonucleases,
APE1, which cuts the DNA backbone 5’ of the AP site (399). PARP1 then becomes activated and
mediates the recruitment of PAR-binding proteins like XRCC1, DNA polymerase B and DNA ligase Ill at
damaged DNA sites (400-402). In addition, PARP1 has also been shown to mediate repair of SSB
intermediates that form following excision of modified nucleotides during NER (403). PARP1 can
however also detect SSBs that have occurred directly (404), although its role in SSBR is not essential
because SSBs can still be repaired even in the absence of PARP1 (405, 406). PARP1 also localises to
DBSs and recruits DSBR proteins ATM, Mrel1 and Nijmegen breakage syndrome 1 (NBS1) to facilitate
repair through either HR or a-NHEJ, PARP1 therefore mediates DSBR pathway choice (187, 407-409).
PARP1 has also been shown to bind to and PARylate MGMT and promote repair of the 0®-MeG lesions
caused by TMZ treatment. PARylation of MGMT by PARP1 has also been proposed to be required for
its localisation on chromatin, where MGMT exerts its effects (410). Once the damage is repaired, the
negatively charged PAR chains on PARP1 trigger detachment of PARP1 from the DNA to finalise the
DNA repair process (411). In addition to its role in DNA repair, PARP1 has also been shown to regulate

cell cycle progression by activating Chk1 in the absence of stimulation by ATR (412).

3.1.1.2 Rolein replication stress

PARP1 has been implicated in replication fork stabilisation during replication stress (413). Replication
fork stabilisation consists of three main processes: fork reversal, fork protection and fork restart (186).
PARP1 binds to sites of stalled replication forks and once activated, maintains reversed forks by
antagonising the activity of RECQ1 DNA helicase (414). PARP1 then recruits MRE11, a nuclease
involved in the DNA end resection at stalled forks, producing short strands of ssDNA (187). PARP1
along with BRCA genes constrain the extent of DNA end resection carried out by MRE11 (188, 415,
416), with extensive end resection leading to replication fork cleavage and collapse and subsequent
generation of DSBs (111, 416). RPA is initially localised to the exposed ssDNA produced by end
resection (417) but is rapidly displaced by RAD51 (418, 419), a process that is mediated by both PARP1
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and BRCAZ2 (420, 421), further contributing to replication fork protection. This also primes stalled forks
for replication fork restart, with RAD51 promoting homology search into the sister chromatid to

resolve the damage by recruiting factors involved in HR repair (111, 192, 422, 423).

RECQ1 is also responsible for initiating replication fork restart at stalled replication forks following
repair. PARP1 through PARylation of RECQ1 prevents premature reactivation of RECQ1 so that DNA
damage beyond the stalled fork can be removed prior to fork restart. If RECQ1 activity is permitted
too soon, SSBs can be converted to DSBs (414). This is because the replication fork machinery ‘falls
off’ the DNA when it collides with ssDNA gaps, a process known as replication run-off (424). Once
repaired, normal PCNA-mediated replication by polymerases &/ can be resumed (425). PARP1
therefore promotes replication fork stabilisation and replication fork restart after processing of any
lesion impeding DNA replication fork progression and PARP activity is therefore necessary to promote

cell survival following replication stress (426).

3.1.1.3 Role in chromatin modifications

Chromatin structure dictates a wide range of processes, including DNA replication, transcription, and
DNA repair, by either restricting or facilitating accessibility to DNA in its compact form (referred to as
heterochromatin) or relaxed form (euchromatin), respectively. For example, upon DNA damage
detection, chromatin decondensation is essential in order to allow access to DNA repair factors at the
site of damage in order to coordinate DNA damage repair (427). Without this re-structurisation, the
damaged DNA may become trapped within the condensed chromatin structure resulting in a failure
to repair the damage and genomic instability (428). On the other hand, once the damage has been
repaired, chromatin must restore its original condensed structure to complete the process (429), and
therefore chromatin remodelling is a highly organised process that must be carefully controlled. This
remodelling is generally mediated by chromatin remodelling enzyme complexes, post-translational
modifications of DNA and histones, such as acetylation and methylation, and/or by histone exchange

(429-433).

PARP is one of the first proteins that is activated at sites of damage to promote changes in chromatin
structure. PARP PARylates itself and other chromatin-associated proteins, such as histones, within
proximity to the damage. Because both PAR chains and DNA are negatively charged, PARylation may
also serve to unwind and disrupt the compact structure of chromatin through charge repulsion, easing
the accumulation of DDR factors at the site of damage. PARP-mediated PARylation of histones can
cause them to become excluded from chromatin to initiate the relaxation process (434, 435). This
then allows chromatin remodelling enzymes to accumulate on the DNA to further enhance the

unwinding of the compact chromatin structure. PARP1 also indirectly regulates chromatin structure
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by PARylating a range of factors involved in post-translational modifications, including acetylation and
methylation of histones. Acetylation and deacetylation of histones is carried out by histone
acetyltransferases (HATs) and histone deacetylases (HDACs), respectively. Acetylation has been
suggested to neutralise the positively charged lysine residues on histone proteins and, in so doing,
weakens the affinity between histones and DNA, which is negatively charged. PARP has been shown
to mediate this modification of lysine residues on histone proteins by HATs, promoting electrostatic
repulsion between DNA and histones, resulting in the opening of the chromatin structure (430, 431).
PARP1 also regulates methylation patterns of histones. PARP1-medeiated PARylation preserves H3K4
trimethylation by blocking KDM5B demethylase enzyme activity (436). Trimethylation of Histone 3 on
lysine 4 (H3K4me3) is enriched within euchromatic regions (437). On the other hand, trimethylation
of H3K27 accumulates in heterochromatic regions (438, 439). PARP1 PARylates and inactivates EZH2,
the methyltransferase responsible for methylation of H3K27, again promoting relaxation of chromatin

(440).

In addition to its role in histone modifications, PAR chains recruit additional factors involved in
chromatin remodelling. For example, ALC1, which is a nuclease that relaxes chromatin structure
around damaged DNA, is recruited to sites of DNA damage by binding to PAR chains through its PAR-
binding macrodomain resulting in configurational change and activation (441). ALC1 also prevents the
removal of PAR chains by PARG on PARP1 (442). PARP also activates transcriptional repressors to
prevent transcription of damaged DNA, allowing time for damage to be repaired before transcription
can be resumed and preventing the threat of further genomic insult (443).

PARP1, through its PARylating activity, therefore, promotes both directly and indirectly very rapid

decondensation of chromatin to facilitate DNA repair.

3.1.2 PARP inhibitors for glioblastoma treatment

Given the multifaceted role of PARP1 in the DDR, PARP1 constitutes an attractive target that can be
exploited for oncology therapeutic purposes. PARP inhibitors are NAD+ analogs and bind
competitively to the NAD+ binding domain within the active site on PARP (444). Two mechanisms have

been suggested for the use of PARP inhibition for the treatment of cancer.

Firstly, PARP inhibition can be used to enhance the effects of DNA damaging agents by exacerbating
the amount of DNA damage experienced by cancer cells by reducing DNA repair capacity. PARP
inhibition enhances TMZ sensitivity by preventing the repair of TMZ-induced lesions N3-
methyladenine and N’-methylguanine, through inhibition of BER, and 0®-MeG lesions by preventing
PARylation of MGMT and its localisation on chromatin (410). Additionally, PARP can accumulate at

chromatin irrespective of whether it is active or not. Even in the presence of PARP inhibitor, PARP still
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localises at sites of damage and replication stress where it becomes trapped on chromatin, which has
been suggested to be due to changes in its configuration that strengthen its association with DNA
through its N-terminal zinc finger domain (445, 446), although the precise mechanism through which
this is achieved have not yet been established. Whilst all PARP inhibitors prevent the formation of PAR
chains, different PARP inhibitors are able to trap PARP on DNA to varying degrees irrespective of their
activity, with talazoparib exhibiting the highest PARP trapping ability (447, 448). PARP must be
released from chromatin so that downstream factors can accumulate on DNA and mediate the next
steps in the repair process. Failure to release PARP from chromatin therefore not only interferes with
damage repair but trapped PARP can also itself lead to formation of DSBs by interfering with
replication fork progression (449). It has even been suggested that trapping of PARP on DNA is more
toxic than unrepaired SSBs from PARP inhibition (111). This is due to two reasons. First, PARP is
dispensable for SSBR (405, 406) and secondly the DSBs that eventually form from PARP being trapped

on DNA are more toxic than SSBs. However, these ensuing DSBs can usually be restored via HR repair.

As such, PARP inhibition can be exploited under the concept of synthetic lethality, whereby cells that
are deficient in key HRR proteins have been shown to heavily rely on PARP activity for DNA repair and
cell survival, such that further inhibition of PARP results in an inability to compensate and cell death
(450). This is because when PARP is inhibited, DNA SSBs, that normally constitute substrates for repair
by HR at stalled replication forks, accumulate and, in the absence of a functioning HRR pathway, are
converted to DSBs (111). Whilst these DSBs are still subject to repair, this process relies on the error-
prone NHEJ DSBR pathway, which contributes to genomic instability and can even be lethal to cells
(409). However, these affects alone would not translate in such high toxicity seen with this
combination and therefore additional roles of PARP and BRCA are thought to be at play. This discovery
led to the first application of synthetic lethality in the clinic, with PARPi being approved for the

treatment BRCA1/2 deficient ovarian and breast cancer (451).

Efforts are being made to extend this to a wider range of cancers, including in the neuro-oncology
setting, both within and outside of the BRCA1/2 mutant contexts. Gliomas harbouring IDH mutations
have been suggested to mimic the phenotype of BRCA deficient cancers. IDH mediates the conversion
of isocitrate to a-ketoglutarate by oxidative decarboxylation, a process that is dependent enzymatic
activity of nicotinamide adenine dinucleotide phosphate (NADP+). Mutations in IDH alter its function
such that a-ketoglutarate is converted to the oncometabolite 2-hydroxyglutarate instead. Mutations
in IDH have been linked to defects in HR repair pathway, making this type of tumour particularly
sensitive to treatment with PARP inhibitors. This defect in HR repair could also explain why

glioblastoma patients harbouring IDH mutations demonstrate improved prognosis in comparison to
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patient with WT IDH and are associated with low-grade gliomas (80%) and only 3% of primary
glioblastoma patients (452, 453). PTEN mutations, which occur in roughly 36% of glioblastoma
patients, have also been implicated in dysregulation of HR, an effect that has been shown to be
mediated through transcriptional silencing of RAD51 (454). In both cases, these patients may
constitute a subgroup of glioblastoma patient that might particularly benefit from treatment with
PARP inhibitors and demonstrates how treatment strategies could be guided by patient specific
mutations. Olaparib as a single agent has been investigated in a phase Il clinical trial setting (OLAGLI,
NCT03561870) for recurrent glioblastoma patients with IDH mutations and has been shown to be well

tolerated by patients (455).

The trapping ability of PARP inhibitors mediates single-agent efficacy (456), and therefore the use of
PARP inhibitors could demonstrate therapeutic gain even in cancers without deficiencies in HR repair.
PARP1 activity is enhanced in GSCs relative to their bulk counterparts and has even been proposed as
a marker for glioblastoma because its expression is consistently high across glioblastoma tumours but
is not active in healthy brain tissue (123, 382). A study by Lesueur et al. showed that PARP inhibitor
treatment radiosensitised GSCs to a greater extent than bulk cells (457), which supports the theory
that increased DNA repair activity might be to blame for the increased resistance conferred by GSCs
to DNA damaging treatment. Therefore, PARP inhibitors constitute a promising pharmacological tool

for the treatment of gliomas.

3.1.3 Rational for use in combination with TTFields

A few factors limit the potential widespread application of PARP inhibitors for the treatment of
glioblastoma. Overtime, PARP inhibitor resistance develops. Several processes have been suggested
to be responsible for this, such as reverse mutations in BRRCA1/2 proteins that cause reactivation of
BRCA genes (458, 459), or reactivation of repair through HR independently of BRCA genes (for
example, mutations in NHEJ factors, such as 53BP1, allow sufficient DNA end resection to occur,
channelling repair of DSBs through HR even in the absence of BRCA genes) (460-462) or reinstatement
of replication fork stability (190). Additionally, point mutations within PARP domains which prevents
PARPi-mediated trapping of PARP1 on DNA have also been shown to contribute to PARPi resistance
(463). Downregulation of PARG is another mechanism thought to drive PARP inhibitor resistance
because PARG-deficient cells have been shown to sustain sufficient PARylation levels on target
proteins such that DNA repair can still occur (464). One promising strategy in which resistance to PARP
inhibitors can be overcome is through combination treatment. Given that TTFields has been suggested

to induce a state of BRCAness (314), PARP inhibition could potentially enhance TTFields efficacy, and
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could extend the application of PARP inhibitors to patients without mutations that predispose them

to being sensitive to PARP inhibitor treatment.

Although the OPARATIC clinical trial demonstrated that Olaparib could in fact cross the BBB and that
concentrations of Olaparib ranging from 100-1000 nM could be detected within the tumour core and
margins, glioblastoma is known for its extensive infiltration into the surrounding healthy tissue some
distance away from the tumour margins where it may escape the effects of PARP inhibitor (465). Given
that TTFields has been shown to enhance BBB permeability (373, 375, 466), this could increase delivery
of PARP inhibitor to the tumour site. Additionally, the TMZ-induced haematological toxicities are
aggravated by PARP inhibitor treatment, requiring that PARP inhibitor be delivered intermittently
when given with TMZ (465). Enhancement of PARP inhibitor delivery to the tumour by TTFields means
that a lower dose of the drug could be given to patients for the same therapeutic effect, which would
in turn reduce systemic toxicities. No systemic toxicities have been reported with TTFields treatment

and therefore toxicities should not be exacerbated by TTFields treatment.

Whilst the effects of this combination have not yet been explored in glioma cells, Karanam et al. (2019)
demonstrated that PARP inhibition (Olaparib, 10 uM) enhanced cell killing of NSCLC cell lines when
combined with TTFields compared to either treatment alone (314), and Mulvey et al. showed that
PARP inhibitor, niraparib, sensitised ovarian cancer cell lines to TTFields treatment (467). As such,
further exploration of the potential of combining therapeutically approved PARPi and TTFields for the

treatment of glioblastoma is warranted.
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3.2 Results

3.2.1 Optimisation of PARPi for use in glioma stem cells

Olaparib (Lynparza) is the most developed and clinically approved PARP inhibitor, receiving FDA
approval in 2014 for the treatment of BRCA1/2 mutant ovarian cancers and becoming the first cancer

treatment directed against an inherited genetic mutation to receive approval (468).

Western blot analysis was used to determine the effects of Olaparib on PARP activity in G1 and G7
GSC models using a PARP1 antibody together with a pan-PAR antibody, which recognises both mono-
and poly-ADPr units. Although Olaparib inhibits PARP1- and PARP-2, PARP1 is responsible for ~90% of
PARylation in response to DNA damage, therefore, changes in PARylation levels with and without the
inhibitor are likely to mostly reflect changes in PARP1 activity. Baseline levels of PARP1 activity were
high in both G1 and G7 stem cells as a strong PARylation band was detected in the DMSO control for
both cell lines. Olaparib strongly inhibited PARylation of PARP1 in both cell lines at all doses tested,
indicating inhibition of PARP1 activity (figure 3.2). As 0.5uM Olaparib demonstrated strong inhibition
of PARP1 activity in GSCs, this dose was chosen for subsequent experiments to reduce inherently

cytotoxicity as much as possible.

Importantly, this a clinically relevant dose. Indeed, one of the exploratory endpoints of the Oparatic
clinical trial (NCT01390571) aimed to assess the concentrations of Olaparib achieved within the
tumour core and margins of recurrent glioblastoma patients who had received Olaparib (100mg,
150mg and 200mg) prior to surgery. They determined that the concentrations of Olaparib in resected
tumour specimens to be within the range of 100-1000nM, with mean concentrations of 500nm and
588nM in the tumour margins and core, respectively. Olaparib concentrations detected in the tumour

samples did not vary significantly based on the different doses of Olaparib administered (465, 469).
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Figure 3.2. Inhibition of PARP1 activity in GSC using a PARPi.

G1 and G7 GSCs were treated overnight with either DMSO control or PARPi (Olaparib) at doses ranging between 0.5uM
and 10uM. At the end of the 16-hour treatment, cells were harvested and protein samples were analysed by western blot.
G1 and G7 exhibit high basal PARP activity and therefore PARP activity did not require stimulation by radiation treatment.
Olaparib strongly inhibited PARylation of PARP1 at all doses tested in both G1 and G7 cells. 8-actin was used as a loading
control. It is unlikely that the total PARP1 levels seen in the DMSO control in G1 stem cells would be so low given the high
levels of PARylation levels seen in this condition. Rather, the faint band seen in this condition may be due to problems in
the transfer of the protein from the gel onto the membrane. Alternatively, insufficient incubation times or uneven
distribution of antibodies and/or ECL reagents may also contribute to uneven staining of the membrane. Even PARP1
staining is demonstrated in further western blots presented in this thesis. n=1

3.2.2 Effects of PARP inhibition with radiation on TTFields response

Firstly, because TTFields has been shown to downregulate the BRCA1 gene and protein in both NSCLC
and mesothelioma cell lines (314, 315), and that downregulation of HRR confers sensitivity to PARPi
treatment, BRCA1 expression was assessed in G1 and G7 GSCs. TTFields downregulated expression of
BRCA1 protein in G1 and G7 GSCs (figure 3.3a). Interestingly, preliminary data suggests that TTFields-
mediated downregulation of BRCA1 could persist for up to 8-hours following removal of the TTFields

treatment (figure 3.4.).
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Figure 3.3. Baseline PARP activity of various glioma stem cell lines.

A. BRCA1 expression of G1 and G7 GSCs following TTFields treatment. GSCs were treated with or without TTFields
and cells were harvested. BRCA1 expression was assessed via western blot. B. Baseline PARP activity of G1 and G7
GSCs. GSCs were treated with or without PARPi (500nM) overnight. Following PARPi treatment, cells were
harvested and PARP activity of was assessed via western blot. Baseline PARP activity varies amongst GSC lines.n=1
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Figure 3.4. BRCA expression following TTFields
treatment in G7 GSCs.

G7 stem cells were treated with and without
TTFields. Cells were harvested at the indicated
times post-TTFields treatment and expression BRCA
proteins was assessed via western blot. BRCA1L, but
not BRCA2, protein levels were downregulated by
TTFields. Downregulation of BRCA1l protein
persisted for up to 4 hours and returned to baseline
levels by 8 hours post-TTFields treatment. n=1

G1 and G7 stem cell lines were then treated with either radiation (2Gy — this is the fractionation dose

given in the clinic), Olaparib (500nM), TTFields (200kHz — this is the only frequency that is clinically

approved for the treatment of glioblastoma), or various combinations of these treatment as described

in the methods section. The TTFields treatment was left to run for 48 hours. The duration of the

treatment was determined based on the cell doubling time of G1 and G7 stem cells (1.3 and 1.6 days,

respectively) (see figure 3.5.). Seeing as the most established effects of TTFields treatment are thought

to be on mitosis, the recommended treatment duration is equated to one cell doubling time, based

on the assumption that all cells should have attempted to go through at least one cycle of cell division,

and would therefore have been susceptible to effects of TTFields treatment.
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Figure 3.5. Cell doubling time of G1 and G7 stem cells.
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G1 and G7 stem cells were plated at a density of 2.5x10* cells/well and counted on the indicated days. Data points are
from two independent repeats in A. Data points represent replicates of a single experiment in B. Data points were plotted
in GraphPad and the line of best fit was drawn using 4 Parameter Logistic Regression model. The cell doubling time was
calculated from the growth phase of the curve, using the equation presented in the methods. G7 stem cells have a cell
doubling time of 1.6 days and G1 stem cells have a cell doubling time of 1.3 days. n>2
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At the end of treatment, G1 and G7 stem cells were lifted and counted for replating into 6-well
Matrigel-coated plates and subjected to clonogenic survival assay. For subsequent clonogenic survival
assays, all cells were grown in normal media (Adv. DMEM with supplements and growth factors)
without DMSO or PARP inhibitor for the duration of the assay. The resulting clonogenic surviving

fractions are shown in figure 3.6.

TTFields treatment alone significantly reduced clonogenic potential in G1 stem cells (30% reduction in
surviving fraction) but not in G7 stem cells (only an 8% reduction in surviving fraction) (figure 3.6). This
corroborates with what has previously been shown in the literature, with different cell lines displaying
differential sensitivity to TTFields treatment. As expected, PARPi radiosensitised both G1 and G7 stem
cells. However, this effect was not significant when compared with the IR-alone treated samples
(significance not shown on graph). PARP inhibitor with TTFields only induced a modest decrease in
survival fraction relative to the TTFields treatment alone in both cell lines (10% and 14% reduction in
G7 and G1 stem cells, respectively). However, the addition of TTFields to PARP inhibitor enhanced the
effects PARPi as a single agent on the surviving fraction of both cell lines (~30% reduction in survival

in both cells lines).

Pre-treatment with radiation alone prior to TTFields exposure had a much more pronounced effect on
reducing surviving fraction compared to pre-treatment with PARPi alone. However, relative to their
matched controls (TTFields+IR vs IR and TTFields+Olap vs Olap), the sensitisation by radiation and
PARP inhibitor alone to TTFields treatment was in fact comparable in both G1 and G7 stem cells. The
most pronounced reduction in surviving fraction in G1 and G7 stem cells was seen when cells were
pre-treated with both PARPi and radiation followed by TTFields treatment. However, the difference in
surviving fraction did not reach significance when compared with the TTFields+IR group in both cell

lines.

The full combination did significantly reduce the surviving fraction of G7 stem cells compared to cells
treated with either the PARPi+2Gy combination, TTFields alone or compared to cells pre-treated with
PARPi only before TTFields exposure. Interestingly, despite the difference in sensitivity to TTFields
treatment, pre-treatment with PARPi and radiation together prior to TTFields treatment reduced the
fraction of surviving cells by roughly the same amount in both cell lines compared to TTFields alone,
with a ~64% and ~73% reduction in G1 and G7 stem cells, respectively. In fact, G7 stem cells, despite
seemingly being more resistant to treatment in general, were sensitised slightly more by PARPi and
radiation pre-treatment relative to the more sensitive G1 cell line, highlighting the benefit of using
combination therapy in overcoming resistance. Nonetheless, G7 stem cells exhibited a smaller

reduction in surviving fraction overall with TTFields+IR+Olap combination treatment compared to G1
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stem cells (20% vs 6% surviving fraction, respectively) (figure 3.6). G7 GSCs also demonstrated

increased PARP activity relative to G1 GSCs (figure 3.6b), which might explain the difference in

sensitivity seen between these two cell lines to PARPi-based combinations.

Whilst the clonogenic survival assay measures the ability of a single cell to form a colony, changes in

colony formation can be accounted for by commitment to different cell fates. For examples failure to

form a colony could be due to the cells dying, or due to cells activating more cytostatic processes such

as quiescent or senescent states. The follow-up experiments set out to assess the mechanisms driving

these changes in colony formation abilities with the various treatments.

G1 stem

Gy 2 Gy

>

Control

0 Gy

TTFleIds Control TTFields
. PO IR
s ‘# * A Y &

e e »

2 Gy

Olap 500nM

TTFields Control

ya@-“ 0 T
-

; Q a. ‘aiﬁ )

TTFieIds

. By s | |
TN R R R
]

- » \ e o o
g ‘S . :?‘”@,y *%}.‘wﬁ,‘ - 2
300 300 300
(% t,'w»a A . @ 5.
ST g ;;. £ Sy [ 3
R R 3 o -
o gy ay Tyree™ § G
: & b " '/ * ? w7 «
300 300 300

Surviving fraction

Surviving fraction

> >

(U] (U]

~ ~

+ +

o — — O = -
a a a a
§m>n:'§cc6‘n:
< 9 <« < <
0O o O

ns
A Control ey
[ TTFields ST
0.01
> >
U] (U]
~ ~
+ +
O — I 0 = —
Q& 225 >F
0O o N Oo N
@
ns
[ Control e
o1 [E TTFields ey

Figure 3.6. Clonogenic survival of G1 and G7 stem cells pre-treated with PARPi and radiation is reduced by TTFields.
At the end of TTFields treatment, cells were replated in 6-well plates and the effects of the combination treatment on
toxicity were assessed by clonogenic survival assay in G1 (A.) and G7 (B.) stem cells. Left — Representative images of
the clonogenic survival in G1 and G7 stem cells. Right — Summary of the surviving fraction for each condition. Graph
bars represent the mean of experimental replicates and individual dots representing each replicate. Error bars
represent the standard error of the mean. n23
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3.2.3 Cell death mechanisms

Given that the cells are replated at the end of treatment for the clonogenic survival assay, the effects
of treatment on the induction of cell death pathways at the time of replating were assessed by Annexin
V/PI stain and caspase-3/LC3B activation in order to determine whether immediate changes in the

fraction of live to dead cells could account for the reduced clonogenicity previously seen.

When cells are healthy, there is an asymmetry between the components that make up the inner and
outer leaflet of the cell membrane, with certain constituents being restricted to the inner leaflet, such
as phosphatidylserine (PS). As cells undergo apoptosis, this asymmetry is lost, and PS presents itself
on the outer leaflet. Whereas Annexin V cannot bind to PS restricted to inner leaflet, Annexin V binds
to PS on the outer membrane of apoptotic cells and therefore demarks the apoptotic population.
Healthy cells with intact cell membranes are impermeable to PI, but as cells become necrotic, cell
membrane integrity is lost, rendering cells permeable to Pl. Pl-stained cells therefore represent the
necrotic population. Cells devoid of Annexin V and PI stains mark the live cells (470). In both G1 and
G7 stems cells there was no difference in the proportion of live, apoptotic and necrotic cells between
all conditions as measured by Annexin V/PI stain (see figure 3.7). The same was seen 24 hours post-
treatment (see supp figure 3.17). Caspase-3 cleavage denotes commitment to the apoptotic process
and therefore serve as a marker of apoptosis (471). There was no difference in uncleaved caspase-3
(apoptotic marker) levels (see figure 3.8), corroborating the Annexin V data. Based on this data, there

appears to be no induction of apoptosis across all treatment combinations.

In the absence of apoptosis and given that autophagy as a cell death pathway has been reported to
be activated with TTFields treatment, the levels of LC3B protein, a marker of autophagy, were also
assessed by western blot. During autophagy, LC3-1 is converted to LC3-Il and is recruited to the
autophagic vesicle membrane. Changes in LC3-Il levels can therefore be used to track the autophagic
process. Again, there was no difference in LC3 signal via western blot across all conditions (see figure
3.8), suggesting that autophagy is not activated by these treatments. Together these data suggest that
the cells are not dead or dying (by apoptosis or autophagy at least) at the time of replating and

therefore unlikely to account for the treatment-induced changes in clonogenic potential.
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Figure 3.7. Treatment with PARPi, IR and TTFields either alone or in combination does not induce activation of
apoptosis.

Following treatment, G1 (A.) and G7 (B.) stem cells were collected and analysed for Annexin V/PI staining via flow
cytometry to assess the effects of treatment on the induction of apoptosis. There was no significant difference in
induction of apoptosis across all conditions in both cell lines immediately after treatment completion. Error bars
represent the standard deviation of the mean, with individual repeats represented as differently coloured dots. n=3
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Figure 3.8. Treatment with PARPi, IR and TTFields either alone or in combination does not induce activation of

autophagy.
Following treatment, G1 (A.) and G7 (B.) stem cells were collected and probed for caspase-3 and LC3B via western

blot to assess the effects of treatment on the induction of apoptosis and autophagy, respectively. There were no
changes in caspase-3 and LC3B across all conditions in both G1 and G7 stem cells. n=2
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3.2.4 Effects of PARP inhibition in combination with radiation and TTFields on DNA damage

induction
Next, the effects of treatment on DNA damage induction were assessed indirectly by yH2AX, a global
DNA damage marker, and 53BP1, a DSB marker, foci formation via immunofluorescence and directly

by the alkaline comet assay.

Upon DNA damage induction, the histone variant H2AX becomes rapidly phosphorylated at S139
(YH2AX) near the site of damage and serves to unwind the compact chromatin structure and acts as a
scaffold for the recruitment of repair factors required for the resolution of the damage. H2AX
phosphorylation extends several megabases and forms discreet foci that can be visualised and
quantified by immunofluorescence (472). H2AX is phosphorylated by the PI3K family of enzymes and
therefore serves as a marker for all types of DNA damage (473-475). 53BP1 on the other hand is
exclusively recruited to DSBs via its Tudor domain by a DSB-specific histone code (including H4K20me1l
and H4K20me2 and yH2AX itself) and therefore is a marker for DSBs specifically (476-478). 53BP1 is
mainly involved in DSBR pathway choice, but 53BP1 has also been suggested to amplify ATM signalling
and recruit proteins involved in the repair of DSBs (479-481).

TTFields treatment alone did not significantly induce either yH2AX- or 53BP1-foci formation in both
G1 stem and G7 stem cells (figure 3.9), suggesting that TTFields treatment alone does not significantly
induce DNA lesions in these cell lines. In G7 stem cells, TTFields treatment significantly enhanced both
YH2AX- or 53BP1-foci formation in cells pre-treated with PARPi and IR together compared to cells
receiving PARPi and IR treatment only (48.7% positive yH2AX cells vs 23%, and 2.5 53BP1 foci/cell vs
3.8). yH2AX- or 53BP1-foci formation were also increased in the full combination group relative to all

other TTFields-treated combinations (TTF alone, TTFields+IR and TTFields+Olap) (figure 3.7b).

TTFields did not significantly enhance 53BP1 foci formation following pre-treatment with Olaparib and
IR in combination in G1 stem cells compared to cells not receiving TTFields treatment, although there
was a significant increase in the percentage of cells with positive yH2AX staining (54% vs 26.6%) (figure
3.9a). Whilst foci formation was significantly enhanced for 53BP1 with the full combination treatment
compared to all other TTFields-treated combinations, this was not the case for yH2AX foci, which only

achieved significance when compared with the TTFields monotherapy group (figure 3.9a).
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Figure 3.9. The effects of treatment with PARPi, IR and TTFields either alone or in combination on DNA damage
induction in G1 and G7 stem cells.

The effects of treatment on DNA damage induction were assessed via yH2AX- and 53BP1-foci quantification using
immunofluorescence in both G1 (A.) and G7 (B.) stem cells. Left — Representative images. Right — Bar charts showing
the percentage of cells showing positive yH2AX staining (>5foci/cell), where graph bars represent the mean of
experimental replicates and individual dots representing each replicate. The error bars from the bar charts represent
the standard error of the mean (SEM). Dot plots demonstrate the number of 53BP1 foci/cell, where each dot
represents an individual cell, and the red line represents the mean +- standard deviation (SD). n=3

The alkaline comet assay operates on the basis that DNA is negatively charged and can be pulled out
of the nucleus when a current is applied. When the DNA is intact in healthy cells, the DNA is
supercoiled and cannot migrate far out of the nucleus and remains in the ‘head’ of the comet. When
the DNA is damaged, broken fragments of uncoiled DNA are pulled out of the nucleus, producing what
appears as a ‘tail’ protruding out of the ‘head’. The length of the tail is proportional to amount of
damage. However, there is limit to how much the tail can run. Any additional damage beyond this
limit is reflected by changes in the intensity of the tail. The tail moment accounts for both the tail
length and the tail intensity (=% DNA in tail). The alkaline comet assay detects all types of SSBs,
including those that form as intermediates in the BER and NER repair processes and those formed
from alkali-labile sites under alkaline conditions. The alkaline comet assay can detect DSBs but is
considered more sensitive to the detection of SSBs (482). SSBs are the most common type of damage
induced by IR, therefore the alkaline Comet assay was chosen to give a holistic readout of DNA damage

within the combination treated cells.

Whilst there was no difference in tail moment of control and TTFields-treated G7 stem cells in the
alkaline comet assay (figure 3.10b), the tail moment of G1 stem cells were significantly increased by
TTFields treatment which, in contrast to the immunofluorescence data, would indicate that TTFields
induces DNA damage in G1 stem cells (figure 3.10a). The average tail moment of G1 stem cells pre-
treated with PARPi and IR together followed by exposure to TTFields was enhanced compared with
cells pre-treated with either Olap or IR alone, but there was no significant increase when compared
with cells receiving TTFields treatment only (figure 3.10a). In G7 stem cells, full combination treatment
significantly enhanced the tail moment of cells when compared with TTFields alone treatment, but
not when compared with TTFields + Olap or IR or compared to treatment with PARP inhibitor with IR

but without TTFields (figure 3.10b).
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Figure 3.10. The effects of treatment with PARPI, IR and TTFields either alone or in combination on DNA damage
induction in G1 and G7 stem cells.

The effects of treatment on DNA damage induction were assessed via alkaline comet assay in both G1 (A.) and G7
(B.) stem cells. Representative images for the alkaline comet assay. Right — Dot plots showing the tail moment of
individual cells, with the red line showing the mean for each condition. n=3
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3.2.5 Effects of PARP inhibition in combination with radiation and TTFields on replication stress

Given that TTFields has been shown to enhance replication stress by downregulation of BRCA and FA
repair pathway genes and that PARP1 is important for replication fork stabilisation during replication
stress (discussed in section 1.2.4), the effects of treatment on replication stress were assessed. RPA
rapidly binds to exposed ssDNA formed during replication stress or during various DNA repair
processes. RPA is then phosphorylated at several sites by DNA repair proteins to mediate the repair
process. For example, RPA32 is phosphorylated at T21 by ATR during replication stress, activating cell
cycle checkpoints and promoting DNA repair through the recruitment of DDR factors (483). RPA form
foci that can be visualised with immunofluorescent imaging and RPA foci quantification is commonly

used as a measure of replication stress.

Exposure to TTFields enhance the formation of p-RPA32(T21) foci in G1 stem cells compared to the
untreated control (9.2 vs 3.7 foci/cell, respectively), suggesting that TTFields enhances levels of
replication stress in these cells (figure 3.11a). TTFields treatment with either PARPi or radiation alone
induced comparable levels of replication stress (11.3 vs 12.9 foci/cell, respectively). G1 stem cells
treated with PARPi and radiation in combination enhanced levels of replication stress relative to
control (5.8 foci/cell), but this was further increased when followed with TTFields treatment (17.5
foci/cell). Surprisingly, there was no significant change in p-RPA32(T21) foci formation with the various

treatment combination in G7 stem cells (figure 3.11b).
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Figure 3.11. The effects of treatment with PARPi, radiation and TTFields either alone or in combination on pRPA32(T21)

levels.

G1 and G7 stem cells were stained for p-RPA32(21) foci and quantified by immunofluorescence. Left shows representative
images and right shows dot plots demonstrating the number of p-RPA32(T21) foci/cell, where each dot represents an

individual cell and the red line = mean +- SD. n=3

3.2.6 Combination treatment with PARP inhibitor, radiation and TTFields impedes DNA damage

repair.

To determine the downstream effects of the combination treatments on the DDR, the repair of
induced DNA damage was assessed by tracking yH2AX and 53BP1 foci over a period of 24 hours
(samples were collected at 0-, 4- and 24-hours post-treatment completion; figure 3.12-13). Persistent

foci overtime indicates either continual DNA damage induction and/or failure to repair DNA damage.

The percentage of cells demonstrating positive yH2AX staining and the number of 53BP1 foci per cell
peaked 4 hours post-treatment in G7 stem cells exposed to TTFields following pre-treatment with
PARPi and IR in combination (figure 3.12b), jumping from 46.8% up to 57% H2AX positive cells and 2.7
up to 5.3 53BP1 foci per cell at 0- and 4-hours post-treatment, respectively (figure 3.13b). From 4
hours onwards, G7 stem cells started repairing damage as measured by a drop in the percentage of
YH2AX positive cells (43.1%) and the number of 53BP1 foci per cell (4.8) at 24 hours post-treatment
completion. G7 stem cells treated with PARPI, IR and TTFields sustained the highest amount of yH2AX-
and 53BP1-foci 24 hours post-treatment compared to other treatment conditions, indicating

persistent DNA damage burden and impaired repair kinetics.

G1 stem cells pre-treated with PARPi and radiation in combination prior to TTFields treatment
sustained more 53BP1- and yH2AX-foci 24-hours post TTFields treatment, with 47.5% yH2AX-postive

cells (comparable to G7 stem cells) remaining and a mean 9 53BP1 foci per cell (almost double that of
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G7 stem cells) (figure 3.12a and figure 3.13a). G1 stem cells sustained more DSBs in comparison to G7

stem cells and carried more DSBs under basal conditions compared to G7 stem cells (4.1 vs 2 53BP1

foci per cell, respectively), which might explain why they are more sensitive to treatment.
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Figure 3.12. The effects of PARPI, IR and TTFields either alone or in combination on the resolution of yH2AX- and

53BP1-foc

The effects of combination treatment with TTFields/Olap/IR on DNA damage repair were assessed in G1 (A.) and G7
(B.) stem cells. Cells were fixed at 0-, 4- and 24-hours following completion of TTFields treatment. Cells were
subsequently stained for yH2AX and 53BP1. Figures shows the summary line graph for yH2AX and 53BP1 for the
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Figure 3.13. The effects of PARPI, IR and TTFields either alone or in combination on the resolution of yH2AX- and 53BP1-foci formation.

The effects of combination treatment with TTFields/Olap/IR on DNA damage repair were assessed in G1 (A.) and G7 (B.) stem cells. Cells were fixed at 0-, 4- and 24-hours following
completion of TTFields treatment. Cells were subsequently stained for yH2AX and 53BP1. A. and C. Left — Representative images. Right — Bar charts showing the percentage of cells
showing positive yH2AX staining (>5foci/cell) at 0-, 4- and 24-hours post-TTFields treatment. Graph bars represent the mean of experimental replicates +- SESM, and individual dots
representing each repeat. Dot plots showing the number of 53BP1 foci/cell at 0-, 4- and 24-hours post-TTFields treatment. Each dot represents an individual cell and the red line =
mean +- SD. n=3
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3.2.7 Effects of PARP inhibition with temozolomide on TTFields response

Given that temozolomide is the chemotherapeutic agent most frequently used for the treatment of
glioblastoma (92, 125), the effects of PARP inhibition with and without radiation on TTFields response
in GSCs were assessed. The same treatment scheduling was used as for the IR combinations; however,
cells were treated with 5 uM TMZ instead of 2 Gy IR. A dose of 5 uM TMZ was selected because this is
the dose that has been shown to reach the tumour in the clinic (484, 485). Effects of the combination
treatment on survival of G7 stem cells were assessed by clonogenic survival assay (figure 3.14.). Due
to time restrictions, this combination was assessed in G7 stem cells only. PARP inhibitor alone
enhanced TMZ sensitivity in G7 stem cells. Additional treatment with TTFields further enhanced
PARPi-mediated chemo-sensitisation of G7 stem cells reflected by a ~35% reduction in surviving
fraction compared to cells treated with PARPi and TMZ. Cells pre-treated with both PARPi and TMZ
followed by TTFields exposure significantly reduced the surviving fraction of G7 stem cells by ~41%
and ~33% compared with cells pre-treated with PARPi or TMZ alone, respectively. As previously

shown, TTFields alone did not significantly reduce the surviving fraction of G7 stem cells (~11%).
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Figure 3.14. Survival of G7 stem cells pre-treated with PARPi and TMZ is further reduced by TTFields treatment.

The effects of treatment on survival of G7 stem cells were assessed by clonogenic survival assay. Left —
Representative images, with numbers showing the number of cells plates for each condition. Right — Graph
bars represent the mean of experimental replicates and individual dots representing each replicate. Error
bars represent SEM. n=3

Seeing as MGMT status mediates TMZ sensitivity, MGMT protein levels were assessed via western
blot. Based on patient histology, G1 and G7 stem cells were not expected to express MGMT, whereas

OX5-core and edge cells were derived from patients known to express MGMT. Therefore, OX5 cells
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were used as a positive control. As expected, MGMT protein levels were not detectable in G1 and G7

stem cells, whereas OX5 cells expressed MGMT (figure 3.15).
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Figure 3.15. MGMT protein expression in GSCs.

MGMT protein expression of various GSCs was assessed via western blot, both following treatment with
TMZ and without. TMZ is a known inducer of 0®-MeG lesions which are repaired by the MGMT enzyme. G1
and G7 GSCs do not express MGMT, whilst OX5-core and edge GSCs express MGMT. MGMT is a suicide
enzyme, therefore, MGMT expression is reduced in OX5-core and edge GSCs following 4-hour treatment
with TMZ, indicative of MGMT repair activity. n=1
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3.3 Discussion

PARP is one of the key players in the DDR and acts as a first responder to DNA damage where it binds
different types of lesions, including SSBs and DSBs, and mediates recruitment of downstream factors
involved in the DDR through its PARylating function. PARP inhibitors have emerged as a valuable tool
for the sensitisation to current standard care treatment, especially for those cancers harbouring
deficiencies in the HRR pathway. TTFields can recreate this HRR pathway deficiency by downregulation
of BRCA genes, and therefore PARP inhibitors constitute an obvious candidate for use in TTFields-

based combination strategies.

PARP inhibitor activity was initially confirmed via western blot by assessing PARylation levels with
increasing doses of inhibitor. PARP1 activity was high under normal conditions in both cell lines.
Western blots are considered a semi-quantitative assay as they do not provide an absolute
measurement of protein levels but provide a relative measurement instead. Whereas the levels of
DDR proteins in relation to their bulk counterparts were not assessed in this study, G7 bulk and stem
cells have been previously characterised (382, 486). They showed that G7 stem cells demonstrated
enhanced activity of DDR proteins relative to their bulk counterparts, including increased ATM and
ATR activity, and importantly to this study, heightened PARP1 activity. PARylation levels were higher
in G7 stem cells compared to G1 stem cells which might predict any differences in treatment response
(see figure 3.3b). Doses of PARPi (Olaparib) as low as 500nM reduced PARP activity in both G1 and G7
stem cells and therefore a dose of 500nM Olaparib was selected for following studies. Both G1 and G7
stems were radiosensitised by PARP inhibitor treatment, with G1 cells being more sensitive to both
PARP inhibitor or radiotherapy treatment either alone or in combination. PARP-mediated
radiosensitisation has been suggested to be mainly directed at cells that are actively replicating, and
therefore cells with varied proliferation rates (see figure 3.5.) may show different degrees of
sensitisation by PARP inhibitors. PARP-mediated radiosensitisation was amplified by additional
TTFields treatment in both cell lines. Despite the differences in sensitivity to TTFields as a single-agent
between the two cell lines, additional pre-treatment with PARPi and radiation together equally
sensitised both cell lines to TTFields treatment, suggesting that TTFields-based combinations could be

beneficial to tumours of different genetic backgrounds.

Annexin V/Pl and caspase-3 studies showed that this increased sensitisation was not mediated
through activation of cell death pathways. Maybe this is unsurprising given that a previous study has
shown that doses as high as 30 Gy were not enough to induced apoptosis in the G7 stem cells (382).
One characteristic of cancer cells is their ability to evade cell death mechanisms (382). Different glioma

cell lines have shown different responses in terms of induction of apoptosis upon exposure to TTFields-
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based treatments (286, 343, 487-489) and TTFields has been shown to induce cell death via caspase-
dependent (i.e.) and -independent pathways (282, 284, 334). Given that TTFields has been shown to
induce activation of autophagy as a cell death mechanism, the effects of treatment on the induction
of autophagy by quantification of LC3 levels via western blot were also assessed. However, autophagy
was not activated by any treatment combination in these GSC models. Together, this data suggest that
the cells were not dead or dying immediately post-treatment and at the time of replating for
clonogenic survival assay. This could either mean that another process is responsible for the reduced
colony formation, such as reduced proliferation abilities through activation of a quiescent or
senescent state, or that cell death is occurring at a later stage. A cell has three major ways to
permanently exit the cell cycle: it can enter a senescent state, or the cell can undergo cell death, via
apoptosis or necrosis. Cell cycle checkpoint activation as a response to DNA damage can become
irreversible when the DNA damage is particularly abundant or when it is sustained over extended
periods of time (490, 491). As might be expected with an anti-mitotic treatment, TTFields has been
shown to reduce the proliferation rate of glioma cells and this effect may be further exacerbated by
additional treatment (302). Alternatively, the cells may be dying at a later timepoint. Radiotherapy-
induced cell death has been suggested to be driven through the accumulation of unrepaired DSBs
overtime. The effects of this may not be immediate as the cells must first attempt to repair the damage
and only sustained DNA damage upon failing to repair the damage become toxic to cells (492). As
such, the effects of treatment on DNA damage induction and repair were assessed by

immunofluorescence and alkaline comet assay.

Radiation-induced 53BP1- and H2AX-foci formation was enhanced by TTFields treatment, especially
with the full combination treatment (TTFields, PARPi and IR) in G7 stem cell lines, suggesting increased
formation of DNA lesions, including DSBs, by combination therapy with TTFields+Olap+IR. In G1 stem
cells however, the trend was more complicated. Whilst 53BP1 foci was significantly enhanced by
TTFields+Olap+IR compared to all other conditions, this did not match up in terms of H2AX foci, which
were only significantly enhanced in comparison to the TTFields alone group. This is surprising because
DSBs should be marked by both 53BP1 and H2AX stain and given that H2AX is phosphorylated at all
types of DNA damage, you would in fact expect to detect increase H2AX foci formation in comparison
with 52BP1. However, direct comparison between yH2AX and 53BP1 data is not possible because
vYH2AX foci formation data is described as a measure of the percentage of cells with 25 foci (= positive
cells), whereas the number of foci per cell were scored for 53BP1. Using percentage of positive cells
may not depict the true extent of differences because any cell with more than 5 foci will be scored as
positive, irrespective of how many foci above the threshold are present, therefore the difference could

be either over- or under-estimated depending on the trend of the population. For example, the
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difference could be exaggerated if a large portion of the cell population contain exactly 5 or close to
5 foci, but if a large number of cells contain foci counts much higher than 5 foci per cell then the
differences might be underestimated. Therefore, the number of foci per cell is more informative. Small
differences in foci formation are still likely to have a significant impact at the radiobiological level,
because even a single unrepaired DSB can be deadly to cells (493). There is also some debate as to
when damage can be considered repaired. Some would consider DSBs as repaired once the DNA ends
are re-joined (which would result in the loss of 53BP1 signal), whilst others argue that chromatin must
be restored to its original condensed state for the repair process to be considered complete (which
would be reflected by a persistence of H2AX signal even in the absence of 53BP1 signal) (472, 494-
496). This also explains why differences might be seen between methods that assess DNA damage
indirectly, for example through signalling of 53BP1 and H2AX via immunofluorescence, and methods
that assess DNA damage directly, such as the comet assay, because signalling can persist even in the
absence of damage after the damage has been repaired. Indeed, whilst G7 stem cells showed
enhanced signalling through H2AX and 53BP1 with the combination treatment, this did not translate
into increased levels of damage as measured by the alkaline comet assay. However, the comet assay
also carries its own limitations. Nucleotide and base damage are only detectable by the comet assay
following incision of the damage that generates a SSB and prior to the ligation step. Therefore, the
levels of DNA damage measured by the alkaline comet assay may vary depending on the stage of the

repair process, which may vary from experiment to experiment (482).

Replication stress is a major source of DSB formation. Given that TTFields has been shown to enhance
replication stress by downregulation of BRCA and FA repair pathway genes and PARP1 is important
for replication fork stabilisation during replication stress, the effects of treatment on replication stress
were assessed. p-RPA32(T21) levels were enhanced by full combination treatment compared to all
other treatment conditions in G1 stem cells, suggesting that treatment with TTFields enhances
replication stress in cells pre-treated with PARPi and radiation. Surprisingly, p-RPA32(T21) foci counts
were unchanged by treatment in G7 stem cells. However, this may not necessarily reflect a lack of
induction of replication stress. Previous groups have shown that cells depleted in PARP1, either via
knockout or inhibitor treatment, displayed reduced RPA foci formation even though assays such as
the fibre assay still detected impairments in replication fork dynamics, indicating that replication
stress is still occurring. They suggested that PARP recruitment of the nuclease MRE11 to stalled
replication forks is required for fork reversal and resection of DNA ends that produce the short strands
of ssDNA which are bound by RPA (187, 497). Failure to produce ssDNA would translate in an inability
for RPA to bind and loss of RPA detection. However, in the absence of MRE11, the nuclease DNA2 and

the WRN helicase have been shown to mediate fork resection at stalled replication forks (180).
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Therefore, ssDNA formation is not always abrogated by PARP inhibitor treatment and cell lines with
different genetic background may display different responses to PARP inhibitor treatment.
Additionally, RPA32 is phosphorylated by ATR at T21 during replication stress, activating cell cycle
checkpoints and promoting DNA repair through the recruitment of DDR factors (483). However, RPA
dephosphorylation by the phosphatase, PP2A, is also needed for successful repair (222). Timely
regulation of this phosphorylation and dephosphorylation of RPA has therefore been suggested to be
essential for a successful DDR. When the initial phosphorylation of RPA32 is prevented, cells fail to
activate cell cycle checkpoints and progress through the cell cycle with unrepaired DNA damage.
Failure to remove this phosphorylation on the other hand negatively affects DNA repair (222). Changes
in p-RPA32(T21) levels may therefore not reflect changes in replication stress levels but may reflect
changes in PP2A activity instead. As such, RPA foci may not be the most accurate measure of
replication stress in this scenario and DNA fibre assays, which directly visualise ongoing and stalled

replication forks, might be a more informative assay for replication stress in this setting.

Next, the repair kinetics of the damage induced by the various treatment combinations were
evaluated in GSCs. In both G1 and G7 stem cells, H2AX and 53BP1 foci formation were sustained 24-
hours after removal of treatment in the TTFields+IR+Olap combination group whereas damage was
resolved by 24 hours in other treatment groups. This would suggest that TTFields may delay the repair
of damage induced by PARP inhibitor and IR treatment or that damage is still being generated even
after treatment completion. So even if there was no increase in DNA damage levels in G7 stem cells,
as the comet data would suggest, it seems that at least this damage is less efficiently repaired in the
full combination compared to other conditions, which would still be reflected by a bigger reduction in
survivability compared to less harsh treatment conditions. Given that TTFields has been shown to
downregulate BRCA genes, this could be due to defects in the HRR pathway, however further studies
need to be carried out to confirm this. The repair kinetics were assessed following removal of all
treatments and it must therefore be considered whether downregulation of BRCA genes is maintained
upon removal of TTFields treatment. Preliminary data suggests that downregulation of BRCA genes
may be sustained for up to 8 hours after termination of TTFields treatment in G7 stem cells (see figure

3.4.).

Finally, given that temozolomide is the chemotherapeutic agent most frequently used for the
treatment of glioblastoma, the effects of PARP inhibition with and without chemotherapy on TTFields
response in GSCs were assessed. G7 stem pre-treated with PARP inhibitor and TMZ were further
sensitised by TTFields treatment as measured by clonogenic survival assay. A recent study has

suggested that PARylation is important in mediating TMZ toxicity and showed that PARP inhibition
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could in fact reinstate TMZ sensitivity in glioma cells that express MGMT (410). In line with this, whilst
G1 and G7 stem cells are expected to be sensitive to TMZ treatment because they lack MGMT, OX5-
core and edge are expected to be more resistant to TMZ because they express MGMT. Combination
with TTFields, Olap and TMZ showed comparable efficacy irrespective of MGMT status. TTFields has
been shown to sensitise glioblastoma patients in the clinic irrespective of MGMT status and in vitro
work also supports the application of TTFields for both +/- MGMT expressing patients (64, 276, 286).
PARP inhibitors enhance TMZ-induced haematological toxicities, requiring PARP inhibitors to be
administered intermittently which limits their efficacy (465). Seeing as TTFields has no systematic
toxicities, when used in combination with TTFields, a smaller dose of PARP inhibitor could be
employed for the same therapeutic gain, which would hopefully reduce the haematological toxicities

otherwise seen when combined with TMZ.

To summarise, inhibition of PARP, a central protein in the DDR, sensitises GSC models to TTFields
treatment especially when administered in combination with radiotherapy or chemotherapy. PARP is
known to drive resistance to DNA damaging treatment by providing increased DNA repair capacity.
Here, we show that PARPi given in combination with TTFields and radiation further enhances DNA

damage induction, compared to each treatment given individually, and delays DNA damage repair.
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3.4 Supplementary figures
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Figure 3.16. Cell survival of G1 stem cells treated with TTFields (200kHz, 48 hours).

Survival of G1 stem cells following 48-hour TTFields treatment (200kHz, 1.6 V/cm RMS) as established by cell counting
in (A.) and by clonogenic assay in (B.). Graph bars represent the mean of experimental replicates and individual dots
representing each replicate. Error bars represent the standard deviation of the mean.
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Figure 3.17. Treatment with PARPi, IR and TTFields either alone or in combination does not induce activation of cell
death mechanisms.

Following treatment, G1 and G7 stem cells were collected and analysed for Annexin V/PI staining via flow cytometry
to assess the effects of treatment on the induction of apoptosis. There was no significant difference in induction of
apoptosis across all conditions in both cell lines 24-hours after treatment completion. Error bars represent the
standard error of the mean, with individual repeats represented as differently coloured dots. n=3
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Figure 3.18. Protein expression of DDR proteins following treatment with PARPi, IR and TTFields either alone or in

combination.

G1 and G7 stem cells were treated with PARPi (500nM), IR (2 Gy) and TTFields (48 hours at 200kHz) either alone in
combination. Following treatment, cells were harvested and protein activity of various DDR factors (PARP1 and ATM)
were assessed via western blot. n=1
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Figure 3.19. Survival of OX5-core and edge stem cells pre-treated with PARPi and TMZ is further reduced by TTFields
treatment.

The effects of treatment on survival of OX5-core and -edge stem cells were assessed by clonogenic survival
assay. Graph bars represent the mean of experimental replicates and individual dots representing each
replicate. Error bars represent the standard deviation of the mean. n=3 Data shown were produced by Dr.
Callum Jones.



135

CHAPTER 4. TARGETING ATR IN COMBINATION WITH TTFIELDS
AND STANDARD-OF-CARE TREATMENT

4.1 Introduction

4.1.1 Role of ATR in the DDR

ATR belongs to the phosphoinositide 3-kinases (P13K) family of kinases and is essential for replication
under normal and stressed conditions (figure 1.11b) (498). ATR is essential for survival and its deletion
is embryonically lethal (499). ATR is mainly activated at single stranded DNA (ssDNA), but ATR can also
by activated by R-loops that form during transcription and at telomere ends (500-502). ssDNA is
induced by stalled replication forks, during end processing of DSBs and during processing by NER,
MMR and long-patch BER repair pathways, where ssDNA form as intermediates during the repair
process (168, 503, 504). ATR is therefore recruited to a range of types of damage. ssDNA is first bound
by the ssDNA binding protein RPA. ATR-interacting protein then binds to RPA and recruits ATR to RPA-
coated ssDNA (figure 1.9b). Once ATR is loaded onto ssDNA, interactions between RAD17-RCF, the
RAD9-RAD1-HUS1 (9-1-1) complex and Topoisomerase Binding Protein 1 (TOPBP1) complete ATR
activation (505, 506). 9-1-1 is recruited to ssDNA-dsDNA junctions by the clamp loader RAD17-RFC
(507). The RAD9 subunit from the 9-1-1 complex is then phosphorylated on S387, which promotes the
TopBP1-ATR interaction and subsequent activation of ATR (508). Once activated, ATR phosphorylates
several substrates to orchestrate checkpoint activation, DNA repair, and stabilisation of stalled
replication forks during DNA damage or within regions that are difficult to replicate (e.g. fragile sites

and microsatellites) (500, 509).

Chk1 is the most established substrate of ATR and is Chk1 is recruited to the DNA lesion and is
phosphorylated by ATR on two residues, Ser345 and Ser317 (209, 510). This process is dependent on
the protein Claspin, which is recruited to the site of damage by RAD17 and enables interaction
between ATR and Chk1 (511, 512). Chk1 in turn signals to a variety of intracellular substrates involved
in DNA repair, DNA damage checkpoint activation and replication fork stabilisation (468). For example,
Chkl mediates checkpoint activation during S phase and G2-M transition through inhibitory
phosphorylation of Cdc25A and Cdc25C, respectively (513), and activation of WEE1 (514). Chk1 also
helps to minimise the extent of replication taking place under conditions of replication stress by
slowing the rate of DNA synthesis by preventing replication origin firing (503, 515). Origin firing is also
prevented by ATR mediated activation of the FA pathway through phosphorylation of FANCI (516).

RPA is the limiting factor for ATR-mediated replication fork stabilisation. The pool of RPA is finite and
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when the RPA pool is depleted, known as RPA exhaustion, any additional ssDNA cannot be protected
by RPA from nuclease attack and DSBs are generated as a result. ATR prevents excessive ssDNA
formation and RPA exhaustion by halting origin firing. In the absence of ATR, stalled replication forks
are stable to begin with due to RPA binding but as ssDNA starts to build up from unscheduled origin
firing, unprotected replication forks collapse. Increasing RPA levels in ATR deficient cells is sufficient

to restore replication stability (223).

Other substrates of ATR activity include members of the FA pathway, FANCD2 and FANCI, and NER
pathway, XPA, to mediate inter-strand crosslink and bulky DNA adduct repair, respectively (517, 518).
Finally, Chk1 has been shown to recruit and phosphorylate two proteins essential for HRR, RAD51
recombinase and BRCA2 (519).

4.1.2 Rational for targeting ATR in combination with TTFields

Chk1-mediated G2/M checkpoint activation has been suggested to drive resistance to radiotherapy in
GSCs (382). ATR inhibition might then overcome radio-resistance by preventing activation of the G2/M
checkpoint and forcing cells through the cell cycle with unresolved DNA lesions. Given that glioma
stem cells have higher levels of replication stress under basal conditions, glioma stem cells might be
expected to reach RPA exhaustion more rapidly than their bulk counterparts upon treatment with an
ATRi. However, Ahmed et al. showed that whilst preventing G2/M activation, unexpectedly, ATR
inhibitor radiosensitised bulk cells to a greater extent that GSCs, suggesting that other mechanisms
may restrict Chkl-mediated radiosensitisation. Ahmed et al. showed that, whilst GSCs exhibited
increased levels of DNA damage relative to their bulk counterparts following treatment with ATRi and
IR, these lesions were repaired more rapidly in GSCs compensating for the increased DNA damage

burden, restricting the effects of ATR inhibition (382).

Likewise, ATR-Chkl-mediated activation of the G2/M checkpoint was suggested to limit TMZ
sensitivity and as such, ATR inhibition has also been shown to sensitise glioma cells to chemotherapy
(520). ATR inhibition has been suggested to prevent activation of the G2/M checkpoint, allowing cells
to continue replicating when subjected to TMZ treatment and ultimately converting TMZ-induced
lesions into DSBs in a replication stress-dependent manner. This process has been suggested to be
dependent on MGMT status and MMR pathway activity. In MGMT-deficient cells, O%-MeG lesions
accumulate and are recognised by the MMR pathway. However, because the MMR pathway can only
remove mismatched bases on the newly formed DNA strand, the MMR pathway repeatedly attempts
to repair the mismatch but fails to do so, eventually forming SSBs that can be converted into DSBs

under conditions of prolonged replication stress. Additionally, MMR proteins (MSH2, MSH6) have
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been shown to interact with ATR and regulate ATR-mediated phosphorylation of Chk1 and subsequent
activation of G2/M checkpoint. MSH2-mediatied activation of ATR also suppresses DNA synthesis
during S-phase (521, 522). Loss of MMR proteins prevents ATR activity and inactivation of the MMR
pathway has been shown to prevent ATR inhibitor sensitisation to TMZ (523). Together this data

supports the use of ATRi for the sensitisation of glioblastoma to current standard treatment.

Mutations in other regulators of G2/M checkpoint activation, such as p53 or ATM, means that cells
rely more heavily on ATR activity for G2/M checkpoint activation and may mediate ATR inhibitor
sensitivity (524-527). Alternatively, cells that carry defects in other proteins involved in the resolution
replication stress, such as XRCC1 or ERCC1, are more sensitive to ATR inhibition (528, 529). Broadly
speaking, cells with defects in replication fork proteins, where enhanced levels of replication stress
are expected, are likely to be susceptible to ATR inhibition. Because TTFields have been shown to
increase replication stress (320), one might expect that inhibition of a protein that is involved in the
resolution of replication stress, like ATR, would demonstrate therapeutic efficacy in combination with
TTFields (530, 531). The effects of ATR inhibition in combination with TTFields have not yet been

explored.

Given that ATR is essential for survival, the effects of ATR inhibition on normal tissue are a concern,
especially when combined with DNA damaging treatment. There are currently no clinical trials
investigating the effects of AZD6738 in glioblastoma, perhaps because a study by Frosina et al. (2018)
showed that, despite the favourable pharmacokinetics properties of AZD6738 (including good BBB
penetration), no improvement in over survival was seen in combination with RT, discouraging its use
as a radiosensitising agent in glioblastoma (532). The BBB penetrant ATR inhibitor, AZD6738 (532), is
currently undergoing investigation in several clinical trials, including in combination with the PARP
inhibitor, Olaparib (NCT03428607), and in combination with radiotherapy (NCT02223923), and has

been suggested to be well tolerated (533, 534).
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4.2.1 Optimisation of ATR inhibitor for use in glioma stem cells
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AZD6738 is the only selective ATR inhibitor that has been demonstrated to penetrate the BBB (532),

and was therefore selected to investigate the effects of ATR inhibition on ATR activity. The effects of

increasing doses (250nM-5uM) of ATRi (AZD6738) on ATR activity in G1 and G7 GSCs were assessed

by western blot, following stimulation by 5 Gy IR. Western blotting showed that a 250nM AZD6738

successfully decreased phosphorylation of Chk1 on residue Ser345 back to baseline levels, indicative

of effective and potent inhibition of ATR activity, in G1 and G7 stem cells (figure 4.1) following

stimulation with IR. As 250nM AZD6738 showed robust inhibition of ATR activity in both cell lines, this

dose was therefore selected for future experiments. Additionally, AZD6738 has been reported to exert

a high degree of selectivity to ATR kinases relative to other members of the PI3K family, ATM and DNA-

PKcs (ICso >30) (174), therefore off-target effects are not expected at this dose.

A

G1 stem

AZD6738

p-Chk1
Ser345

Chk1

ATR

B-actin

Figure 4.1. Inhibition of ATR activity in GSCs using ATRi.
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G1 (A.) and G7 (B.) GSCs were treated with either DMSO control or varying doses ATRi, AZD6738 (250nM - 5uM). Cells
were treated with 5 Gy IR 1-hour post-inhibitor treatment to stimulate kinase activity. 1-hour post-IR treatment, cells
were harvested and samples were ran on a western blot. AZD6738 inhibited phosphorylation of Chk1 on residue Ser345
in both G1 and G7 GSCs at all doses tested in combination with IR. 8-actin was used as a loading control. n=1

4.2.2 The effects of ATR inhibition alone or in combination with radiation on survivals of GSCs

with or without TTFields.

G1 and G7 stem cells were pre-treated with ATRi (250nM AZD6738) for 1 hour prior to irradiation with

2 Gy. TTFields treatment (200kHz for 48 hours) was initiated immediately following irradiation. At the

end of TTFields treatment, GSCs were replated into 6-well plates and a clonogenic survival assay was
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carried out to determine the effects of treatment on survival (figure 4.2). ATRi alone had no effect on
the survival of G1 stem cells but reduced survival by 15% in G7 stem cells. Exposure to TTFields
following pre-treatment with ATRi further reduced the survival of G7 stem cells by 35% and reduced
the survival of G1 stem cells by 54% (surviving fractions of ~50% and 46%, respectively). Pre-treatment
with ATRi radiosensitised G1 and G7 with a surviving fraction of ~26% for both cell lines. This
radiosensitisation was augmented by TTFields treatment with surviving fractions of 2.8% and 7.1% for
G1 and G7 stem cells respectively. Annexin V/PI stain showed that there was no difference in the

fraction of apoptotic and necrotic cells between conditions in both cell lines at the end of treatment

(figure 4.3).
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Figure 4.2. The effects of pre-treatment with ATRi and radiation either alone or in combination on survival of GSCs

exposed to TTFields treatment.

At the end of TTFields treatment, cells were replated in 6-well plates and the effects of the combination treatment on
toxicity were assessed by clonogenic survival assay in G1 (A.) and G7 (B.) stem cells. Left — Representative images of the
clonogenic survival in G1 and G7 stem cells. Right — Summary of the surviving fraction for each condition. Graph bars

represent the mean of experimental replicates and individual dots representing each replicate. Error bars represent the

standard error of the mean. n=3
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Figure 4.3. Treatment with PARPI, IR and TTFields either alone or in combination does not induce activation of cell death
mechanisms.

At the end of TTFields treatment, G1 (A.) and G7 (B.) stem cells were collected and analysed for Annexin V/PI staining via
flow cytometry. Error bars represent the SEM. n=3

4.2.3 The effects of treatment with ATRi, radiation and/or TTFields alone and in combination on

signalling of DDR factors and on damage induction.

The effects of treatment on protein expression of key DDR factors, including effectors of ATR and ATM,
were investigated via western blot. At the end of treatment, ATR activity was no longer inhibited in
GSCs that had been exposed to ATR inhibitor (figure 4.4). In fact, the expression of p-Chk1(Ser345)
was augmented in the samples that had been exposed to ATRi treatment compared to those that had
not been treated with the inhibitor. Previous studies have shown that other PIKKs, like ATM, can
phosphorylate predominately ATR substrates in its absence (535, 536). Additionally, this increase
could be explained by reactivation of ATR. The half-life of the inhibitor, AZD6738, which has been
reported to be ~6-11 hours (537-539). As previously shown (figure 4.1), AZD6738 does inhibit ATR
activity as shown by a reduction in Chkl phosphorylation via Western Blot. However, in the initial
optimisation experiment, the samples were collected 2 hours post-inhibitor treatment, when the
inhibitor is still expected to be active. For the combination experiment, the samples were collected
~48 hours after the inhibitor treatment had been administered, therefore it is possible that the
inhibitor was no longer active at the time the samples were collected and does not reflect lack of

target activity.

The increased Chk1 phosphorylation (figure 4.4) at this later timepoint could therefore be a result of

compensatory phosphorylation by ATM and/or reactivation of ATR activity, which may be enhanced
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in order to compensate for its lack of activity earlier during the treatment, for example from increased
replication stress. This could be because of the damage that may have accumulated during the period
of ATR inactivity and this increase in Chkl phosphorylation may then reflect increased damage,
especially given that effectors of the DSB sensor, ATM, are mirroring the increased ATR activity.

Indeed, phosphorylation of both Chk2 and Kapl at Thr68 and Ser824, respectively, are increased in

GSCs treated with ATRi (figure 4.4).
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Figure 4.4. The effects of ATRi and/or radiation in combination with TTFields on signalling of DDR proteins.

The effects of treatment on the activity of various DDR factors, such as ATM and ATR, were assessed via Western Blot
in G1 (A.) and G7 (B.) stem cells. Phosphorylation of Chk1, which is a substrate for ATR activity, and phosphorylation of
KAP1 and Chk2, which are substrates of ATM activity, were increased by combination treatment with TTFields, ATRi

and irradiation in combination in both G1 and G7 stem cells. n=2.
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Additionally, as measured by increased induction of yH2AX- and 53BP1-foci formation via
immunofluorescence, treatment with ATR inhibitor was shown to increase the signalling of proteins
involved in DNA repair, especially when combined with radiation and/or TTFields (figure 4.5). G1 and
G7 stem cells experienced a doubling in the percentage of cells stained positively for yH2AX when cells
received TTFields treatment in addition to pre-treatment with ATRi and IR in combination compared
to cells receiving ATRi and IR in combination only. The mean number of 53BP1 foci per cell was ~1.5
and ~1.3 fold higher in G7 and G1 cells, respectively, when cells were exposed to TTFields following
pre-treatment with ATRi and radiation (figure 4.5). As signalling of DDR does not always directly
correlate with DNA damage levels, the effects of treatment on DNA damage induction were assessed
via alkaline comet assay. There was no difference in DNA damage induction across all TTFields-treated
conditions as measured by the alkaline comet assay in G1 stem cells (figure 4.6a). TTFields treatment
did not enhance DNA damage induction following pre-treatment with ATRi and radiation in
combination in G1 stem cells in contrast to what the signalling data might indicate. On the other hand,
DNA damage induction was augmented by TTFields treatment when G7 stem cells were pre-treated
with either ATRi and/or radiation, with the biggest induction in DNA damage seen following pre-

treatment with the combination of ATRi and radiation (figure 4.6b).

Together this data suggests that treatment combination with all three modalities (TTFields, ATRi and
IR) increases signalling of DDR/replication stress factors in GSCs when compared to other treatment
permutations, but this increase in signalling does not always correlate with increased levels of DNA

damage at the investigated timepoint.
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Figure 4.5. The effects of ATRi and/or radiation in combination with TTFields on signalling of DDR proteins.

YH2AX- and 53BP1-foci quantification via immunofluorescence was used to determine the effects of treatment on DNA damage induction in G1 (A.) and G7 (B.) stem cells.
Left — Representative images. Right — Bar charts showing the percentage of cells showing positive yH2AX staining (>5foci/cell), where graph bars represent the mean of
experimental replicates and individual dots representing each replicate. Dot plots demonstrating the number of 53BP1 foci/cell, where each dot represents an individual
cell and the red line = mean +- SD. SEM n=3
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Figure 4.6. The effects of ATRi and/or radiation in combination with TTFields on DNA damage
induction and signalling of DDR proteins.
The effects of treatment on DNA damage induction were assessed via alkaline comet assay in both G1

(A.) and G7 (B.) stem cells. Left — Representative images for the alkaline comet assay. Right — Dot plots
showing the tail moment of individual cells, with the red line showing the mean for each condition.
n=3
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4.2.4 The effects of pre-treatment with ATRi and/or radiation on DNA repair kinetics of TTFields-

treated GSCs.
Seeing as ATRi-mediated conversation of stalled replication forks into DSBs is dependent on RPA
binding to ssDNA, the effects of treatment on RPA levels were assessed. TTFields alone significantly
induced p-RPA foci in both G1 and G7 stem cells, suggesting replication stress is induced by TTFields
treatment (figure 4.7). ATR inhibitor alone enhanced radiation-induced p-RPA foci formation in G1
stem cells, this was further augmented by TTFields treatment (figure 4.7a). However, pre-treatment
with ATRi and radiation prior to TTFields exposure did not enhance foci formation compared to cells
pre-treated with radiation or when cells received TTFields as a monotherapy. Surprisingly, fewer p-
RPA foci were formed by pre-treatment with both ATRi and irradiation in combination prior to TTFields

exposure compared to cells pre-treated with ATRi alone in G1 stem cells.
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Figure 4.7. The effects of pre-treatment with either ATRi and radiation either alone or in combination prior to
TTFields treatment on RPA signalling.

G1 (A.) and G7 (B.) stem cells were stained for p-RPA32(T21) foci and quantified by immunofluorescence following
treatment with TTFields, ATRi and IR, either alone or in combination. Left shows representative images and right
shows dot plots demonstrating the number of p-RPA32(T21) foci/cell, where each dot represents an individual cell
and the red line = mean +- SD. n=3
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ATR-mediated phosphorylation of RPA2 at T21 during replication stress serves as a scaffold for the
recruitment of DDR factors to mediate damage repair. Changes in RPA phosphorylation may then
indicate changes in repair kinetics and the effects of treatment on the formation and resolution of
damage were assessed over time. G1 stem cells treated with ATRi and radiation in combination both
with and without TTFields treatment had a high DSB burden (4.8 vs 5.3 mean 53BP1 foci per cell) and
a high total DNA damage burden (52% and 45% positive yH2AX cells, respectively). This DNA damage
burden was sustained only when cells received TTFields treatment and was in fact increased with a
mean of 7.1 53BP1 foci per cell 24-hours after treatment completion and 59.7% of cells exhibiting
positive yH2AX staining (figure 4.8a and figure 4.9a). G1 stem cells treated with ATRi and IR but
without TTFields had mostly repaired damage by the 24-hour timepoint, with an average of 2.2 53BP1
foci per cell (equal to basal levels of 53BP1 stain) and only 20% of cells stained positively for yH2AX
(on average 15% of the population is stained positively for yH2AX in untreated cells). 53BP1 foci
formation in G1 stem cells pre-treated with either ATRi or 2 Gy alone prior to exposure to TTFields
treatment also returned to basal levels 24 hours following completion treatment, from on average 3.8
and 3.0 53BP1 foci per cell to 2.5 and 2.2 foci per cell, respectively. Treatment with ATRi, irradiation
and TTFields in combination resulted in persistent yH2AX- and 53BP1-foci in G1 stem cells, indicative

of impaired DNA damage repair (figure 4.8a and figure 4.9a).

For G7 stem cells, whilst 53BP1 was high immediately at the end of treatment with TTFields, ATRi and
IR in combination and remained high 24-hours after treatment completion (4.6 53BP1 foci per cell vs
4.9 53BP1 foci per cell, higher than any other condition), H2AX foci staining was initially high
immediately at the end of treatment (50% H2AX) but started to subside by 4-hours following
treatment completion (21%; figure 4.8b and figure 4.9b), suggesting than the remaining DNA damage
could mostly constitute DSBs. The remaining total DNA damage was then sustained for up to 24-hours
post-treatment completion (23%), a 2-fold increase in 53BP1 and yH2AX stain compared to untreated
cells, with ~10% of cells stained positively for yH2AX in control cells at the same timepoint, indicating
that whilst G7 cells receiving the full treatment combination are still able of repairing the damage,
they are still subjected to increased levels of damage to what can be considered normal in this cell
line. G7 stem cells pre-treated with 2 Gy only prior to TTFields exhibited comparable yH2AX staining
with the full combination treatment (23%) but 53BP1 foci staining was significantly lower (3.4 foci per
cell). G7 stem cells pre-treated with ATRi alone prior to exposure to TTFields had fully resolved yH2AX
signal by the 24-hour timepoint (19% of positive yH2AX cells to ~11%), whereas 53BP1 staining was
sustained at ~3.4 53BP1 foci per cell), although this was still significantly lower compared to the full
combination. Together this data suggests the combination treatment with TTFields, ATRi and IR

perturbs the resolution of DNA damage.
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Figure 4.8. The effects of pre-treatment with either ATRi and radiation either alone or in combination prior
to TTFields treatment on DNA damage repair.

Time-course summary line graph for yH2AX- and 53BP1-foci formationin G1 (A.) and G7 (B.) stem cells following
treatment with TTFields, ATRi, and irradiation, either alone or in combination.

Time-course experiment in G1 stem cells were produced by Dr. Callum Jones. n=3
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Figure 4.9. The effects of pre-treatment with either ATRi and radiation either alone or in combination prior to TTFields treatment on signalling in DNA damage repair.
The effects of combination treatment with TTFields/ATRi/IR on DNA damage repair were assessed in G1 (A.) and G7 (B.) stem cells. Cells were fixed at 0-, 4- and 24-hours following completion of

TTFields treatment. Cells were subsequently stained for yH2AX and 53BP1. Left — Representative images. Right — Bar charts showing the percentage of cells showing positive yH2AX staining
(>5foci/cell) at 0-, 4- and 24-hours post-TTFields treatment. Graph bars represent the mean of experimental replicates and individual dots representing each repeat. Dot plots showing the number
of 53BP1 foci/cell at 0-, 4- and 24-hours post-TTFields treatment. Each dot represents an individual cell and the red line = mean +- SD. n=3
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4.3 Discussion

ATR activity in glioma stem cells has been shown to be enhanced relative to bulk counterparts and
mediates resistance to standard care DNA damage-inducing treatments (382). ATR is mainly activated
by ssDNA during stalled replication forks or during processing of various types of DNA lesions. ATR
inhibition has previously been shown to sensitise glioma cells to treatment with radiation and
Temozolomide. This sensitivity has been suggested to be mediated through inhibition of G2/M
checkpoint activation and increased conversion of replication fork impeding lesions into DSBs. Given
that TTFields has been shown to induce replication stress and downregulate proteins involved in the
resolution of stalled replication forks, such as BRCA genes and FA repair pathway genes (314, 320), we
postulated that inhibition of ATR, a protein that ensures faithful replication, in combination with
TTFields may further exacerbate TTFields-induced replication stress in these cells, especially when
combined with a DNA damaging treatment such as radiation. Given that unresolved stalled replication
forks can be converted to DSBs, the most toxic type of damage, we hypothesised that enhanced DNA
damage levels generated by the increased levels of replication stress with combination treatment

would correlate with a reduction in survival in glioma stem cell models.

Here, we confirm that ATR inhibition radiosensitises GSCs in line with the literature as measured by a
reduction in the surviving fraction via clonogenic survival compared to cells treated with either ATRi
or IR alone. TTFields treatment enhanced ATRi-mediated radiosensitisation, reflected by a further 23%
and 19% reduction in surviving fraction of G1 and G7 stem cells, respectively. G1 and G7 stem cells
pre-treated with ATRi and radiation in combination prior to TTFields exposure experienced a larger
reduction in clonogenic capacity compared to GSCs pre-treated with either ATRi or IR alone. To our
knowledge, this is the first time that ATR inhibition has been evidenced to enhance TTFields toxicity

in glioma stem cells.

RPA associates with ssDNA during replication stress and therefore acts as a surrogate marker for
replication stress, and ATR inhibitor sensitivity is dependent on RPA. ATR-mediated phosphorylation
of RPA32 at T21 occurs in response to DNA damage, which then acts as a scaffold for the recruitment
of downstream DDR factors (540). DDR proteins have been suggested to associate with RPA primarily
in its phosphorylated state. As such, phosphorylation of RPA32 at T21 was assessed with the various
treatment combinations to determine the effects of treatment on replication stress and DNA repair.
Consistent with inducing replication stress, TTFields enhanced p-RPA21(T21)-foci formation in all
conditions compared to their respective non-TTFields treated controls. Unexpectedly however, G1
stem cells exhibited reduced levels of p-RPA(T21) when cells were pre-treated with ATRi and 2Gy in

combination prior to TTFields treatment compared to cells pre-treated with ATRi alone.
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Phosphorylation of RPA32 at T21 has been shown to prevent its association with replication centres,
inhibiting DNA replication during replication stress (217, 483) and Toledo et al. showed that as RPA
levels are artificially reduced, the number of DSBs generated increased (223). Lower levels of p-
RPA(T21) may then indicate that replication forks are being converted more rapidly into DSBs which
would provide one explanation for why G1 stem cells pre-treated with both ATRi and radiation in
combination exhibited increased levels of DSBs compared to cells pre-treated with ATRi alone despite
exhibiting lower levels of RPA foci. However, whilst RPA32 phosphorylation promotes checkpoint
activation, PP2A-mediated dephosphorylation of RPA in not essential for reactivation of replication
(222) and therefore phosphorylation of RPA32 alone is not necessarily indicative of replication state.
Phosphorylation at T21 has also been suggested to occur at sites of broken replication forks during
replication catastrophe only. However, Toledo et al. showed that phosphorylation of RPA32 at T21
takes place in all replication factories, irrespective of DNA damage abundance. RPA can protect ssDNA
from nuclease attack even in the absence of ATR activity, as long as there are sufficient RPA stores.
Unprotected ssDNA strands are converted to DSBs only upon depletion of RPA (223). Toledo et al. also
suggested that cells that replicate more rapidly may reach RPA exhaustion sooner than cells that are
less replicative, and that in the absence of ATR activity replication fork collapse is S-phase dependent
and there may therefore be a delay in the appearance of DSBs following ATR inhibition (223). TTFields
has repeatedly been shown to impact the proliferation rate of cells (282, 541-543). Combining TTFields
with an inhibitor targeted at a protein that is essential for replication like ATR, may further impact cell
proliferation, especially when combined with a DNA damage inducer like radiation which triggers cell
cycle checkpoint activation. Indeed, cell counts obtained at the end of the treatment were reduced in
the TTFields-treated conditions (supp. figure 4.10), more so in G1 stem cells compared to G7 cells,
only achieving significance with the full combination and TTFields monotherapy when compared to
the untreated control. Without any evidence of cell death occurring at this timepoint, this might
suggest that TTFields reduces cell proliferation in our GSC models. Cells exposed to the full
combination treatment may therefore reach RPA exhaustion at a later timepoint compared to less
harsh conditions. This may explain why G1 stem cells exhibited even higher levels of damage 4-hours
post-completion of treatment as DSBs may take longer to be generated. G7 stem cells have more DSBs
immediately after treatment compared to G1 stem cells. Overall phosphorylation of RPA was lower in
G7 stem cells. There was no difference in phosphorylation of RPA across TTFields-treated conditions
in G7 stem cells. G7 stem cells may convert replication stress more rapidly into DSBs compared to G1
stem cells. This could also explain why a higher DNA damage burden by alkaline comet assay with full
combination treatment was detected in G7 stem cells immediately upon treatment completion

whereas despite increased signalling of DDR factors (Kap1, Chk1, Chk2 H2AX and 53BP1) in G1 stem
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cells, changes in DNA damage levels were not detectable via alkaline comet assay. G1 stem cells may
take longer to convert stalled replication forks into DSBs if they have higher RPA stores especially if
the cells are replicating more slowly from TTFields exposure. However, because total levels of RPA
were not assessed, it cannot be determined whether the differences in phosphorylation levels
between cell lines are due to changes in total RPA levels or due to changes in signalling of RPA. RPA
signalling is an indirect measure of replication stress and might not be the best marker of replication
stress, especially when using inhibitors that mediate RPA signalling such as ATR inhibitors because
changes in RPA signalling may not correlate with changes in replication stress levels but rather reflect
changes in signalling irrespective of replication stress. However, it is unlikely that at the timepoint
investigated, the changes in p-RPA32(T21) levels are due to changes in signalling by ATR because the
western blot assay suggested that at that timepoint, ATR activity may no longer be inhibited but is in
fact amplified in cells that were previously exposed to ATR inhibitor. However, given the elusiveness
of RPA phosphorylation, this data could be interpreted in different ways and using RPA as an isolated

marker for replication stress does not depict the full picture.

Irrespective of the exact mechanism of how the damage is generated, the DNA damage burden was
higher in cells receiving full combination treatment with TTFields, ATRi and IR in both cell lines. Both
G1 and G7 stem cells sustained increased levels of DNA damage, particularly DSBs, 24 hours post
treatment (TTFields+ATRi+IR combination) termination, indicating either continual DNA damage
formation and/or impaired repair kinetics. G7 stem cells sustained fewer H2AX foci 24-hours after
treatment compared to G1 stem cells, suggesting that G7 stem cells may repair damage more
efficiently when compared with G1 stem cells, and may reflect differences in activity of DDR proteins.
Ahmed et al. reported a limited radiosensitisation effect from Chk1 inhibition in GSCs because of
increased repair kinetics (vs bulk cells) (382). ATM has been shown to compensate in the absence of
ATR through Chk2 phosphorylation (544, 545). However, inhibition of both ATM and ATR
simultaneously did not further sensitise glioma cell lines compared to inhibition with ATR inhibitor
alone (544). Additionally, cells that are deficient in a G1/S checkpoint, for example through mutations
in P53, are more reliant on G2/M checkpoint activation for repair. P53 activity may therefore dictate
how cells repair damage following ATR inhibition (546, 547). P53 expression is higher in G7 stem cells
compared to G1 stem cells (see supp. Figure 4.12). Additionally, Dueva et al. showed that in the
absence of RPA, NHEJ is increased by up to 350-fold because spontaneous annealing of ssDNA strands
cannot be prevented (548). Differences in RPA levels between cell lines may therefore also alter DNA

repair capacity.
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YH2AX and 53BP1-foci form almost instantly following irradiation (within 3 minutes) and usually
resolve within 24-hours following treatment (549). Persistent yH2AX and 53BP1-foci eventually results
in cell death or premature senescence (550, 551). The reduction in clonogenicity observed was not
mediated by an increased induction in apoptosis as there was no difference in the fraction of apoptotic
cells or necrotic cells across all treatment conditions. However, cells that escape apoptosis can
undergo cellular senescence (552). Senescence refers to a commitment to a non-proliferative state,
while maintaining metabolic activity and viability (553). Initially, senescence was thought to be an
irreversible process, and contrasted with quiescent cells, where proliferation is halted only
temporarily (554). However, this is now being contested and several studies have demonstrated that
senescent cells can regain the ability to proliferate under certain conditions (555-557). Typically,
senescence occurs during telomere shortening, oncogenic activation senescence, or is triggered by
DNA damage generated either endogenously or exogenously (558). DNA-damage mediated activation
of senescence likely occurs under conditions of sustained DNA damage and is as a result usually
accompanied by a persistence of DDR signalling from the unresolved lesions (559). Senescence has
number of consequences on tumour growth and dictates treatment response. Senescent cells do not
directly contribute to the expansion of tumour cells in the arrested state and have consequentially
been associated with a reduction in tumorigenicity (560). However, senescent cells adopt a
senescence-associated secretory phenotype (SASP) and can promote tumour growth indirectly
through secretion of pro-inflammatory cytokines, such as IL6 and IL8 through NF-kB signalling (561).
Reversible activation of senescence also protects them from the toxic effects of treatment, but can
mediate tumour recurrence when proliferation is restored, suggesting that the senescent state acts

as a survival mechanism and may contribute to treatment resistance (562).

TMZ has previously been shown to induce senescence in glioma cells in an 05-MeG-dependent way
and was triggered by activation of G2/M checkpoint through the ATR-Chk1 axis and p53-p21 axis (520,
546, 563, 564). TMZ-mediated activation of senescence correlated with transcriptional silencing of
MMR proteins (MSH2, MSH6, and EXO1) and HRR protein RAD51 and consequently reduced DNA
repair activity (546). Senescence is also activated by irradiation, with mitotic catastrophe being
suggested to be the main form of cell death mechanism induced by ionising radiation. Mitotic
catastrophe is triggered by abnormal mitosis from abnormal chromosome segregation and form non-
viable cells associate with several micronuclei. Mitotic catastrophe is not a separate form a cell death
per se, rather mitotic catastrophe precedes the induction of various cell fates such as cell death
through apoptosis, necrosis and autophagy, but can also trigger activation of senescence (565).
Induction of mitotic catastrophe or senescence inhibit cell proliferation and would therefore also be

reflected by a failure to form colonies in the clonogenic survival assay. Senescence has been linked to



155

cellular polyploidy and several studies have previously shown that senescence over apoptosis was
activated by treatments that interfere with cell division and induce mitotic catastrophe (566-568). NF-
KB activity through activation of SASP has been suggested to suppresses apoptosis in favour of
senescence (546). TTFields interferes with cell division and results in abnormal chromosomal
segregation, polyploidy and subsequent mitotic catastrophe and cell death (252, 282). Additionally,
NF-kB signalling has been suggested to be increased by TTFields (339). Therefore, it is plausible that
TTFields may favour activation of senescence at the expense of apoptosis. However, to our knowledge,

there have to date been no reports of activation of senescence with TTFields.

There is no single marker for senescence, rather classification of senescent cells relies on a collection
of markers, the most established being senescence-associated beta-galactosidase (SA-B-gal) staining
(569). Because activation of senescence strongly correlates with persistent DDR signalling and cell
cycle checkpoint activation, DDR signalling is usually used in conjunction with SA-B-gal stain to identify
senescent cells (559). DDR signalling foci associated with senescence present differently to transient
foci that arise from repairable DNA damage and were given the name ‘DNA segments with chromatin
alterations reinforcing senescence’ (DNA-SCARS). DNA-SCARS were not associated with RPA or RAD51
foci staining but did correlate with activated forms of H2AX, ATM, ATR, p53 and 53BP1 (559, 570-573).
G1 and G7 stem cells exhibited elevated ATR and ATM activity (p-Chkl, p-Chk2 and p-Kapl) and
elevated H2AX and 53BP1 signalling, which was sustained for up to 24 hours following treatment.
However, further staining with SA-B-gal would be required to determine whether the cells enter a

senescent state with this treatment regimen.

In summary, although the precise mechanism remains to be elucidated, targeting ATR in combination
with radiation and TTFields reduces survival of GSCs, potentially through enhanced DNA damage

burden and impaired DNA repair kinetics.
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4.4 Supplementary figures
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Figure 4.10. Cell counts following treatment with TTFields, ATRi and IR either alone or in combination.

Following treatment with ATRi, IR and/or TTFields, G1 and G7 stem cells were lifted with Accutase. Cells were
resuspended in media and counted using a haemocytometer. Error bars represent the standard error of the mean,
with individual repeats represented as differently coloured dots. n=3
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Figure 4.11. Treatment with ATRi, IR and TTFields either alone or in combination does not induce activation of cell
death mechanisms.

Following treatment, G1 and G7 stem cells were collected and analysed for Annexin V/PI staining via flow cytometry to
assess the effects of treatment on the induction of apoptosis. There was no significant difference in induction of apoptosis
across all conditions in both cell lines 0- and 24-hours after treatment completion. Error bars represent the standard error
of the mean, with individual repeats represented as differently coloured dots. n=3
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Figure 4.12. P53 protein expression in GSCs.

G7 stem cells express higher levels of P53 compared to G1 stem cells as assessed via Western blot assay. n=1
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CHAPTER 5. TARGETING WEE1 OR ATM IN COMBINATION WITH
TTFIELDS AND STANDARD-OF-CARE TREATMENT

5.1 Introduction

5.1.1 Role of WEE1 in the DDR

WEEL1 is a protein kinase that is activated in response to DNA damage and initiates cell cycle arrest at
both the G1 and G2 phase. G1/S and G2/M transitions are initiated by activated cyclin E-Cdk2 and
cyclin B-Cdk1 complexes, respectively. WEE1 regulates Cdk2 activity by inhibitory phosphorylation on
tyrosine 15 (Tyr15) and prevents transition from G1 to S phase and suppresses replication initiation
(see figure 1.5 in section 1.2) (574, 575). Cdk1 activity is mediated by both WEE1 kinase and Cdc25
phosphatase. WEE1 phosphorylates Cdk1 (also known as cycle protein 2 homolog - Cdc2) on residue
Tyr15 inactivating Cdk1 and preventing progression through the G2/M checkpoint (576, 577). On the
other hand, Cdc25 dephosphorylates Cdk1 on Tyr15, counteracting the inhibitory activity of WEE1 on
Cdk1 and promoting entry into mitosis (figure 10) (578, 579).

WEE1L inhibition increases replication origin firing and has been shown to induce replication-
dependent DNA damage in cells due to abnormal DNA replication taking place as a result of failure to
inhibit G1/S transition (580). In addition, WEE1 inhibition has been shown to aggravate the amount of
DNA damage induced by chemotherapeutic agents, leading to increased sensitivity to chemotherapy
treatment (581). WEE1 inhibition was also shown to force cells to progress through G2/M and S phase
checkpoints with unrepaired DNA damage, resulting in mitotic catastrophe and cell death (582, 583).
Additionally, p53 is dysregulated in 87% of glioblastoma patients and cancers cells with dysregulated
p53 function lack functional G1 arrest (584) such that they become reliant on arrest at G2 following
the induction of DNA damage. WEE1 kinase was shown to be a major driver of G2 arrest in response
to DNA damage in glioblastoma and WEE1 inhibition was shown to abolish IR- and TMZ-induced G2
arrest, resulting in mitotic catastrophe and cell death (585). Furthermore, WEE1 inhibition has already
been shown to sensitise glioblastoma cells, including GSCs, to radiotherapy and improved survival of
tumour-bearing mice. These data highlight the potential for the use of WEE1 inhibition as a
therapeutic strategy in the treatment of glioblastoma, especially considering WEE1 expression is
increased in glioblastoma and is correlated with poorer survival outcomes (585). The effects of CDK1
inhibition should also be specific to tumour cells seeing as most healthy tissue is not actively

replicating (586).
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The WEE1 inhibitor, AZD1775, in combination with RT/TMZ has been evaluated in recurrent
glioblastoma in a phase | clinical trial (NCT01849146), which concluded that the toxicity profile was
acceptable at a dose of 150mg and demonstrated good BBB penetration, despite not crossing the BBB
in mice models of glioblastoma (587, 588). Future clinical trials will reveal whether WEE1 inhibition
constitutes an attractive therapeutic approach for the treatment of glioblastoma. In the meantime, it
will be interesting to see how combining an inhibitor which forces cell to enter mitosis prematurely

(like AZD1775) with an anti-mitotic treatment, such as TTFields, affects cancer cell survival.

5.1.2 Role of ATM in the DDR

Ataxia-telangiectasia mutated (ATM) is a serine/threonine protein kinase that belongs to the
phosphatidylinositol 3-kinase (PI3K)-related kinase (PIKK) family (168). ATM responds to DNA DSBs
and subsequently mediates signalling and repair of those lesions. Germline mutations in the ATM gene
result in an autosomal recessive disease known as ataxia-telangiectasia (A-T). A-T is characterised by
immunodeficiency, increased susceptibility to cancer development, and a hypersensitivity to IR, which

can be accounted for by residual DSBs (589, 590).

In the absence of damage, ATM exists as an inactive dimer. Following the induction of DNA damage,
the MRE11-RAD50-NBS1 (MRN) complex localises to DSBs and recruits ATM to DSBs. MRN binds to
DSBs with blunt ends and at ssDNA/dsDNA junctions. MRN binding to DSBs results in conformational
changes in the complex and recruitment of ATM by DNA end-tethering (591). The MRN complex
activates ATM via autophosphorylation of ATM on residue Serine 1981 (Ser1981), which causes
dissociation of the inactive dimer into active monomers, which in turn phosphorylate several
substrates (592). Activated ATM triggers phosphorylation of chromatin surrounding the break on
Ser139 of histone variant H2AX (yH2AX), leading to the recruitment of DDR components to the lesion
site in order to aid in the resolution of DSBs via HR or NHEJ (593, 594). Phosphorylation of H2AX
recruits 53BP1 and BRCA1 to DSBs. Additionally, ATM is essential for the repair of DSBs within
heterochromatic regions through phosphorylation of KAP1 (595). ATM-mediated phosphorylation of
KAP1 on S824 during DNA damage results in detachment of the heterochromatin protein HP1- from
H3K9me3 and relaxation of chromatin structure within heterochromatin (596, 597). In addition, ATM
activates cell cycle arrest by phosphorylation of Chk2 and p53 on residue threonine 68 (Thr68) and
Ser15, respectively (598). P-Chk2(Thr68) mediates degradation of the phosphatase, Cdc25A, whilst p-
p53(Ser15) stimulates the CDK2 inhibitor p21, and both therefore act to block entry into S-phase and
prevent induction of DNA synthesis by CDK2 (figure 10) (513, 599, 600). Additionally, H2AX

phosphorylation recruits Mediator of DNA damage checkpoint protein 1 (MDC1). MDC1 localises to
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kinetochores during mitosis and activated the spindle assemble checkpoint to regulate mitotic
progression (601). As such, ATM functions to halt the cell cycle in response to DNA damage to allow

time for lesion repair before the cell cycle can restart (see figure 1.12 in section 1.3) (602).

ATM signalling has been shown to be elevated in glioma stem cells and correlates with increased
resistance to IR (486). GSCs display more efficient DSBR compared to their bulk counterparts making
them more resistant to radiation. ATM inhibition reversed this enhanced repair activity of DSBs in
GSCs, with ATM inhibited GSCs repairing IR-induced DSBs less efficiently than their bulk counterparts
(486). Whilst ATR inhibition has been suggested to sensitise glioma cells more effectively than ATM
inhibition, deletion of ATR is non-viable whereas ATM is not and therefore ATM inhibitors are
expected to have fewer unwanted toxicities on surrounding healthy cells (603). ATM activity has been
shown to be correlate with tumour grade, with increased ATM activity exclusively seen in high grade
gliomas and therefore inhibition of ATM has potential applications in the treatment of glioblastoma
(604). Small molecule inhibitors of the ATM protein have been shown to replicate some of the
characteristics of A-T, such as increased sensitivity to chemotherapy and radiation (605, 606). ATM
inhibition is therefore being considered as a sensitising agent to DNA damaging agents for the
treatment of cancer and following promising pre-clinical data (607-610), this strategy is being explored
in clinical trials in patients with advanced solid cancers (NCT02588105). AZD1390 is a BBB-penetrant
ATMi that has been shown to extend survival of orthotopic mice models of lung cancer brain
metastases when combined with radiation (607). AZD1390 is undergoing clinical trial investigation in
a phase | study assessing the safety and tolerability of AZD1390 combination with radiation for the

treatment of both newly diagnosed, recurrent glioblastoma and brain metastases (NCT03423628).

Given the impacts on HRR-mediate DNA repair processes together with the increased DSB burden and
reduced DSBR efficiency reported following TTFields treatment (312), which was correlated with
increased cell death both in glioma stem and non-stem cells, simultaneously combining TTFields
treatment with an inhibitor targeted at a protein that is essential for the response and resolution of

DSBs, such as ATM, may potentially enhance TTFields efficacy.



162

5.2 Results

5.2.1 Optimisation of WEE1 inhibitor for use in glioma stem cells

AZD1775 is a blood-brain barrier penetrant WEE1 oral inhibitor that has already entered clinical trial
stages in glioblastoma, where it demonstrated a favourable toxicity profile (611), and was therefore
used for WEE1 inhibition in these studies. Western blot was used to investigate the effects of doses
between 50nM and 500nM WEE1i (AZD1775) on WEE1 activity in G1 and G7 GSCs. Doses were
selected based on the IC50 value of AZD1775 (5.2nM) and data from a previous paper demonstrating
inhibition of WEE1 activity in primary glioma cell lines at doses within this range (612). 5 Gy IR was
used to stimulate detectable and robust WEE1 activity. WEE1 appears to be activated under basal
conditions as WEE1 activity was detected prior to stimulation with DNA-damaging agents and a mild
increase in WEE1 activity was detected following IR treatment. As one would predict, increasing doses
of WEE1i, phosphorylation levels of Cdk1/Cdc2 on residue Tyrosine 15 decrease (figure 5.1a), with
strong inhibition of WEE1 activity achieved at a dose of 200 nM in G1 and G7 stem cells, respectively.
As such, this dose was selected for future optimisation studies. To assess the radiosensitising effect of
WEE1 inhibition, clonogenic survival assay in GSCs were carried out with increasing doses of irradiation
(figure 5.1b-c). 1-hour pre-treatment with 200nM AZD1775 radiosensitises glioma stem cell models,
with SER,gy 0f 2.82 and 2.50 in G1 and G7 stem cells, respectively. Sensitiser enhancement ratios (SER)
are usually defined as the ratio of the radiation dosage that is required to induce a reduction in survival
fraction of 50% in the absence of a radiosensitiser (such as a DDRi) to the dose of radiation that is
required to achieve the same 50% survival fraction in the presence of a sensitiser. Here, however,
SER,6y Was used instead to define the ratio of surviving fractions in the presence and absence of a
radiosensitiser at a dose 2Gy because this the fractionation dosage that is used in the clinic and is

therefore of clinical relevance.
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Figure 5.1 WEEL1 inhibitor, AZD1775, radiosensitises glioma stem cell models.
A. G1 and G7 GSCs were treated with either DMSO control or WEE1i, AZD1775, at doses ranging between 50nM and

500nM. Cells were treated with 5 Gy IR 1-hour post-inhibitor treatment. 1-hour post-IR treatment, cells were harvested,
and protein expression assessed by western blot. AZD1775 demonstrated a dose dependent decrease in phosphorylation
of CDC2 on residue Tyrosine 15 in G1 and G7 stem cells with IR. B8-actin was used as a loading control. n=1. B.-C.G1 and
G7 glioma stem cells were plated at the indicated densities on 6-well Matrigel-coated plates. The day after seeding, GSCs
were pre-treated with either DMSO control or 200nM WEE1i, AZD1775, for 1-hour prior to treatment with increasing
doses of radiation (0-6Gy). Clonogenic survival assay was carried out to assess the radiosensitising effect of WEE1
inhibition (n=3). The resulting surviving fractions for both G1 and G7 stem cells are shown on the left in B. and C. n=3
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5.2.2 Optimisation of ATM inhibitor for use in glioma stem cells

Western analyses were used to measure inhibition of ATM activity using a range of doses (OnM-
250nM) of the ATM inhibitor (ATMi), AZD1390, in both G1 and G7 glioma stem cells. Because ATM is
mainly activated in response to DSBs and IR is a major source of DSBs (613), a dose of 5 Gy IR was used
to stimulate robust and detectable ATM activity. ATM is activated via autophosphorylation at Ser1981
briefly following IR treatment and gradually declines over a 24-hour period (592, 607), therefore,
samples were harvested 1-hour following treatment with IR. As expected, 5Gy IR resulted in a
significant increase in ATM activity compared to DMSO control in both cell lines, as measured by
phosphorylation of ATM substrates (p-Chk2(Thr68) and p-ATM(Ser1981)). As seen in figure 5.2, 50nM
AZD1390 was able to effectively inhibit irradiation-induced ATM signalling in both G1 and G7 stem
cells, as demonstrated by a strong decrease in p-Chk2(Thr68) and p-ATM(Ser1981) levels compared
to DMSO control (+IR). Due to its strong ability to inhibit ATM activity, a dose of 50nM AZD1390 was
selected for future experiments. 1-hour pre-treatment with 50nM AZD1390 radiosensitises glioma
stem cell models, with SER;,0f 6.89 and 7.88 in G1 and G7 stem cells, respectively (figure 5.3). Initially,
a dose of 250nM was used for combination studies but this proved to be too toxic (see supp. figure

5.7).
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Figure 5.2 Inhibition of ATM activity following treatment with ATMi, AZD1390.

G1 and G7 glioma stem cells were pre-treated either with DMSO control or with ATMi, AZD1390, at
concentrations ranging between 50nM and 250nM. One hour following inhibitor treatment, cells were treated
with 5 Gy IR to stimulate ATM activity. Cells were harvested 1-hour post-IR treatment and protein expression
was assessed via western blot. 8-actin was used as a loading control. AZD1390 inhibited auto-phosphorylation
on residue Ser1981 and phosphorylation of Chk2 on residue Thr68, a substrate of ATM activity, in both G1 and
G7 GSCs at all doses tested. n=2
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Figure 5.3 ATM inhibitor, AZD1390, potently sensitises glioma stem cells to radiation.

G1 and G7 glioma stem cells were plated at the indicated densities on 6-well Matrigel-coated plates. The day after seeding,
GSCs were pre-treated with either DMSO control or 50nM ATMi, AZD13905, for 1-hour prior to treatment with increasing
doses of radiation (0-6Gy). Clonogenic survival assay was carried out to assess the radiosensitising effect of ATM inhibition.
The resulting surviving fractions for both G1 and G7 stem cells are shown on the left in A. and B., respectively, with
representative images shown on the right. Numbers below the representative images indicate the number of cells seeded
during plating. Error bars show SEM (some error bars are too small to be seen). n=3
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5.3 Discussion

Activation of DNA damage checkpoints plays an essential role in the cellular response to DNA damage
as it ensures the cell cycle is halted in the presence of DNA lesions to allow time for lesion repair and
maintains genetic stability by preventing damaged DNA from being passed onto daughter cells. WEE1
kinase is a major driver of G2 arrest in response to DNA damage in glioblastoma and WEE1 inhibition
has been shown to abolish IR- and TMZ-induced G2 arrest, resulting in mitotic catastrophe and cell
death (585). Seeing as WEE1 inhibition forces cells to enter mitosis prematurely, even in the presence
of unrepaired DNA damage and/or increased replication stress, and TTFields mainly acts on mitotic
cells, combining TTFields with a WEE1 inhibitor should make for an interesting combination.
Additionally, WEE1 inhibition increases levels of replication stress by increasing replication origin firing
by activating cyclin-CDK complexes during cell cycle progression. TTFields has been shown to increase
replication stress, therefore, WEE1 inhibition may exacerbate replication stress levels in TTFields-
treated cells, exceeding thresholds of tolerable levels of replication stress. Given the reliance on the
G2/M arrest when G1 arrest is dysregulated, p53-mutant cancers may particularly benefit from this

combination.

AZD1775 is a blood-brain barrier penetrant WEE1 oral inhibitor that has already entered clinical trial
stages in glioblastoma, where it demonstrated reasonable tolerability (156) and was therefore
selected for WEE1 inhibition in our studies. Strong inhibition of WEE1 activity was achieved at a dose
of 200nM in G1 and G7 stem cells. As such, this dose was selected to assess the radiosensitising effect
of WEE1 inhibition in these GSCs. Previous groups have reported that the WEE1 radiosensitises and
chemosensitises various glioma cell models (612, 614, 615). Here, we show that WEE1 inhibitor,
AZD1775, effectively radiosensitised both G1 and G7 stem cell lines, at a clinically relevant dose of
irradiation (2Gy), with SERs of 2.82 and 2.50 in G1 and G7 stem cells, respectively, and a surviving

fraction of ~24% in both cell lines.

Future studies will need to be carried out to assess the effects of TTFields treatment on the
radiosensitising effect of WEE1 inhibition in glioma stem cells. Preliminary data from a published
abstract from Slangen et al. has suggested that WEE1 inhibition synergistically reduced colony
formation by TTFields treatment in established glioma cell lines, however they did not measure a
difference in DNA damage induction by the different treatments combinations, suggesting that the
sensitising effects of WEE1 inhibition on TTFields may not be from augmented DNA damage levels
(616), although this could be dependent on the dose of WEE1 inhibitor used or the timing/scheduling

of the combination treatment. WEE1 inhibition has been shown to increase the release of pro-
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inflammatory cytokines through activation of the cGAS/STING pathway and enhanced macrophage
type | and cytotoxic T cell infiltration in genetically engineered mouse models of small cell lung cancers
(617). Given that TTFields has been shown to provoke an anti-inflammatory response, WEE1 inhibition
could synergise with TTFields instead by further promoting anti-tumour immunity. Further, Pokorny
et al. suggested that AZD1775 efficacy could be limited due to inhomogeneous distribution of
inhibition across the brain in orthotopic mouse models of glioblastoma (612). TTFields could enhance

drug delivery to the brain, improving efficacy of WEE1 inhibitors.

ATM is another cell cycle checkpoint regulator protein and is mainly activated in response to DSBs.
Upon binding to DSBs, ATM mediates the recruitment of proteins required for DSBR and mediates
phosphorylation of substrates that are required for cell cycle arrest activation. GSCs have been shown
to exhibit increased ATM activity under basal conditions, which is further induced following IR
treatment, and has been associated with increased resistance to IR treatment (486). Given the
increased DSB burden and reduced DSBR efficiency reported following TTFields treatment, which was
correlated with increased cell death both in glioma stem and non-stem cells, simultaneously
combining TTFields treatment with an inhibitor targeted at a protein that is essential for the response
and resolution of DSBs, such as ATM, may potentially enhance TTFields efficacy, especially given that

ATM inhibition has already been shown to sensitise glioma cells to radiotherapy, a known DSB inducer.

AZD1390 is a newly developed highly selective, BBB penetrating ATM inhibitor that has recently
entered in human trials (NCT03423628) in brain cancers, including primary and recurrent glioblastoma
patients, in a phase | study which aims to assess the safety and tolerability of AZD1390 given in
combination with radiation therapy. AZD1390 inhibited IR-induced ATM activity in G1 and G7 stem
cells at a dose of 50nM, as shown by reduced phosphorylation of ATM substrates, p-Chk2(Thr68) and
p-ATM(Ser1981). From the work carried out in this chapter, it was shown that AZD1390 potently
radiosensitises glioma stem cell models, with SER.g, of 6.89 and 7.88 in G1 and G7 stem cells,
respectively. There are to date no studies examining the effects of combining an ATM inhibitor with
TTFields. Given the potent radiosensitisation effects induced by AZD1390 treatment, it will be
interesting to see how AZD1390 affects TTFields response, both alone and in combination with

radiotherapy across a range of preclinical glioma models.

Previous work undertaken with PARPi and ATRi in this thesis serves as proof-of-concept for the use of
DDRi as a strategy for the sensitisation of GSCs to TTFields treatment. Because tumours display vast
intra- and inter-tumoural heterogeneity, the DDRi of choice to elicit the optimal sensitisation effect to

TTFields may very between tumours depending on their genetic background. For example, ATRi
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sensitised both G1 and G7 GSCs more profoundly to TTFields+IR combinations compared to PARPi and
G1 GSCs were more sensitive to combination treatment with TTFields+PARPi+IR compared to G7 GSCs.
Therefore, it will be important to determine how GSCs respond to additional TTFields/DDRi
combinations and identify genetic markers that might predict how glioblastoma patients respond to
these various TTFields/DDRi combinations, which may in future help guide treatment strategies in the
clinic based on the genetic profile of tumours from individual patients. Given the roles of ATM and
WEE1 within the DDR, as detailed in this section, there is a strong rational for further preclinical
evaluation for their potential use in combination with TTFields and standard-of-care treatment to

improve the treatment of gliomas.
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5.4 Supplementary figures
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Figure 5.4 WEE1 inhibition in GSCs following treatment with WEE1 inhibitor, AZD1775.

G1 and G7 GSCs were treated with either DMSO control or WEE1i, AZD1775, at doses ranging between 50nM and 500nM.
Cells were treated with 100 uM TMZ 1-hour post-inhibitor treatment. Four hours following TMZ treatment, cells were
harvested, and samples were ran on a western blot. AZD1775 demonstrated a dose dependent decrease in

phosphorylation of CDC2 on residue Tyrosine 15 in G1 and G7 stem cells with TMZ (B). 8-actin was used as a loading
control. n=1
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Figure 5.5. Inhibition of ATM activity in GSCs using ATM.i.

G1 and G7 glioma stem cells were pre-treated either with DMSO control or with ATMi, AZD0156, at concentrations ranging
between 250nM and 5uM. One hour following inhibitor treatment, cells were treated with 5 Gy IR to stimulate ATM activity.
Cells were harvested 1-hour post-IR treatment and samples were run on a western blot. 8-actin was used as a loading
control. AZD0156 was able to inhibit phosphorylation of Chk2 on residue Thr68 and ATM on residue Ser1981, substrates
for ATM activity, in both G1 and G7 GSCs at all doses tested. Phosphorylation of DNA-PKcs on residue Ser2056 was inhibited
at 5uM and 2.5uM AZDO0156 in G1 and G7 GSCs, respectively. n=1
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Figure 5.6 ATM inhibitor activity in glioma stem cell models.

G1 and G7 glioma stem cells were pre-treated either with DMSO control or with ATMi, AZD1390, at concentrations ranging
between 50nM and 250nM. One hour following inhibitor treatment, cells were treated with 5 Gy IR to stimulate ATM
activity. Cells were harvested 1-hour post-IR treatment and samples were run on a western blot. 8-actin was used as a
loading control. AZD1390 inhibited auto-phosphorylation on residue Ser1981 and phosphorylation of Chk2 on residue
Thr68, a substrate of ATM activity, in both G1 and G7 GSCs at all doses tested. n=2
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Figure 5.7 ATM inhibitor, AZD1390, radiosensitises glioma stem cell models.

G1 glioma stem cells were plated at the indicated densities on 6-well Matrigel-coated plates. The day after seeding, GSCs
were pre-treated with either DMSO control or 250nM ATMi, AZD13905, for 1-hour prior to treatment with increasing
doses of radiation (0-6Gy). Clonogenic survival assay was carried out to assess the radiosensitising effect of ATM inhibition.
The resulting surviving fractions for G1 stem cells are shown on the left, with representative images shown on the right.
Numbers below the representative images indicate the number of cells seeded during plating. n=3
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CHAPTER 6. DISCUSSION, LIMITATIONS AND FUTURE STUDIES

6.1 Discussion

Glioblastomas are the most common and the deadliest cancer arising in the brain. Despite aggressive
treatment regimens, glioblastomas are currently incurable, which has been attributed to a number of
factors. Firstly, these tumours are highly invasive and infiltrate into surrounding healthy tissue, limiting
the extent of safe surgical resection possible. Secondly, the extensive intra- and inter-tumoral
heterogeneity, which characterises these tumours, and the presence of the BBB limit treatment
efficacy and glioblastoma almost always recurs, often in a more treatment resistant form (62). Efforts
to extend survival by increasing irradiation/chemotherapy doses results in unacceptable toxicities in
healthy tissue (235), and as such, inhibitors targeted at the DDR have been suggested to expand
therapeutic efficacy within cancer cells specifically (238). Cancer cells harbour deficiencies in key DDR
genes and because of this, cancer cells, in particular glioma stem cells, have adapted to rely on a
reduced subset of repair pathways that are hyperactivated in order to compensate from the increased
DNA damage burden they are subjected to as a result of increased replicative and oxidative stress
(239, 240). This method should spare healthy tissue because, in contrast to cancer cells, healthy cells
can recruit the activity of a fully functioning DDR. Functional redundancy across repair pathways limits
single agent efficacy. Therefore, targeting multiple DDR processes simultaneously is likely to be
required for optimal therapeutic benefit (249, 250, 618). TTFields has been shown to exert its effects
via numerous mechanisms, but of interest to this thesis, TTFields was shown to induce DNA damage
and replication stress and delay DNA damage repair, which was more specifically suggested to be
through impaired HRR activity from downregulation of BRCA genes (312, 314, 315, 320). Both pre-
clinical and clinal studies have demonstrated the effects of TTFields to be specific to cancer cells (285,
376, 619-621). This has mainly been suggested to be due to TTFields targeting actively replicating cells
whilst healthy brain tissue mostly consists of nonreplicating cells and are therefore protected from
the effects of TTFields. Additionally, TTFields crosses the BBB and therefore limitations associated with
conventional drugs in terms of delivery to the brain do not need to be considered. In fact, given that
TTFields has been suggested to enhance cell membrane and BBB permeability (376), TTFields could be
exploited as a tool to enhance drug delivery at the tumour site. For these reasons, TTFields makes the
ideal candidate to form the basis of combinational strategies aimed at the DDR, particularly in resistant

GSC populations (622).

We hypothesised that combining TTFields with therapeutic DDR inhibitors (PARPi, ATMi, ATRi and

WEEZ1i) could enhance TTFields potency in glioma cells alone or in combination with Temozolomide
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and/or IR. We therefore aimed to determine the most effective combination of therapeutic DDRi with

TTFields for treating a range of 2D glioma cell models and assess mechanistic basis of interaction.

The electricfield frequency of 200kHz was chosen because, not only have previous studies established
that this frequency offers optimal inhibition of cell proliferation in glioblastoma cell lines, including
GSCs (252), this is also currently the only approved frequency for treatment of both primary and
recurrent glioblastoma in the clinic. TTFields as a monotherapy induces a reduction in survival of
glioma stem cells by an average of 29% and 16% in G1 and G7 GSCs, respectively. This is a smaller
reduction in survival compared to what has previously been measured for GSCs. Clark et al. (2018)
reported a 33-74% decrease (depending on the cell line) in GSCs survival following monotherapy
TTFields (200 kHz, 1 V/cm) compared to untreated control (276). Although they used a smaller field
intensity in their studies, their cells were exposed to TTFields for a duration of 8 days (in comparison
to 2 days in our experiments), which might explain why they observed a larger reduction in survival.
However, preliminary data produced by Mazzanti et al. (2019) described a 60% reduction in survival
in GSCs following TTFields (200kHz) treatment, even when GSCs were exposed to TTFields for a shorter
duration of 72 hours, which is still considerable larger than what we measured. However, it is clear
from the wide range of responses (between 33-74% reduction in cell survival following TTFields
treatment) that have been described in prior studies that the effects of TTFields on cell proliferation

are highly variable between cell lines.

As mentioned previously, cells that are deficient in HRR are particularly vulnerable to PARP inhibition
through synthetic lethality mechanisms (623). PARP inhibition therefore constitutes an obvious
candidate for TTFields-based DDRi combinations. The data presented in this thesis shows that PARP
inhibitor treatment, at a clinically relevant dose significantly sensitises glioma stem cell models to
TTFields treatment, especially when combined with the current standard care DNA damaging
treatment, radiation and temozolomide. In addition to their role in HRR, BRCA genes cooperate with
FA repair proteins to mediate replication fork stabilisation in response to replication stress. Given that
TTFields reduces the expression of genes involved in the response to replication stress, drugs that
target pathways involved in replication fork stabilisation and replication fork restart, such as ATR
inhibitors, may prove to be more effective when combined with TTFields. ATR plays a central role in
the response to following genomic stress and, as such, constitutes an alternative promising target for
TTFields-based combinations. Here, we show that the BBB penetrant ATRi, AZD6738 sensitised G1 and
G7 stem cells to TTFields treatment both with and without irradiation. This is to our knowledge the
first time that PARP and ATR inhibition have been shown to increase sensitivity to TTFields treatment

in GSCs. ATRi demonstrated more profound sensitisation to TTFields+IR combinations in both G1 and
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G7 GSCs compared to PARPi and G1 GSCs were overall more sensitive to TTFields/DDRi-based
combination treatment compared to G7 GSCs, highlighting how inter-tumoural heterogeneity may
dictate how GSCs respond to treatment. We propose that the increased sensitivity seen with both
DDRi in combination with TTFields is mediated by an increased induction in DNA damage, particularly
DSBs, and/or delayed DNA damage repair. The increased sensitivity seen by PARP inhibitor could be
more specifically regulated by TTFields-mediated downregulation of the HHR pathway. Although,
additional studies need to be carried out to confirm that DNA repair via the HRR pathway is in fact

inhibited.

Whilst the vast majority of the work carried out in this thesis investigated the effects of TTFields/DDRi
combinations with radiation, currently, TTFields is only approved in combination with chemotherapy,
requiring the course of radiation therapy and concomitant chemotherapy to be completed before
administering TTFields with adjuvant Temozolomide (625). The data presented in this thesis
encourages the usage of TTFields in combination with radiotherapy to be explored clinically, however,
there are concerns regarding the delivery of TTFields treatment in combination with radiation with
respects to skin toxicities from the dosimetric impact of electrodes on the scalp, within the radiation
field. Clinical trials have suggested that the presence of transducer-arrays did not significantly impact
on dosimetric measurements, both when transducer arrays were removed or left on during RT
delivery (626-629), suggesting that TTFields may be feasible and safe when combined with
radiotherapy. As such, initiating TTFields treatment earlier following surgery and in combination with
radiation may be of huge significance in terms of improving treatment response to TTFields for

glioblastoma patients.

Tumour progression inevitably occurs even for patients receiving TTFields and resistance to TTFields
treatment has been described in ~ 14% of patients (622). The mechanisms that enable cancer cells to
evade the biophysical forces of TTFields will inform on strategies that can be exploited to overcome
this resistance Previous studies have shown that the optimal inhibitory frequency of TTFields
treatment is inversely correlated to cell size (252). TTFields has been shown to trigger cancer cells to
increase in cell size. One case study reported that at recurrence cells had had adopted a ‘giant-cell’
morphology (630), enabling them to escape the effects of TTFields. Changing the frequency of the
electric fields applied overcame this resistance. Adjusting the frequency to account for this increase
in cell size could therefore target this new population of cells of increased cell size. Schneiderman et
al. have proposed that periodically switching the frequency between 150 and 200kHz could prevent
the increase in cell size provoked by continuous exposure to TTFields at a single frequency of 200kHz

(631).
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Additionally, glioblastoma patients do not equally benefit from TTFields, hence, the development of
prognostic biomarkers that may help identify patients that will most likely benefit from additional
TTFields treatment would be extremely beneficial to future clinical trials (632). A retrospective study
carried out by Dono et al. identified molecular alterations that corresponded with increased response
to TTFields treatment in glioblastoma patients. Glioblastoma patients with IDH or PTEN mutations are
more likely to benefit to from current standard treatment and are generally associated with improved
survival outcomes. PTEN was additionally identified as a marker for preferential response to TTFields
treatment in patients with recurrent isocitrate IDH wild-type glioblastoma (633). PTEN plays a role in
mitotic spindle architecture and promotes chromosome alignment and segregation. Loss of PTEN
results in improper spindle assembly and chromosome segregation (634, 635). Given that TTFields is
also known to interfere with microtubule organisation and chromosome segregation, these effects
may be enhanced when TTFields is applied to patients with loss of PTEN. Glioblastoma patients with
IDH or PTEN mutations have been proposed to be particularly sensitive to PARP inhibitors because of
known defects in HR repair pathways associated in these cancers. TTFields may however extend
application of PARP inhibitors to tumours outside of this context (for example for high grade gliomas
which tend to be IDH wt) or may delay the establishment of resistance for those cancers harbouring
HRR deficiencies. A clinical trial is currently recruiting participants to evaluate the efficacy and safety
of PARPi, Niraparib, and TTFields in recurrent glioblastoma (NCT04221503). NF1 alterations, wt
PIK3CA and wt EGFR, which extended both PFS and OS of glioblastoma patients receiving TTFields
treatment, were also identified as molecular markers associated with improved response to TTFields

(632, 636).

Finally, improvements with regards to the delivery of the Optune system may also be considered for
improved patient response. The optimal positioning of the four transducers arrays is determined using
the NovoTAL™ (Novocure Ltd., Haifa, Israel) simulation software based on tumour location and the
size and shape of the patient’s head (5) in order to maximise intensity of the fields at the site of the
tumour whilst sparing the surrounding healthy tissue. Secondary lesions have been reported at distant
sites away from the region of optimal field intensity (630, 637). Adjusting array positioning may be
necessary to target these new lesions. Additionally, improvements in the duty cycle, such as changing
the duration of time between switching current injection between the two pairs of electrodes or
activating both pairs of electrodes simultaneously rather than alternatively but at reduced intensity,
could increase the area of the tumour at which an intensity of 1V/cm is achieved (the minimum
intensity required for the anti-proliferative effects of TTFields), which could improve the delivery of
Optune and enhance TTFields efficacy. The Optune system is designed to switch off automatically

when the temperature at the site of attachment of the electrodes rises to 41°C, beyond this
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temperature patients are at risk of thermal injury (638). Both electrodes switch off when a
temperature rise is detected by one of the electrodes, even though the other electrode might still be
within the range of accepted temperatures. If the system was adapted to turn on and off the paired

electrodes independently then again, improvements in response to TTFields could be seen (639).

As evident from the preclinical studies undertaken in this thesis, TTFields/DDRi-based combinations

have great potential for the treatment of glioblastoma.

6.2 Limitations and future studies

6.2.1 Experimental limitations associated with the Inovitro™ system.

The delivery of electric fields generates heat therefore the temperature of the incubator is set to a
value lower than the target temperature in order to compensate for electric field-induced heating of
the ceramic dishes and maintain the temperature within the ceramic dishes at 37 degrees. The
temperature of the incubator also determines the intensity of the fields that can be achieved within
the ceramic dishes. For the data presented here, the temperature of the incubator was set to 18°C,
which allows the highest intensity (1.62 V/cm RMS) to be achieved based on current known expected
TTFields intensities (385). However, because of the high ambient room temperature that the
equipment is set up in (primary TC facilities), a temperature of 18°C could not always be achieved. As
such, the incubator temperature varied from experiment to experiment (fluctuating between ~20 and
~25 °C) with changes in room temperature, which would result in different intensities of TTFields
treatment applied across experiments. Because the anti-proliferative effects of TTFields are
dependent on the intensity of the fields, with higher intensities inducing increased cell death (334),
changes in intensities will most likely affect the outcome of the results. Additionally, when inserting
the Inovitro™ dishes onto the base plate, the dishes require rotating into place in order to establish
the adequate contact between the electrical components on the bottom of the dishes and the
electrical springs on the base plate. The computer software gives a readout of the temperature,
resistance and current passing through each dish and indicates whether the connection between the
dish and the plate has been achieved. The time taken for the dishes to connect to the base plate varied
within the same experiment and between experiments. As the dishes began to wear through the
duration of this project, these would take longer to connect, sometimes taking over 1-hour to connect,
which may have impacted the overall state of cells and may have influenced the results. Finally, the
intensity in the dishes is not uniform, with intensities in the centre dishes being higher than the

intensity measured at the edge of the dish, therefore not all cells within each dich experience the
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same intensity of treatment. Novocure are currently further refining their Inovitro system to try and

minimise some of these issues which would be welcome in future work.

6.2.2 TTFields/DDRi combinations treatment scheduling limitations.

Given that the duration of TTFields treatment was determined based on the cell doubling time of the
cells and that cells were collected further analysis only after completion of the TTFields treatment,
some the mechanistic effects of DDRi treatment on TTFields may have been missed to a certain extent,
especially with the ATRi has which has a short life of only approximately 8-hours. Because of this,
treated cells may have started to recover from the effects of ATR inhibition during the remainder of
the TTFields treatment. Although, given this short half-life, the sensitising effects of ATRi to TTFields
and radiation achieved are even more impressive. The work undertaken in this thesis did not look at
the effects of treatment throughout the course of TTFields delivery. As such, it may be interesting to
track the effects of treatment throughout this period. Additionally, the initial response to ATRi and
radiation, either alone or in combination, were not assessed seeing as these conditions were collected
at the same time as the TTFields-treated samples, 48-hours after these treatments were administered.
In future, it might be worth including controls to measure the baseline response to these treatments
and see how this relates to TTFields-based combinations with the scheduling used in these studies.
For example, it is known that DNA damage in response to irradiation forms almost instantly following
irradiation and usually resolves within 24-hours following treatment (549). It would be therefore
interesting to see how the damage induced by the various combinations compares to immediate DNA

damage levels induced by radiation treatment.

On the other hand, these studies allowed us to measure the ability of TTFields to sustain the effects
induced by DDRi and IR treatment. In future, alternative treatment scheduling may be considered. RT
has been shown to enhance TTFields efficacy when administered both prior to and immediately after
TTFields treatment (312, 313), therefore, irradiating the cells at the end of the TTFields treatment
could be an option. Additionally, Mazzanti et al. (640) reported that the effects of TTFields on cell
proliferation are reversed 24-hours after cessation of TTFields treatment and showed that once cells
had recovered from TTFields treatment they could resume proliferation as normal. Therefore, an
alternative scheduling for DDRi treatment could also be considered. Kessler et al. (542) showed that
continuing DNA damage checkpoint inhibitor treatment up to 72 hours following completion of
TTFields treatment produced a much more striking reduction in survival in comparison to
discontinuation of the inhibitor treatment at the end of TTFields treatment and compared to either
treatment alone. Given that patients are currently advised to wear the Optune device for 18

hours/day, it has therefore been suggested that DDRi treatment could be used to bridge the
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interruption in TTFields treatment (542). Additionally, continuing DDRi treatment after completion of

TTFields treatment could further delay how quickly cells are able to recover from TTFields treatment.

6.2.3 Model development incorporating the Inovitro™ system.

Although extraordinary advances in glioblastoma research have been achieved in the past decades,
most clinical trials investigating strategies to battle glioblastoma fail to show improvements in survival
(641). This is in part due to the recurrent and infiltrative nature of the disease, but also reflects the
lack of suitable models available to conduct in vitro assessment of potential therapeutics (642). Whilst
in vitro 2D culture of patient-derived glioblastoma stem cells have been of huge significance in terms
of understanding glioblastoma biology and identifying promising pharmacological targets, GSCs
cultured as adherent 2D monolayers lose their intrinsic heterogeneity and lose the ability to form
interconnections with surrounding cells and their environment in a 3-demenional space. 2D models
therefore fail to replicate key histological features of glioblastoma which are thought to drive
treatment resistance (643, 644) and models that better reflect such features are needed. Berkelmann
et al. previously measured a reduction in TTFields efficacy with glioma cells grown in a collagen matrix
as 3D structures (302). The effects of TTFields on cell division vary depending on the axis of cell division
relative to the field, with cells dividing parallel to the field demonstrating more toxic effects and cells
dividing perpendicular to the fields being less sensitive to the effects of the electric fields (252). In 3D,
the number of potential directions that cells can be dividing in are increased, meaning that a smaller
proportion of cells will be diving parallel to field (the direction in which you would expect to see the
most pronounced effect of toxicity), therefore cells will somewhat be more protected from the effects

of the fields in 3D culture and may explain the difference in sensitivity to TTFields treatment in 3D.

The 3D Alvetex® scaffold (figure 6.1a), which was recently developed by Gomez-Roman et al. (2017)
and recapitulates key histological features of glioblastoma, was shown to more reliably predict clinical
efficacy of various pharmacological agents (including TMZ, bevacizumab and erlotinib), for which
adequate clinical trial data has been published, compared to adherent 2D monolayer cultures,
validating its use as a valuable model for in vitro assessment of potential pharmacological agents for
the treatment of glioblastoma (381). An additional benefit to using the 3D Alvetex scaffold over the
2D models used is that it precludes the requirement for counting and replating the cells onto 6-well
Matrigel coated plates that is required with the 2D work as the 3D scaffolds can easily be transferred.
As such, the third and final aim of this thesis was to incorporate the 3D Alvetex™ within the Inovitro™
system for investigation of our most promising TTFields/DDRi combinations with patient derived GSCs

as it will be of translational relevance. Computational data produced by Novocure suggested that
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clinically relevant intensities of TTFields can be achieved within cells cultured in the 3D scaffold in the
Inovitro™ system (data not shown). Interestingly, whilst the intensities of TTFields delivered across
the mouse brain are mostly uniform (data not shown), the intensities of TTFields treatment were non-
uniform throughout the scaffold, as is the case across the human brain, and therefore the 3D Alvatex-
model may better reflect what takes place in the clinic in terms of delivery of the TTFields treatment
in comparison to mouse models. Optimisations surrounding the incorporation of Alvatex scaffold
within the Inovitro™ system mainly involved identifying the optimal method to prevent scaffold
floatation without compromising TTFields delivery. An initial pilot study confirmed that TTFields

reduced viability of GSCs cultured in the 3D Alvetex scaffold (figure 6.1b-c).
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Figure 6.1. TTFields delivery within the 3D Alvetex™ scaffold culture system.

A. Left — Alvetex 12-well plate. Right — Architecture of the porous polystyrene 3D scaffold. B. Inovitro dish with the
Alvetex scaffold. C. Right — Surviving fractions of OX5-edge stem cells cultured in the 3D Alvetex™ system both with
and without TTFields. Error bars represent standard error of the mean and replicates are represented by dots. Left —
Representative images.
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Based on this preliminary data together with some of the early data established in this thesis (Chapter
3 — Section 3.2.2), funding was awarded to our group by AACR (American Association for Cancer
Research)- Novocure Tumour-Treating Fields Research Grant for a project entitled: ‘TTFields-based
DDRi combinations to overcome spatiofunctional heterogeneity.” Further development and
application of the aforementioned 3D Alvetex™ scaffold-based TTFields culture and delivery system
were proposed as part of this study. As such, the optimisation of this 3D system was finalised by Dr.
Callum Jones. While this project aims to compare the effects of TTFields/DDRi combinations across
various Sheffield-derived primary glioma cell lines, as described in the methods (see section 2.2.1),
these cell lines are not suitable for direct comparison in 2D as they do not form colonies when grown
in 2D. Additionally, the studies that are currently under way in 3D have primarily focused on assessing
the effects of these combinations on survival with no further investigations into the mechanism driving
the effects in 3D or how they may compare to 2D models. Preliminary data comparing the efficacy of
TTFields/DDRi based combinations with irradiation in GSCs cultured both in 2D and 3D suggest that
these treatments may exert differences in toxicity across the models used (data not shown). As such,
investigating the mechanisms driving the differences in sensitivity to these combinations between 2D
and 3D models may be of interest in future studies, particularly in terms of the effects on the DNA

damage induction and repair.

Although the 3D Alvetex scaffold may constitute a more robust model in terms of dimensionality, this
model still fails to recreate the original tumour microenvironment (TME) in other aspects, such as the
presence of a vasculature, immune cells, fibroblasts, and other signalling molecules, all of which may
modulate how a tumour responds to treatment. Co-culturing tumour cells with various stromal cells,
including immune cells, to study how they interact with each other may overcome this limitation.
Alternatively, other 3D models may be used. Organoids, for example, represent more accurately
patient tumour properties because they preserve the original TME (they retain the 3D structure, some
of the genetic heterogeneity of the original tissue and can contain multiple types of immune cells)
(646). Such a model is currently being explored by other groups. Nickl et al. have optimised the use of
patient-derived organoids and tumour slice cultures within the Inovitro system (645). So far, they have
shown that these models respond to TTFields therapy, suggesting that these models could potentially

be used to screen for drug combinations that may offer maximal clinical benefit (645).

Finally, the Inovivo system is a preclinical laboratory research system that allows the evaluation of the
effects of TTFields in animal models. One advantage in using animal models over other models for
predicting drug responses is that they allow tumour cells to interact with the host environment (646).

Additionally, in vivo studies may give some indication of the toxicity profiles of these treatments.
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Whilst the Inovivo system is not currently available in the UK, our industrial collaborator (Novocure™,
based in Israel) has offered to validate our most promising TTFields/DDRi combinations from our 2D
or 3D scaffold-based TTFields culture system against rodent orthotopic xenograft models using the

Inovivo system.

6.3 Concluding remarks

Despite efforts to improve the treatment of glioblastoma, resistance (innate and acquired) and
tumour regrowth occur in almost all glioblastoma patients leading to stubbornly poor survival rates.
As evident from the preclinical and clinical studies highlighted in this review, TTFields has great
potential, both in the short-term and long-term, to help treat a multitude of cancers and positively
impact on several cancer patient cohorts, particularly those with cancers of unmet need such as brain
tumours. As such, increasing our knowledge of the molecular mechanisms that underpin TTFields-
based cellular toxicity and tumour-specificity/therapeutic index will hopefully aid in the adoption of
this new modality for additional tumours. Glioma stem cells are one of the underlying causes driving
resistance to current standard-of-care DNA damaging treatment because of their increased DNA
repair capacity. Our studies provide evidence for the use of TTFields-based combinations with
inhibitors targeted at the DDR as a strategy for overcoming resistance in glioma stem cell population.
Our results show that these combinations achieve this effect through inhibition of DNA repair capacity

in GSCs.

Future work will focus on replicating these studies in more clinically relevant 3D models across a wider
range of GSC models which recapitulate both intra- and inter-tumoural heterogeneity. In the
meantime, a reduction in production costs of the therapeutic TTFields units, through technological
advancements will likely facilitate further clinical approval of TTFields based anti-cancer therapies
from additional health care regulators, particularly if TTFields efficacy can be enhanced through
combination approaches. In addition, there are plenty of opportunities for improvements with regards
to the TTFields delivery system, such as adjusting/optimising the intensity and frequency of TTFields
or reducing the weight of the device, extending battery life, simpler connectivity of wires, and/or
increasing the number of directions from which the alternating electric fields are applied. Finally, the
development of prognostic biomarkers that may help identify patients that will most likely benefit

from additional TTFields treatment would be extremely beneficial to future clinical trials.
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Abstract

Brain tumours account for around 200,000 deaths/year globally, with high-grade gliomas being
the most common and aggressive type of primary brain cancer. Despite maximal surgical
resection, followed by chemotherapy and radiotherapy, there has been limited improvement
in survival rates over the last 40 years and overall survival for these patients remains only 10-
16 months. These dire survival rates highlight an urgent unmet clinical need to develop more
effective therapeutic interventions for these devastating and incurable tumours. More recently,
Tumour-Treating Fields (TTFields) therapy has been approved in several countries to treat
both newly diagnosed and recurrent gliomas. Whilst TTFields are primarily thought to mediate
their anti-cancer effects by disrupting mitotic spindles due to the high levels of mitosis in cancer
cells, recent data suggests that TTFields may also attenuate DNA damage repair efficiency
and replication fork dynamics. We therefore set out to determine if combining TTFields with
therapeutic and pre-clinical DNA damage response inhibitors (DDRI) could enhance TTFields
potency in typically resistant glioma stem-like cells (GSCs). We show that combining TTFields
with clinically approved PARP1 inhibitor treatment leads to significantly reduced GSC
clonogenic survival, which is further enhanced by radiation treatment. Mechanistically, we
show that this is associated with increased amounts of DNA damage due to retarded DNA
damage resolution. Furthermore, we observe similar impressive potency and associated
enhance levels of persistent DNA damage when TTFields treatments are combined with a
pre-clinical ATR inhibitor and/or radiation treatments. To our knowledge, these data represent
the first report of TTFields combined with therapeutically relevant DDRi in GSCs and provide
encouraging data for further preclinical evaluation of such approaches. Overall, our findings
support such a combinatorial therapeutic approach as part of a next generation multimodal

TTFields-based therapy regimes for patients with these currently incurable tumours.
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Introduction

Brain tumours kill more children and adults under 40 than any other cancer, with high-grade
glioblastomas being the most common tumours arising within the brain, contributing to around
200,000 deaths/year globally(1, 2). The current standard-of-care therapy for these currently
incurable tumours is de-bulking surgical resection followed by a therapeutic regimen of radio-
/chemotherapy, utilising the DNA alkylating agent Temozolomide (TMZ)(3, 4). Interestingly,
even though around half of glioblastomas exhibit promoter methylation of the dealkylating
enzyme MGMT that specifically and directly removes alkylation lesions induced by TMZ and
is therefore an established biomarker of TMZ effectiveness/clinical response, MGMT promoter
methylation status does not affect overall survival rates which remain poor at around 12-15
months post-diagnosis. In addition to large amounts of inter- and intra-tumoural genetic and
transcriptomic heterogeneity(5-17), one of the main reasons ascribed to the high levels of
treatment resistance and recurrence exhibited by glioblastomas is the presence of difficult-to-
treat glioblastoma stem-like cell (GSC) subpopulations(18, 19), which possess unlimited
regenerative potential and exhibit enhanced DNA repair pathway activity(20-24). As such,
mean disease recurrence is only around 7 months, resulting in less than 10% of glioblastoma
patients surviving more than 5 years post-diagnosis, which unfortunately have not improved
in the last 40-50 years(5, 25).

Tumour Treating Fields (TTFields) is a non-invasive therapy which delivers low-intensity (1—
3 V/cm) intermediate-frequency (100—-300 kHz) alternating electric fields to localised tumour
sites(26). Importantly, TTFields represents an exciting new clinically-approved ‘fourth
modality’ for the treatment of glioblastomas in over 10 years(26), as confirmed by the
extension of overall survival by ~5 months in patients with newly diagnosed glioblastoma
within randomised clinical trials(27). Molecular evidence suggests that TTFields, through the
exertion of physical forces on dipolar macromolecules, can exert a plethora of biological
effects within cells(26) including: targeting of cell cycle proteins, enhancement of cell
membrane permeability, and induction of immunogenic cell death(28-30). However, since
DNA fragments are negatively charged and DNA-damaging chemoradiotherapy is the
standard-of-care for post-surgical management of glioblastoma, the discovery of TTFields
modulatory effects on DNA damage and highly-coordinated cellular DNA damage response
(DDR) processes(31-33) presents a critical opportunity to develop more effective, rationally-
designed TTFields-based therapeutic strategies(26, 34, 35). Therefore, using clinically-
relevant GSC models(23, 24), we investigated combining established therapeutic and
preclinical DDR inhibitors (DDRIi(35, 36)) with TTFields and radiation as part of important
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preclinical evaluation studies to determine if such strategies could be developed clinically to
enhance TTFields potency in the treatment of currently incurable glioblastoma.

Materials and Methods

Cell culture

G1 and G7 patient-derived primary glioblastoma stem-like cells (GSCs) were kindly gifted by
Professor Colin Watts (University of Birmingham, Brain Cancer Programme Chair) and
Professor Anthony Chalmers (University of Glasgow, Chair of Clinical Oncology), which were
initially derived from freshly resected anonymised glioblastoma specimens by Professor
Watts’ former laboratory in Cambridge(23, 24, 37). All GSCs were propagated as adherent
monolayers on matrigel-coated T75 flasks. Cells were grown in advanced DMEM
supplemented with L-glutamine (Invitrogen, 25030081), B27 (Invitrogen, 17504-044), N2
(Invitrogen, 17502-048), Penicillin-Streptomycin (Invitrogen, 15140122), Heparin (Sigma,
H3393-10KU), amphotericin B (Gibco, 15290), EGF (100ug/ml, Invitrogen, PHG0313) and
FGF (100ug/ml, Invitrogen, PHG0263), in a humidified incubator at: 37°C, 5% CO, and 21%
Oo.

Inhibitor and irradiation treatments

DDRi drugs AZD6738 (Selleckchem; S7693) and Olaparib/Lynparza/AZzD2281 (Adooq
Bioscience; A10111) were diluted with DMSO to make 10mM stocks and were stored at
-20°C. Cells were treated with the DDRI at the indicated concentrations or with vehicle control
only (DMSO). DMSO and all DDRi were diluted in stem media to the final intended
concentrations and 2mL of the drug/DMSO dilutions was added to the desired wells. DMSO
at concentrations equivalent to the drug solutions (<2%) were used as the vehicle control in
all experiments. One hour following DDRI treatment, cells were treated with either TTFields
and/or ionising radiation. Cells were irradiated in a Caesium-137 (**’Cs) Irradiator (CIS
IBL437c). A dose of either 2 or 5 Gy was used as indicated. In all experiments, irradiation was
administered 1 hour following the DDRI treatment. Unirradiated control plates were taken out
of the incubator for the same duration as the treatment plates to minimise experimental
variation and act as a ‘sham’ radiation control such that control plates were subjected to

comparable environmental changes as experienced by cells during the irradiation process.
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TTFields treatments

The Inovitro system (NovoCure Ltd; Haifa, Israel) was used to generate TTFields. G1 and G7
stem cells were seeded onto sterile, matrigel-coated glass coverslips in 12-well plates at a
density of 3-5 x 10* cells/well. Following seeding, cells were incubated overnight to allow for
cell adhesion to the coverslips. The following day, the matrigel-coated coverslips with attached
cells were transferred into Inovitro ceramic dishes (one coverslip/dish), which contained two
pairs of electrodes positioned at a 90°angle relative to each other. Dishes to receive TTFields
treatment were slotted onto an Inovitro base plate, which were then connected through
transducer arrays to a generator (generates electric fields at the desired frequency, 200kHz)
and the electric fields treatment was applied. The orientation of the TTFields alternated 90°
every 1 second. The base plate with the dishes were placed in a refrigerated incubator (set at
a temperature of 22°C, with 5% CO, and 21% O) to maintain the temperature of each dish at
37°C, as the delivery of electric fields generates micro heating within the dish. The temperature
was detected by 2 thermistors located within the walls of the ceramic dish. The temperature
of the refrigerated incubator also helps determine the intensity at which the electric fields can
be delivered, with a temperature of 22°C equating to an intensity of 1.33 V/cm RMS. Control
dishes were placed in a humidified incubator at: 37°C, 5% CO, and 21% O for the duration
of the treatment. Cells were treated for a duration of 48 hours (based on calculated cell
doubling times as determined by cell growth assays (supplementary Figure S1A). As such, all
subsequent TTFields treatments were at 200kHz, ~1.33 V/cm RMS for 48 hours.

Clonogenic survival assays

Following treatment with RT, DDRi and/or TTFields, cells were harvested and re-seeded in
matrigel-coated 6-well tissue culture plates at varying densities (300 and 500 cells/well)
(specified in the results). Cells were incubated for 21 days, then stained with methylene blue,
and the resulting colonies (cluster of 50 cells or more) were counted. The plating efficiency
(PE) was determined for untreated control populations and the surviving fraction (SF) for each
experimental condition was calculated relative to the untreated control; number counted /

(number plated x PE).

Western blotting

Between 25-50ug of protein and 4x NuPage LDS Loading Buffer mix were loaded into each

lane of a NUPAGE 4-12% Bis-Tris gradient gel and electrophoresed for ~75mins at 150V.
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Proteins were then transferred to nitrocellulose membranes at 100V for 120 minutes in Mini
PROTEAN Tetra Cells, using 1x NuPAGE transfer buffer (20X stock) diluted with pure
methanol and ddH>O. Membranes were blocked for 60 minutes in 5% milk with phosphate-
buffered saline (Thermo Fisher Scientific, BRO014) with 5% Tween-20 (Sigma, P1379) (PBS-
T) or 5% bovine serum albumin (BSA) (Sigma, A2153) with TBS-T, when blotting for pChk1
Ser345. Membranes were incubated with primary antibodies overnight at 4°C with anti $-actin
(Santa Cruz, sc-47778; 1:5000), anti-pChk1 Ser345 (Cell signalling, #2341; 1:500), anti-Chkl
(Cell signalling, #2360; 1:1000), anti-ATR (R&D Systems, #AF4717; 1:250), anti-PARP1
(Santa Cruz, sc-8007; 1:1000), anti-aPAR (Millipore, MABE1016; 1:1000), or anti-yH2AX
Serl39 (Santa Cruz, sc517348; 1:1000). Primary antibodies were made up in 5% milk with
PBS-T or 3% BSA with TBS-T, again when blotting for pChkl. Membranes were washed 3x
with PBS-T, each wash lasting 10 minutes. Membranes were then incubated with secondary
antibodies conjugated to HRP all at 1:1000 in 5% milk with PBS-T for 1hr: anti-rabbit (DAKO,
P0399), anti-goat (DAKO, P0449) or anti-mouse (DAKO, P0447). Membranes were washed
3 times in PBS-T and protein bands visualised using Pierce ECL western blotting substrate

and developed using medical x-ray film and a Konica SRX 101A Processor.

Immunofluorescence

Cells were seeded onto sterile Matrigel-coated coverslips in 12-well plates at a density of 3 x
10* cells/well. At the end of TTF/IR/DDRi treatment, cells were fixed with 4%
Paraformaldehyde (PFA; Santa Cruz Biotechnology, SC-281692) for ten minutes and
subsequently washed twice with PBS. Cells were permeabilised with 0.5% Triton X-100
(Thermo Fisher Scientific, A16046) in PBS for ten minutes. Once permeabilised, cells were
washed three times with PBS and blocked for 1 hour with 3% BSA in PBS. Cells were then
incubated overnight at 4°C with primary antibodies; phospho-histone ser139 (yH2AX) antibody
(Millipore, JBW301; 1:500) and p53-binding protein 1 (53BP1) antibody (Abcam, ab36823;
1:500) in 1% BSA PBS. Following incubation with primary antibodies, cells were washed three
times with PBS. Cells were then incubated with the secondary antibodies Alexa Fluor 488-
conjugated anti-rabbit antibody (Life Technologies, A-11034; 1:500) and Alexa Fluor 555-
conjugated anti-mouse antibody (Life Technologies, A11005; 1:500) made up in PBS with 1%
BSA at room temperature for 1-hour in the dark (wrapped in foil). Finally, coverslips were
washed three times in PBS, including a final wash in PBS containing 2ug/ml DAPI before
being mounted onto microscope slides using Shandon Immu-Mount medium (Thermo Fisher
Scientific, 9990402). Slides were left to dry overnight at room temperature in the dark.

Microscopy was performed on a Nikon Eclipse T200 inverted microscope (Melville), using a
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100x objective lens. Individual 53BP1 foci in each cell nucleus were counted and cells were
scored as either positive (25 foci) or negative (<5 foci) for yH2AX stain. A minimum of 100

cells were analysed for each experimental condition per slide.

Comet assays

The comet assay kit (Trevigen; 4250-050-K) was used to process samples. At the end of
treatment, cells were collected and resuspended in warm PBS, and then pelleted at ~180rcf
for 3mins and washed twice with warm PBS. Cell pellets were then resuspended in 1mL warm
PBS and cells were counted using a haemocytometer. A final cell suspension of 1 x 10°
cells/mL in PBS for each sample was produced. 12.5uL of cell suspension was then mixed
with 112.5ul L-Magarose (4250-050-02; 1:10 dilution) and 100uLof the L-Magarose/cell mix
was pipetted onto the sample area of a comet slide (Trevigen; 4250-050-03). Cells were stored
flat at 4°C in the dark for 30 mins to promote adherence, and then lysed with COMET Lysis
Solution (4250-050-01) at 4°C for 30 mins in the dark. Following lysis, cells were exposed to
Alkaline Unwinding Buffer (200 mM NaOH (Sigma; S5881), 1 mM EDTA (Trevigen; 4250-050-
04) for 20 mins at room temperature. Electrophoresis was carried out at ~21V, with a constant
current of 300mA (achieved by adjusting the volume of Alkaline Electrophoresis Buffer (200
mM NaOH, 1 mM EDTA (Sigma; 1233508)) for 30 mins at 4°C. Slides were rinsed twice with
H.O and were then immersed in 70% ethanol for 5 minutes. Samples were dried overnight at
room temperature. To stain cells, 100ul 10,000X SYBR Gold Solution (Invitrogen; S11494)
made up at 1:30,000 in TE buffer (10 mM Tris-HCI, Sigma; 10812846001) pH 7.5, 1 mM EDTA
(Sigma; 1233508) was pipetted onto each sample area and left to stain for 30 mins in the dark.
Excess SYBR Gold solution was removed by gently tapping the slides and dipping them in
H20. Slides were allowed to dry before imaging. A least 50 cells per condition were imaged
using the FITC channel and 20x lens on a Nikon Eclipse TE200 Fluorescent Microscope.
Images were analysed using TriTek COMET Score software (AMSBiotechnology, 2010) to

determine the tail moment which was used as a direct measure of DNA damage.

Flow Cytometry

The Biosciences kit (#556547) was used to process samples as described in the
manufacturer’s protocol. At various time points following treatment (as specified in the results),
media from each dish was collected and transferred to a labelled centrifuge tube. Cells were
lifted and washed twice with cold PBS and resuspended in 100uL 1X Binding Buffer (10X
Binding Buffer - 0.1 M HEPES, pH 7.4; 1.4 M NaCl; 25 mM CacCly; diluted to 1X in ddH-0,



215

Biosciences, 556454). 5uL Annexin V (27ug/mL, Biosciences; 556419) and 5uL Propidium
lodide (PI, Biosciences; 556463) were added to each sample and cells were incubated at room
temp for 15mins in the dark. A further 200uL Binding Buffer was added to each tube and the
cell suspension was then transferred into labelled FACS tube and analysed by BD LSR Il Flow
Cytometer. 10,000 cells/sample were counted on the LSRIl and the resulting data was
analysed using FlowJo software.

Statistical analyses

Statistical significance was calculated using the nonparametric Mann—-Whitney U-test
comparing the indicated treatment to DMSO controls or to another indicated treatment cell
population, and represented as follows: ns = not significant, * = p < 0.05, * = p < 0.01, **=p
<0.001, and **** = p < 0.0001.

Results

PARP1i enhances TTFields-mediated cell death in GSCs

TTFields have previously been shown to elicit DNA damage and replication stress in human
cells and interfere with the efficient repair of radiation-induced DNA lesions(26, 32, 33).
Consistent with this, exposure of primary glioma stem-like cultures (GSCs) with optimised
therapeutically relevant doses of TTFields caused DNA damage and activated both PARP1
and ATR signalling pathways (supplementary Figure S1B), and recent work using established
lung cancer cell lines has also shown that combinations of TTFields with radiation and/or
PARP1 inhibitors (PARPI) impart enhanced cell killing effects(32). Furthermore, PARPi have
been shown to successfully cross the blood-brain barrier (BBB) to deliver therapeutic doses
at glioma tumour sites(38). We therefore assessed if combining PARPI with or without
additional therapeutically relevant ionising radiation (IR) doses in primary GSCs could
augment TTFields potency. Indeed, combination of PARP1 inhibition with the therapeutic
compound Olaparib (Lynparza™) augmented TTFields potency, which was further and
dramatically enhanced when combined with 2Gy IR (Figure 1A). Importantly, a similar
enhanced cytotoxic effect on clonogenic capacity was also independently observed in the G7
GSC model (Figure 1B), which was not due to large amounts of early induced apoptosis

(Figure 1C). It is interesting to note that decreased clonogenic survival was more pronounced
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in G1 GSCs compared with G7 GSCs, which could be linked to the enhanced basal levels of
PARP1 present in the G7 GSC model compared with G1 GSCs (supplementary Figure S1C)
conferring a greater inherent IR and PARPI resistance.

TTFields-PARP1i combinations yield elevated and prolonged DNA damage in GSCs

Consistent with the clonogenic survival data, we determined that both G1 and G7 GSCs
treated with PARP1i-TTFields combinations exhibited elevated levels of DNA damage that
was further and dramatically enhanced when combined with 2Gy IR (Figures 2A and 2B
respectively). Furthermore, direct assessment of DNA damage by Comet assays confirmed
enhanced levels of DNA damage in both G1 and G7 populations treated with PARP1-TTFields
and PARP1i-IR-TTFields combinations compared with those treated with either modality alone
(Figures 3A and 3B). In keeping with the differential clonogenic survival and apoptotic index
between combination treated G1 and G7 GSCs (Figure 1), the increased levels of DNA
damage were consistently more elevated in G1 GSCs compared with G7 GSCs (Figure 2 and
3), which is important as inter-tumoural inherent treatment sensitivity/resistances

heterogeneity is common across gliomas.

Given that TTFields have been shown to enhance replication stress by downregulation of
BRCA/FA repair pathway genes, and that PARPL1 is important for replication fork stabilisation
during replication stress(26), we assessed the effects of the combination treatments on
replication stress. Consistent with data derived from other cells, PARPI, IR and TTFields all
individually led to modest increased replication stress, which was again more enhanced in G1
compared to G7 GSC (Figures 3C and 3D). Consistent with this data, the various combinations
of PARPI, IR and TTFields led to further significant increases in replication stress in G1 but
not in G7 GSCs (Figure 3C and 3D). These data suggest that although some of the DNA
damage induced by the combination treatments may be a consequence of elevated replication

stress leading to fork collapse, other mechanisms may be involved.

Therefore, in order to investigate the resolution of the DNA damage induced by the various
combination treatments, we assessed the levels of DNA damage at both early (4hrs) and late
timepoint (24hrs) post-treatment using immunofluorescent quantification of the respective
DNA damage and double-strand break markers yH2AX and 53BP1. Similar to that observed
immediately following TTFields dosing (Figure 2), PARPI-IR-TTFields combination treated G1
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GSCs exhibited significantly higher levels of DNA damage (~2-fold) compared with either
PAPP1i-TTFields or IR-TTFields treatments, with elevated levels of DNA damage still
remaining 24hrs post-treatment (Figures 4A-C and supplementary Figure S1D).
Encouragingly, although overall, less DNA damage was induced in G7 GSCs compared with
G1 GSCs (Figure 2) comparable effects on efficient damage resolution were observed in G7
GSCs (Figures 4D-F and supplementary Figure S1E). Collectively, these data suggest that
such therapeutic combinations are worth investigating in a larger panel of primary GSC models
that represent more inherently IR and PARPI sensitive tumour cells, as well as those that are

indicative or inherently treatment resistant tumours.

Preclinical assessment of ATRi in combination with IR and TTFields in GSCs

Given the key role of the ATR-mediated signalling pathway in cellular response to DNA
damage and replication stress, the ATR kinase is an established oncology drug target in a
range of tumours, including gliomas(35, 36). For these studies, we focused on the use of the
BBB-penetrant ATR inhibitor AZD6738 (ATRi), which is currently undergoing investigation in
several clinical trials, including in combination with Olaparib, but also in combination with
radiotherapy(35, 36, 39). Even more pronounced that what we observed for PARPI,
combinations of relatively non-toxic doses of ATRi with IR and TTFields led to significant
reduced clonogenic survival in both G1 and G7 GSCs, which was unexpectedly not associated
with significantly enhanced apoptosis (Figure 5). As with the PARPi combinations, the ATRIi-
IR-TTFields combination was particularly potent in G1 GSCs compared with G7 GSCs (Figure
5). Encouragingly, the increased cytotoxicity in both GSC models was accompanied by
elevated levels of DNA damage as assessed using the immunofluorescent markers yH2AX
and 53BP1 (Figure 6). Unexpectedly however, this only correlated with a significant increase
in DNA damage as measured by Comet assay in G7 GSCs (Figures 7A and 7B), and neither
G1 or G7 combination-treated cell populations exhibited elevated levels of replication stress
as measured using pRPA2 foci formation (Figure 7C and 7D). This is particular intriguing given
that both TTFields alone and ATRI treatment prior to IR enhanced radiation-induced pRPA2
foci formation in both G1 and G7 GSCs (Figures 7C and 7D), which suggests that this may
simply reflect stalled forks being converted into DNA breaks which releases RPA from ssDNA.
Additionally, previous work from others has shown that GSCs have a greater capacity to repair
DNA damage after ATRIi-IR combination treatments than their bulk (non-stem)

counterparts(23).
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Therefore, in order to assess to DNA damage levels in more detailed, we carried out time-
courses analyses of G1 and G7 GSCs treated with either ATRI, IR or TTFields alone, or in
various combinations. Akin to the results for PARPi (Figure 4) pre-treatment of both G1 and
G7 GSCs prior to combination IR-TTFields treatment led to elevated and persistent levels of
DNA damage (Figure 8 and supplementary Figure S2), although consistent with our other
findings, this was significantly more pronounced in G1 GSCs compared with G7 GSCs
(Figures 8A-C and 8D-F respectively), which exhibited nearly 4-fold increased DNA damage
over basal levels even at 24hrs post-treatment (figure 8C). However, even in the inherently
more resistant G7 GSCs, combining ATRi with IR and TTFields led to significantly elevated
levels of DNA damage and DNA breaks 24hrs post-treatment, where the single agent or dual
combination treated cells had returned to basal levels of DNA damage (Figure 8F).
Collectively, these encouraging data together with our data for PARPI in these GSC models,
highlight the potential for DDRi combinations to enhance the efficacy and potency of TTFields

therapeutics in the treatment of high-grade gliomas.

Discussion

To our knowledge, we present here the first report of combining TTFields with DNA repair
inhibitors in glioma stem cells and the first reported use of combining ATRi with TTFields.
Encouragingly, our data are consistent with recent work by others showing the effectiveness
of combining TTFields with PARPi and IR in non—small-cell lung cancer cell lines(32). The
profound increased sensitivity to TTFields that we observe in primary GSCs by pre-treatment
with either PARPI or ATRI is particular exciting given that both PARPi and ATRi have been
shown to exhibit good safety profiles in human trials and are able to reach the glioma tumour
site through the BBB. As such, both are currently being assessed in a range of glioma-focused
clinical trials as part of both monotherapy approaches and in combination with current
standard-of-care TMZ or IR therapies(38-45). This is particularly interesting given that
TTFields have previously been shown to enhance BBB permeability(26), which could further
improve the effective dose of such compounds at the tumour site. With regards to this, it is
interesting and important to note that in addition to the use of clinically relevant 2Gy IR doses
throughout our study, the 0.5uM dose of Olaparib that we used is in line with the median drug
dose observed at orthotopic tumour sites and clinically effective doses used in recent clinical
trials(38). Our data therefore provides further important preclinical evaluation of the potential

to combine these compounds as well as other DDRi with current standard-of-care therapies
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for gliomas(35), including TTFields, which has been clinically approved in numerous countries
for both newly diagnosed and recurrent gliomas(26).

A major current limitation to our current work is that these data have been generated in 2D
GSCs that are several passages away from their primary tumour resection(23, 24), and have
been shown to be amenable to 3D culture that yield more clinically-relevant drug
responses(37, 46). The main reason for this is that although there are preclinical TTFields
devices available and still in development for in vivo studies(26, 47), presently no defined
protocols for the delivery of TTFields in such 3D culture models(47). However, very recent
work has started to explore the possibility of delivering effective doses of TTFields within ex
vivo 3D glioma models(48), and we have also recently been able to develop effective and
robust delivery of TTFields within 3D GSC cultures (unpublished data). As such, under our
current ethics approval, we are now carrying out subsequent evaluation of PARPI, ATRi and
other DDRI in combination with TTFields within primary ex vivo 3D GSC models which we

hope to publish in the near future.

Other aspects worth considering when taking our findings presented here forward into further
preclinical models is the often ‘left behind’ post-surgical residual disease and the inherent
inter- and intra-tumour heterogeneity that exists within these tumours, and how these traits
can impact responses to radio-chemotherapy treatments and overall patient survival(5, 9). In
order to address this, we have developed an ongoing living biobank of over 110 3D GSCs
models derived from over 50 individual patients that have undergone surgical resection of their
gliomas, which incorporates multiple models that recapitulate both intra-tumoural
heterogeneity (multi-region sampling) and typically post-surgical residual disease using
adjacent, invaded brain within en-bloc partial lobectomy specimens (manuscript in
preparation). We therefore plan to harness these models together with our recently developed
3D GSC TTFields protocols to provide further preclinical evaluation of PARPI, ATRi and other
DDRi combinations to augment the efficacy of TTFields alone and in combination with current
standard-of-care TMZ and IR therapies, and to also assess the potential pan-tumour efficacy

of such approaches.

Figure Legends



220

Figure 1. Olaparib potentiates TTFields cytotoxicity in glioma stem cells.

A: Upper panel; western blots showing effective PARP inhibition (reduction in PARylation) in
G1 GSCs with the indicated doses of Olaparib. Middle panel; representative images of colony
formation of G1 GSC treated as indicated. Lower panel; clonogenic survival of G1 GSCs
treated as indicated. B: Same as in A:, but for G7 GSCs. C: Measurements of apoptosis and
necrosis in G1 (upper panel) and G7 (lower panel) GSCs treated as indicated. Data shown
represents the means derived from at least three independent biological repeat experiments
along with their respective standard errors. Bars above the data highlight statistical

significance calculations between the two indicated cell populations.

Figure 2. PARPi elevates DNA damage levels induced by TTFields-IR combinations.

A: Left panel; Representative immunofluorescent images of the indicated G1 GSC population
stained for either 53BP1 (green) or yH2AX (red) after the indicated treatment combinations.
DAPI DNA stain (blue) was used to identify cell nuclei for scoring purposes. Right panel;
guantification of yH2AX positive cells (%) or mean 53BP foci/nucleus in the indicated G1 GSC
cell populations. B: Same as in A:, but for G7 GSCs. Red dashed line indicates the mean in
DMSO treated population. Data shown on the graphs represents the either means derived
from at least three independent biological repeat experiments along with their respective
standard errors or collated data from at least three independent biological repeat experiments
along with their respective standard deviations. Bars above the data highlight statistical

significance calculations between the two indicated cell populations.

Figure 3. Further assessment of DNA damage and replication stress induced by
combining PARPi with TTFields and IR treatments.

A: Representative Comet images of the indicated G1 GSC population with quantification of
tail moment from at least three independent biological repeat experiments shown to the right.
B: Same as in A:, but for G7 GSCs. C: Upper panel; Representative immunofluorescence
images of the indicated G1 GSC cell population stained for pRPA2 (red) and DAPI (blue) used
to identify nuclei. Lower panel; quantification of pRPA2 positive cells in the indicated G1 GSC
populations. D: Same as in C:, but for G7 GSCs. Red dashed line indicates the mean in DMSO
treated population. Data shown on the graphs represents collated data derived from at least

three independent biological repeat experiments along with their respective standard
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deviations. Bars above the data highlight statistical significance calculations between the two
indicated cell populations.

Figure 4. PARPi impedes the efficient resolution of TTFields-IR induced DNA damage.

A: and B: Respective quantification of yH2AX positive cells (%) or mean 53BP foci/nucleus in
the indicated G1 GSC cell populations at 4hrs and 24hrs post-treatment (see Supplementary
Figure S1D). Note: the Ohr timepoint data isn’t shown for space purposes and is a further three
independent repeats of the data shown in Figure 2 but it is shown on the line graph below. C:
Line graphs showing the data above together with the Ohr time point data for this set of
experiments for the indicated DNA damage marker and treated G1 GSC population. D-E:
same as for A-C, but for G7 GSCs. Note: representative 4hr and 24hr images for yH2AX and
53BP are shown in Supplementary Figure S1E. Red dashed line indicates the mean in DMSO
treated population. Data shown on the graphs represents the either means derived from at
least three independent biological repeat experiments along with their respective standard
errors or collated data from at least three independent biological repeat experiments along
with their respective standard deviations with calculated statistical significance values shown
as outlined in the material and methods section. Bars above the data highlight statistical

significance calculations between the two indicated cell populations.

Figure 5. The ATRi AZD6738 potentiates TTFields cytotoxicity in glioma stem cells.

A: Upper panel; western blots showing effective ATR kinase inhibition (reduction in IR-induced
CHK1 phosphorylation on Ser345) in G1 GSCs with the indicated doses of ATRi. Middle panel;
representative images of colony formation of G1 GSC treated as indicated. Lower panel;
clonogenic survival of G1 GSCs treated as indicated. B: Same as in A:, but for G7 GSCs. C:
Measurements of apoptosis and necrosis in G1 (upper panel) and G7 (lower panel) GSCs
treated as indicated. Data shown represents the means derived from at least three
independent biological repeat experiments along with their respective standard errors. Bars
above the data highlight statistical significance calculations between the two indicated cell

populations.

Figure 6. ATRI elevates DNA damage levels induced by TTFields-IR combinations.
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A: Left panel; Representative immunofluorescent images of the indicated G1 GSC population
stained for either 53BP1 (green) or yH2AX (red) after the indicated treatment combinations.
DAPI DNA stain (blue) was used to identify cell nuclei for scoring purposes. Right panel;
guantification of yYH2AX positive cells (%) or mean 53BP foci/nucleus in the indicated G1 GSC
cell populations. B: Same as in A:, but for G7 GSCs. Red dashed line indicates the mean in
DMSO treated population. Data shown on the graphs represents the either means derived
from at least three independent biological repeat experiments along with their respective
standard errors or collated data from at least three independent biological repeat experiments
along with their respective standard deviations. Bars above the data highlight statistical

significance calculations between the two indicated cell populations.

Figure 7. Further assessment of DNA damage and replication stress induced by

combining ATRi with TTFields and IR treatments.

A: Representative Comet images of the indicated G1 GSC population with quantification of
tail moment from at least three independent biological repeat experiments shown to the right.
B: Same as in A:, but for G7 GSCs. C: Upper panel; Representative immunofluorescence
images of the indicated G1 GSC cell population stained for pRPA2 (red) and DAPI (blue) used
to identify nuclei. Lower panel; quantification of pPRPA2 positive cells in the indicated G1 GSC
populations. D: Same asin C:, but for G7 GSCs. Red dashed line indicates the mean in DMSO
treated population. Data shown on the graphs represents collated data derived from at least
three independent biological repeat experiments along with their respective standard
deviations. Bars above the data highlight statistical significance calculations between the two

indicated cell populations.

Figure 8. ATRi impedes the efficient resolution of TTFields-IR induced DNA damage.

A: and B: Respective quantification of yH2AX positive cells (%) or mean 53BP foci/nucleus in
the indicated G1 GSC cell populations at 4hrs and 24hrs post-treatment (see Supplementary
Figure S2A). Note: the Ohr timepoint data isn’t shown for space purposes and is a further three
independent repeats of the data shown in Figure 6 but it is shown on the line graph below. C:
Line graphs showing the data above together with the Ohr time point data for this set of
experiments for the indicated DNA damage marker and treated G1 GSC population. D-E:
same as for A-C, but for G7 GSCs. Note: representative 4hr and 24hr images for yH2AX and
53BP are shown in Supplementary Figure S2B. Red dashed line indicates the mean in DMSO

treated population. Data shown on the graphs represents the either means derived from at



223

least three independent biological repeat experiments along with their respective standard
errors or collated data from at least three independent biological repeat experiments along
with their respective standard deviations with calculated statistical significance values shown
as outlined in the material and methods section. Bars above the data highlight statistical
significance calculations between the two indicated cell populations.

Supplementary Figure S1.

A: Growth curves for G1 and G7 stem cells. The cell doubling time was calculated from the
growth phase of the curves as detailed in the materials and methods section. G7 stem cells
were calculated to have a doubling time of 1.6 days and G1 stem cells of 1.3 days. B: and C:
Western blots of GSCs probed for the indicated proteins. D: and E: representative
immunofluorescence images of G1 and G7 GSC stained respectively for yH2AX or 53BP1 at
the indicated time post singular or PARPI-IR-TTFields combination treatment. The collated
data associated with these images from three independent repeat experiments are shown in

Figure 4.

Supplementary Figure S2.

A: and B: representative immunofluorescence images of G1 and G7 GSC stained respectively
for yH2AX or 53BP1 at the indicated time post singular or ATRI-IR-TTFields combination
treatment. The collated data associated with these images from three independent repeat
experiments are shown in Figure 8. Data shown on the graphs represents collated data
derived from at least three independent biological repeat experiments along with their
respective standard deviations. Bars above the data highlight statistical significance

calculations between the two indicated cell populations.
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Tumour treating fields therapy for glioblastoma: current

advances and future directions

Ola Rominiyi

2, Aurelie Vanderlinden', Susan Jane Clenton?, Caroline Bridgewater®, Yahia Al-Tamimi (37 and Spencer James Collis

Glioblastoma multiforme (GBM) is the most common primary brain tumour in adults and continues to portend poor survival,
despite multimodal treatment using surgery and chemoradiotherapy. The addition of tumour-treating fields (TTFields)—an
approach in which alternating electrical fields exert biophysical force on charged and polarisable molecules known as dipoles—to
standard therapy, has been shown to extend survival for patients with newly diagnosed GBM, recurrent GBM and mesothelioma,
leading to the clinical approval of this approach by the FDA. TTFields represent a non-invasive anticancer modality consisting of
low-intensity (1-3 V/cm), intermediate-frequency (100-300 kHz), alternating electric fields delivered via cutaneous transducer arrays
configured to provide optimal tumour-site coverage. Although TTFields were initially demonstrated to inhibit cancer cell
proliferation by interfering with mitotic apparatus, it is becoming increasingly clear that TTFields show a broad mechanism of action
by disrupting a multitude of biological processes, including DNA repair, cell permeability and immunological responses, to elicit
therapeutic effects. This review describes advances in our current understanding of the mechanisms by which TTFields mediate
anticancer effects. Additionally, we summarise the landscape of TTFields clinical trials across various cancers and consider how
emerging preclinical data might inform future clinical applications for TTFields.

British Journal of Cancer (2020) 124:697-709; https://doi.org/10.1038/541416-020-01136-5

BACKGROUND

Glioblastoma (GBM) is the most common and aggressive type of
primary brain tumour, causing roughly 2500 deaths each year in
the United Kingdom' and the majority of ~200,000 deaths related
to tumours of the central nervous system worldwide each year.>?
The current standard of care for patients with GBM consists
of maximal surgical resection followed by radiotherapy and
chemotherapy with temozolomide (TMZ). However, even with
this combination of treatment, the median overall survival (OS) is
around 10-16 months, with fewer than 10% of patients surviving
for 5 years or more from the time of diagnosis,** and this scenario
has improved very little over the past four decades.® There is,
therefore, a critical need for more effective treatment strategies to
improve outcomes for patients faced with this devastating
diagnosis.

Tumour-treating fields (TTFields) represent an emerging non-
invasive anticancer therapeutic modality that involves the transcu-
taneous delivery of low-intensity (1-3 V/cm), intermediate-frequency
(100-300 kHz), alternating electric fields (the approach is also known
as alternating electric field therapy) that exert biophysical force on
charged and polarisable molecules known as dipoles. The beneficial
effects of TTFields therapy are influenced by treatment duration
(with evidence that application >18h/day improves survival’),
electrical field intensity (where increased intensity confers greater
reduction in cell proliferation) and electrical field frequency,® which
varies between cancer types—in the case of glioma cells, TTFields
are clinically delivered at an optimum frequency of 200 kHz.”

The frequency of the alternating field has also been shown to
provide different biological effects. Low-frequency electric fields
(<1 kHz) influence cell membrane polarisation and can alter the
behaviour of excitable tissue, such as action potential firing in
neuronal cells.'® On the other hand, high-frequency fields (>500
kHz) cause charged and/or polar molecules inside cells to vibrate,
creating friction and causing kinetic energy to transfer between
molecules, which can be radiated out as thermal energy, leading
to tissue heating.'' Intermediate-frequency alternating electric
fields (100-500 kHz) do not generate enough thermal energy to
cause significant tissue heating and alternate too quickly to trigger
action potential firing, and were consequently originally thought
to lack any beneficial effects.'?> However, Kirson et al. demon-
strated that low-intensity alternating electric fields delivered at
100-300 kHz successfully inhibited cancer cell growth, both
in vitro (using cell lines derived from melanoma, glioma, lung,
prostate and breast cancer) and in vivo, by interfering with
microtubule polymerisation during mitosis.” These findings led to
the first pilot study (EF-07) in GBM patients launched in 20043
and, eventually, to the development of TTFields as a strategy for
treating cancer (Fig. 1).

It has subsequently emerged that, in addition to its antimitotic
effects, TTFields can influence a spectrum of biological processes,
including autophagy, DNA repair, antitumour immunity and
tumour cell migration, in addition to altering cell membrane,
and potentially blood-brain barrier (BBB) permeability. This review
examines the emergence of TTFields as a therapeutic modality to
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Median OS = 20.9m (TTF+TMZ) vs 16.0m (TMZ).
Median PFS = 6.7m (TTF+TMZ) vs 4.0m (TMZ).
The addition of TTFields to TMZ resulted in
statistically significant improvement in PFS and
OS with no added toxicity

Prespecified interim analysis
of EF-14 published

Final EF-14 results published

2017 2018 2019 2020+

i
i
'
2909 active users of
TTFields worldwide.

25
(Novocure reports 20197")

FDA approves TTFields
device for treatment of
newly diagnosed GBM

Median PFS = 26.1 weeks and OS = 62.2 weeks.
More than double the reported median
survival of historical control patients. TTFields
are deemed safe and potentially effective
First published data of a Phase Il randomised clinical trial
single arm, pilot trial designed to test the efficacy and
testing the safety and safety of TTFields alongside
efficacy of TTFields maintenance TMZ for patients
treatment in 10 patients with newly diagnosed GBM.
with recurrent GBM Recruitment between 2009-2014
2004 2005 2007 2008 2009 2010 2011
Phase Ill RCT testing EF-11 results published
First published paper the efficacy and safety [
demonstrating the anticancer of TTFields in patients
ffects of TTField:
G T il e CEL Median OS = 6.6m (TTF) vs 6.0m (TMZ).
DTS S T Recruitment between o
2006-2009 Median PFS = 2.2m (TTF) vs 2.1m (TMZ).
TTFields is as effective as chemotherapy for
recurrent GBM, but with substantially less
toxicity and better QoL
i
i
'
FDA approves TTFields
device for treatment of
recurrent or refractory GBM
Fig. 1

Historical timeline of the emergence of TTFields as novel therapy for GBM patients. In 2004, the first paper demonstrating the

anticancer effects of TTFields in vitro and in vivo was published.® Following these promising preclinical data, a number of clinical trials
investigating the safety and efficacy of TTFields for the treatment of GBM were completed (details described at each relevant date), leading to
the approval in 2011 and 2015 of TTFields for the treatment of recurrent and newly diagnosed GBM, respectively.

treat GBM and highlights molecular mechanisms that are likely to
contribute to its anticancer efficacy. We also summarise the
current landscape of TTFields clinical trials across various cancer
types and consider how emerging preclinical data might inform
future applications for TTFields in the clinic.

TTFIELDS AS AN EMERGING THERAPEUTIC MODALITY

The EF-14 trial represents a landmark study, as it was the first
trial in a decade to show an increase in OS for patients with
newly diagnosed GBM since the addition of temozolomide
(TMZ) chemotherapy to standard care.'*”"” Following randomi-
sation at the end of chemoradiotherapy, the addition of TTFields
to maintenance of TMZ chemotherapy significantly increased
median OS by 4.9 months (20.9 vs 16.0 months with TMZ
alone).’®"” Importantly, the addition of TTFields was not
associated with any significant increase in rates of systemic
adverse events (48% vs 44% with TMZ alone, P = 0.58), and the
continuous usage of TTFields appears to be associated with
maintained or enhanced quality of life.'®° Data from the EF-14
trial led to the approval of TTFields by the FDA in 2015 for newly
diagnosed GBM.?'

TTFields delivery

The most widely used clinical TTFields delivery system, Optune
(Novocure™), consists of four transducer arrays, a field generator
and a power source (shown in Fig. 2). For GBM, the four transducer
arrays are attached in pairs, orthogonally to the patient’s scalp.
The patient’s head must be shaved consistently to allow optimal
contact of the transducer arrays with the scalp, and optimal array
positioning is determined using NovoTAL™ (Novocure Ltd., Haifa,
Israel) simulation software based on the location of the tumour
and the size and shape of the patient’s head.?? Each transducer
array is made up of nine ceramic discs, each with a superficial
hydrogel coating to improve conductivity with the skin. The field
generator delivers alternating electric fields through the transdu-
cer arrays across the brain and to the tumour site.

The main adverse event of TTFields is irritant or allergic contact
dermatitis at the site of transducer array attachment resulting from
prolonged exposure to sweat, hydrogel, adhesive or a combination
of these factors. However, skin complications are usually of low
grade (grade 1-2 adverse events) and can easily be managed by
topical corticosteroids, modification of array positioning and/or
protecting the skin with sterile dressing pads.®

The cost-effectiveness of TTFields

Important financial considerations are associated with incorporat-
ing TTFields therapy into the standard of care for GBM patients.
Presently, Novocure, the sole producer of the therapeutic TTFields
delivery systems, rents Optune to patients for a total monthly cost
of around $21,000 (subject to discounts negotiated by healthcare
providers/payers).>* This cost covers the TTFields delivery system,
and includes transducer arrays, array layout planning, patient/
physician training and 24-h technical support®® Additional
expenses associated with implementing TTFields might include
additional staff and training,22 and costs associated with mana-
ging treatment-related morbidities.?

There have been three major studies estimating the costs
associated with adding TTFields to the standard-of-care therapy
for GBM, all of which use EF-14 trial data. Bernard-Arnoux et al.?’
used interim EF-14 data, while Connock et al.® and Guzauskas
et al.?® used the trial’s final results. During economical modelling,
the assumptions made by Bernard-Arnoux et al. and Connock
et al. were based on a French National Health Insurance
perspective, while analyses by Guzauskas et al. were based on
the US healthcare perspective. All three studies relied on the full
list price of TTFields therapy and therefore do not incorporate
potential discounts negotiated by healthcare payers.

Bernard-Arnoux et al. estimated 0.34 life years gained (LYG)
from the addition of TTFields to maintenance of TMZ, with an
added cost of €185,476, while Connock et al. estimated 0.604 LYG
with an added cost of €453,848. These two studies then estimated
the incremental cost-effectiveness ratio (ICER, a summary measure
that compares the economic value of a particular intervention
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Fig.2 The Optune system. Left: the Optune TTFields delivery system consists of four transducer arrays, a field generator and a power source.
Right: a patient wearing the Optune system. Images taken from Novocure, 2020.%¢

with another expressed as cost per LYG) to be €549,909 and
€510,273, respectively. Both studies analysed survival using
statistical models that were unable to account for changing
(decreasing) hazard rates as patients live longer. This is an
important limitation since epidemiological data suggest that as a
patient survives longer, the ongoing probability of death reduces.
For example, analysis of the US SEER database demonstrated
patients alive 5 years after diagnosis had a 70.4% probability of
surviving to 10 years post diagnosis.>® Therefore, although data
from the EF-14 trial suggest that addition of TTFields may increase
5-year OS from 5% to 13%, the studies by Bernard-Arnoux et al.
and Connock et al. did not fully account for the impact of long-
term survivors beyond the trial period. This resulted in reported
incremental lifetime survival benefits (the LYG) close to the
median OS benefit observed within the trial period. By contrast,
Guzauskas et al. integrated EF-14 data with external GBM
epidemiology data and US life expectancy data to estimate
long-term conditional survival (similar integration of oncology trial
and epidemiological data to model long-term survival has
previously been considered by NICE in its decision to licence
ipilimumab for metastatic melanoma®'??). Consequently, the
Guzauskas model estimates 1.25 LYG from adding TTFields to
TMZ and estimates a corresponding ICER of $150,452.

As such, Japan, Israel and Sweden have included TTFields within
their national reimbursement systems following cost-effectiveness
evaluations, whilst Germany has approved TTFields for national
reimbursement based on a clinical comparative effectiveness
review without respect to costs. As noted above, the method of
estimating future survival beyond the time observed in the trial is
a critical assumption within any model. Healthcare payers that
prefer the extrapolated constant hazard rate models of Bernard-
Arnoux and Connock might not be willing to adopt the therapy.
Adoption by healthcare systems that include considerations of
cost-effectiveness as a major driver of decision-making, such as
the NHS in the United Kingdom or the Australian and Canadian
systems,*>** is likely to depend on how those systems choose to
model long-term survival.

Clinical availability of TTFields

Although the number of patients receiving TTFields has increased
since this approach was first approved for use in GBM patients
(2909 patients worldwide in 2019 compared with 605 patients in
2015),%>6 it is thought that many more patients with approved
indications could benefit from TTFields treatment (on average,
30% of eligible GBM patients currently receive TTFields in
countries where the therapy is available).?>*” Substantial geo-
graphic variation in TTFields availability exists in the clinical usage
of Optune, with the majority of patients who receive TTFields
residing in the United States (roughly twice as many patients

receive TTFields in the United States compared with the rest of the
world).>” As highlighted above, high treatment costs and
differences in long-term survival modelling represent major
drivers of geographical variation in the usage of TTFields
worldwide. Notably, some reluctance to adopt TTFields within
the neuro-oncology community also exists; this might be fuelled
by a range of factors. Firstly, the high cost of TTFields therapy
(discussed above) may represent a barrier to adoption at an
individual or national level. Secondly, valid concerns have been
raised that patients in the control group of the EF-14 trial did not
receive any placebo treatment,'® such as via a sham TTFields
device. However, requiring patients to wear a sham device (ideally
> 18 h per day) with no potential for benefit would likely present
its own ethical challenges,®® and objective endpoints such as 0S
(which demonstrated survival benefit with TTFields in the EF-14
trial) are unlikely to be influenced substantially by the lack of
placebo or blinding. Thirdly, a perceived burden of patients
having to carry and wear the device with high compliance may
contribute to reluctance to adopt or prescribe TTFields; never-
theless, objective data suggest that quality of life in these patients
is not reduced.'®?® Critically, much reluctance to adopt TTFields
may stem from the fact that the mechanisms of action for TTFields
are currently less well-defined relative to more established
therapeutic modalities.>® It can be expected that, as technologies
continue to evolve and as competing products enter the market,
TTFields might become increasingly affordable. Additionally, any
enhancement of the therapeutic efficacy of TTFields might also
improve the ICER and facilitate TTFields uptake by healthcare
systems that currently do not deem the technology to be cost-
effective, including the NHS (NICE*®). To improve the efficacy of
TTFields, an improved understanding of the diverse mechanistic
effects of this therapy and how these effects can be exploited to
increase the therapeutic index of TTFields-based regimens is
required.

MOLECULAR MECHANISMS FOR THE ANTICANCER EFFECTS OF
TTFIELDS

Increasing evidence suggests the therapeutic effects of TTFields
may be associated with a diverse range of intracellular mechan-
isms. This is perhaps unsurprising considering the abundance of a
broad range of charged and polarisable molecules within cells
upon which TTFields could exert biophysical forces. Although the
spectrum of effects elicited remains incompletely understood,
emerging data suggest that in addition to the antimitotic
effects of TTFields, a multitude of biological processes, including
DNA repair, autophagy, cell migration, permeability and
immunological responses, are perturbed by TTFields to elicit
anticancer effects. A summary of the reported molecular

699



Tumour treating fields therapy for glioblastoma: current advances and...
O Rominiyi et al.

700

Anti-mitotic

Permeability

Anti-migratory

DNA repair

Autophagic

Fig. 3 Summary of the mechanisms of action of TTFields. Low-intensity, intermediate-frequency, alternating electrical fields exert
biophysical forces on a variety of charged and polarisable molecules to elicit a spectrum of biological effects. A Antimitotic effects: during
metaphase, the electric fields are uniform, causing dipolar molecules, such as tubulin, to align with the field. TTFields therefore interfere with
tubulin polymerisation and depolymerisation during metaphase. At anaphase, TTFields prevent localisation of septin proteins to the mitotic
spindle and inhibit assembly of the septin complex into a ring structure at the cleavage furrow. During cytokinesis, the electric fields are non-
uniform, with the fields converging on the cleavage furrow, where the field intensity is the highest. As a result, strong dielectric force is
applied on polarisable objects, pushing them towards the high-intensity region. Together, these effects result in abnormal chromosome
segregation and/or cell death. B DNA repair. TTFields have been shown to downregulate BRCA and Fanconi anaemia (FA) pathway genes,
which have been associated with increased replication stress and increased double-strand break (DSB) formation. Additionally, homologous
recombination repair (HRR) is impaired by TTFields, resulting in reduced efficiency of DSB repair. C Autophagy. TTFields have been suggested
to prevent the inhibitory effects of the PI3K/Akt/mTORC1 signalling pathway on autophagy, resulting in increased activation of autophagy
with TTFields therapy. Further studies are needed to ascertain whether autophagy is activated as a cell survival or cell death signal in response
to TTFields. D Antitumour immunity. TTFields stimulates macrophages (Mg) to secrete reactive oxygen species (ROS), nitric oxide (NO) and
proinflammatory cytokines such as interleukin (IL)-1p, tumour necrosis factor (TNF)-a and IL-6. Additionally, TTFields promote immunogenic
cell death via dendritic cell (DC) recruitment and maturation (mat), ultimately leading to an increase in the accumulation of CD4 + and CD8 +
T cells at the tumour site. The combination of TTFields with anti-PD-1 therapy might enhance PD-L1 expression in infiltrating DCs and
macrophages to further enhance antitumour immunity. E Anti-migratory. TTFields reduce the capacity of cancer cells for migration and
invasion through nuclear factor (NF)-kB-, mitogen-activated protein kinase (MAPK)- and phosphatidylinositol 3-kinase (PI3K)/Akt-dependent
mechanisms. F Cell membrane permeability. TTFields increase cell membrane permeability by increasing the number and size of holes in the

cell membrane, thereby potentially enhancing sensitivity to chemotherapeutic drugs.

mechanisms by which TTFields impacts tumour cell toxicity is
shown in Fig. 3.

Antimitotic effects of TTFields

The principle mechanisms of action through which TTFields
application is thought to mediate its therapeutic effects are
antimitotic. The rapidly dividing nature of cancer cells, relative to
normal tissue, underlies their specific sensitivity to TTFields.
Furthermore, comparison of TTFields susceptibility between
various cancer cell lines demonstrates an inverse correlation
between the typical doubling time of cell lines and TTFields-
induced cell death.*’ However, the effects of TTFields are also
dependent on the specific frequency of alternating electric fields
applied;’ therefore, calibration of an optimal frequency to exert
cytotoxic effects on a specific cancer cell type within the
intermediate range (100-300 kHz) is also postulated to facilitate
the cancer-specific effects of TTFields on mitosis. During chromo-
some segregation, chromosomes align at the metaphase plate,
and sister chromatids are separated and pulled to opposite poles
of the cell by the mitotic spindle. The mitotic spindle is formed
from an array of microtubules, comprising tubulin polymers, with
each tubulin subunit possessing a relatively high dipole
moment.*> When TTFields are applied, tubulin dimers align with
the electric field, which interferes with the normal microtubule
polymerisation-depolymerisation process during mitosis. This, in
turn, results in abnormal spindle formation, which can lead to

cellular arrest in mitosis for several hours, eventually leading to
mitotic cell death. In other cases, failure of the spindle assembly
checkpoint (SAC),*** a mitotic checkpoint ensuring that all
chromosomes are properly attached to the mitotic spindle before
proceeding through to anaphase to enable correct chromosome
segregation,*® might lead to aberrant metaphase exit, abnormal
chromosome segregation, multinucleation and consequently cell
death.***® Interestingly, pharmacological inhibition of the SAC key
regulator monopolar spindle 1 (MPS1) kinase using the inhibitor
IN-3 in combination with TTFields has been demonstrated to
increase nuclear abnormalities, G2/M cell-cycle arrest and
apoptotic cell death relative to either treatment used as a single
therapy in glioblastoma cell lines.*” Furthermore, use of this
combination (TTFields + IN-3) in cultured GBM cells provided a
durable therapeutic response for 72 h following the cessation of
TTFields, highlighting the potential clinical utility of such
combinatorial strategies to resist tumour regrowth during breaks
in the delivery of TTFields therapy to patients (e.g. breaks in
therapy due to TTFields-associated skin toxicity).*” A Phase 1
clinical trial of the potent MPS1 inhibitor BAY1217389%
(NCT02366949) has recently been completed; therefore, future
clinical studies assessing the use of SAC inhibition to enhance the
effectiveness of TTFields would be feasible.

With TTFields, although the electric field is uniform in non-
replicating cells, it is non-uniform in dividing cells because of the
‘hourglass’ structure adopted by dividing cells after anaphase.



Non-uniform electric fields generate forces that cause dielectro-
phoresis, in which the field intensity is increased at the furrow
during cytokinesis, causing charged and/or dipolar molecules to
accumulate here.'® During cytokinesis, the mitotic septin complex
(comprising septins 2, 6 and 7) is normally recruited to the spindle
midline and cleavage furrow at anaphase, and assembles into a
ring structure, where it positions the cleavage furrow to limit
contraction to the equatorial plane and restricts determinants to
separate cortical domains.**>° The septin complex is also involved
in cross-linking actin, non-muscle myosin Il and RhoA, facilitating
actin-based myosin contraction, which directs cleavage furrow
ingression and provides the contractile forces required to
physically separate the forming daughter cells from each
other°>? TTFields therapy has been shown to prevent the
localisation of the mitotic septin complex to the spindle midline
and cleavage furrow at anaphase due to TTFields-induced
dielectrophoresis. Failure to localise the septin complex appro-
priately also leads to abnormal chromosomal segregation,
extended duration in mitosis and morphological changes in the
membrane of cells that are characteristic of post-mitotic apoptotic
cell death, such as cell membrane blebbing and rupture*®
(Fig. 3A).

Effects of TTFields on the DNA-damage response
Several studies have reported that TTFields sensitise glioma cell lines
to radiotherapy. Exposure to TTFields prior to radiotherapy was
shown to delay the repair of radiation-induced DNA damage,
enhance mitotic catastrophe and reduce glioma cell line survival >>>*
Additionally, cell survival was decreased in non-small-cell lung
carcinoma (NSCLC) cells treated with TTFields prior to or after
radiotherapy treatment compared with either treatment alone;
however, exposing cells to TTFields before radiotherapy was more
toxic.>®> These findings could have implications for the timing of
TTFields application in future preclinical and clinical studies, with
TTFields application prior to, or immediately after, radiotherapy likely
to optimise therapeutic efficacy. TTFields therapy has also been
suggested to interfere with the efficiency of DNA repair. Giladi et al.
found more numerous yH2AX foci (an established marker of DNA
damage) in glioma cells 24 h post radiotherapy in the combination
group compared with either treatment alone. These results suggest
that the increased sensitivity to radiotherapy observed with TTFields
could be mediated through both an increase in DNA damage and
reduced repair capacity following TTFields treatments.>

Consistent with these findings, differential gene expression
analysis revealed that the expression of genes encoding the DNA-
repair proteins BRCA1, ATRIP, MLH1, MRE11A, FANCM and FANCD2,
was significantly downregulated in TTFields-treated NSCLC cell lines
compared with baseline expression, and that this downregulation
was more pronounced in cell lines that were more sensitive to
TTFields relative to cell lines that are more resistant to TTFields.>®
BRCA1 plays a central role in homologous recombination DNA repair
(HRR), recruiting, along with BRCA2, RAD51 filaments to sites of DNA
damage.”*® During homologous recombination, RAD51 mediates
sequence homology search and strand invasion into the sister
chromatid, and prevents nucleolytic degradation of stalled replica-
tion forks>® RAD51 foci can therefore be used to monitor HRR
efficiency, with cells that retain RAD51 foci for 24h following
radiotherapy being associated with persistent DNA double-strand
breaks (DSBs) and eventually cell death. Giladi et al. showed an
increase in persistent RAD51 foci 24h following combination
treatment (radiotherapy plus TTFields) compared with either
treatment alone, suggesting that the reduced repair efficiency seen
with TTFields could be the result of impaired HRR following TTFields
application. Notably, non-homologous end-joining repair kinetics
were not affected by TTFields treatment.>®

In addition to their role in HRR, BRCA genes cooperate with
Fanconi anaemia pathway proteins to maintain DNA replication
fork stability.®® Karanam et al. showed that replication stress was

Tumour treating fields therapy for glioblastoma: current advances and...
O Rominiyi et al.

increased with TTFields, and that replication fork dynamics were
impaired.®’ Measuring the incorporation of labelled nucleotides
into newly synthesised DNA strands during DNA replication serves
as a robust readout for replication stress and replication fork
dynamics.%? Karanam et al. showed that DNA fibre length was
shorter in H157 and H1299 cells treated with TTFields compared
with DNA fibre length in untreated cells, and the difference in
DNA fibre length between groups increased over time, indicating
that TTFields interfere with replication fork progression and
induce replication stress. In addition, the authors demonstrated
the presence of other replication-stress markers following TTFields
treatments,®’' such as increased replication protein A (RPA) foci
(RPA is recruited to single-stranded DNA (ssDNA) intermediates
during DNA replication, where it protects exposed ssDNA from
nucleases and prevents ssDNA from reannealin963) and increased
R-loop formation (regions of 3-stranded nucleic acid that form
when a replication fork collides with the transcription machinery;
these are produced at a higher rate during replication stress).>*
Finally, the authors demonstrated reduced expression of the mini-
chromosome maintenance (MCM) complex genes MCM6 and
MCM10°" (the MCM complex functions as a DNA helicase that is
crucial for replication initiation and replication fork assembly).
Collectively, these data suggest that downregulation of BRCA/
Fanconi anaemia pathway genes by TTFields results in an increase
in replication-stress-induced DSBs and reduced DSB-repair effi-
ciency due to impaired HRR kinetics (Fig. 3B). As cancerous cells
often demonstrate overreliance on a reduced repertoire of DNA-
damage response processes,®>°® future combinatorial strategies
that exploit these TTFields-induced vulnerabilities might be
particularly effective.

Effects of TTFields on autophagy

The roles of autophagy in cancer are diverse. During the early
phases of cancer initiation, the upregulation of autophagy exhibits
tumour-suppressive functions, whereas autophagy can be acti-
vated to promote cancer cell survival and treatment resistance
during the later stages of cancer development.®” Previous studies
have demonstrated that TTFields-treated cells display features that
are characteristic of autophagy, such as increased cell volume
and granularity and the formation of double-membraned
autophagosomes.**®®7°  When cells undergo autophagy,
microtubule-associated protein light-chain 3 (LC3-l) is converted
into LC3-ll through lipidation by autophagy-related protein 7
(ATG7), enabling its recruitment to the autophagic vesicle
membrane, where it activates ATG5, a key component in
autophagic vesicle formation.”" As such, LC3 is often used as a
marker for monitoring autophagy.”? Shteingauz et al. observed an
increase in the LC3-Il protein in cancer cells following the
application of TTFields.’® However, increased levels of LC3-Il do
not always correlate with increased autophagy, and can also
signify the reduced turnover of autophagosomes owing to defects
in autophagosome transport and fusion of the autophagosome
with the lysosome.”> Consequently, autophagic flux, which
describes the entire process of autophagy (autophagosome
formation, maturation, fusion with lysosomes and lysosomal
degradation of cytoplasmic constituents) must be measured to
determine the degree of autophagy. Measuring the difference in
LC3-II levels in the presence and absence of a lysosome inhibitor,
such as chloroquine (which inhibits autophagosome-lysosome
fusion), allows the determination of how much LC3-Il is degraded
in a lysosome-dependent manner because it stops autophagic flux
before lysosomal degradation can take place, and therefore
indicates the extent of degradation that would have taken place
during the treatment, reflecting the degree of autophagy.”
Combining chloroquine with TTFields was shown to significantly
increase LC3-Il levels in cells relative to control and relative to
TTFields-treated cells in the absence of chloroquine, indicating
that TTFields increase autophagic flux and activate autophagy.®®
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TTFields therapy has also been shown to induce abnormal
chromosomal segregation,** and aberrant mitotic events have
been linked to the increased activation of autophagy.”> TTFields-
treated cells that underwent aberrant mitosis (identified as cells
displaying abnormal numbers of chromosomes or abnormal cell
morphology) were shown to be more likely to activate autophagy
in comparison with cells that had not divided over the course of
the experiment or cells that underwent normal cell division,®
suggesting that TTFields-induced aberrant mitotic events could be
driving activation of autophagy. The phenomenon of ‘doryphagy’
describes the specific autophagy-mediated turnover of centroso-
mal satellites that leads to chromosome-segregation errors and
chromosomal instability.76 Given the data described above, it
would be interesting to determine if TTFields impact on
centrosomal proteins through autophagy-mediated degradation.

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/
mammalian target of rapamycin (TOR) signalling pathway is known
to suppress the activation of autophagy.”” Kim et al. found that the
expression of Akt2 and the downstream targets of mTOR complex
(mTORC)1, 4E-binding protein 1 (4EBP1) and 70-kDa ribosomal
protein S6 kinase (p70S6K), was downregulated in glioma cells upon
TTFields therapy, and that phosphorylation of mTOR at Ser2448 was
reduced. Re-expressing Akt2 prevented the TTFields-mediated
induction of autophagy, indicating that Akt2 pathway signalling
regulates autophagy in TTFields-treated cells, and that TTFields
activate autophagy by suppressing the inhibitory action of PI3K/Akt/
mTOR pathway on autophagy.®® Additionally, the function of
mTORC1 is inhibited by various types of stress within the cell. For
example, AMP-dependent kinase (AMPK), which phosphorylates and
inhibits mTORC1, thereby suppressing the inhibitory effects of
mTORC1 on autophagy,’® is activated by low-energy (ATP) levels.
Shteingauz et al. demonstrated that intracellular levels of ATP were
reduced in surviving cells after TTFields application, and that
knockdown of AMPK prevented TTFields-mediated upregulation of
autophagy, suggesting that activation of AMPK was required for
increased activation of autophagy in TTFields-treated cells.%®
Together, these data suggest that activation of autophagy in
TTFields-treated GBM cells might be mediated via regulation of the
PI3K/Akt/mTOR signalling pathway (Fig. 3C).

Whether activation of autophagy by TTFields serves as a cell
survival or a cell death signal is still unclear. Some studies have
shown that inhibition of autophagy enhances the killing of cancer
cells with TTFields, suggesting that upregulation of autophagy
might act as a mechanism of resistance to TTFields, and thus
highlighting the potential use of autophagy inhibition as a
strategy to enhance the therapeutic efficacy.® Others, however,
have reported that autophagy inhibition reduces the killing of
cancer cells with TTFields.®® For example, Silginer et al. reported
that TTFields-mediated cell death took place in a caspase-
independent manner, and that autophagy played an important
role in TTFields-mediated cell death.”° However, TTFields-
mediated cell death has been shown to occur through both
caspase-dependent (characteristic of apoptotic cell death) and
caspase-independent pathways,***%7° suggesting that the type of
cell death activated upon TTFields application might be condi-
tional, influenced, for example, by cancer type and genetic
context.”%”® The regulatory mechanisms that direct autophagy to
act as a pro-survival or pro-death signal following TTFields warrant
further study, but could facilitate the identification of defined
populations of patients that are most likely to benefit from
concomitant inhibition of autophagy.

TTFields and innate immunity

Macrophages play a central role in governing the nature of
immune responses, and represent the dominant infiltrating
immune cell population in GBM, constituting ~30-40% of the
tumour mass.®® Macrophages can assume one of two phenotypes:
M1 macrophages are considered proinflammatory and secrete

proinflammatory cytokines, such as interleukin-18 (IL-18), IL-12
and tumour necrosis factor-a (TNF-a)®' to initiate an immune
response; M2 macrophages are involved in the resolution of
inflammation and release anti-inflammatory cytokines, including
IL-10 and transforming growth factor-B (TGF-B). In addition,
macrophages are themselves stimulated by cytokines.?’#? Inflam-
matory cytokines stimulate macrophages to produce nitric oxide
(NO), which induces toxic reactions against invading pathogens
and regulates the function of host immune cells, such as T cells,
antigen-presenting cells, mast cells, neutrophils and natural killer
cells. NO is converted from L-arginine by the inducible NO
synthase (iNOS) during inflammation. The proinflammatory
cytokines TNF-g, IL-13 and IL-6 mediate the upregulation of iINOS
in macrophages by activating the nuclear factor kB (NF-kB)
transcription factor and the mitogen-activated protein kinase
(MAPK) protein p38, extracellular signal-regulated kinase (Erk)1/2
and c-Jun-activated kinase (JNK). Additionally, when macrophages
are first activated by cytokines, the low concentrations of NO can
stimulate the NF-kB signalling pathway to upregulate iNOS
expression in a positive-feedback loop.®* Park et al.®* showed
that the mRNA expression levels of IL-1B and TNF-a were
significantly increased in RAW 264.7 murine macrophage cells
following TTFields treatment. TTFields therapy also upregulated
iNOS at both the mRNA and protein levels, consistent with the
increased production of NO in these cells. Additionally, an increase
in IL-1B, TNF-a and IL-6 secreted into the medium of TTFields-
treated RAW 264.7 cells co-cultured with 4T1 cancer cells was
detected. These data indicate that TTFields promote phenotype
skewing of macrophages towards a proinflammatory phenotype.
Furthermore, 4T1 cells that were exposed to the culture medium
from TTFields-treated RAW 264.7 cells displayed a reduction in cell
viability compared with 4T1 cells that were exposed to the culture
medium of untreated RAW 264.7 cells, suggesting that TTFields-
mediated activation of macrophages promotes antitumour
immunity.2*

Reactive oxygen species (ROS), which are also produced by
macrophages, function as secondary messengers that activate
both NF-kB and MAPK signalling pathways within these cells.®®
Under normal circumstances, the inhibitor of NF-kB (IkB-a) protein
is bound to, and inhibits, NF-kB, sequestering it in the cytoplasm.
Both ROS and TNF-a can mediate the activation of MAPK
signalling®® and IkB kinase (IKK), which phosphorylates IkB-q,
resulting in its polyubiquitination and subsequent proteasomal
degradation. This process releases the p65 transcriptional subunit
from the NF-kB complex, which can then translocate to the
nucleus and regulate the transcription of target genes, including
those encoding proinflammatory cytokines.%® Interestingly, ROS
secretion was increased in RAW 264.7 cells following TTFields
treatment. Additionally, TTFields-treated RAW 264.7 cells displayed
increased phosphorylation of 1kB-a, the NF-kB p65 subunit and
p38 MAPKS2* These data suggest that TTFields therapy mediates
its antitumour immunity effects via the regulation of NF-kB and
MAPK signalling pathways in RAW 264.7 macrophages, and raises
the potential that TTFields could provide a way to overcome the
mechanisms of immune escape typically associated with
glioblastoma.?’

TTFields enhance immunogenic cell death

Using a rabbit model of metastatic cancer, Kirson et al.22 showed
that applying TTFields therapy to VX-2 cell (squamous cell
carcinomas) implanted within the kidney capsule significantly
reduced distant metastases in the lungs. As the lungs were not
directly treated, the observed abscopal effect was most likely
mediated by the immune system. Indeed, there was a significant
increase in the infiltration of CD45+ T cells, CD4+ T helper cells
and CD8+ cytotoxic T cells to the lungs of the treated rabbits,
confirming that TTFields can stimulate antitumour immunity
in vivo.



Voloshin et al®® showed that TTFields induce the membrane

translocation and subsequent exposure of the chaperone calreticu-
lin, as well as secretion of the damage-associated molecular pattern
ATP and high-mobility group box protein 1 (HMGB1), both of which
lead to immunogenic death in cancer cells. Furthermore, dendritic
cells, when co-cultured with TTFields-treated cells, demonstrated
enhanced phagocytic activity and upregulation of the major
histocompatibility complex (MHC) class Il and the activation markers
CD40 and CD80, indicative of enhanced dendritic cell maturation
and immunogenic cell death. Notably, combining TTFields with an
inhibitor of programmed cell death protein 1 (PD-1) reduced the
tumour volume in lung- and colon-tumour-bearing mice compared
with sham control and compared with mice treated with TTFields or
the inhibitor alone®® suggesting that PD-1 inhibition might further
promote the antitumour immune response elicited by TTFields
treatment. PD-1 normally functions by disrupting T-cell activation,
thereby preventing activation of the immune response; this immune
checkpoint, and others, is essential to prevent hyperactivation of the
immune system, which can result in autoimmune disorders (e.g.,
rheumatoid arthritis and multiple sclerosis), but cancer cells can
exploit this mechanism in order to evade immune-response-
mediated cell death.”® Immune checkpoint inhibitors such as anti-
PD-1 thus enable T cells to kill cancer cells again and further
enhance the anticancer immune response induced by TTFields
therapy (Fig. 3D). Several clinical trials assessing the use of immune
checkpoint inhibitors in glioblastoma are ongoing, whilst the
combination of TTFields with anti-PD-1 therapy is currently being
assessed in patients with NSCLC (NCT02973789)°" potentially
providing an important platform for future clinical studies assessing
a similar combination to treat patients with a glioblastoma.

TTFields suppress cancer cell migration

GBM:s are locally invasive tumours. As the extensive migration and
infiltration of glioma cells into healthy brain tissue contribute to
therapeutic resistance and poor outcomes, restraining these
properties represents an appealing therapeutic strategy.92 Studies
by both Kim et al. and Silginer et al. demonstrated that the
application of TTFields therapy to established GBM cells significantly
reduced cancer cell migration and invasion, as determined through
the use of scratch wound-healing and Transwell systems.>*”°
Silginer et al. also identified similar anti-migratory effects of TTFields
on glioma-initiating cells, which can undergo self-renewal and
initiate tumorigenesis; this is an important finding given the key
role played by glioma-initiating cells in mediating therapeutic
resistance and recapitulating the tumour cell hierarchy following
treatment.”>®® Interestingly, the results indicated that the anti-
infiltrative effects of TTFields were mediated by downregulation of
the NF-kB, MAPK and PI3K/AKT signalling pathways in glioma cells,
which modulate the transcriptional regulation of matrix metallopro-
teinase (MMP)2 and MMP9 (Fig. 3E).>* Additionally, TTFields were
found to reduce the expression of vascular endothelial growth factor
(VEGF) and hypoxia-inducible factor (HIF)-1a, and to suppress
vascular development using human umbilical vein endothelial cells
within an in vitro Matrigel™-based endothelial tube-formation
assay.>® The ability of glioma-initiating cells to remodel the tumour
microenvironment, including via complex interplay with endothelial
cells, has been implicated in their aggressive nature”® These
findings therefore suggest that TTFields may restrain the invasive-
ness of GBM by reducing MMP-mediated cleavage through ECM
proteins in the surrounding brain by glioma cells and potentially
reducing nutrient supply by limiting neovascularisation through
reduced VEGF and HIF-1a production in glioma cells.

TTFields enhance cell membrane permeability and intracellular
drug concentrations

Whereas integral membrane proteins mediate the transport of
large molecules across the cell membrane by passive or active
transport, small molecules and ions can simply diffuse across the
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cell membrane throu§qh small holes that punctuate the surface of
the cell membrane.®® Chang et al’” used scanning electron
microscopy to reveal that TTFields increased both the number and
the size of holes in the membrane of glioma cells, with an average
hole size of 240.6+91.7 nm? in TTFields-treated cells compared
with 129.8+31.9nm? in untreated cells. Importantly, these
changes appear to be cancer-specific, as no changes in the
membrane structure of healthy human fibroblast cells were
observed. Additionally, the authors observed a significant increase
in the uptake of membrane-associating reagents with a size of 20
kDa, and no larger than 50 kDa, into glioma cells with TTFields.
These changes were reversible and returned to normal within 24 h
of ceasing TTFields treatment® (Fig. 3F). Emerging data also
suggest that the application of TTFields therapy might interfere
with the integrity of the blood-brain barrier by transiently
disrupting the localisation of tight-junction proteins such as
claudin 5 and ZO-1.°® Additional studies and their results will be
highly informative.

These findings suggest that TTFields therapy has the potential
to increase intracellular/intratumoral concentrations of che-
motherapy, and therefore provides a rational explanation for the
reported increase in sensitivity to chemotherapeutic drugs
observed following TTFields therapy—perhaps even explaining
the significant improvement in patient survival observed in the EF-
14 trial when TTFields was combined with TMZ.'® Therefore, in
theory, TTFields might enhance the clinical efficacy of many
pharmacotherapies, independent of drug mechanism, by increas-
ing the drug concentration selectively within neoplastic cells.
These studies also highlight important implications for the rational
design of TTFields—chemotherapy combinations and drug sche-
duling, since ensuring TTFields delivered prior to drug adminis-
tration could help optimise therapeutic response (e.g., exit may be
beneficial to delay drug doses until a few hours after scheduled
breaks in TTFields therapy).

AN OVERVIEW AND UPDATE ON TTFIELDS CLINICAL TRIALS

The emerging landscape of clinical trials assessing TTFields
therapy to treat intracranial and extracranial tumours has to date
supported FDA approvals (and a European CE mark for Optune)
for the indications of recurrent and newly diagnosed glioblastoma
and mesothelioma (discussed below). Additionally, over 25
registered clinical trials assessing TTFields are currently active.®®

Recurrent GBM

From 2006 until 2009, 237 patients with recurrent GBM were
enrolled in a randomised Phase 3 clinical trial (EF-11, the first
Phase 3 trial to investigate the efficacy of TTFields as a
monotherapy in humans) and treated with either TTFields (120
patients) or chemotherapy alone (117 patients). The primary
endpoint was OS, and secondary endpoints included progression-
free survival (PFS), 1-year survival, quality of life (QoL) and safety/
toxicity. Although there was no significant difference in OS or PFS
in TTFields-treated patients compared with the chemotherapy
control group (6.6 vs 6.0 months and 2.2 vs 2.1 months,
respectively), TTFields therapy was concluded to be just as
effective as physician’s choice chemotherapy in treating recurrent
GBM, with the added benefits of fewer severe adverse events and
overall improvement in QoL.?° The results of the EF-11 trial led to
the FDA approval of TTFields as a treatment for GBM recurrence
following standard-of-care chemotherapy.?'

Newly diagnosed GBM

Between 2009 and 2014, a randomised, Phase 3 clinical trial (EF-
14) enrolled patients to receive either TTFields plus adjuvant TMZ
(466 patients) or TMZ alone (229 patients). All patients had
completed initial radiotherapy with concomitant TMZ prior to
randomisation. The study primary endpoint was PFS. The
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secondary endpoint was OS, with further exploratory endpoints,
including PFS at 6 months, QoL and cognitive function. TTFields
with TMZ significantly increased both the PFS and OS of newly
diagnosed GBM patients by 2.7 months (6.7 vs 4.0 months, P<
0.001) and 4.9 months (209 vs 16.0 months, P =0.004),
respectively, compared with treatment with TMZ alone. Two years
into the trial, 43% of patients randomised to receive TTFields plus
TMZ treatment were still alive, compared with 29% in the TMZ-
only group. The addition of TTFields to TMZ did not compromise
QoL or increase the rate of serious adverse events.'® Following the
results of the EF-14 trial, the FDA approved TTFields together with
concomitant TMZ for the treatment of newly diagnosed GBM after
maximal resection and completion of standard-of-care radio-
therapy and chemotherapy.?’

Brain metastases and extracranial tumours

Clinical trials assessing the impact of TTFields to treat brain
metastases from NSCLC and a range of other extracranial
malignancies (including mesothelioma, NSCLC and pancreatic,
ovarian, hepatic and gastric cancer) are actively progressing. These
trials are summarised in Table 1. Although it is not possible to
provide a detailed commentary on each trial within this review, the
results of the STELLAR trial, completed in 2019, should be
highlighted.'® This single-arm Phase 2 clinical trial examined the
safety and efficacy of continuous TTFields delivery (>18 h per day)
at 150 kHz in combination with standard-of-care chemotherapy to
treat patients with unresectable treatment-naive malignant pleural
mesothelioma. The trial demonstrated encouraging median OS
and PFS of 18.2 and 7.6 months, respectively, which are considered
to represent a major advance compared with OS and PFS of 12.1
and 5.7 months for historical controls receiving standard-of-care
chemotherapy only.”®" In light of the STELLAR trial, TTFields
received FDA approval for use in combination with chemotherapy
to treat malignant pleural mesothelioma under humanitarian
device exemption'®? (a regulatory framework which helps facilitate
device approval for rare diseases; this recognises the challenge of
generating clinical evidence with a limited patient population, and
whilst stringent safety criteria must be maintained, the device can
be exempt from some effectiveness requirements, subject to
certain profit and use restrictions). This approval established
TTFields therapy as the first FDA-approved mesothelioma treat-
ment in over 15 years. A summary of key completed and ongoing
TTFields clinical trials is detailed in Table 1.

CONCLUSIONS AND FUTURE OPPORTUNITIES

Further potential applications for TTFields include expanding the
population of patients receiving this therapy through additional
trials for which existing and emerging preclinical data support
clinical studies (e.g., colorectal, renal and breast). In addition,
investigation of cancers that have not yet been studied in the
context of TTFields—haematological cancers, for example—could
be considered. Several key ongoing clinical trials (see Table 1)
evaluating the efficacy of combining TTFields with existing antic-
ancer agents in a range of cancer types together with increasing
mechanistic data derived from preclinical studies will help to clarify
the role of TTFields in treatment regimens and establish the
feasibility of making TTFields more readily available across a wider
range of cancer types in the years to come. As cancers from different
anatomical regions gain attention, transducer array redesigns might
be required to ensure optimal TTFields delivery in new anatomical
regions whilst maintaining QoL.

Solid paediatric malignancies, including brain tumours, repre-
sent a clear indication in need of less harmful anticancer
therapies.'® Ongoing preclinical research suggests that TTFields
might demonstrate efficacy in paediatric GBM, medulloblastoma
and ependymoma,'® whilst limited case reports/series suggest
that TTFields treatment in children is likely to be safe.'®>'% One of

these studies indicated that TTFields was tolerable in five
paediatric patients with high-grade glioma, aged between 10
and 20, three of whom showed partial responses when they
received TTFields alongside chemotherapy and/or radiation.'®
The study of the use of TTFields to improve outcomes and avoid
the substantial morbidity associated with use of chemotherapy
and radiotherapy in children is an area of investigation that should
be prioritised. To this end, an investigator-initiated study
(NCT03033992) testing the feasibility of TTFields for children with
recurrent or progressive supratentorial high-grade glioma and
ependymoma is ongoing; additional studies and long-term follow-
up data would, however, be desirable.

Regarding the treatment of adult patients with newly diagnosed
GBM, even with improvements in outcome following the addition
of TTFields, survival for most patients remains under 2 years,16
highlighting an ongoing need to further enhance the efficacy of
TTFields and current chemoradiotherapy. The EF-14 trial concluded
that compliance with TTFields therapy correlated with improved
OS in GBM patients. Patients with a compliance of over 90% (= 18 h
of daily TTFields) had a median OS of 28.7 months from diagnosis
and a 5-year survival rate of 29.3%,” and simulation-based analysis
of the EF-14 Phase 3 data suggests that the overall dose of TTFields
delivered at the tumour site strongly correlates with 0S.'%”
Considering these findings, it is clear that any method that could
effectively increase TTFields usage time (such as improved
portability of the clinical device'®®) or increase intensity at target
regions should support improvements in therapeutic efficacy.

Emerging preclinical data outlined in this review suggest a
strong mechanistic rationale for the use of TTFields in combina-
tion with a number of molecularly targeted therapies to improve
efficacy. Preclinical data have shown that PD-1 inhibitors can
increase antitumour immunity with TTFields®® and underpin a
currently ongoing clinical trial investigating the efficacy of
combining PD-1 inhibitors with TTFields for the treatment of
patients with NSCLC (LUNAR NCT02973789—see Table 1). A state
of ‘BRCAness’ (deficiency in BRCA or related HRR function)
following TTFields-mediated downregulation of BRCA genes
(discussed above) has been described.>*>> BRCA-deficient cancers
are characterised by an inherent vulnerability to DNA single-strand
break repair inhibitors, such as PARP inhibitors,'®>"'® under the
concept of synthetic lethality due to impaired HRR efficiency.'"
Preclinical data have shown TTFields and olaparib, a PARP1
inhibitor, synergised to increase cell killing compared with either
treatment alone.®' Future trials combining TTFields with PARP
inhibition, including an active trial (recruitment commenced in
early 2020) using niraparib and TTFields in GBM (NCT04221503),
will be highly informative. The combination of TTFields with other
DNA-damage response processes should also be considered. In
this respect, our team are actively investigating TTFields
combinations that incorporate inhibition of the Fanconi anaemia
pathway, as this pathway has been implicated in therapeutic
resistance to TMZ''>""'* and also demonstrates synthetic lethality
with loss of BRCA.%°

TTFields-induced ‘BRCAness’ could also enhance the response
to radiotherapy. This effect has been demonstrated in a number of
preclinical research projects.>>''>"'® |t could, therefore, be
hypothesised that the simultaneous delivery of TTFields with
chemoradiotherapy in the clinic should maximise the DNA-
damage-response-modulating influence of TTFields and might
lead to a synergistic effect. Encouragingly, a pilot study of TTFields
concomitant with radiotherapy and TMZ in ten newly diagnosed
GBM patients demonstrated that this regimen does not increase
toxicity.''” This study is being expanded in a Phase 2 clinical trial
(NCT03869242), and a similar Phase 3 trial is currently in
registration (TRIDENT—see Table 1). Finally, future studies should
also aim to identify and characterise predictive biomarkers that
could help to identify which patients most likely benefit from
TTFields treatment.
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As evident from the preclinical and clinical studies highlighted
in this review, TTFields has great potential, both in the short- and
long term, to improve outcomes for many patients diagnosed
with a range of cancers. Continuing to enhance our knowledge of
the molecular mechanisms that underpin TTFields-based cellular
toxicity and tumour specificity/therapeutic index will hopefully aid
further adoption of this new modality and integration into existing
and novel treatment strategies to improve outcomes for a wide
range of cancer patient cohorts.
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