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Abstract

DNA-dependent protein kinase (DNA-PK) has a central role in the repair of DNA
damage induced by radiotherapy of cancer. As such, the combination of DNA-PK
inhibitors and radiotherapy are under investigation in cancer clinical trials. While much
of this efficacy is attributed to cancer-cell intrinsic mechanisms, little is known about
the immunological ramifications. This thesis evaluates the immunological effects of a

novel inhibitor of DNA-PK, M3814 (peposertib), in combination with radiotherapy.

Here, M3814 is shown to radiosensitise a panel of cancer cell lines. Furthermore, in
KP.B6.F1 cells, a murine non-small cell lung carcinoma model, this cell death is
accompanied by markers of immunogenic cell death including translocation of
calreticulin to the cell-surface membrane and release of high mobility group box 1
(HMGB1). Additionally, treatment with radiotherapy and M3814 in MC38 cells
increased expression of Interferon-B (/fnB), an anti-viral cytokine induced by the
CGAS-STING pathway. In contrast, KP.B6.F1 cells failed to express IFNB, despite
evidence of increase formation of cGAS positive micronuclei following combination
treatment. This was found to be due to a deficiency of STING which could be restored

by the hypomethylating agent decitabine.

In a syngeneic murine tumour model, addition of decitabine to combination treatment
improved KP.B6.F1 tumour control and increased survival. Analysis of the immune
compartments of KP.B6.F1 tumours determined increased infiltration of active T
effector cells, active CD8* T cells, inflammatory monocytes and M1 macrophages in

mice treated with a combination of decitabine, M3814 radiotherapy.

Together, this work demonstrates that addition of M3814 to radiotherapy not only
increases cancer cell death but also increases the immunogenicity of tumour cells.
Furthermore, it provides a potential therapeutic strategy to overcome cGAS-STING

downregulation in cancer.



Impact Statement

In all but six countries, cancer is the first or second leading cause of premature
mortality [1]. In 2020, the number of cancer-related deaths worldwide was an
estimated 10 million [1] and is forecasted to exceed 30 million in 2030 [2-4]. Primarily,
the burden of cancer weighs heavily on the patients and those surrounding. However,
the projected growth in cancer burden also puts health infrastructures and economies
at serious risk on a global scale. There is, therefore, an urgent need for research and

innovation to improve therapeutic options and patient outcomes.

DNA-damaging agents, including radiotherapy, represent one of the most widely used
cancer treatment modalities. While radiotherapy is often effective initially, many
patients go on to relapse and develop resistance. Developing strategies to increase
the efficacy of radiotherapy presents an opportunity decrease this risk. One way this
can be done is using pharmacological inhibitors of DNA damage repair. Tumour cells
can be sensitised to DNA damage by inhibitors of DNA damage repair pathways.
Here, this thesis evaluates the effect of combining radiotherapy and M3814, a novel
inhibitor of the DNA damage repair protein DNA-PK. In particular, this work focuses

on the effects of this therapeutic combination on tumour immunogenicity.

Despite representing the most widely used cancer treatment modalities, it is only
recently that we are beginning to understand the implications of DNA damaging
agents on the immune system. For decades, the success of DNA damaging agents
has been attributed solely on their direct cytotoxic effects. However, their effects to
go far beyond the cancer cells, altering the immune tumour microenvironment. For
the first time, this thesis reports that cell death following combination of M3814 and
radiotherapy is indicative of immunogenic cell death. Furthermore, it is demonstrated

that treatment triggers the innate anti-viral pathway, cGAS-STING. These findings



provide a rationale for future preclinical and clinical investigation into combining this

approach with immunotherapy in the hopes of improving patient outcomes.

While induction of the cGAS-STING pathway by radiotherapy and M3814 could
improve patient outcomes in patients receiving efficacy, it is limited by the frequency
of patients with loss of cGAS-STING pathway function [5, 6]. This thesis identified a
strategy to restore cGAS-STING pathway in a STING deficient model using the FDA
approved cancer drug decitabine and demonstrated its in vivo effect on the efficacy
and the tumour immune microenvironment. This preclinical validation warrants further
study and could form the foundation of further clinical trials, not just in combination

with M3814 and radiotherapy, but combined with any other DNA damaging agent.
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1. Introduction

1.1. DNA damage repair and cancer

1.1.1. Genomic instability and cancer

During the development of cancer, normal cells evolve and gain certain attributes
which make them tumorigenic and malignant. The diversity and complexity of these
changes is vast but can be summarised by the core cancer hallmarks. Currently, there
are 8 acquired core hallmarks of cancer including sustaining proliferative signals,
evading growth suppressors, resisting cell death, inducing angiogenesis, initiation
invasion and metastasis, enabling replicative mortality, reprogramming of energy
metabolism and evasion of immune destruction [7]. During tumorigenesis, the
attributes are acquired as part of a multi-step process. Importantly, there is one
particularly prominent enabling hallmark which enables and promotes cells to gain
the acquired hallmarks. This is genomic instability. When cells lose genomic
instability, they gain a mutator phenotype, exhibiting high rates of mutations resulting
in defects in oncogenes and tumour suppressors and causing transformation of cells
[8]. This makes maintenance of genomic instability critical for normal cell physiology

and health of the organism.

1.1.2. The DNA damage response

DNA provides the instructions for cells to be able to produce the proteins necessary
for their function, failure to maintain integrity of DNA is incompatible with normal cell
functioning and forms the basis cancer. To preserve genomic integrity, cells rely on a
complex network of overlapping pathways to repair DNA damage as it arises, quickly
and accurately. This is the DNA damage response (DDR) [9]. The DDR detects the

presence and nature of DNA damage, amplifies, and transduces this signal, and can
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trigger a range of cellular responses such as cell-cycle arrest, DNA repair and

apoptosis [9, 10].

1.1.3. Types of DNA damage

An important factor determining which DDR pathway will be activated is the type of
DNA aberration present. There is a variety of forms of DNA damage, including base
alterations, base substitution during replication, and strand breaks [11]. DNA damage
can arise from endogenous or exogenous sources. For example, spontaneous
hydrolysis can cause base deamination, resulting the conversion of one base to
another, for example cytosine to uracil. Further chemical changes to nucleotide bases
include alkylation and methylation, which alters the chemical structure of bases
modifying their binding affinity and specificity. During DNA replication, this increases

the risk of a base substitutions, which is mutagenic [10, 12].

Another form of DNA damage are DNA strand breaks. These may occur on just one
DNA strand, a single strand break (SSB), or both strands of the duplex, a double
strand beak (DSB). Two endogenous sources for SSBs are cellular metabolism and
replication. During adenosine triphosphate (ATP) generation in the mitochondria,
reactive oxygen species (ROS) are formed as a by-product. At high levels, free
radicals cause DNA oxidation and hydrolysis, resulting in the formation of SSBs.
However, while some DSBs and SSBs are examples of DNA damage, others are
necessary for the normal functioning of cell. For example, the formation of SSBs are
critical for DNA replication. DNA typically exists in a highly coiled state which must be
relaxed during replication for the replication machinery to gain access. As the
replication fork moves down the DNA during replication, it separates the strands. In
doing so, the DNA ahead of the replication machinery becomes under increasingly
intense torsional strain. Therefore, enzymes called DNA Topoisomerases (TOPO)

are necessary to cut the DNA strands, either as a SSB (TOPOI) or DSB (TOPOII) to
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permit controlled rotation of the DNA strand to relieve the tension and undo tangles.
Once the DNA is relaxed, the SSBs or DSBs are resolved. If repair of these intentional
DNA strand breaks is prevented, such as through the use of TOPOL1 poisons for

cancer therapy, the DNA becomes damaged [13].

DSBs are the most deleterious form of DNA damage and must be repaired quickly
and accurately to protect genomic integrity. Failure to do so risks mutations such as
translocations, inversions, or deletions when incorrect ends of a DSBs undergo
ligation together. An example of a deleterious chromosomal translocation is the
translocation of chromosome 9 and 22 resulting in the oncogenic fusion gene BCR-
ABLL1. This translocation produces an ‘always-on’ tyrosine kinase and is presentin all
cases of chronic myeloid leukaemia (CML) [14]. Furthermore, the presence of DSBs
during anaphase risks mis-segregation of chromosomes and subsequent loss of

genetic information [15].

1.1.4. The DNA damage response in tumorigenesis

This network plays a critical role in preserving genomic integrity as such,
dysregulation of the DDR forms the basis of a range of diseases. Ataxia telangiectasia
is another inherited disorder wherein patients carry mutations in the ataxia
telangiectasia mutated (ATM) gene, a central component of the homologous
recombination repair pathway which is an important pathway in the repair of DSBs.

These patients suffer and have an increased risk of cancer.

Genomic instability has a direct causal role in tumorigenesis [7, 8]. Dysregulation of
the DDR results in cells gaining a mutator phenotype, in which the mutation rate
exceeds that of normal cells [8]. As these cells accumulate more mutations, they
escape the normal constraints of cell growth and avoid programmed cell death,
becoming tumorigenic. Germline mutations of genes in the DDR, such as those in

patients with ataxia telangiectasia, compromises genomic stability, leaving carriers
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predisposed to cancer development. Many major components of the DDR were first
discovered in patients with a familial predisposition to certain cancers. For example,
germline BRCA1 and BRCA2 mutations which reduce a DNA strand repair pathway,
homologous recombination repair (HRR), leave female carriers 40-80% more

susceptible to developing breast and ovarian cancer [16].

Studies investigating the frequency of DDR mutations in patients using data from The
Cancer Genome Atlas across 15 cancer types found that patients had on average
3.12 DDR mutations per cancer patient [17]. This varied greatly between cancer
types, with colorectal having the highest with 11.44 DDR mutations on average per
patient [17]. One of the most widely mutated genes in tumorigenesis is P53, which
orchestrates the cell cycle arrest necessary for DNA repairs. In sporadic cancers, P53
is mutated in 38-50% of all cancers [18]. Furthermore, another study found 52% of
patients with stage Il lung adenocarcinoma carried somatic P53 mutations, and of
those not harbouring a P53 mutation, 15% had ATM mutations [19]. Such findings

highlight how intricately DDR and tumorigenesis are linked.

1.1.5. Cancer cells are sensitive to DNA damage

While dysregulation of the DDR is a driver of tumorigenesis, it also renders tumour
cells vulnerable to high levels of DNA damage. This principle underlies the rationale
for DNA damaging agents as cancer therapy. Success of this approach relies on the
proliferative nature of tumour cells and their inability to repair DNA damage
appropriately. One such class of chemotherapeutic drugs that induce DNA damage
are platinum salts, including cisplatin, carboplatin and, oxaliplatin [20]. These
chemicals form interstrand and intrastrand crosslinks in DNA which are inhibitory to
DNA replication. If left unresolved, these result in stalling of the replication fork and
formation of DSBs. Patients those carrying mutations in BRCA1/2 or ATM have

deficiencies in HRR, an important DSB DNA repair pathway, and typically respond
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better to platinum-based therapies than those with proficient HRR [21, 22]. Another
important DNA damaging agent is radiotherapy. The radiation used for radiotherapy
can be grouped into two main groups: external-beams or internal. Internal
radiotherapy includes treatments with radioisotopes and radionuclides liquids or the
implantation of a solid radioactive source. In contrast, external beams deliver a beam
of ionising radiation (IR) from an external source to the target. The energy source for
this can come in multiple sources, such as proton beams or X-rays. X-ray is the most

used form of radiotherapy, and therefore will be the subject of this thesis.

1.1.6. lonising radiation induces DNA double strand breaks

When cells are exposed to high energy X-rays, energy is transferred causing
ionisation. This ionisation damages cellular molecules either directly through the
disruption of covalent bonds or indirectly through the production of free radicals from
water [23]. While ionising radiation damages all components of the cells, the most
severe consequences are a result of DNA damage. Disruption of the covalent bonds
linking the phosphodiester backbone of DNA leads to the instantaneous formation of
DSBs. Furthermore, hydroxyl free radicals react with DNA causing chemical
alterations leading to the generation of oxidative lesions and abasic sites. These may
develop into SSBs, which if in close proximity to another SSB on opposing DNA
strands or left unresolved, can also develop into DSBs [23]. Interstrand crosslinks
may also be formed. If the cells progress through the cell cycle without repair of SSBs
or crosslinks, DSBs are generated due to replication fork collapse. DSBs are the most
lethal form of DNA damage and if left unrepaired will result in cell death. 1Gy of
radiation has been found to induce 35 DSBs per cell while 2Gy nearly doubles this

number to 50 [24, 25].
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1.1.7. Mechanisms of DNA double strand break repair

To resolve DSBs, there are four main pathways: non-homologous end joining (NHEJ),
homologous recombination repair (HRR), alternative end joining (alt-EJ) and single
strand annealing (SSA) [23]. The majority of DSBs are resolved by NHEJ and HRR,
while alt-EJ and SSA typically acts as backups. These auxiliary mechanisms are more
prone to insertion and deletion events, making them more mutagenic than NHEJ and

HRR.

A key determinant of pathway selection is the cell cycle stage. As implied by the
name, HRR requires the presence of a sister chromatid containing at least 100bp of
homology. Using a sister chromatid as a template to repair damage makes HRR
largely error free, however, it also restricts HRR to the S and G2 phase. This makes
cell cycle arrest essential [26]. This is the preferred mechanism for repair of DSBs
formed from replication fork collapse, at which point there is both the presence of a
sister chromatid in proximity and sufficient time to conduct repairs. In contrast, DSB
induction from exogenous sources, such as ionising radiation, can occur at any point
in the cell cycle and must be resolved rapidly. In such circumstances DNA repair is
predominately carried out by NHEJ. Failure to repair these breaks, especially if DSB
frequency is high, is highly mutagenic due to the risk of translocations or deletions.
NHEJ allows for the rapid ligation of DSBs and, as NHEJ does not require a sister
chromatid, can occur at any point in the cell cycle. Real-time monitoring of fluorescent
reporters in human cells show NHEJ can be completed in 30 minutes; in contrast,
HRR takes over seven hours [27]. The ability of NHEJ to resolve DSBs quickly and
at any stage in the cell cycle makes it critical in the DDR to ionising radiation.
However, due to the lack of homologous template, NHEJ is more error prone than
HRR [26]. Despite this, even in during S and G2 phases, NHEJ is responsible for
approximately 80% of DSBs repair in these phases. Outside of S phase and G2,

NHEJ accounts for all DSB repair [28, 29].
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1.1.6.1. The Recognition of Double Strand Breaks

Following the formation of a DSB, Histone H3 lysine 9 (H3K9) on the chromatin
adjacent to the DSBs undergoes methylation to form H3K9me3. This modification is
recognised by TIP60 acetyltransferases, resulting in the acetylation and consequent
activation of ataxia telangiectasia mutated (ATM). This protein is a member of the
Phosphoinositide 3-kinase related kinase (PIKK) kinase family and is a key

orchestrator of DSB repair.

Following ATM activation, histone H2AX undergoes rapid phosphorylation at the Ser-
139 residue, forming yH2AX. This occur minutes after ionising radiation, peaking
between 25 and 60 minutes and is a commonly used marker of DSB [30, 31]. Mediator
of DNA damage checkpoint protein 1 (MDC1) binds yH2AX and is subsequently
phosphorylated by ATM, resulting in its activation [32]. This promotes recruitment of
the RING finger E3 ligases RNF8 and RNF168, which ubiquitylate histones H2A and
H2AX. Subsequent removal and degradation of these chromatin structures permits
the DNA structure to relax and open, offering access to repair molecules. At this point
HRR and NHEJ compete for substrate through pMDC1 mediated recruitment of the
Mrell-Rad50-Nbsl (MRN) complex and 53BP1[33]. HRR is promoted by the MRN

complex but inhibited by 53BP1 or Ku70/80.

1.1.6.2. Homologous Recombination Repair

The MRN complex consists of three subunits, Mrell, Rad50 and Nbs1[34]. Rad50
contains a zinc loop, through which DNA is threaded, and a globular domain with
dynamic ATP DNA binding sites to facilitate the shuttling of the MRN complex up and
down the DNA, while Mrel1 recognises the free DNA ends to promote binding. Mrel11
is also a nuclease which conducts end resection of the free DNA ends in a 5’ to 3’

direction to form a long 3’ single strand DNA (ssDNA) overhang [34]. Replication

28



protein A (RPA) coats this ssDNA, promoting the recruitment and subsequently
replacement by the ATP-dependent DNA recombinase RAD51. Multiple RAD51
molecules nucleate together to form a helical filament which stretches the ssDNA to
150% its’ typical length. The RAD51 bound DNA filament then searches for its sister
chromatid [35]. Once a homologous DNA strand is located, the invading 3’ ssDNA
anneals to the complementary strand, displacing the original homologous strand to
form the D-loop. Extension occurs both at the 3’ end of the invading strand, using the
complementary strands as a template, and at the 5 end of the DSBs using the
displaced strand as template. Holiday junctions are formed where the strands
crossover, which undergo HR. At the end of this process are two homologous double

stranded DNA strands (dsDNA strands) [36, 37].

As mentioned, HRR is strictly constrained to S and G2 phase. Important factors
necessary for HRR progression, including CtIP, necessary for Mrell mediated end
resection, and RADS51 loading require phosphorylation by S and G2 specific cyclin-
dependent kinases (CDK), in particular CDK1 [35]. Furthermore, CtIP undergoes
ubiquitination and subsequent proteasomal degradation during G1. This temporal
control ensures that HRR does not commence in the absence of a homologous sister
strand; especially important as HR cannot easily be aborted due to the incompatibility
between processed ends and NHEJ. Not only is HR limited by cell cycle, but also by
direct competition for substrate by 53BP1 or the DNA binding complex, Ku70/80 [38].

This mechanism is shown in Figure 1.1.
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Figure 1. 1. Homologous Recombination Repair of DSBs

Diagram showing the homologous recombination repair pathway of DSBs. DSB ends are resected by
the MRN complex. RPA coated DNA strand bound is stretched and Rad51 binds. This strand invades a

homologous sister chromatid. DNA synthesis and resolution of holiday junction then completes the DSB

resolution. Made in BioRender.
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1.1.6.3. Non-Homologous End Joining
While HRR is an important pathway for DSB repair, NHEJ accounts for the DSB
resolution under normal physiology and this preference is only enhanced in instances

of pathological DNA damage, such as that induced by radiotherapy.

NHEJ is initiated by the binding of Ku heterodimer. This complex consists of two
subunits: Ku70 and Ku80. Together, these subunits join to form a ring which binds to
the open unresected ends of a DSB. The Ku70/80 heterodimer is threaded onto the
DNA and forms dynamic bonds between the central domains of both Ku70 and Ku80
and phosphates on the DNA backbone in a sequence independent manner [39]. The
inside channel of Ku70/80 is positively charged enabling it to move along the DNA
backbone [39]. Unlike MRN, Ku70/80 is not tethered to the DNA during normal state.
Instead, it moves freely around the cytoplasm and nucleus at a high concentration,
which is maintained throughout the cell cycle [39, 40]. Once bound, the DNA strands

are protected, impeding MRN complex end resection and thus inhibiting HRR.

Upon induction of a DSB, the heterodimer Ku70/80 is rapidly recruited to the site due
to its high abundance within the cell and strong affinity to DNA ends. This recruitment
can occur within seconds of damage [41]. However, while Ku70/80 DNA docking
occurs very rapidly, dissociation is slower, typically only occurring following complete

repair.

Another key player in the NHEJ is a member of the PIKK family called DNA-
dependent protein kinase (DNA-PK) [26]. DNA-PK consists of two subunits, Ku70/80
and the DNA-PK catalytic subunit (DNA-PKcs) [26, 29]. The interaction between
Ku70/80 and DNA increases the binding affinity of DNA-PKcs to DNA. Binding occurs
between Ku70/80 and the C-terminal end of DNA-PKcs in the presence of DNA, while
the N-terminal forms a pincer-shape structure around a central cavity through which
the DNA is threaded [42]. This binding promotes the translocation of Ku70/80 along

the DNA backbone and away from the DSB site. The two opposing DNA-PKcs
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molecules bind together to form a bridge, bringing the DSB ends together into a
synaptic complex. At this point, autophosphorylation of DNA-PKcs occurs at Ser2056
and DNA-PK is now active, triggering a signal cascade. While DNA-PK has a large
array of phosphorylation targets, this autophosphorylation event is arguably the most
important regarding DNA repair [43, 44]. Active DNA-PK phosphorylates key
downstream components of the NHEJ, but another interesting phosphorylation event
is the phosphorylation of GOLPH3 which in turn triggers fragmentation of the Golgi

apparatus [45]. This will be explained in further detail in Section 3.1.1.

The presence of Ku70/80 may impede extensive end resection, such as that required
for HR. However, minimal end-processing can be performed by the nuclease Artemis
to make them compatible for ligation. Minimal end resection by Artemis often occurs
in during the repair of ionising radiation induced DSBs which are frequently in
proximity to oxidised and alkylated bases [29]. Nucleotide excision and reliance on
microhomology, rather than extensive homology, makes NHEJ more error prone than

HR. Once the ends are NHEJ compatible, polymerisation and ligation commence.

Ligation is initiated by the recruitment of DNA ligase IV in complex with x-ray repair
cross-complementary 4 (XRCC4) to Ku70/80 on either side of the DSB. XRCC4
molecules on either side of the break homodimerize, providing a scaffold holding the
two ends together [46]. Once the DSB ends are stabilised, the DNA polymerase Pol
A fills the gaps on the ssDNA regions on either side and XXRC4-like factor (XLF)
completes the ligation [29]. Upon the formation of covalent bonds between the
opposing DNA ends, Ku70/80 is removed via ubiquitin-proteasomal degradation [47].

A diagram showing this process is shown in Figure 1.2.
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Figure 1. 2. Non-homologous end joining repair of DSBs

Diagram showing the non-homologous end joining repair pathway. Ku70/80 is recruited to free DSB

DNA ends and DNA-PKcs is recruited. Following DNA-PKcs activation, end processing and ligation

factors artemis, XRCC4 and XLF are recruited and the DSB is resolved. Made in BioRender.
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1.1.8. Targeting DNA damage response to improve radiotherapy

The therapeutic ratio is the relationship between the dose required for tumour control
and the risk of normal tissue damage which results in toxicity. Over the years,
improvements have been developed to help widen this window. Advances in imaging
technology have improved the accuracy of radiotherapy administrations. It has also
become standard practice to divide the planned dose into fractions which has multiple
benefits. Breaks in between doses offers normal cells the chance to repair between
sub-lethal doses while malignant cells accumulate the damage instead. Efficacy of
radiotherapy relies on certain factors such as cell cycle phase and cell oxygenations,
therefore irradiating at different times increases the chance of the therapy being
successful [48]. There are two other important strategies to optimise the therapeutic
ratios, that will be the focus of this thesis. First, the use of pharmacological inhibitors
of DSB repair, and secondly, the activation of an anti-tumour immune response. The

latter of which will be discussed in more detail in Section 1.2.

The prevention of DSB repair after radiotherapy preferentially targets cancer due to
their proliferative nature and dysregulated DDR. NHEJ is the most important pathway
in the repair of ionising radiation-induced DNA breaks. As a critical component of
NHEJ-mediated repair, DNA-PK presents an attractive therapeutic target to

potentiate radiotherapy for the treatment of cancer.

1.1.9. DNA-PK inhibitors as radiosensitisers in cancer

The earliest compounds targeting DNA-PK inhibition were non-specific inhibitors of
PI3K. The first was the naturally occurring fungal metabolite, Wortmannin [49]. While
Wortmannin demonstrated significant radiosensitising properties, it had significant
limitations such as poor stability in solution and significant off-target effects [49]. In
1994, Lilly Pharmaceuticals developed LY294002, which was a much more selective

PI3K inhibitor [50]. This compound inspired the development of more selective
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compounds, with improved properties. The next generation were Nu7427, Nu72056
and Nu7441. These compounds are DNA-PK specific and much more potent in
comparison to LY294002. Nu7441 potentiates the effects of DNA damaging agents

including chemotherapy [51, 52] and radiotherapy [53] in a variety of cancers [54, 55].

Nu7441 remains the most used DNA-PK inhibitor (DNA-PKi) for in vitro studies [56].
However, despite promising early studies, upon translation into mice, poor solubility
of the compound and limited oral bioavailability restricts its use in vivo but their
promising activity encouraged further development [55]. Since then, using high
throughput screening methods, compounds have been developed with higher
specificity and favourable properties. Currently, there are four compounds undergoing
clinical trials, M3814, CC-115, VX-984 and AZD-7648 [56, 57]. Detalils of these clinical
trials are shown are shown in Table 1. Currently, the outcomes of only two of the trials
are reported. Including a first-in-man study reporting the maximum tolerated dose,
safety, and preliminary efficacy of M3814 in advance solid tumours. This trial found
M3814 to be well tolerated and offer moderate efficacy [58]. Another first-in-man study
reported the safety, pharmacokinetics pharmacodynamic profile and preliminary
efficacy of the dual mMTOR and DNA-PK inhibitor, CC-115. This study reported CC-

115 to be well tolerated and reported moderate efficacy [59].
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Table 1. 1. Clinical trials investigating DNA-PK inhibitors for cancer therapy. Table showing all clinical trials investigating DNA-PKi. Data from clinicaltrials.gov
and accurate as of 04/01/2022.

DNA-PKi Phase Tumour Type Combination Treatment Results/Recruitment Status Registration No. | Year
Advanced solid tumours or Well tolerated and moderate efficacy [58]
: Chronic Lymphocytic Leukaemia NCT02316197 2014
I Advanced solid tumours Radiotherapy Cisplatin. Study completed but not reported NCT02516813 2015
Ib/1 Small cell lung cancer Cisplatin, Etoposide. Egﬁ;u;tment terminated due to recruitment NCT03116971 2017
[ Solid tumours Avelumab, radiotherapy Study completed but not reported NCT03724890 2018
1/ Locally Advanced Rectal Cancer | Capecitabine, Radiotherapy | Study completed but not reported. NCT03770689 2019
| Relapsed or refractory acute Cytarabine, Etoposide, Suspended for interim monitoring NCT03983824 2019
myeloid leukaemia Mitoxantrone
Recruiting
m Advancgd prostate cancer not Avelumab, Radium NCT04071236 2019
responsive to hormonal therapy
M3814 Advanced/Metastatic solid Recruiting
i tumours and Hepatobiliary Avelumab, Radiotherapy NCT04068194 2019
malignancies
I Ovarian cancer Doxorubicin Recruiting NCT04092270 2020
1/ Localised pancreatic cancer Radiotherapy Recruiting NCT04172532 2020
. _ . . Recr
I Glioblastoma or Gliosarcoma 53?:(')223?%; resection, ecruting NCT04555577 2020
|
| ég‘éig?ed Head and Neck Radiotherapy Suspended, accrual met NCT04533750 2020
I Neuroendocrine tumours Lutetium Recruiting NCT04750954 2021
I Healthy Study completed but not reported. NCT04702698 2021
CcC-115 | Advanced solid tumours and Alone Well tolerated and moderate efficacy [59] NCT01353625 2011
(dual mTOR hematologic malignancies
and DNA-PM Castration-resistant prostate . Active, not recruiting.
inhibitor) | cancer Enzalutamide NCT02833883 2016
VX-984 I Advanced solid tumours Doxorubicin Study completed but not reported. NCT02644278 2016
AZD.7648 I/ Advanced malignancies Doxorubicin Active, not recruiting. NCT03907969 2019
I Soft tissue Sarcoma Radiotherapy Recruiting NCT05116254 2022



1.1.10. M3814: a novel inhibitor of DNA-PK
M3814 (peposertib/nedisertib) is currently the subject of many current clinical trials
as shown in Table 1. As a DNA-PKi of clinical interest, and the focus of this thesis,
M3814 will be discussed in further detail. M3814 is an ATP-competitive inhibitor.
Recent structural analysis investigating the binding of DNA-PKcs and ATP or DNA-
PK inhibitors show that while the older compound, Wortmmannin, competes for ATP
binding in the ATP binding domain, M3814 binds in a pocket near the ATP binding
groove. This induces a conformational change which closes the ATP binding site.
This specific binding to DNA-PK improves the specificity of M3814 [60]. The structure
and binding to DNA-PK is shown in Figure 1.3.
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Figure 1. 3. M3814 structure and binding to DNA-PKcs.

Structure of M3814 and binding pocket in DNA-PK. M3814 binds in a pocket close to the ATP binding
site of DNA-PKcs. Adapted from Liang et al., (2022) Nature.

The first clinical trial using M3814 commenced in 2014. This first-in-man study
demonstrated M3814 to be well tolerated in humans with advanced solid tumours
[61]. As shown in Table 1, there are many trials investigating M3814 in combination
with a variety of DNA damaging agents, and immunotherapy. However, these studies

are yet to report their findings.



In preclinical studies, however, M3814 has shown synergy with a variety of DSB
inducing agents. This includes docetaxel in prostate cancer [62] and TOPO I
inhibitors such as doxorubicin and etoposide in ovarian cancer [63] and etoposide
and paclitaxel in NSCLC [64]. In acute myeloid leukaemia xenograft models, M3814
synergised with daunorubicin and cytarabine [65] and gemtuzumab ozogamicin, a
CD33 antibody drug conjugate (ADC) with calicheamicin (DSB inducer) [66]. A mouse
model of rectal cancer also showed synergistic effects of M3814 when combined with
5-fluorourcil or radiotherapy [67]. Furthermore, M3814 radiosensitised tumours in

cervical cancer mouse models [68] and xenograft mouse models [69].

Therefore, preclinical experiments demonstrate M3814 has potential for sensitising
cells to DNA damaging agents. However, while the ability of M3814 to potentiate
radiotherapy and induced cytotoxicity through cancer-cell intrinsic mechanisms are
important, it is of great interest to investigate how treated cells interact with the tumour

immune microenvironment.

1.2. Cancer and the Immune Response

1.2.1. Immunoediting in tumorigenesis

Cancer immunosurveillance is defined by the ability of the immune system to
recognise and eliminate tumours [70, 71]. When this was first proposed, it was
somewhat controversial as the role of the immune system was defined by its ability
to recognise non-self from self. Now, however, evasion of the immune surveillance is
a known turning point in tumorigenesis. Understandably, the theory of
immunosurveillance now exists under the wider umbrella of immunoediting. Rather
than focusing on the ability of the immune system to detect and eliminate tumour
cells, immunoediting also describes the strategies tumours express to evade control.

This is a dynamic process in which the more immunogenic tumour cells are more
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readily detected. At times, however, this exerts a selective pressure on the developing
lesions resulting in the expansion of the less immunogenic cells. This results in
resistant tumour cells which can evade the immune system and grow into a tumour.
There are three stages of immunoediting: elimination, equilibrium, and escape [70,

72]. A diagram showing these this process is shown in Figure 1.4.

1.2.1.1. Immune elimination of premalignant lesions

A cancerous lesion stimulates release of inflammatory signals which recruits innate
immune cells including natural killer (NK) cells, macrophages, and dendritic cells.
Tumour cells release pathogen associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs). This stimulates recruitment and activation
of antigen presenting cells (APCs) which engulf tumour cells and tumour debris. APCs
degrade the tumour debris and migrate to a nearby lymph node. Here, the degraded
tumour peptide fragment is presented in complex with major histocompatibility
complex (MHC) molecules. These APCs then prime and activate complementary
naive T cells in a two-signal system. Signal one is the binding of tumour-antigen
loaded MHC molecules to the complementary TCR, while signal two is the binding of
costimulatory molecules such as CD80/86 on dendritic cells to CD28 on the T cell.
Both signals together stimulate survival, differentiation, and proliferation of the
recipient T cell, which migrate to the tumour site. Upon exposure to cells bearing the
same tumour antigen, CD8* T cells can launch a potent anti-tumour response by the
production of granzyme B and perforin which perforates the target cell membrane.
CD4+ T cells increase the antitumour release through the release of cytokines,
including IFNy. As such, the presence of CD8* T cells within a tumour are a positive
predictor of good prognosis in many cancers [73, 74]. MHC Class Il for CD4* T cells
activation and MHC Class | for the cross priming of CD8" T cells. This process is

shown in Figure 1.4.
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Figure 1. 4. CD8+ T Cell Mediated Tumour Clearance

Diagram showing the crossing-priming of tumour reactive T cells by APC. Tumour debris and tumour
cells is engulfed by APC and degraded. Tumour peptide fragments are presented on APC which then
migrate to the lymph nodes where complementary CD8* T Cells and activates them. Primed CD8* T

cells migrate to the tumour where they mediate tumour killing. Made in BioRender.

1.2.1.2. Equilibrium and tumour immune evasion

Due to the dynamic and heterogeneous nature of tumour cells, tumour subclones
develop which avoid immune-mediated elimination. During this stage the immune
system and the tumour are in equilibrium. Tumour cells can avoid immune elimination
through a variety of mechanisms. These include downregulation of MHC Class | and
tumour associated antigens, the creation of an immunosuppressive tumour
microenvironment (TME) through the release of anti-inflammatory chemokines, and
induction of T cell tolerance by changes in expression of immune modulatory
molecules [70, 72, 75]. The persistence of resistant subclones leads to an

evolutionary race between tumour cells and the immune system. Immune evasion
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confers a strong selective advantage and soon these immune resistant clones can
grow. If the immune system becomes unable to control the developing tumours, there

is a period of rapid tumour growth termed tumour escape [70, 72, 75].

1.2.2. Tumour immunogenicity

For successful elimination of tumour cells by cytotoxic CD8" T cells, there must be
antigen uptake by the innate arm and subsequent antigen presentation to adaptive
arm. Once primed, these T cells then must recognise their target and receive signal
two. Tumours can evade immune elimination by shutting down adaptive immune
response through upregulation of inhibitory immune checkpoint molecules. Tumours
with high levels of tumour-reactive T cell infiltration and markers indicating a pre-
existing anti-tumour response, and therefore antigen presentation, can be described
as immunogenically ‘hot’ [73, 74, 76, 77]. In contrast, those lacking immune infiltration
and evidence of a previous immune response are deemed ‘cold’. Cold tumours lack
antigen presentation [73, 74, 76, 77]. The development of pharmacological inhibitors
of inhibitory immune checkpoint molecules, called immune checkpoint inhibitors (ICIs)
has drastically improved the clinical landscape. These lift the inhibitory signals sent
to T cells, to restore tumour elimination. However, their success is limited to ‘hot’
tumours making strategies to increase tumour immunogenicity appealing both to
facilitate an anti-tumour immune response, but also to increase the proportion of
patients that can benefit from ICls. Whether the use of radiotherapy combined with

the DNA-PKi M3814 might increase tumour immunogenicity is the focus of this thesis.

1.2.3. Radiotherapy and the immune system
The clinical success of radiotherapy lies in the induction of DNA DSBs which are not
repaired by cancer cells, resulting in their death. However, in recent years it has

become clear that radiotherapy is also capable of stimulating a systemic anti-tumour
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immune response including increased dendritic cell activity and subsequent cross-
priming of CD8" T cells. This has been demonstrated in syngeneic tumour model
models to result in CD8" T cell dependent anti-tumour response [78-82]. The ability
of radiotherapy to promote and anti-tumour immune response is not limited to the
treatment field can extend to other distant tumour sites. This is termed the ‘abscopal
effect’. However, while radiotherapy is known to be capable of promoting an anti-
tumour immune response, the consensus on the optimal conditions to do so remain
unclear. For example, preclinical studies have demonstrated the importance of dosing
and scheduling of radiotherapy in invoking and anti-tumour immune response but
which approach is more favourable is yet to be determined. In a syngeneic mouse
breast cancer model, in combination with CTLA-4 treatment, when a fractionated
radiotherapy regimen (3x8Gy) was administered to a tumour on one flank, tumour
control was observed both at the irradiated flank, but also of the tumour on the
contralateral flank. This did not occur upon treatment with a single large dose
(1x30Gy) [83, 84]. In contrast, in the colorectal syngeneic mouse tumour models, a
single 30Gy was found to induce immune mediated tumour elimination, increased
tumour infiltration of CD8* T cells and protect mice from future tumour rechallenge,
while those receiving 10x3Gy did not [85]. In a melanoma mouse model, a single
dose of 15Gy was also more effective in promoting an anti-tumour adaptive immune
response than treatment with 5x3Gy [78]. The immunoregulatory ability of
radiotherapy is more apparent when used in combination with immunotherapy and
with the emergence of ICIs, the abscopal effect has been observed in human patients.
This was first reported during a clinical trial investigating the efficacy of the ICI
ipilimumab (anti-CTLA4) for metastatic melanoma in which a patient receiving
radiotherapy to treat spinal metastases had tumour regression not just in irradiated
sites, but also at distant metastatic regions [86]. This synergy with ICls points at the

ability of radiotherapy to increase the immunogenicity of tumours.
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While the administration of radiotherapy will have effects on the entire irradiated TME,
in this thesis the cancer cell intrinsic response to radiation will be focused on. Two
important mechanisms linking radiotherapy and immunogenicity, which will be

focused on, are immunogenic cell death (ICD) and the cGAS-STING pathway.

1.2.4. Immunogenic cell death

Programmed cell death, apoptosis, is a process which is required for normal
physiology and frequently an outcome of cell death induces by DNA damaging
agents. Apoptosis is non-inflammatory, however, in recent years a classification of
apoptosis, known as immunogenic cell death (ICD), has been established [87]. ICD
is apoptosis resulting in the release of specific damage associated molecular patterns
(DAMPs) which can invoke an immune response. In doing so, the potential for antigen
presentation from these cells is enhanced [87-90].More specifically, ICD increases
dendritic cell activation and subsequent priming and cross-priming of T cells. It is,
therefore, a strategy to determine how cancer therapies that Kill cells, can do so in
this highly immunogenic manner. There are three key immunostimulatory events that
are determinants of ICD [88]. These include translocation of Calreticulin (CRT) to the

cell surface membrane, secretion of ATP, and HMGB1 release.

1.2.4.1. Markers of immunogenic cell death

Under normal conditions, CRT is localised in the lumen of the endoplasmic reticulum
(ER) and is important in MHC Class | peptide loading. In the early stages of apoptosis,
CRT is translocated to the cell surface membrane [89]. Cell surface CRT is an ‘eat
me’ signal for dendritic cells and, to a lesser extent, macrophages [91, 92]. CRT binds
CD91 on dendritic cells or Macrophages and encourages phagocytosis and antigen
processing [90]. The timing of CRT translocation is important for immunogenicity.

While CRT translocation occurs during the early phases of cell death, the late-stage
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marker of apoptosis, extracellular phosphatidylserine (PS), stimulates macrophage
clearance in an immunogenically silent manner. This prevents engulfment and

subsequent antigen presentation by dendritic cells [93, 94].

During ICD, ATP is released. ATP is chemotactic to dendritic cells and T cells and
increases T cell priming [95]. HMGBL1 is also released during ICD and binds toll-like
receptor 4 (TLR4) and adaptor myeloid differentiation primary response 88 (MyD88)
receptor on dendritic cells, promoting dendritic cell maturation and increasing antigen
presentation to T cells [96]. In addition to this, HMGB1 provide direct stimulation to T

cells to promote their proliferation [97]. This is shown in Figure 1.5.

If a cancer cell releases DAMPs during ICD, tumour antigen processing and
presentation is increased, mobilising a potent anti-tumour immune response.
Presence of these DAMPs are important for therapy-induced anti-tumour immune
response. For example, injection of anthracycline-treated dying CT26 tumour cells
into mice invokes an immune response into mice and protects the mouse from future
rechallenge with naive CT26 cells. This effect was abrogated by inhibition of CRT
translocation to the CT26 cell surface membrane [89]. Furthermore, loss of the
HMGB1/TLR4 signalling axis using TLR4” mice prevented a similar vaccination

response to Doxorubicin treated tumour cells [96].
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Figure 1. 5. Immunogenic Cell Death

There are three main markers of ICD including translocations of CRT to the cell surface membrane
and release of HGMB1 and ATP. This increases APC mediated phagocytosis of tumours and APC

activation and maturation. Made in BioRender.

A variety of pharmacological agents used in clinic such as mitoxantrone, doxorubicin
and oxaliplatin are well-established inducers of ICD [98, 99]. Radiotherapy may also
induce ICD and result in tumour rejection [91, 100]. In TSA murine cancer cells, CRT
translocation, HMGB1 expression and ATP secretion increased following
radiotherapy in a dose dependent manner [100]. Radiation-induced ICD was further
enhanced upon addition of chemotherapeutics including oxaliplatin, paclitaxel and
carboplatin, which resulted in increased CRT translocation [100]. This was observed

both in vitro and in vivo [100].
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1.2.5. cGAS-STING sensing of cytosolic DNA in cancer

A further mechanism linking radiotherapy and immunity is the cytosolic DNA sensing
CGAS-STING pathway [101-103]. DNA is not present in the cytosol under
physiological conditions. Upon viral infection, however, DNA can be released into the
cytoplasm either following direct transfection from a DNA virus or due to the loss of
viral capsid integrity containing reverse transcribed cDNA from retroviruses. Cytosolic
DNA is a PAMP, the recognition of which alerts the cell to a viral infection and enables
the innate immune system to mount an antiviral response through the transcription

and release of type | IFNs and inflammatory cytokines [104-106].

1.2.5.1. The cGAS-STING pathway

The cGAS-STING pathway is an anti-viral innate pathway which is triggered by
cytosolic dsDNA. A diagram of this pathway can be found in Figure 1.6. Upon the
accumulation of double stranded DNA (dsDNA) in the cytosol, dsDNA can bind to
cyclic GMP-AMP synthase (cGAS). This may occur at either the N-terminal
nucleotidyltransferase domain, or the C-terminal dsDNA recognition domain. Binding
is sequence independent, although it has been shown that longer dsDNA strands bind
more readily [107, 108]. Upon binding, cGAS-dsDNA complexes dimerise with
another cGAS-dsDNA complex. Oligomerisation of these cGAS-dsDNA continues,
forming high order complexes. These complexes form dense-phase liquid droplets,
concentrating activated cGAS to amplify the signal and sequester potentially harmful
viral DNA [109]. Following oligomerisations, cGAS undergoes a conformational
change, opening its active site. ATP and GMP can then enter the active site to be

converted into 2’,3’cyclic GMP-AMP (cGAMP).

cGAMP binds to a transmembrane protein located on the ER called Stimulator of
Interferon Genes (STING) promoting its dimerisation and subsequent translocation to

the Golgi apparatus [104-106]. Here, STING is palmitoylated, resulting in the
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recruitment and subsequent phosphorylation of TANK binding protein (TBK1). TBK1
undergoes self-phosphorylation at Ser 172, and then phosphorylates STING at Ser
366, triggering the recruitment of transcription factor interferon regulatory factor
(IRF3). TBK1 phosphorylates IRF3 at Ser 396, resulting in the formations of a IRF3
homodimer which leaves the Golgi to enter the nucleus wherein it induces expression

of type | IFN, in particular IFNB, and inflammatory cytokines [104-106].
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Figure 1. 6. The cGAS-STING Pathway

Cytosolic dsDNA can arise from degradation of micronuclei, leaking from the nucleus or during viral
infection. cGAS binds DNA which triggers cGAS mediated conversion of ATP and GMP to cGAMP.
cGAMP binds to STING on the ER, promoting translocation to the Golgi. TBK1 phosphorylated by
STING and in turn phosphorylates IRF3. IRF3 homodimerises and enters the nucleus where it

promotes the transcription of type | IFNs. Created in BioRender.

1.2.5.2. Interferon-B is an immunostimulatory molecule
Extracellular IFNB binds IFN alpha receptor 1 (IFNAR1) or IFNAR2, which activates
Janus kinase 1 (JAK) and tyrosine kinase 2 (TYK2), which in turn results in the

recruitment and activation of signal transducer and activator of transcription (STAT)
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proteins 1 and 2. STAT1 homodimerises or forms a complex with STAT2 and IRF9
[110, 111]. These complexes translocate to the nucleus and promote the transcription
of IFN stimulated genes (ISGs). The genes promoted by STAT1 homodimer are
involved in the antiviral response, such as Mx1 and Trexl1, while those promoted by
the STAT1 STAT2 IRF9 complex are involved in inflammation, including CCL2 and
CXCL10 [111]. Both STAT complexes trigger almost promote cGAS transcription,
forming a positive feedback mechanism [104, 106, 111]. The kinases involved in the
response to IFNB are widely expressed by all cells, meaning a rapid anti-viral
response can be mounted in any receiving cell type. However, other IFNB induced
effects depend on the receiving cell type. IFNB recruits dendritic cells to the site of
inflammation and provide a stimulatory signal to dendritic cells, promoting their
activation and maturation. This results in upregulation of MHC molecules, CD80 and
CD86, which in turn, promotes the priming and activation of complementary T cells

[112, 113].

1.2.5.3. Targeting the cGAS-STING pathway for cancer treatment

Activation of the cGAS-STING pathway produces an inflammatory response and can
drive antigen uptake and presentation by dendritic cells to CD8* cytotoxic T cells. This
makes it an attractive pathway to stimulate anti-tumour immune responses.
Strategies to do so range from novel cyclic dinucleotides and direct STING agonists
and delivery of cGAMP to the tumour [114]. The first cGAS-STING targeted therapy
was reported in 2002 upon the development of dimethyloxoxanthenyl acetic acid
(DMXAA). When first synthesised, DMXAA was not known to be a STING agonist.
However, it later became clear that anti-tumour effects in mice were dependent on
IFNB induced CD8" T cell response due to increased activity of the cGAS-STING
pathway [115, 116]. Unfortunately, the use of this compound failed to translate into

success in human clinical trials due to differences in interactions between DMXAA
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and human STING compared to the mouse counterpart [117]. Despite this setback,
there is much interest in developing therapeutic approaches to target the cGAS-
STING pathways, ranging from agents such as novel cyclic dinucleotides and direct

STING agonists, to improving delivery of the cyclic dinucleotides [114].

1.2.5.4. The cGAS-STING pathway is activated by DNA damage

While therapies directly stimulating the cGAS-STING pathway are of interest, there
are other approaches which aim to activate the cGAS-STING pathway indirectly. The
cGAS-STING pathway was originally described as a response to viral infection.
However, it is now apparent that self-DNA can also trigger the cGAS-STING pathway.
Following genotoxic stress in cancer cells, either due to their inherent genomic
instability or from exogenous sources such as radiotherapy or chemotherapeutics
such as cisplatin, doxorubicin and etoposide, dsDNA can accumulate in the
cytoplasm. This occurs as dsDNA leaks from the nucleus or the formation of
micronuclei [118-120]. Micronuclei form when a cell harbouring DNA damage fails to
prevent entry into mitosis resulting in chromosomal mis-segregation [15, 121]. During
telophase, nuclear membranes form around DNA material. Typically, this results in
two identical daughter nuclei. However, nuclear envelopes will also form around the
DNA not attached to a centrosome, known as lagging DNA creating micronuclei [15,
121]. These micronuclei are then either excluded from the cell, reincorporated into
the main nuclei, degraded, or can persist in the cytoplasm [122]. A diagram showing
the formation of micronuclei can be found in Figure 1.7 A. Evidence shows that
following radiotherapy, micronuclei are formed [118-120]. Micronuclei which lose their
integrity during degradation offers cGAS access to the dsDNA within, triggering
pathway activation, this is shown in Figure 1.7 B [118-120]. The induction of DSBs in
cancer cells during radiotherapy creates chromosomal abnormalities resulting in

fragments of DNA, and subsequently micronuclei formation and the successful
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triggering of an IFNB driven inflammatory response via the activation of the cGAS-
STING pathway [104-106]. The link between genomic instability and micronuclei is
has been proposed as a biomarker for cancer predisposition and malignancy for

[123]. However, the proposal that their presence may also initiate an immune

response is more novel.
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Figure 1. 7. Micronuclei formation and initiation of the cGAS-STING pathway

(A) Diagram showing the formation of micronuclei following chromosomal mis-segregation during

mitosis. (B) Diagram showing degradation of micronuclear membrane resulting which triggers the cGAS-
STING pathway. Drawn in BioRender.
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1.2.5.5. Downregulation of the cGAS-STING pathway in cancer by
hypermethylation

As DNA damage and aberrant mitosis are triggers of the cGAS-STING pathway,
cancer cells, which have inherently higher degrees of genomic instability and DDR
dysregulation than normal cells, are more visible to the immune system and thus,
prone to immune mediated elimination. However, as previously discussed,
immunoediting is a dynamic and evolutionary process. Therefore, cells with
downregulation of the cGAS-STING pathway are therefore less visible to the immune
system, making them more likely to survive and escape immune detection. Loss of
the cGAS-STING pathway function provide a method of immune evasion and has
recently been reported to occur frequently in cancer. A study on gastric cancer
reported that 90.5% of patients had decreased STING expression and that this
correlated with shorter overall survival [5]. A study on human colorectal cell lines
found 10 of 11 cell lines assessed had defective cGAS-STING signalling [124].
Analysis of 32 types of The Cancer Genome Atlas (TCGA) tumour types identified
higher levels of methylation in the promotor regions of both cGAS and STING in
tumour tissue resulting the STING silencing [6]. DNA methylation is an example of an
epigenetic mechanism, a process through which cells regulate gene expression
without changing the nucleotide sequence. For DNA methylation to occur, DNA
methyltransferase (DNMT) transfers a methyl group to a cytosine residue to form 5-
methylcytosine. The addition of a methyl group prevents the binding of transcriptional
proteins and recruits’ factors involved in chromatin remodelling. Together, this inhibits
transcription resulting in gene silencing [125]. Gene promoters are often rich in CpG
sites and are particularly sensitive to DNA methylation. Epigenetic reprograming, of
which aberrant DNA methylation is an example, is associated with cancer and has
recently been proposed as another hallmark of cancer [7]. Given this,
hypomethylating agents are of interest for cancer therapy due to their ability to correct

some of the epigenetic reprograming that occurs during tumorigenesis. Decitabine (5-
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aza-2’-deoxycytidine) is a hypomethylating agent which is FDA and EU approved for
use as a cytotoxic agent in AML [126-128]. Decitabine is a cytidine nucleoside
analogue which is incorporated in the place of cytosine of rapidly proliferating cells
during S phase. If DNMTL1 interacts with incorporated decitabine with the aim of
transferring a methyl group, it becomes irreversibly bound. This limits the enzymatic
activity of DNMT1 resulting in hypomethylation and restoration of previously silenced
genes. An illustration of this process can be found in Figure 1.8. In cancer, this
includes tumour suppressors such as those involved in apoptosis and cell cycle, but
in addition, hypomethylation can undo the epigenetic reprograming which enabled the
developing tumour to evade the immune system. An example of this is STING, which
has been reported to be silenced in cancer cells by hypermethylation [6]. In a
preclinical study on triple-negative breast can provided evidence that STING is
suppressed by DNMT1. This suppression was lifted with decitabine treatment and
increased in vivo sensitivity to anti-PD-1 therapy [129]. This has also been
demonstrated in a KRAS-drive LKB1 mutant lung cancer. Using the TCGA lung
cancer dataset, a correlation was reported between the LKB1 mutation, commonly
seen in patients with NSCLC, and loss of Type 1 IFN signalling [130]. These LKB1
mutant tumours were associated with poor immune infiltration and resistance to ICI.
Mechanistically, this was due to LKB1 mediated hypermethylation of the STING
promoter [130].Treatment with decitabine restored STING and cGAS-STING
functionality, consequently improving response to anti-PD-1 antibody [130]. The
frequency of cCGAS-STING pathway downregulation presents an obstacle to therapies
targeting this pathway but also provide a rationale for combination of therapies which

initiate the cGAS-STING pathway and hypomethylating agents such as decitabine.

52



STING Promoter

((
<

A NN A

)
Replicatior\ +

C ) C

)
«

St latati%

@
.

Memyltgroupf T

= M

)
>
<
)

((
)
| o J&

o |
)

v
Transcriptional Transcription
Silencing Restored
Decreased STING Increased STING

Figure 1. 8. lllustration showing the mechanism of decitabine induced
hypomethylation

DNMT1 catalyses the transfer of a methyl group to a cytosine residue, resulting in gene
silencing. Decitabine is a cytidine nucleoside analogue which is incorporated in the place of
cytosine during replication. If a DNMT1 engages with decitabine to transfer a methyl group, it
becomes irreversibly bound. This inhibits DNMTL1 activity resulting in gene expression of
previously silenced regions. For example, this can lead to restoration of STING. Adapted from

Navada et al., (2014) Journal of Clinical Investigation.
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1.2.5.7. Radiotherapy and the cGAS-STING pathway

While the formation of micronuclei during mitosis of cells with genomic instability can
activate the cGAS-STING pathway, this is exacerbated with induction of DNA
damage. There is a strong link between DSBs induced by radiotherapy and the
activation of cGAS-STING pathway. For example, STING knockout has been
demonstrated to abrogate radiotherapy induced abscopal tumours control in
syngeneic mouse tumours models [103, 119]. Administration of IFN3 rescued tumour

control following STING knockout in the CT26 model [103].

There is a clear link between DNA damage induced by radiotherapy and activation of
the cGAS-STING pathway but this relationship is not linear. While increased x-ray
doses correlates to increased DNA damage, this does not directly correlate with
CGAS-STING pathway activity. In TSA, MC38 and 4T1 cells, the accumulation of
cytosolic dsDNA increased in a dose dependent manner up to 12Gy. Dose over
12Gys stimulated expression of the endonuclease Three Prime Repair Exonuclease
1 (TREX1). This correlated with loss of cytosolic dsDNA due to TREX1 mediated
degradation and consequently a loss of cGAS-STING pathway activity [83, 131].
These findings translated into syngeneic tumour mouse models in which 3x8Gy
induced a cGAS-STING-dependent CD8* T cell response, while 1x20Gy failed to do
so [83, 84]. Therefore, there is a careful balance between causing enough DNA
damage to increase cytosolic dsDNA, triggering the cGAS-STING pathway, while not

activating TREX1 [83, 84, 131].

1.2.5.7. The DDR and the cGAS-STING Pathway

In addition to the link between DNA damage and cGAS-STING pathway activity, there
is also evidence that loss of DNA repair proteins correlates with increased levels of
cytosolic dsDNA and subsequently cGAS-STING pathway activity. Patients with

Ataxia Telangiectasia hereditary cancer syndromes, characterised by loss of ATM,
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and ATM” mice have increased levels of spontaneous DSB lesions and enrichment
of genes involved in the IFNB response [132]. Cell obtained from Ataxia
Telangiectasia cancer patients were resistant to HSV1 infection, indicating increased
anti-viral response. This anti-viral protection was lost with silencing of IFNAR1 [132].
Loss of BRCA1 and BRCAZ in breast cancer cell lines also results in the spontaneous
accumulation of cytosolic dsDNA and increased cGAS-STING pathway activity [133].
Mouse models of triple-negative breast cancer found that the PARP inhibitor Olaparib
increased infiltration of CD8* T cells in the tumour but following STING knockout, this
effect was lost [134]. In NSCLC cell lines and patient derived samples, treatment with
PARRP inhibition increased formation of micronuclei, which in turn activated the cGAS-

STING pathway [135].

To date, there have been few studies investigating the immune implications of
combining DNA-PKi and radiotherapy for cancer treatment. In 2022, the first study
investigating this relationship was published [136]. In this study, MC38 cells treated
with radiotherapy and M3814 had persistent chromosomal abnormalities. This results
in the formation of micronuclei and activation of the cGAS-STING pathway, as
measured by IRF3 and TBK1 phosphorylation and increased gene expression of
ISGs. In mice bearing the MC38 tumour model, the combination of M3814, 3x5Gy
and bintrafusp alfa (bifunctional fusion protein targeting TGF and PD-L1) improved
tumour control, both at the irradiated tumour and at an abscopal site and survival
[136]. As the subject of numerous clinical trials, M3814 is of significant clinical interest
and therefore, improving our understanding of the immunological effects of combining

M3814 and radiotherapy will be critical to the success of this approach.
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1.3. Research Aims

DNA-PK inhibitors are known to sensitise cells to radiotherapy via cancer-cell intrinsic
mechanisms but little is known about the immunological implications. Considering the
capability of radiotherapy alone to stimulate an anti-tumour, the aim of this thesis is
to determine the effects of radiotherapy and the newly developed DNA-PKi, M3814,

on the immunogenicity of cancer cells.

Chapter 3

This chapter will investigate the effects of M3814 and radiotherapy combination
treatment on the DDR and cell death in a variety of cancer cell lines. In addition,
whether the cell death accompanying treatment is characteristic of ICD will also be

determined.

Chapter 4

The focus of this chapter is the effect of combination treatment on the cGAS-STING
pathway. By exploring the response in both cGAS-STING proficient and cGAS-
STING deficient cancer cells, this chapter also aims to develop an approach to restore

CGAS-STING pathway functionality.

Chapter 5

In this chapter, the findings from Chapters 3 and 4 will be translated into
immunocompetent mouse models to explore the therapeutic efficacy and immune

response to combination treatment of M3814, radiotherapy and decitabine.
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2. Materials and Methods

2.1. Materials

2.1.1. Cell lines

B16 WT, MC38 and LCC were obtained from Professor Quezada. CT26 was donated
by Dr Martin Pule. HCT-116 was provided by Professor Bert Vogelstein. CMT-167
was purchased from Sigma-Aldrich (Catalogue number - 10032302). KP.B6.F1 was
previously generated by Dr Fred Arce Vargas in the Quezada laboratory at UCL. To
do so, Kras'St/612D:Trp53floxflox C57BL/6 mice were treated with intranasal Cre-
expressing adenovirus, resulting in the formation of lung tumours. Resulting tumour-
bearing lungs were harvested and cultured, from this the KP.B6.F0 was generated.
Wildtype C57BL/6 were challenged with KP.B6.FO cells intravenously and left to form
lung tumours. The resulting tumours-bearing lungs were harvested and cultured to
obtain the KP.B6.F1 line. More details regarding cell lines and their culturing can be

found below in Table 2.1.

2.1.2. Therapeutic agents

2.1.2.1. In vitro experiments

A 10mM stock solution of Nu7441 (Generon, HY-11006) was prepared in dimethyl
sulfoxide (DMSOQ) and stored at -20°C. M3814 (provided by Merck EMD Serono) was
prepared as a 5mM stock solution in DMSO at -20°C. Mitoxantrone dihydrochloride
(Sigma-Aldrich, M6545) was prepared as a 10mM stock in DMSO. Decitabine
(Abcam, ab120842) stock was prepared at 10mM in DMSO and stored at -20°C.
Recombinant mouse IFN-y (BioLegend, 575302) was prepared as a 100ug/mL stock
in phosphate buffers solution (PBS) and stored at -20°C. A 100pg/ml polyinosinic—
polycytidylic acid potassium salt (Poly(I:C) (Sigma-Aldrich) was prepared in PBS and

stored at -20°C. Interferon Stimulatory DNA (ISD) naked (InvivoGen) 100ug/ml stock
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was prepared in endotoxin-free water (InvivoGen) and stored at -20°C. A 500uM
cGAMP sodium salt (Sigma-Aldrich, SML1232) was prepared in sterile water and
stored at -20°C. Cells were transfected with Poly(l:C), ISD or cGAMP using
Lipofectamine 3000 as per manufacturer's instructions (Invitrogen). In vitro

radiotherapy was administered using the A.G.O. HS 321 kV X-ray system.

2.1.2.2. In vivo experiments

For mouse experiments, a 1mg/mg M3814 solution was prepared the night before
treatment and stored in the dark at 4°C. M3814 was dissolved in 0.5% Methocel
(Sigma-Aldrich), 0.25% Tween (Sigma-Aldrich), 300mM Na-Citrate (Sigma-Aldrich)
sterile water at pH2.5. A 50mM decitabine (Abcam, ab120842) stock was prepared in
DMSO and stored at -20°C. At the beginning of each mouse experiment, this was

diluted to 1mg/ml in sterile water and stored at 4°C for a week.

2.2. Methods

2.2.1. Cell line maintenance

All cell lines were cultured in T75 flasks and maintained at a 37°C; 5% CO- humidified
atmosphere. Detail regarding the cell lines used and their maintenance can be found
in Table 2.1. All media for cell culture was supplemented with 10% Foetal bovine
serum (FBS)(Gibco), 1% penicillin/streptomycin (P/S)(Sigma Aldrich) and 2nM L-
Glutamine (LG)(Sigma Aldrich) to make ‘Complete’ media. Cells were passaged prior
to reaching confluency, typically this occurs 3 times a week. To do so, cells were
washed with PBS (Gibco) and incubated with 3mL Trypsin EDTA (Sigma Aldrich) for
3-5 minutes at 37°C. Once detached, 7mL of complete media was added and
aspirated to mix. Cells were added to a fresh flask with complete media in the ratios
indicted in Table 2.1. Lines were maintained until they reached passage 30, at which
they were replaced by a fresh aliquot of cells maintained in liquid nitrogen.
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Table 2. 1. Cancer Cell Line Maintenance

Cell Line | Species

Cancer
Type

Medium

B16 Mouse

CMT-167 | Mouse

CT26 Mouse

HCT-116 | Human

KP.B6.F1  Mouse

LLC Mouse

MC38 Mouse

Melanoma

Lung

Colorectal

Colorectal

Lung

Lung

Colorectal

DMEM (Sigma Aldrich), 10% FBS (Gibco),
1% P/S (Sigma Aldrich), 2nM LG (Sigma
Aldrich)

DMEM (Sigma Aldrich), 10% FBS (Gibco),
1% P/S (Sigma Aldrich), 2nM LG (Sigma
Aldrich)

RPMI (Sigma Aldrich), 10% FBS (Gibco),
1% P/S (Sigma Aldrich), 2nM LG (Sigma
Aldrich)

McCoys 5A (Sigma Aldrich), 10% FBS
(Gibco), 1% P/S (Sigma Aldrich), 2nM LG
(Sigma Aldrich)

IMDM (Gibco), 10% FBS (Gibco), 1% P/S
(Sigma Aldrich), 2nM LG (Sigma Aldrich)
DMEM (Sigma Aldrich), 10% FBS (Gibco),
1% P/S (Sigma Aldrich), 2nM LG (Sigma
Aldrich)

RPMI (Sigma Aldrich) 10% FBS (Gibco), 1%

P/S (Sigma Aldrich), 2nM LG (Sigma
Aldrich)

2.2.3.1. Cell line storage and retrieval

For long-term storage, cells were maintained in liquid nitrogen. To freeze cells, cell

suspension in complete media was obtained as detailed above and cells counted.

The suspension was centrifuged a 1200rpm for 3 minutes to form a pellet which was

resuspended at 1-2 x 10° cells/mL in Freezing Media (90% FBS and 10% DMSO

(Sigma Aldrich)). This suspension was transferred to cryotubes (Thermo Scientific)

and stored at -80°C for 24-72 hours, at which point they were stored at liquid nitrogen.

To thaw cells, cryotubes were incubated in a 37°C until they could be transferred to

10mL of pre-warmed complete media.
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2.2.2. Mice

2.2.3.1. Mouse handling and welfare

Female C57BL/6 mice aged 6 to 8-weeks old were purchased from Charles Rivers
Laboratories UK. Mice were maintained under a 12-hour light/12-hour dark cycle in
ventilated cages and pathogen-free conditions in the UCL Biological Service Unit. All
animal procedures were pre-approved and in accordance with the UK Home Office
Animal Scientific Procedures Act. Pre-approved humane endpoints included signs of
severe discomfort, loss of >20% body weight and tumour diameter over 150mm, at
which point mice were euthanised using Schedule One approved methods. No mice

exceeded these endpoints.

2.2.3.2. Mouse tumour models

The KP.B6.F1 orthotopic lung model was established by intravenous injection of
80,000 KP.B6.F1 cells on day 0. On day 6, radiotherapy treatment began as indicated
and mice were sacrificed on day 17 post tumour challenge. Details regarding mouse
irradiation can be found below in Section 2.2.3.3. Lungs were collected for gRT-PCR

analysis.

To establish subcutaneous tumours in mice, first the right flank of the mouse was
shaved. The next day, mice were anaesthetised using isoflurane (UCL Hospitals) and
5x10° KP.B6.F1 cells or MC38 cells were injected subcutaneously on the right flank.
When tumours reached approximately 100mm?3, mice were randomised and
treatment began. Treatment began on day 5 for the KP.B6.F1 subcutaneous mouse
model and day 6 for MC38. Mice receiving decitabine were then treated for 5
consecutive days, from days 5-10 for KP.B6.F1 and days 6-11 for MC38. For
KP.B6.F1 decitabine alone experiment, mice were sacrificed, and tumours collected

for western blot analysis on days 10 and 15. Mice received M3814 and/or
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radiotherapy on day 11 for KP.B6.F1 and day 12 for MC38. More details regarding
mouse treatment can be found below in Section 2.2.3.3. For the tumour growth and
survival experiments, tumours were measured with a calliper three times a week.
When tumour diameter reached 150mm or tumours became ulcerated, the mice was
sacrificed. For statistical analysis of survival experiments, only cancer-related death
is included as an event but when a mouse is sacrificed due to ulceration, this is
denoted on the figure. these counted as an event Tumour-free mice were defined as
those with no palpable tumour for 30 days, at which point 5x10° cells KP.B6.F1 were
subcutaneously implanted on the left flank and monitored. Tumour volume was

calculated as an ellipsoid using the following formula:

I
Tumour Volume = 3 X width X length X depth

For immune characterisation of the tumour immune microenvironment experiment,
mice were sacrificed on day 18 and tumour draining lymph nodes and tumours

collected for flow cytometry analysis.

2.2.3.3. Mouse treatment

For decitabine treatment, mice were intraperitoneally injected with 20ug decitabine
(Merck) for 5 consecutive days. Treatment with 2ug M3814 (Merck) was administered
via oral gavage 1 hour prior to radiotherapy. Radiotherapy was performed in
collaboration with Dr Rebecca Carter at UCL Cancer Institute using an Xstrahl Small
Animal Research Radiotherapy Platform (SARRP) irradiator. Mice were placed on a
3D-printed bed under anaesthesia (Isoflurane, UCL Hospitals) and cone-beam
computed tomography (CBCT) images were obtained using a 60kVp 0.8mA primary
uncollimated primary beam with Imm Al filtration and a digital flat-panel detector. The
resulting CBCT slices were rendered using the FDK® algorithm with a voxel size

between 0.01 and 5mm to generate a 3D image reconstruction of each mouse. Using
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Muriplan software, dose calculations were determined using the Monte Carlo
simulation superposition-convolution dose algorithm. This enabled the planning of
radiotherapy beams to specifically target the tumour or lung while avoiding damage

to nearby important tissues.

2.2.3. Statistical analysis

Statistical analysis was performed using GraphPad Prism V9. For comparison
between multiple groups, the ANOVA test was performed with Bonferroni multiple
comparison test. When comparing two groups, the student 2-tailed t-test was used.
The statistical analysis for each experiment is denoted in the corresponding figure

legend.

2.2.4. Cell proliferation assays

Cells were seeded in flat-bottom 96-well plates. Seeding density was dependent on
the doubling rate of cells with the aim of 80% confluency in untreated wells at the end
of experiment. One day after seeding, cells were treated with corresponding
compound. Radiotherapy was administered one hour after treatment with Nu7441 or
M3814. Cell proliferation was determined by performing the Sulforhnodamine B (SRB)
and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assays. Growth inhibition was calculated as the percentage of inhibition relative to

DMSO alone treated control.

2.2.4.1. SRB assay
To determine cell proliferation using the SRB assay, at the end of the experiment,
cells were fixed with 50uL Carnoy’s fixative (3:1 ratio of methanol and acetic acid)

and stored at 4°C. Plates were washed 5 times in water and dried at 80°C for 3 hours,
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at which point cells were stained with 100uL 0.4% SRB (Sigma Aldrich) for 1 hour at
room temperature. Cells were washed with 1% acetic acid 5 times. Plates were dried
again at 80°C for 3 hours. Once dried, the stain was solubilised with 100uL per well
of 10mM Tris-HCL (pHZ10.5). Using Varioskan LUX plate reader, optical absorbance

at 570nm was measured.

2.2.4.2. MTT assay

To determine cell proliferation using the MTT assay, MTT solution was added to the
media in the 96-well plate to make a final concentration of 0.5mg/mL in the well and
incubated at 37°C for 4 hours. Plate was centrifuges at 2000rpm for 3 minutes. Media
was then carefully aspirated from the wells, leaving behind the MTT crystals which
were then solubilised in 200uL DMSO. Using Varioskan LUX plate reader, optical

absorbance at 570nm was measured.

2.2.5. Clonogenics

Cells were seeded at low density in 6-well plate and incubated overnight to allow cells
to adhere. Cells were treated with corresponding compound and radiotherapy was
administered one hour after treatment with Nu7441 or M3814. One day later, cells
were washed to remove dead cells and fresh media was added. KP.B6.F1 cells were
incubated for 6 days and MC38 cells for 7 days to enable growth of visible colonies
without overgrowing. At this point, cells were washed with PBS and fixed with
Carnoy’s fixative (3:1 ratio of methanol and acetic acid). The fixative was removed,
and cells were stained with 0.5% crystal violet (Sigma Aldrich). Once stained, plates
were thoroughly washed with water and left to dry overnight. Images were taken of

plates and colonies counted. The clonal viability was calculated as number of clone
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relative to number of cells seeded, multiplied by 100. This was then normalised to

DMSO treated control well.

2.2.6. Immunoblotting

To obtain lysate from tumours tissue samples, shavings of snap-frozen tumours
samples were taken using a scalpel. Lysis buffer (0.0625M Tris-HCL, 10% glycerol,
2% SDS) was added to the shaving and tissue was homogenised using a syringe. To
obtain lysate from cells in culture, wells were first washed with cold PBS and lysis
buffer added to the wells. Cells were scraped using a cell scraper and the lysates
collected. Subsequently, lysates obtained from tumour tissue or cell cultures were
heated to 90°C for 10 minutes to denature the proteins. Samples were placed on ice

and sonicated to disrupt the nucleus. Samples were stored at -20°C.

The RC-DC protein assay (Bio-Rad) was used to determine protein concentration. To
do so, samples were diluted 1 in 10 and added to the wells of a flat-bottom 96-well
plate. Reagents S and A were combined in a ratio of 1 to 50 and 25uL added to each
well. Reagent B was added 200uL and well was incubated at room temperature on a
shaking platform for 10 mins. Using the Varioskan LUX plate reader, optical
absorbance at 750nm was measured. The protein concentration was determined by
plotting against a standard curve generated by Bovine Serum Albumin (BSA)(Sigma-
Aldrich) samples of known concentrations (100ug/ml, 200ug/ml, 400ug/ml, 600ug/ml,

800ug/ml, 1000ug/ml) which were ran on the same plate each time.

Once the concentration was known, samples were diluted in PBS to obtain the same
concentration. Typically, this was typically 30ug in 1x Sample Buffer and PBS per well
(15pL). The sample was mixed and incubated at 95°C for 10 minutes. Samples and
Dual Colour MV ladder (Bio-Rad) were loaded on a pre-cast 4-15% Criterion TGX gel

(Bio-Rad) or 4-15% Mini-PROTEAN TGX (Bio-Rad), depending on number of wells
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required. Gels were run in electrophoresis tank at an initial constant voltage of 80V
for 10 minutes followed by 140V for one hour. Proteins ran on Criterion TGX gels
were transferred to pre-packed 0.2uM Trans-Blot Turbo Midi Nitrocellulose Transfer
Packs while those on Mini-PROTEAN TGX gels were transferred to pre-packed
0.2uM Trans-Blot Mini Nitrocellulose Transfer Packs (both Bio-Rad). Transfers were
performed using the Trans-Turbo-Blot Transfer System (Bio-Rad). Resulting
membranes were blocked in 5% BSA or 5% milk in tris buffered saline with tween
(TBST)(20mM Tris-base (Sigma Aldrich), 150mM NacCl (Sigma Aldrich), 0.1% Tween

20 (Sigma Aldrich).

Membranes were incubated overnight at 4°C with primary antibodies in 5% BSA or
5% Milk TBST with 0.01% Sodium Azide (Severn Biotech). Information regarding
primary antibodies can be found in Table 2.2. Following incubation, membranes were
washed at least 3 times in TBST and incubated at room temperature for 1 hour with
anti-rabbit or anti-mouse IgG horse radish peroxidase (HRP)- linked secondary
antibodies (Cell Signalling Technology). Information regarding the primary and
secondary antibodies used and their dilutions can be found in Table 2.2. Membranes
were washed again at least 3 times in TBST and HRP-conjugated antibody bound to
the membrane was visualised using Enhanced Chemiluminescence Substrate

(Amersham) chemiluminescence on X-ray films (Kodak X-Omat).

Table 2. 2. Primary Antibodies for Immunoblotting.

Antibody Vendor Catalogue number | Dilution
pSer139 H2AX | Millipore 05-636 1:1000
Calnexin Abcam Ab22595 1:5000
STING Cell Signaling Technology 13647 1:500
cGAS Cell Signaling Technology 31659 1:1000
TBK1 Cell Signaling Technology 3504 1:1000
IRF3 Cell Signaling Technology 4302 1:1000
DNMT1 Cell Signaling Technology 5032S 1:1000
A-tubulin Sigma-Aldrich A1978 1:1000

65



2.2.7. Immunofluorescence

2.2.7.1. cGAS micronuclei

KP.B6.F1 cells were seeded on glass coverslips in a 24-well plate at 3x10° cells per
well and left to adhere overnight. The next day, cells were treated with DNA-PKi and
1 hour later, radiotherapy. Plates were incubated for 24 hours, at which point cells
were washed once in cold PBS and fixed in 4% paraformaldehyde (PFA)(Thermo
Fisher) at room temperature for 15 minutes. Cells were washed 3 times in PBS 1%
FBS and permeabilised with 0.1% Triton x-100 (Sigma Aldrich) at room temperature
for 10 minutes. Cells were washed 3 times in cold PBS and blocked for one hour at
room temperature in IF Blocking Buffer (1xPBS, 5% BSA, 10% FBS). Cells were
incubated in primary unconjugated rabbit cGAS antibody (Cell Signaling Technology
— 31659) for 1 hour. Following 3 washes with PBS 1% FBS, cells were incubated in
Anti-rabbit secondary Alexa Fluor 488 1:320 (Invitrogen) and 1:50 Phalloidin 568
(Invitrogen) in PBS 1% FBS for 30 minutes at room temperature. Cells were then
washed 3 times in PBS and incubated for 15 minutes at room temperature in 0.1%

Hoechst (Invitrogen), after which cells were washed twice in cold PBS.

2.2.7.2. Golgi dynamics

KP.B6.F1 cells were seeded on glass coverslips in a 24-well plate at 3x10° cells per
well and left overnight to adhere. The next day, cells were treated with DNA-PKi and
radiotherapy an hour later. Plates were incubated for 24 hours, at which point cells
were washed once in cold PBS and fixed and permeabilised in ice-cold methanol for
5 minutes at -20°C. Cells were washed 3 times in cold PBS and incubated in IF
Blocking Buffer (1XxPBS, 5% BSA, 10% FBS) for one hour at room temperature. Cells
were incubated in primary unconjugated rabbit GOLPH3 (ab264406) 1:200 and
mouse GM130 (ab169276) 1:200 for 1 hour at room temperature. Subsequently, cells

were washed 3 times in cold PBS and incubated in anti-rabbit secondary Alexa Fluor-
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488 (Invitrogen) 1:320 and anti-mouse secondary Alexa Fluor-568 (Invitrogen) 1:320
in PBS for 30 minutes at room temperature. Cells were then washed 3 times in PBS
and incubated at room temperature in 0.1% Hoechst (Invitrogen) for 15 minutes.

Following this, cells were washed a further 2 times.

2.2.7.3. Immunofluorescence mounting and confocal microscopy

Once stained, coverslips were mounted on glass slides using ProLong Gold Antifade
mounting media (Invitrogen) and left to dry overnight in the dark. The next day,
coverslips were sealed with nail varnish and once dry, stored slides were stored at

4°C in the dark.

Confocal microscopy of stained slides was performed using Zeiss LSM 880 with
AiryScan. At least three slides were taken per slide and every day of image acquisition
non-primary stained control was imaged. AiryScan images were processed and
exported. Image analysis was performed using ImageJ Software. For the micronuclei
experiment this involved counting the micronuclei and cGAS positive micronuclei per
cell. Micronuclei were defined as nuclear bodies that were separate from the main
nuclear body and <1/3 the size of the main nuclear body. cGAS positive staining was
defined as staining greater than the main nuclear body. For Golgi experiment, for

each cell the nucleus area and the area of GM130 and GOLPH3 was quantified.

2.2.8. Flow cytometry

2.2.8.1. Flow cytometry of cells in culture

Cells were seeded in 6-well plates and left to adhere overnight. Cells were treated
with indicated treatments. For a positive control of CRT translocation, cells were
treated with 1uM of mitoxantrone for 24 hours. For a positive control of MHC Class |
and PD-L1, cells were treated with 1pug/mL of IFN-y for 24 hours Cells were incubated

for 24, 48 or 72 hours.
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At the end of treatment, cells were washed in PBS and trypsinised. The collected cells
from media, wash and adherent were collected and washed in FACs buffer (PBS, 2%
FBS, 2mM Ethylenediaminetetraacetic acid (EDTA)) and plated in duplicate a round
bottomed 96-well plate. For each sample, an unstained control was generated. Cells
were incubated in primary antibodies diluted in FACs buffer (Table 2.3) in the dark at
4°C. Following this, cells were washed 3x in FACs buffer by centrifuging plate at
2000rpm for 5 minutes. When using non-conjugated antibodies such as anti-
Calreticulin, cells were then incubated in Goat anti-rabbit PE (Thermo Fisher) in the
dark, at 4°C for 30 minutes. Next, cells were washed in FACs buffer twice. To detect
apoptosis, the Annexin V Apoptosis Detection FITC kit was used (Thermo Fisher). To
do so, cells were washed in 1x Annexin V Binding Buffer and then incubated in
1pg/mL Annexin V primary antibody (Invitrogen) and 1ug/mL DAPI (Invitrogen) for 5
minutes at room temperature. Cells were then washed 1x in Annexin V binding buffer.
DAPI was used instead of the Propidium lodide supplied in the Apoptosis detection
kit to avoid overlapping fluorescence with the chosen primary antibodies. For the
decitabine cell surface marker experiment, dead cells were stained using 1:1000
Fixable Viability Dye eFluor 780 (eBiosciences). Cells were washed once in FACs
Buffer and resuspended in FACs Buffer 1% PFA. Samples were stored at 4°C in the
dark and ran on LSR-Fortessa X20 (BD Biosciences) within 48 hours. More details

on data acquisition can be found below in Section 2.2.8.3.
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Table 2.3. Primary Antibodies for in vitro flow cytometry

Target Fluorophore Vendor Catalogue Dilution
Number
Annexin V (lug/mL) | FITC Invitrogen 331200 1:100
Calreticulin None Abcam Ab2907 1:100
CD40 PE eBiosciences | 15298519 1:200
CD80 BV605 eBiosciences | 15882469 1:200
CD86 FITC eBiosciences | 11-0862-82 | 1:200
MHC Class | APC eBiosciences | 17-5958-82 | 1:200
MHC Class I AF700 eBiosciences | 56-5321-80 | 1:200
PD-L1 PE-Cy7 Invitrogen 25-5982-80 | 1:200
Anti-rabbit 2° PE Invitrogen P-2771MP 1:500
Viability eFluor780 eBiosciences | 65-0865-18 | 1:1000
DAPI (Img/ml) V450 Invitrogen D1306 1:1000

2.2.8.2. Flow cytometry of mouse tissues

Tumours and tumour draining lymph nodes (TDLNs) were harvested from mice at the
end of the experiment. Tumour tissue was chopped up and digested for 30 minutes
at 37°C in a 300ug/mL Liberase TL (2oche), 2ug/mL DNAse (Roche) mix.
Unprocessed TDLNs and digested tumours were individually passed through a 70uM
cell strainer to obtain a single cell suspension. Tumour cell suspension was
centrifuged at 2000rpm for 3 minutes and resuspended in 3mL RMPI. Room
temperature Histopaque 1119 (Sigma-Aldrich) was added in a 1:1 ratio beneath the
cell suspension using a glass Pasteur pipette to form a single density gradient.
Samples were centrifuged at 700g, 25°C for 25 minutes, with the brake set to low.
The cells at the gradient interface were collected, washed and resuspended in FACs
Buffer. Tumour and TDLN samples were plated in a round-bottom 96-well plate for

staining.

69



Samples were stained first with cell-surface antibodies and viability dye diluted in
Superblock (PBS, 2% FBS, 5% rat serum, 5% mouse serum, 5% rabbit serum,
25ug/mL anti-FcyR monoclonal antibody) and incubated on ice, in the dark for 30
minutes. Following this, samples were washed twice in FACs Buffer. To enable
intracellular  staining, cells were fixed and permeabilised using the
Foxp3/Transcription Factor Staining Buffer Set (eBioscience) as per manufacturer’s
instructions. To do so, cells were incubated on ice in the dark for 25 minutes in
Fixation/Permeabilization Concentrate diluted in Fixation/Permeabilization Perm
Diluent. Samples were then washed twice with PermWash (1x Permeabilisation
Buffer in water). Antibody mix containing all secondary and intracellular antibodies
was made in PermWash 10% SuperBlock and added to samples which were then
incubated on ice in the dark for 30 minutes. Information regarding antibodies used for
the Lymphoid and Myeloid panels can be found in Tables 2.4 and 2.5 respectively. At
the end of staining, samples were washed twice in PermWash and resuspended in
1% PFA FACs buffer. Samples were run on the FACSymphony (BD Biosciences)

within 72 hours.
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Table 2.4. Antibodies for flow cytometry characterisation of tumour and

TDLNs lymphoid compartment.

Target Fluorophore Vendor C'iiltalogue Dilution
umber
Extracellular

4-1BB Biotin Invitrogen 13-1371-82 1/200
CD11b BUV661 BD Biosciences | 565080 1/300
CD25 BB515 BD Biosciences | 564424 1/200
CD4 BUV496 BD Biosciences | 564667 1:300
CD45 BUV563 BD Biosciences | 565710 1/300
CD8 BUV805 BD Biosciences | 564920 1/300
CTLA-4 BV605 BioLegend 106323 1/100
GITR BV510 BD Biosciences | 740192 1/200
ICOS PE-CY7 BioLegend 313520 1/200
LAG3 BV650 BioLegend 125227 1/200
NK1.1 BUV395 BD Biosciences | 564144

0OX40 BV786 BD Biosciences | 740945 1/200
PD-1 PECF594 BD Biosciences | 562523 1/200
TIGIT BB700 Thermo Fisher 20210402 1/200
TIM-3 PE BioLegend 119704 1/200
Viability dye | eFluor780 eBiosciences 65-0865-18 1/1000

Intracellular

CD3 BUV737 BD Biosciences | 564380 1/300
FOXP3 Bv421 Thermo Fisher 20210613 1/100
Granzyme B | APC Invitrogen GRBO05 1/100
KI67 AF700 Invitrogen 56569882 1/400
Strep 2° Bv711 BioLegend 405231 1:1000
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Table 2.5. Antibodies for flow cytometry characterisation of tumour and
TDLNs myeloid compartment.

Target Fluorophore Vendor CNatangue Dilution
umber
Extracellular
41BBL Per-CP-eFluor 710 | eBioscience 46-5901-80 1/100
CD103 APC BioLegend 121414 1/200
CD11b BUV661 BD Biosciences | 565080 1/400
CDl11c BV786 BD Biosciences | 117336 1/100
CD19 BUV737 BD Biosciences | 564296 1/100
CD24 BUV496 BD Biosciences 564664 1/400
CD45 BUV805 BD Biosciences @ 624287 1/400
CD86 FITC eBioscience 11-0862-82 1/100
ICOSL PE Invitrogen 12-5985-82 1/100
F4/80 AF700 BioLegend 123130 1/100
GITRL BV510 BD Biosciences @ 563367 1/100
LY6C BV605 BD Biosciences | 563011 1/200
LY6G BUV563 BD Biosciences @ 565707 1/100
'(\:Alggs " BV711 BioLegend 107643 1/800
NK1.1 BUV395 BD Biosciences | 564144 1:300
OX40L PE-CY7 BioLegend 108813 1/100
PD-L1 PE-DAZZLE BioLegend 124324 1/400
X;aeb"”y eFluor780 eBioscience 65-0865-18 1/1000
Intracellular
CD3 BUV737 BD Biosciences @ 564380 1/300
CD206 BV650 BioLegend 141723 1/100
CD68 Bv421 BioLegend 137017 1/100

2.2.8.3. Flow Cytometry data acquisition and analysis

Flow cytometry data acquisition was performed on the LSR-Fortessa for in vitro
experiments, and the FACSymphony for in vivo experiments. All data was acquired
within 72 hours of staining. For all experiments, the optimal voltages were determined
using single fluorescence compensation controls mad from UltraComp eBeads
(BioLegend) and the antibody with the corresponding fluorophore. Doublets and dead

cells were excluded.
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Data analysis was performed using FlowJo v10.8.1. In FlowJo, samples were down
sampled using the DownSampleV3.3.1 plugin. The FlowSOM plugin was used to
generate and visualise clusters. Statistical analysis was performed using GraphPad

Prism 9.0.

2.2.9. Enzyme-linked immunosorbent assay (ELISA)

Cells were plated in 24-well plates and left to adhere overnight, at which point they
were treated with their respective treatments. At the end of treatment, conditioned
media was collected and centrifuged at 2000rpm for 10 minutes at 4°C to obtain the
supernatant. Resulting supernatant was stored at -80°C. HMGB1 was quantified
using HMGB1 ELISA Kit (Tecan, ST51011) and IFNB was quantified using LEGEND
MAX™ Mouse IFN-B ELISA Kit (BioLegend, 439407). Both kits were performed as

per the manufacturer’s instructions.

2.2.10. Quantitative real-time polymerase chain reaction (QRT-PCR)

RNA was extracted using the RNeasy kit (Qiagen) as per manufacturer’s instructions.
The source of RNA was either cells grown to a confluency of 80% and treated in
culture, or from frozen mouse tumour-bearing lungs. Quantification of mMRNA was
performed using Nanodrop One (Thermo Fisher) and mRNA was stored at -80°C.
Samples were made to a concentration of 200ug/mL and reverse transcription was
performed using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher)
as per manufacturer’s instructions. Reverse transcription was performed in a
ThermoCycler using the program denoted in Table 2.6. The resulting cDNA was

stored at -20°C.
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Table 2. 6. Reverse transcription steps

Step Temperature (°C) Duration
Primer annealing 25 10 minutes
DNA polymerisation 37 3 minutes
Enzyme deactivation 85 5 minutes
Maintain 4 0

gRT-PCR was performed using 1x Fast SYBR™ Green Master Mix (Applied
Biosystems), 50ng cDNA and 1x PrimePCR™ PCR Primers (BioRad, 10025636).
Primers used were mouse Ccl2 (qMmuCEDO0003785), Cxcl10 (qMmuCED0049500),
Ifnar1 (QMmuCID0020191), 1sg20 (gMmuCID0008251), IFNB (qMmuCED0050444),
Mx1 (gMmuClD0023356), cGas (QMmuClD0025813), Sting (QMmuClD0016081),
Trex1l (QMmuCEDO0061616) and the B-Actin (QqMmuCEDO0027505). Reactions were
performed in MicroAmp Fast Optical 96-well Reaction Plates (Applied Biosystems)
using the QuantStudio 5 Real-Time PCR System (Thermo Fisher) to run the program
detailed in Table 2.7. Analysis was performed using the AACT method by subtracting
the housekeeping (B-actin) cycle threshold (CT) from the gene of interest to obtain
the ACT. The ACT of untreated samples were then subtracted from the treated

samples ACT to obtain the AACT.

Table 2. 7. qRT-PCR steps

Step Temperature (°C) Duration No. Cycles
Llnélt'::![uration 95 20 seconds Hold
Denaturation 95 3 seconds 50
Anneal/Extend 60 20 seconds
Maintain 4 o0 Hold
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2.2.10. Isolation of mouse bone marrow derived monocytes (BMDMSs)

To obtain murine bone marrow derived monocytes (BMDMSs), untreated mice were
sacrificed, and the femurs harvested for processing. The ends of the bones were
removed, and bone marrow flushed out using a syringe with Complete RPMI (Sigma-
Aldrich). Resulting marrow was aspirated to make a cell suspension, washed in
Complete RPMI and resuspended in Ammonium-Chloride-Potassium (ACK) lysing
buffer (Gibco) for 5 minutes. Cells were washed in Complete RPMI and plated at
3x10° cells/mL in Complete RPMI with 100ng/mL murine colony growth factor (M-

CSF) (2BScientific). Cells were incubated for 7 days prior to their use.
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3. DNA-PK Inhibition Alters the DNA Damage Response to
Radiotherapy

3.1. Introduction

While aberrant dysregulation of the DNA damage response makes cancer cells less
able to recover from damage in comparison, loss of NHEJ pathway functionality is
uncommon [137]. Therefore, NHEJ provides a means for cancer cells to repair the
DSBs induced by radiotherapy and thus, survive. However, this reliance on NHEJ
presents an opportunity to widen the therapeutic window through inhibition of DNA-
PK. Accordingly, combination of radiotherapy and DNA-PKi has been the subject of
investigation since the earliest generations of DNA-PK into present day, with 8 clinical
trials currently investigating the efficacy of M3814 in combination with radiotherapy
(Table 1.1). This Chapter focuses on establishing the effect of combining M3814 and
radiotherapy on cell viability in multiple cancer cell lines. In addition, it will explore the
events preceding cell death, including changes to the DNA damage response,
expression of cell-surface immunomodulatory markers and whether the resulting cell

death is accompanied with the release of DAMPs associated with ICD.

3.1.1. DNA-PK inhibitions alters the DNA Damage response following
radiotherapy

Upon the induction of DSBs by radiotherapy H2AX undergoes rapid Serl39
phosphorylation to generate yH2AX. During the early stages of NHEJ, there is further
amplification of yH2AX mediated by DNA-PKcs [31, 138]. Following treatment with X-
ray, YH2AX amplification can be abrogated by DNA-PK inhibition using Nu7026 or
Wortmannin [30, 139]. In addition, although DNA-PKcs is central to NHEJ, its role in
the DDR is not limited to DNA damage repair pathways. Another aspect of the DDR
which is mediated by DNA-PKcs is Golgi dispersal via the phosphorylation of

GOLPHS3 [45, 140, 141]. Activation of GOLPHS3 on the Golgi increases tensile forces
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between the cells actin cytoskeleton and the Golgi apparatus resulting in Golgi
dispersal [142]. Dispersal of the Golgi triggers the release of vesicles associated with
tumour cell survival and migration [143-145]. As such, abrogation of radiotherapy-
induced Golgi dispersal can mitigate this effect and presents an attractive strategy to

improve the efficacy of radiotherapy [45].

3.1.2. Theinduction of DNA damage alters the immunogenicity of cancer
cells

Using syngeneic mouse tumour models, a recent study demonstrated that the anti-
tumour effect of DNA-PK inhibitor AZD7648 and radiotherapy was in part CD8* T cell
dependent [146]. Indicating that while inhibition of DNA-PK may sensitise cells to
radiotherapy via cancer-cell intrinsic mechanisms, the immune system also plays an
important role. While the cancer-cell intrinsic mechanisms of radiosensitisation by
DNA-PKi have been studied, very little is known about the effect of the combination
in the context of the tumour microenvironment. In this Chapter, the effect of DNA-PKi
and radiotherapy treatment on cell surface expression of immunomodulatory markers

and the induction of ICD will be explored.

3.1.2.1. Radiation alters the expression of immune-modulatory markers

During normal physiology, the immune system is under tight regulation to detect and
eliminate potential threats, while not triggering a response to non-threats. These
regulatory pathways can be altered by tumour cells to avoid elimination. One immune
escape mechanism is the downregulation of the MHC Class | complex, which is
necessary for recognition by CD8" T cells [147, 148]. Another is the upregulation of
PD-L1, which delivers an inhibitory signal upon its activation following successful
binding of MHC Class | molecules to a corresponding TCR. Loss of this signalling
could trigger an oversensitive T cell response, while chronic PD-L1/PD-1 signalling

results in T cell exhaustion and dysfunction, enabling immune escape. Understanding
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of the importance of immune checkpoints in the tumour microenvironment has
culminated in the development of pharmacological inhibitors which have

revolutionised cancer treatment in the clinic [149].

Radiotherapy-induced DNA damage has been shown to alter the expression of both
molecules. In the case of MHC Class I, radiotherapy stimulates TAP, resulting in an
enhanced peptide pool and subsequently increase peptide loading to the MHC
complexes. This increases the presentation of tumour neoantigens, resulting in T cell
recognition of tumour cells and CD8* mediated tumour elimination [147, 150, 151].
DNA damage induced by IR also increases mRNA and cell surface expression of
PD-L1 [152, 153]. In the case of IR, knock-down of Ku70/80 or DNA-PK inhibition
using Nu7441 further increased the upregulation of PD-L1 [152]. However, a study
exploring the effect of DNA-PKi (Nu7441) on PD-L1 and MHC Class | expression in
27 human melanoma cell lines found that Nu7441 alone reduced PD-L1 expression
in 20 of the 27 cell lines tested, while MHC Class | expression was unchanged [154].
To better understand how DNA-PKi may alter the expression of these important
immune-modulatory molecules in response to radiotherapy, flow cytometry

experiments will be performed as part of the results in this Chapter.

3.1.2.2. Determining whether cell death is immunogenic

As discussed further in section 1.2.4., ICD is a form of regulated cell death which is
characterised by the release of DAMPs, resulting in an immunostimulatory effect [88].
It has been demonstrated that radiotherapy induces ICD, however, the extent to which
this occurs is influenced by numerous factors including radiation modality, dose,
fractionation, and combination with other agents such as chemotherapy [91, 100,
155]. In contrast, the effect of combination with DNA-PKi is not known and will be

investigated in this chapter.
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3.2. Research Aims

The aim of this chapter is to characterise the effects of combining M3814 and
radiotherapy to improve the therapeutic window of radiotherapy. This will begin with
establishing the treatment regimen and determining the effects of the combination in
cancer cell viability and the DDR, including yH2AX formation and Golgi dynamics.
Following this, ways in which this combination may alter the expression of
immunomodulatory molecules and the release of DAMPs during cell death will be

determined.
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3.3. Results

3.3.1. Cancer cells lines are not sensitive to DNA-PK inhibitors as a
single agent

To establish an appropriate treatment regimen, a dose-escalation study was
performed to determine the toxicity of the DNA-PK inhibitors Nu7441 and M3814 in a
variety of murine, and one human, cancer cell lines. Information regarding the cell
lines used can be found in Table 3.1. Information regarding these cell lines used

throughout this project can be found in Table 3.1.

Table 3.1. Cancer cell line characteristics.

Cell Line | Species Cancer type Key mutations

Metastatic alveogenic lung

CMT-167 Murine KRAS G12V, P53 wt

carcinoma
CT26 Murine [ Colon carcinoma KRAS G12D, P53 wt
HCT-116 | Human | Colon carcinoma KRAS G12D, P53 loss
of function

KP.B6.F1 Murine | Non-small cell lung carcinoma | KRAS G12D, p53 null

LLC Murine | Squamous-cell carcinoma KRAS G12C, P53 wt

MC38 Murine | Colon adenocarcinoma KRAS wt, P53 mut

To perform the dose escalation study, CMT-167, CT26, HCT-116, KP.B6.F1, LLC
and MC38 cells were treated with 0.01uM, 0.1uM, 1M, 10uM or 100puM of Nu7441
or M3814 for 72 hours (Figure 3.2 A-F respectively). Half-maximal growth inhibition
(Glsp) was calculated based on results from cell growth inhibitions measured using
the SRB assay. The growth inhibition curves in are shown in Figure 3.1 and the
calculated Glsp from these experiments in Table 3.2. As shown, cancer cell lines were
not sensitive to Nu7441 and M3814. Of the two inhibitors, cells were consistently less

sensitive to M3814.
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Figure 3.1. Cancer lines are not sensitive to DNA-PK inhibitors alone.

Cancer cells were treated with DMSO (untreated control), 0.01uM, 0.1 pM, 1 uM, 10 pM or 100 pM of
Nu7441 or M3814 for 72 hours. Cell proliferation was measured using the SRB assay and % proliferation
calculated relative to untreated cells. This was performed in a variety of cells (A) CMT-167 (B) CT26 (C)
HCT-116 (D) KP.B6.F1 (E) LLC (F) MC38. Dashed line indicates 50%. Joint data of three independent

experiments are presented as average+SEM with line of nonlinear regression.
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Table 3. 2. GI50 of cancer cells treated with Nu7441 or M3814

Glso (M)
Cell Line Nu7441 M3814
CMT-167 5.896 (+0.8) 9.274 (+1.2)
CT26 3.151 (+1.0) 8.673 (1.3)
HCT-116 3.700 (+1.3) 7.291 (+1.5)
KP.B6.F1 3.459 (+1.1) 5.342 (+1.7)
LLC 4.045 (+1.0) 6.577 (+1.2)
MC38 5.554 (+1.1) 10.80 (+1.9)

3.3.2. Combination of radiotherapy and DNA-PK inhibition reduces
cancer cell proliferation

As NHEJ is a major repair pathway activated following the induction of DSBs after
treatment with IR, the combination of DNA-PKi and X-ray was evaluated. There has
been extensive published work demonstrating the radiosensitising effects of Nu7441
[53-55], and more recent on the novel compound M3814 [67-69, 156, 157]. The
combination of Nu7441 and M3814 with IR was evaluated in HCT-116, CMT-167,
CT26, KP.B6.F1, LLC and MC38. To do so, cells were treated with 0.5uM or 1uM of
Nu7441 or M3814, and 60 minutes later 4Gy, 8Gy or 12Gy X-ray was administered.
The SRB and MTT assays were performed 72 hours later and calculated as percent
inhibition relative to untreated cells. The MTT assay measures cell metabolic activity
by NAD(P)H dependent reduction of MTT, while SRB gives a readout correlating to

the number of cells present by binding to cellular protein.

The data from SRB and MTT assays demonstrated that addition of DNA-PK
radiosensitised cells in all tested cell lines, addition of DNA-PK inhibitors decreases
cell proliferation. This is shown in Figure 3.2 for CMT-167, CT26 and HCT-116 and
Figure 3.3 for KP.B6.F1, LLC and MC38 cells. 12Gy alone induced substantial cell
loss and due to this, will be excluded from future viability experiments. In all cell lines,
radiotherapy was determined to have had a statistically significant on cell proliferation.
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Addition of DNA-PKi to IR had the greatest, and most consistent, effect on KP.B6.F1
and MC38 cells, whereas combination had the least effect on CMT-167. A significant
interaction between the X-ray and DNA-PKi indicates that any change to proliferation
is not due to the independent effects of X-ray and DNA-PKi, rather there is some
degree of synergism between the two. In KP.B6 cells, there was a significant
interaction between X-ray and DNA-PKi treatments (two-way ANOVA, SRB
p=0.0017; MTT p=0.0017). The largest effect of adding DNA-PKi was observed when
combined with 8Gy. Using the SRB assay, proliferation was reduced from 8Gy alone
at 36.2% (+1.6) proliferation down to 9.5% (+3.8)(Bonferroni’'s, p=0.0064) when
combined with 0.5uM M3814 and 6.9% (+2.8) with the addition of 1uM M3814
(Bonferroni’'s, p=0.0018)(Figure 3.3 A). Similarly, there was a significant interaction
between X-ray and DNA-PKi in MC38 cells, indicating synergy (two-way ANOVA,
SRB p<0.0001; MTT p<0.0001)(Figure 3.3 B). Addition of DNA-PKi had the greatest
effect in combination with 8Gy. Using the SRB assay, compared to 33.8% (+0.83)
proliferation with 8Gy alone, addition 0.5uM decrease proliferation down to 10.4%
(x3.6) with (Bonferroni’s, p<0.0001) and finally down to 8.5% (+3.0) with 1uM M3814
(Bonferroni’'s, p<0.0001)(Figure 3.3 B). In contrast to KP.B6.F1 and MC38, CMT-167
was less sensitive to radiotherapy and DNA-PKi. Therefore, these cell lines will be

the focus of further studies.
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Figure 3.2. DNA-PKi radiosensitises CMT-167, CT26 and HCT-116 cells.

Cells were treated with 0.5uM, 1uM Nu7441 or M3814. 60 minutes later cells were irradiated with 4Gy,
8Gy or 12Gy X-ray. 72 hours later the % proliferation relative to untreated was determined using the SRB
and MTT assay. Performed using (A) CMT-167 (B) CT26 and (C) HCT-116 cells. Joint data of three
independent experiments are presented as average+SEM and analysed by two-way ANOVA performed
followed by Bonferroni’s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
Significance shown between adjacent X-ray doses and within X-ray groups.
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Figure 3.3. DNA-PKi radiosensitises KP.B6.F1, LLC and MC38 cells.

Cells were treated with 0.5uM, 1uM Nu7441 or M3814. 60 minutes later cells were irradiated with 4Gy,
8Gy or 12Gy X-ray. 72 hours later the % proliferation relative to untreated was determined using the SRB
and MTT assay. Performed using (A) KP.B6.F1 (B) LLC and (C) MC38 cells. Joint data of three
independent experiments are presented as averagexSEM and analysed by two-way ANOVA performed
followed by Bonferroni’'s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.

Significance shown between adjacent X-ray doses and within X-ray groups.
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3.3.3. Combination of radiotherapy and DNA-PK inhibition reduces
cancer cell survival.

The previous assays indicate that addition of DNA-PKi to IR reduced cell proliferation.
It is, however, important to understand how combination treatment effects long term
cell survival and the ability of treated cells to reproduce and form clones. To do so,
the clonogenic assay was performed using KP.B6.F1 and MC38 cells. These cell lines
were chosen as both KP.B6.F1 and MC38 demonstrated synergy between X-ray and
DNA-PKi. Cells were seeded at low density and 24 hours later treated with 0.5uM or
1pM of Nu7441 or M3814 in combination with 4Gy or 8Gy X-ray. KP.B6.F1 cells were
then incubated for 6 days and MC38 for 7 days to allow for optimal growth of clones,
at which point the resulting colonies were fixed, stained with crystal violet, and

counted to determine clonal viability.

The clonal viability of KP.B6.F1 cells was significantly affected by both X-ray and
DNA-PKi (two-way ANOVA, p<0.0001 both)(Figure 3.4 A). There was also a
significant interaction between the two treatments, indicating synergy (two-way
ANOVA, p=0.0017). Treatment with 4Gy alone reduced clonal viability to 54.8%
(x0.80)(Bonferroni’s, p<0.0001) and 8Gy further to 21.1%(+5.1)(Bonferroni’s,
p<0.0001). When combined with 4Gy, M3814 decreased clonal viability from
54.8%(+0.80) to 32.9%(£5.3) with 0.5uM M3814 (Bonferroni’s, p>0.0001) and to
23.7%(x2.8) with 1uM M3814 (Bonferroni’s, p>0.0001). Clonal viability of cells treated
with 4Gy+0.5uM M3814 was significantly lower than 4Gy+0.5uM Nu7441 at 45.3%
(9.2) (Bonferroni’'s, p=0.0134), while 4Gy+1uyM M3814 was lower than both
4Gy+0.5uM Nu7441 (Bonferroni's, p=0.0029) and 4Gy+1uM Nu7441, 42.7% (+4.0)
(Bonferroni’'s, p=0.0131). In combination with 8Gy, 1uM Nu7741 significantly
decreased viability to 5.9% (+3.7) (Bonferroni’'s, p=0.0044). To a similar extent,
8Gy+0.5uM M3814 decreased viability to 6.1% (£2.9) (Bonferroni’s, 0.0074) while
8Gy+1uM M3814 reduced viability to just 0.97% (+0.43) (Bonferroni’s, p=0.0001)

(Figure 3.4 A).
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Figure 3. 4. Combination of X-ray and DNA-PKi decreases KP.B6.F1 survival.
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KP.B6.F1 cells were seeded at low density and treated with 4Gy or 8Gy irradiation and 0.5uM, 1uM
Nu7441 or M3814. After 24 hours the media was replaced, and the cells were left for an additional 5
days to allow clones to grow . Resulting clones were fixed, stained with crystal violet and counted. The
clonal viability is the proportion of seeded cells which formed a clone, normalised to untreated cells. (A)
Clonal viability (B) Representative images of clonogenic experiment. Joint data of three independent
experiments are presented as average+SEM and analysed by two-way ANOVA performed followed by
Bonferroni’s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001. Significance shown
between adjacent X-ray doses and within X-ray groups.

Next, the clonogenic assay was performed on MC38 cells. There was a significant
interaction between X-ray and DNA-PKi (two-way ANOVA, p<0.0001), as well as
independently (two-way ANOVA, p<0.0001 both)(Figure 3.5 A). Upon administration
of 4Gy alone, clonal viability decreased to 16.0% (+3.7)(Bonferroni’s, p<0.0001). This
fell to 2.6% (£1.8) with 8Gy (Bonferroni’s, p<0.0001). Addition of 0.51uM M3814 to
4Gy decreased clonal viability to 1.3% (£1.2) (Bonferroni’'s, p<0.0001) and 1uM

M3814 to 0.30%(x0.3)(Bonferroni’s, p<0.0001). The clonal viability of MC38 cells
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treated with 4Gy+0.5uM M3814 or 4Gy+1uM M3814 were also significantly lower
than those treated with 4Gy+0.5uM Nu7441, 8.3% (+2.2)(Bonferroni’s, p=0.0134 and
p=0.0029, respectively). Cells treated with 4Gy+1uM M3814 also had significantly
lower clonal viability than cells treated with 4Gy+1uM Nu7441, 7.4% (£2.2)
(Bonferroni’'s, p=0.0131). These experiments demonstrate that not only does
combination of radiotherapy and DNA-PKi decrease short-term proliferation, but also
long-term survival. They also determine that of the two DNA-PKi’s investigated,

M3814 is the more potent sensitizer.
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Figure 3. 5. Combination of X-ray and DNA-PKi decreases MC38 survival.

MC38 cells were seeded at low density and treated with 4Gy or 8Gy irradiation and 0.5uM, 1uM Nu7441
or M3814. After 24 hours the media was replaced, and the cells were left for an additional 6 days to
allow clones to grow . Resulting clones were fixed, stained with crystal violet and counted. The clonal
viability is the proportion of seeded cells which formed a clone, normalised to untreated cells. (A) Clonal
viability (B) Representative images of clonogenic experiment. Joint data of three independent
experiments are presented as average+SEM and analysed by two-way ANOVA performed followed by
Bonferroni’s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001. Significance shown

between adjacent X-ray doses and within X-ray groups.
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3.3.4. DNA-PK inhibition affects IR-induced DDR.

To better understand the effect of DNA-PK inhibition on the DDR to radiotherapy,
immunoblotting was performed on lysates of KP.B6.F1 cell treated with X-ray and
DNA-PKi’s to determine the levels of yH2AX (Figure 3.6). Treatment with 4Gy, 8Gy
or 12Gy increased the levels of yH2AX compared to untreated. However, addition of
0.5uM Nu7441 or 0.5uM M3814 abrogated the increase induced by 4Gy and 8Gy but

not 12Gy (Figure 3.6).
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Figure 3. 6. DNA-PKi abrogates radiotherapy induces yH2AX accumulation.

KP.B6.F1 cells were treated with 0.5uM Nu7441 and 0.5uM M3814 and 60 minutes later irradiated with
4Gy, 8Gy or 12Gy. Ten hours later, protein was extracted, and immunoblot performed for Calnexin
(loading control) and yH2AX. (A) Immunoblot (B) Levels of yH2AX normalised to Calnexin (loading
control) levels. Normalised to UT. Blots are representative images of 3 biological repeats.
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Another way in which DNA-PK can orchestrate the DDR is through changing the
morphology of the Golgi apparatus. In response to DNA damage, the Golgi become
dispersed resulting in increased cell survival following DNA-damaging agents [45].
Therefore, the effect of DNA-PKi and X-ray on the Golgi structure was investigated

using confocal microscopy.

KP.B6.F1 cells were treated with 0.5uM Nu7441 or 0.5uM M3814 and 60 minutes
later, irradiated with 4Gy. After 24 hours, the cells were fixed and stained DNA with
Hoechst and antibodies for Golgi markers GM130 and GOLPH3. GM130 is localised
within the Cis and Medial Golgi, whereas GOLPH3 localises in the Trans Golgi
Network [45]. Confocal microscopy was performed and for each cell, the area of the
nuclei and Golgi apparatus (defined as the sum of GM130 and GOLPH3) was
calculated. From this, the nuclei to Golgi area ratio was calculated. Figure 3.7 A&B
show examples of images obtained and how the area was determined. The cell in
Figure 3.7 A shows a typical compact Golgi, whereas Figure 3.7 B shows an example
of a larger, more dispersed Golgi. Treatment significantly altered the relative Golgi
area (one-way ANOVA, p=0.0008).The relative Golgi area in cells treated with 4Gy
were 1.50-fold greater than those in untreated cells (Bonferroni’s, p=0.004). However,
Golgi dispersal was significantly abrogated in cells treated with 4Gy+0.5uM Nu7441
(Bonferroni’'s, p=0.0288) or 4Gy+0.5uM M3814 (Bonferroni’s, p=0.0074). The relative
Golgi area in cells treated with 4Gy+0.5uM Nu7441 were 1.13-fold greater than those
in untreated cells, while in those treated with 4Gy+0.5uM M3814 were just 1.08-fold
larger, both of which were not significant differences (Figure 3.7 C). Representative
images are shown in Figure 3.7 D. These findings indicate that the treatment with

DNA-PKi altered the DDR to radiotherapy.
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Figure 3. 7. DNA-PKi abrogates X-ray induced Golgi fragmentation.

KP.B6.F1 cells were mounted on coverslip and treated with 0.5uM Nu7441 or 0.5uM M3814 and 60 minutes later
irradiated with 4Gy X-ray. Cells were fixed 24 hours after treatment and stained for GM130, GOLPH3 and Hoechst
and imaged using confocal microscopy. Golgi area was defined as the sum of GM130 and GOLPH3 signal. Golgi
area relative to nuclei area was calculated per cell. (A) Representative image of compact Golgi (B) fragmented Golgi.
(C) Golgi area relative to nuclei. (D) Representative images. Joint data of three independent experiments are
presented as averagexSEM and analysed by one-way ANOVA performed followed by Bonferroni’s multiple

comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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3.3.5. Combination of X-ray and DNA-PKi induces apoptosis

To identify immunogenic cell death, first it needed to be determined whether dying
cells are undergoing apoptosis, secondly the timing of this death needs to be better
understood to enable further study on events occurring immediately prior to death

[158].

A flow cytometry time course experiment was performed on KP.B6.F1 and CMT-167
cells to determine the expression of immunomodulatory markers in response to X-ray
and DNA-PK inhibition. Firstly, the viability markers annexin V and DAPI were used
to identify the presence of apoptotic cells and at which time this may occur. Annexin
V binds phosphatidyl serine (PS) which is flipped from the internal side of the cell
surface membrane to external side during the early phases of apoptosis. Therefore,
Annexin V* cells are committed to apoptosis while DAPI signifies a cell is already

dead. Accordingly , Annexin V*DAPI" were characterised as ‘apoptotic’ cells.

At 24 hours after treatment, while X-ray treatment had a significant effect on the
proportion of viable KP.B6.F1 cells (two-way ANOVA, p<0.001)(Figure 3.8 A). DNA-
PKi had no significant effect on this population of cells. Furthermore, Bonferroni’s
multiple comparison test found no significant differences between adjacent X-ray
doses nor with the addition of DNA-PKi to any X-ray dose. 48 hours post treatment,
both X-ray treatment and DNA-PKi had a significant effect on the proportion of
apoptotic cells (two-way ANOVA, X-ray p<0.0001 and DNA-PKi p=0.0002)(Figure 3.8
B). There was also a significant interaction between X-ray and DNA-PKIi, indicating
synergy (two-way ANOVA, p=0.0394). At this timepoint, the greatest increase in cell
death occurred with the addition of 0.5uM M3814 to 12Gy wherein the % of apoptotic
cells increased from 7.6% (+1.0) to 13.5% (+4.6)(Bonferroni’'s, p<0.0024). This
pattern was also observed at 8Gy wherein addition of 0.5uM M3814 increase the
frequency of apoptotic cells from 3.7% (x0.5) to 8.5% (+1.1)(Bonferroni’s,

p=0.0228)(Figure 3.8 B).
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At 72 hours there was a significant interaction together (two-way ANOVA, p=0.0104),
indicating synergy. The frequency of apoptotic cell significantly increased from 8.0%
(x1.9) with 8Gy irradiation to 26.5% (£6.0) with 12Gy. Similarly, to that seen at 48
hours, addition of 0.5uM M3814 to 8Gy increased the frequency of apoptotic cells,
but to a greater extent, increasing 3.7-fold from 8% (+1.9) with 8Gy alone up to 30.5%
(£9.7) with 8Gy+0.5uM M3814 (Bonferroni’s, p=0.003). 8Gy+0.5uM M3814 was also
14.1% greater than 0.5uM Nu7441+8Gy at 16.4% (£6.4)(Bonferroni’s,

p=0.0449)(Figure 3.8 C).
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Figure 3. 8. Combination of M3814 and X-ray increases of apoptosis in KP.B6.F1 cells.
KP.B6.F1 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Cells were collected 24, 48 and 72 hours after treatment and analysed
by flow cytometry. (A) % of annexin V*DAPI" KP.B6.F1 cells 24 hours following treatment. (B) % of

annexin V*DAPI KP.B6.F1 cells 48 hours following treatment. (C) % of annexin V*DAPI KP.B6.F1 cells
72 hours following treatment. Joint data of three independent experiments are presented as
averagexSEM and analysed by two-way ANOVA followed by Bonferroni’'s multiple comparison test:
*p<0.05, **p<0.01, **p<0.001 ****p<0.0001.
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In CMT-167 the % of apoptotic cells 24 hours post treatment was significantly
influenced by X-ray treatment only (two-way ANOVA, p<0.0001)(Figure 3.9 A).
Addition of DNA-PKi did not have a significant effect, nor was there an interaction
between the two factors. The only significant change between adjacent X-ray doses
or within X-ray groups was seen between 8Gy with 6.0% (+1.6) of apoptotic cells up

to 12.5% (x3.5) in cells treated with 12Gy (Bonferroni’s, p=0.0349)(Figure 3.9 A).

At 48 hours post treatments, both X-ray treatment and DNA-PKi had significant
altered on the apoptotic cell population (two-way ANOVA, X-ray p<0.0001 and DNA-
PKi p<0.0001)(Figure 3.9 B). There was also a significant interaction between the
two, indicating synergy (two-way ANOVA, p=0.0003). Increasing the X-ray dose from
8Gy to 12Gy resulted in a significant increase in the % of apoptotic cells from 6.6%
(x1.0) to 26.9% (1.7) respectively (Bonferroni’s, p<0.0001). Furthermore, addition of
either 0.5uM Nu7441 or 0.5uM M3814 to 8Gy resulted in a significant increase
compared to 8Gy alone. Addition of 0.5uM Nu7441 to 8Gy increased the % of
apoptotic cells to 17.2% (+3.1)(Bonferroni’s, p=0.0336) while 0.5uM M3814 increased
it to 28.8% (+2.7)(Bonferroni’s, p<0.0001). The proportion of apoptotic cells following
8Gy+0.5uM M3814 treatment was significantly greater than those treated with

8Gy+0.5uM Nu7441 (Bonferroni’s, p=0.0158)(Figure 3.9 B).

Both X-ray treatment and DNA-PKi had significant influences on the frequency of
apoptotic cells (two-way ANOVA, X-ray p<0.0001 and DNA-PKi p<0.0001)(Figure 3.9
C). There was, however, no interaction between the two. The % apoptotic cells
increase in an X-ray dose dependent manner, from 4Gy with 5.2% (£2.0) to 17.9%
(x0.9) with 8Gy (Bonferroni’'s, p=0.0082). Administration of 12Gy alone further

increased this to 38.6% (+8.1)(Bonferroni, p<0.0001). Addition of 0.5uyM M3814 to
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8Gy significantly increased the apoptotic population to 31.1% (+£6.4) compared to 8Gy

alone (Bonferroni’s, p=0.0052)(Figure 3.9 C).
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Figure 3. 9. Combination of M3814 and X-ray increases apoptosis in CMT-167 cells.

CMT-167 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Cells were collected 24, 48 and 72 hours after treatment and analysed
by flow cytometry. (A) % of annexin V*DAPI CMT-167 cells 24 hours following treatment. (B) % of

annexin V*DAPI CMT-167 cells 48 hours following treatment. (C) % of annexin V*DAPI CMT-167 cells
72 hours following treatment. Joint data of three independent experiments are presented as
average+SEM and analysed by two-way ANOVA followed by Bonferroni’'s multiple comparison test:
*p<0.05, **p<0.01, **p<0.001 ***p<0.0001.
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3.3.6. DNA-PKi and X-ray increases cell surface level of PD-L1.

DNA damaging agents have been demonstrated to alter expression of PD-L1
expression in cancer cells [152, 159]. Loss of components of the HRR, NHEJ and
BER pathways have been shown to further augment this effect. Therefore, the cell
surface level of PD-L1 following treatment with X-ray and DNA-PKi was evaluated

using flow cytometry.

KP.B6.F1 and CMT-167 cells were treated with 0.5uM Nu7441 or 0.5uM M3814 for
60 minutes, at which point cells were irradiated with 4Gy, 8Gy or 12Gy. Cells were
collected 24, 48 and 72 hours after treatment and stained with the viability markers
DAPI and annexin V, as wells as antibodies for MHC Class I, PD-L1 and CRT. Flow
cytometry was subsequently performed on these stained cells. As previously
mentioned, DAPI* cells were characterised as dead and therefore excluded from the

analysis.

At 24 hours, both X-ray (two-way ANOVA, p<0.001) and DNA-PKi (two-way ANOVA,
p<0.001) had a significant impact on the frequency of PD-L1* cells (Figure 3.10). The
addition of M3814 to 4Gy irradiation further increased the frequency of PD-L1* cells
from 36.8% (+5.4) to 52.8%, (x3.2)(Bonferroni’'s, p=0.0127). This was also 15%
greater than those treated with 4Gy+0.5uM Nu7441 at 37.4% (+7.2)(Bonferroni’s,
p=0.0212)(Figure 3.10 A). However, the greatest difference was seen at 48 hours
wherein both DNA-PKi and irradiation had significant effects (two-way ANOVA,
p=0.007, p<0.001 respectively), and had a significant interaction with one another
(two-way ANOVA, p=0.0091)(Figure 3.10 B). The addition of M3814 to 4Gy
significantly increased PD-L1" KP.B6.F1 cells from 35% (¥5.4) to 51%
(x2.8)(Bonferroni’s, p=0.0228), which was also greater than those treated with
Nu7441 in combination with 4Gy (Bonferroni’'s, p=0.0099)(Figure 3.14 B). At 72
hours, X-ray dose or addition of DNA-PKi did not alter the size of the PD-L1*

population to a statistically significant degree (Figure 3.10 C).
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Figure 3. 10. The frequency of PD-L1+ KP.B6.F1 cells is increased 48 hours following
treatment with X-ray and M3814.

KP.B6.F1 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Positive control for PD-L1 expression was achieved with 1pg/mL IFNy
treatment (see Figure 4.6B). Cells were collected 24, 48 and 72 hours after treatment and analysed by

flow cytometry. Cells were gated on DAPIcells. (A) % of PD-L1" KP.B6.F1 cells 24 hours following

treatment. (B) % of PD-L1" KP.B6.F1 cells 24 hours following treatment. (C) % of PD-L1" KP.B6.F1
cells 72 hours following treatment. Joint data of three independent experiments are presented as
average+SEM and analysed by two-way ANOVA followed by Bonferroni’s multiple comparison test:
*p<0.05, *p<0.01, ***p<0.001 ****p<0.0001.

While alterations in the proportion of PD-L1" are of interest, it is important to note that
the actual level of cell surface PD-L1 per positive cell, as measured by fluorescence,
was only moderately increased. As shown in the histograms in Figure 3.11 A, the PD-
L1* cells following X-ray and M3814 form a ‘shoulder’ of cells. This contrasts with

those treated with IFN-y which show a clear bimodal population (Figure 3.11 B).
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Figure 3. 11. Representative histograms of PD-L1 expression in KP.B6.F1 cells after
treatment with X-ray and DNA-PKi.

KP.B6.F1 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Positive control for PD-L1 expression was achieved with 1pg/mL
IFNy treatment. Cells were collected 24, 48 and 72 hours after treatment and analysed by flow
cytometry. Representative histograms showing PD-L1 expression in DAPI" KP.B6.F1 cells treated with
(A) X-ray and DNA-PK inhibitors (B) X-ray alone and 1ug/mL IFNy.
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The frequency of PD-L1* CMT-167 cells was significantly influenced by treatment with
X-ray at 24, 48 and 72 hours (two-way ANOVA, p<0.0001 at all timepoints), but not
significantly influenced by the addition of DNA-PKIi (Figure 3.12 A-C). At 24 hours the
increase in PD-L1* cells were most prominent, rising from 4% (6.7), to 25% (+13.8)
with 4Gy, 50% (+13.9) with 8Gy and 62% (+11.2) with 12Gy (Figure 3.12 A). Over

time this pattern became less pronounced, indicating this response may be transient.

As with KP.B6.F1 cells, the PD-L1* population at 24 and 48 hours resembles a small
shoulder rather than the distinct bimodal population seen following IFNy treatment
(Figure 3.13 A&B). However, 72 hours following treatment with 12Gy in combination
with Nu7441 or M3814, there was a more distinct separate population in the
histogram measured as fluorescence intensity of PD-L1 molecules in the cell surface

(Figure 3.13 A).
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Figure 3. 12. The frequency of PD-L1+ CMT-167 cells is increased 24- and 48-hours
following treatment with IR.

CMT-167 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5pM M3814. Positive control for PD-L1 expression was achieved with 1ug/mL IFNy
treatment. Cells were collected 24, 48 and 72 hours after treatment and analysed by flow cytometry.
Cells were gated on DAPI cells. (A) % of PD-L1" CMT-167 cells 24 hours following treatment. (B) % of
PD-L1" CMT-167 cells 24 hours following treatment. (C) % of PD-L1" CMT-167 cells 72 hours following
treatment. Joint data of three independent experiments are presented as average+SEM and analysed
by two-way ANOVA followed by Bonferroni’'s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001
*rx5n<0.0001.
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Figure 3. 13. Representative histograms of PD-L1 expression in CMT-167 cells after
treatment with IR and DNA-PKi.

CMT-167 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Positive control for PD-L1 expression was achieved with 1ug/mL IFNy
treatment. Cells were collected 24, 48 and 72 hours after treatment and analysed by flow cytometry.
Representative histograms showing PD-L1 expression in DAPI- CMT-167 cells treated with (A) IR and
DNA-PK inhibitors (B) IR alone and 1ug/mL IFNy.
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3.3.7. MHC Class | cell surface levels are not increased by treatment with
X-ray and DNA-PKi.

Previous studies have shown that irradiation alone can increase the level of MHC
Class | [151, 160, 161]. Therefore, the levels of MHC Class | was investigated in
KP.B6.F1 and CMT-167 following treatment with X-ray and DNA-PK inhibition. There
was little change to the levels of MHC Class | in KP.B6.F1 cells treated with X-ray
and DNA-PKi (Figure 3.14). X-ray had a significant influence on MHC Class I* cells
at 72 hours (two-way ANOVA, p=0.0014)(Figure 3.14 C). MHC | levels were low,
ranging from 1.9% (+3.4) of untreated cell to 8.0% (+2.4) of cells after 72 hours of
12Gy+M3814, however, this was not significant. X-ray had a significant effect on the
frequency of MHC Class I CMT-167 cells 24 hours (two-way ANOVA, p=0.0163), 48
hours (two-way ANOVA, p<0.0001) and 72 hours after treatment (two-way ANOVA,
p<0.0001)(Figure 3.15). At 72 hours, the percentage of MHC Class I* cells rose
significantly from 1% (£1.0) in untreated, up to 4.5% (+1.9) with 12Gy (Bonferroni’s,
p=0.0137) and 5.6% (+£1.5) with 12Gy+M3814 (Bonferroni’'s, p=0.0006)(Figure 3.15

C).
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Figure 3. 14. The frequency of MHC Class I+ KP.B6.F1 cells is increased 72 hours
following treatment with IR and M3814.

KP.B6.F1 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Cells were collected 24, 48 and 72 hours after treatment and analysed

by flow cytometry. Cells were gated on DAPIcells. (A) % of MHC Class I" KP.B6.F1 cells 24 hours

following treatment. (B) % of MHC Class I" KP.B6.F1 cells 24 hours following treatment. (C) % of MHC

Class I KP.B6.F1 cells 72 hours following treatment. Joint data of three independent experiments are

presented as average+tSEM and analysed by two-way ANOVA followed by Bonferroni’'s multiple

comparison test.
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Figure 3. 15. The frequency of MHC Class I+ CMT-167 cells increase with
radiotherapy.

CMT-167 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Cells were collected 24, 48 and 72 hours after treatment and analysed
by flow cytometry. Cells were gated on DAPI cells. (A) % of MHC Class I CMT-167 cells 24 hours
following treatment. (B) % of MHC Class I" CMT-167 cells 24 hours following treatment. (C) % of MHC

Class I” CMT-167 cells 72 hours following treatment. Joint data of three independent experiments are
presented as average+tSEM and analysed by two-way ANOVA followed by Bonferroni’'s multiple

comparison test.
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3.3.8. Combination of DNA-PKi and X-ray induces immunogenic cell
death in KP.B6.F1 cells.

While there are many markers of ICD, Calreticulin (CRT) translocation from the ER
to the cell surface membrane is one of the most studied and is deemed necessary for
ICD classification [90, 162]. The presence of CRT on the cell surface membrane was

analysed on cells treated as described in the previous sections.

The frequency of CRT* cells increased with X-ray alone in a dose dependent
response at all time points (two-way ANOVA, p>0.001 at all timepoints). This
response was modest at 24 hours however was much more pronounced at 48 hours
and greater still after 72 hours (Figure 3.16 A-C). At 48 hours, DNA-PK inhibition had
a significant role in CRT translocation (two-way ANOVA, p=0.0003) and both X-ray
and DNA-PK inhibition had a significant interaction (two-way ANOVA,
p=0.0345)(Figure 3.16 B). Importantly, addition of 0.5uM M3814 to 8Gy significantly
increased cell surface CRT from 7.4% (+1.6) to 34.3% (+£24.5)(Bonferroni’s,
p=0.0098). This was also seen at 12Gy in which the frequency of CRT" cells rose
from 25.5% (£6.1) to 51.2% (+14.5) upon addition of 0.5uM M3814 (Bonferroni’s,

p=0.0152)(Figure 3.16 B).

The greatest change to CRT translocation was observed at 72 hours, wherein there
was a significant interaction between X-ray and treatment with DNA-PKi (two-way
ANOVA, p=0.0002) and both had significant effects individually (two-way ANOVA,
p>0.0001)(Figure 3.16 C). Addition of 0.5uM M3814 caused the % of CRT* KP.B6.F1
cells to increase from 11.2% (+5.9) in 8Gy alone to 57.2% (x14.0) in combination
(Bonferroni’'s, p>0.0001). This 5-fold increase in CRT* cells is a strong indicator of
ICD. In cells treated with 12Gy, 48.0% (+5.8) were CRT", this increased to 72.3%

(£1.6) in cells treated with 12Gy+0.5uM M3814 (Bonferroni’s, p=0.0142).
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Figure 3. 16. The frequency of CRT+ KP.B6.F1 cells is increased following treatment
with IR and DNA-PKi.

KP.B6.F1 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Positive control for Calreticulin expression was achieved by 24 hours

treatment with 1uM Mitoxantrone. Cells were collected 24, 48 and 72 hours after treatment and analysed

by flow cytometry. CRT* cells were gated on DAPI- cells. (A) % of Calreticulin® KP.B6.F1 cells at 24
hours (B) 48 hours and (C) 72 hours. Joint data of three independent experiments are presented as
average+SEM and analysed by two-way ANOVA followed by Bonferroni’'s multiple comparison test:
*p<0.05, *p<0.01, **p<0.001 ****p<0.0001.

Furthermore, as shown on the representative histograms in Figure 3.17, this increase
proportion of CRT" cells formed a distinct bimodal population. This distribution was
similar to that observed after treatment with 1uM Mitoxantrone, a well-studied and

known inducer of ICD [162].
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Figure 3. 17. Representative histograms of CRT+ KP.B6.F1 cells following treatment
with IR and DNA-PKi.

KP.B6.F1 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Positive control for cell surface CRT expression was achieved by 24
hours treatment with 1uM Mitoxantrone. Cells were collected 24, 48 and 72 hours after treatment and
analysed by flow cytometry. Representative histograms showing cell surface levels of CRT in DAPI-
KP.B6.F1 cells treated with (A) IR and DNA-PK inhibitors (B) IR alone and 1uM Mitoxantrone.
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Similarly, to KP.B6.F1 cells, 24 hours following treatment, cell surface CRT on CMT-
167 cells was significantly altered by both X-ray (two-way ANOVA, p=0.0001) and
DNA-PKi (two-way ANOVA, p=0.0032)(Figure 3.18 A). The frequency of CRT* CMT-
167 cells significantly increased from 2.8% (x0.7) in untreated to 16.0% (5.4)
following 12Gy (Bonferroni’s, p=0.0009), however, unlike KP.B6.F1 the addition of
DNA-PK inhibition abrogated this increase. For example, addition of M3814 to CMT-
167 cells treated with 8Gy significantly decreased the proportion of CRT* cells from
11.5% (£2.9) to 2.6% (+5.4)(Bonferroni’s, p=0.05) and similar was observed at 12Gy
wherein the addition of Nu7441 decreased the frequency of CRT" from 15.9% (+5.4)
to 5.6% (+2.4)(Bonferroni’'s, p=0.014)(Figure 3.18 A). Furthermore, contrary to the
results seen in KP.B6.FL1 cells, no significant change to CRT translocation is seen at
48 or 72 hours (Figure 3.18 B&C). Of note, while a CRT* population of CMT-167 cells
is present after Mitoxantrone treatment (Figure 3.19 B), it is markedly less than
observed in KP.B6.F1 treated cells (Figure 3.17 B) indicating that treatment does not

induce ICD in CMT-167. Due to this, KP.B6.F1 was selected for further study.
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Figure 3. 18. The % of CRT+ CMT-167 cells is increased following treatment IR and
DNA-PKi.

CMT-167 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Positive control for cell surface CRT was achieved by 24 hours

treatment with 1uM Mitoxantrone. Cells were collected 24, 48 and 72 hours after treatment and analysed

by flow cytometry. CRT* cells were gated on DAPI" cells. (A) % of CRT' CMT-167 cells at 24 hours (B)
48 hours and (C) 72 hours. Joint data of three independent experiments are presented as average+SEM
and analysed by two-way ANOVA followed by Bonferroni’s multiple comparison test: *p<0.05, **p<0.01,
***p<0.001 ****p<0.0001.
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Figure 3. 19. Representative histograms of CRT+ CMT-167 cells following treatment
with IR and DNA-PKi.

CMT-167 cells were treated with 0Gy, 4Gy, 8Gy or 12Gy X-ray, either alone or in combination with
0.5uM Nu7441 or 0.5uM M3814. Positive control for cell surface CRT expression was achieved by 24
hours treatment with 1uM Mitoxantrone. Cells were collected 24, 48 and 72 hours after treatment and
analysed by flow cytometry. Representative histograms showing cell surface levels of CRT in DAPI-
CMT-167 cells treated with (A) IR and DNA-PK inhibitors (B) IR alone and 1uM Mitoxantrone.
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Having established that the combination of X-ray and M3814 significantly increased
translocation of CRT to the cell surface membrane, another marker of ICD, the
secretion of HMGBL1 [88], was investigated in KP.B6.F1 cells. To do so, an ELISA
assay was performed on the conditioned media of KP.B6.F1 cells 72 hours after
treatment with 4Gy or 8Gy in combination with 0.5uM or 1uM Nu7441 or M3814. As
seen in Figure 3.20, X-ray played a significant role in HMGB1 secretion (two-way
ANOVA, p>0.0001). Cells treated with 8Gy alone released the most HMGB1 at
2.8ng/mL (+£0.4), significantly greater than 4Gy alone at 1.8ng/mL (+0.4)(Bonferroni’s,
p=0.0061) and the 1.3ng/mL (x0.1) released by untreated KP.B6.F1 cells
(Bonferroni’'s, p>0.0001). Unlike the CRT translocation, the addition of DNA-PKi had

no significant effect on HMGBL1 release (Figure 3.20).
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Figure 3. 20. IR increases HMGB1 secretion in KP.B6.F1 cells.

KP.B6.F1 were treated with 0Gy, 4Gy or 8Gy X-ray, either alone or in combination with 0.5uM or 1 uM
Nu7441 or M3814. Conditioned media was collected 72 hours after treatment and an ELISA for HMGB1
performed. Joint data of three independent experiments are presented as average+SEM and analysed
by two-way ANOVA followed by Bonferroni’'s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001
****p<0.0001.

111



3.4. Discussion

3.4.1. DNA-PK inhibition radiosensitises cancer cells and alters the DNA
damage response

The radiosensitising effect of M3814 has previously been reported in a range of
cancer models [67-69, 136, 156, 157] and is the subject of eight ongoing clinical trials
(see Table 1.1). In this Chapter, the radiosensitising properties of DNA-PKi has been
further corroborated. When used as a single agent, M3814 and Nu7441 had little
effect on cell viability, but enhanced the loss of cell viability in combination with
radiotherapy. M3814 consistently had a greater effect than Nu7441. The
radiosensitising effect was more pronounced at a later timepoints, as demonstrated
by clonogenic assay. Recently, it has been demonstrated that P53 status is an
important factor in response to radiotherapy and DNA-PKi. Those cells either lacking
P53 or with loss of function mutations continue to proliferate despite DSBs, resulting
in the accumulation of damage until they undergo mitotic catastrophe [157]. However,
at the shorter time point, 72 hours, there was no clear difference in response between
those with wildtype P53, HCT-116 and CT26, in comparison to P53 mutant or null cell
lines (CMT-167, KP.B6.F1, MC38 or LLC)(further information regarding cell line
characteristics can be found in Table 1.2). Both cell lines used in the clonogenic
experiment are P53-null, therefore, it would be interesting to determine whether long-

term response is associated with P53 status.

In cancer cells, DDR to radiotherapy was also altered by the addition of DNA-PK
inhibition. Treatment with X-ray increased the level of yH2AX 60 minutes after
treatment, which could be abrogated upon addition of a DNA-PKi. In combination with
4Gy and 8Gy, both 0.5uM M3814 and 0.5uM Nu7441 restored yH2AX levels back to
untreated levels. This indicates that 0.5uM of either DNA-PK:i is sufficient to alter the
cells response to damage. With the higher dose, 12Gy, Nu7441 did not abrogate the

increase, while M3814 did. At this early timepoint, loss of yH2AX indicates that repair
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has been inhibited [31, 138]. The finding that DNA-PK inhibition decreases yH2AX
induced by radiotherapy agrees with the literature [30, 139]. Early yH2AX
accumulation was used to determine NHEJ inhibition due to difficulties measuring
phDNA-PK due to the lack of reliable antibodies for murine phDNA-PK (Ser2056).
Using longer timeframes, the repair kinetics of DSBs can be determined by the
quantification of yH2AX foci using immunofluorescence. In both cell lines [69, 157]
and mouse models [68], the addition of M3814 to radiotherapy has been shown to
increase the persistence of yH2AX foci over time indicating inhibition of DNA damage
repair. The ability of DNA-PKi to alter the DDR was also apparent in regard to Golgi
dynamics in response to radiotherapy. Treatment with 4Gy alone resulted in Golgi
dispersal, and this was abrogated upon the addition of 0.5uM M3814 or Nu7441. This,
too, is in accordance with the published literature [45, 140, 141] and indicates that
4Gy induces sufficient damage to trigger the DDR, while 0.5uM Nu7441 or M3814
was enough to inhibit this response. Higher X-ray doses were not used as the degree
of damage to the cell made quantification of Golgi area compared to nuclear area
unreliable, due to the accumulation of apoptotic cells with complete disruption of Golgi

architecture [163]

3.4.2. Radiotherapy and DNA-PK inhibition induces immunogenic cell
death.

The radiosensitising effect of DNA-PK inhibition has been extensively studied in the
context of cancer-cell extrinsic mechanisms, however, much less is understood about
how treated cells may interact with the surrounding TME. While we know that the
addition of DNA-PKi to radiotherapy increases cell death, it is currently unknown
whether the resulting death is accompanied by the release of DAMPs associated with
ICD. This Chapter presents evidence that both X-ray alone induces ICD, and that
addition of M3814 potentiates this effect. The levels for CRT translocation increased

in an X-ray dose-dependent manner and accumulated over time, in line with
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increasing frequency of apoptotic cells. This effect was drastically enhanced upon
addition of M3814. At 72 hours, 57% of cells treated with 8Gy+0.5uM M3814 and
72% of those with 12Gy+0.5uM M3814 were CRT positive (Figure 3.16). Interestingly,
KP.B6.F1 secretion of HMGBL1 increased with X-ray dose, but addition of M3814 had

no significant effect (Figure 3.20).

While this is not the first time that radiotherapy has been shown to induce ICD [91,
100, 164], it is the first time the addition of DNA-PK has been shown to increase CRT
translocation. Cell-surface membrane expression of CRT binds CD91 expressed on
APCs, DCs primarily but also macrophages, and triggers antigen processing and
maturation [90-92, 162]. Similarly, HMGB1 enhances DC maturation and increase
antigen presentation to T cells [96, 97]. These APCs can then prime and cross prime
tumour specific CD4* and CD8* T cells respectively and mobilise an anti-tumour
adaptive immune response. Of note, while both KP.B6.F1 and CMT-167 had a similar
frequency of apoptotic cells following treatment, apoptosis in CMT-167 was not
accompanied by CRT translocation. Mitoxantrone, a known inducer of ICD [98, 99]
also failed to elicit CRT translocation, indicating that this response is not universal.
Further work in a wider range of cell lines would help better understand the underlying

cause for this discrepancy.

3.4.3. DNA-PKi and IR increases cell surface level of PD-L1.

Increased cell surface CRT and HMGB1 indicate that cancer cells treated with X-ray
and M3814 may be capable of eliciting an immunostimulatory effect, however, the
frequency of PD-L1* cells also increased following treatment. In both CMT-167 and
KP.B6.F1 cells, the size of this population was greatest at 24 hours post 12Gy+0.5uM
M3814 treatment . This increase appeared to be transient, falling back to a similar
level of untreated by 48 hours. There is evidence that X-ray increases PD-L1

expression, and that this is enhanced by loss of NHEJ through Ku70/80 knockdown
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[152]. Interestingly, the use of Nu7441 as a single agent has been shown to reduce
PD-L1 expression in melanoma cancer cell lines [154]. Itis important to note however,
that while the proportion of PD-L1* KP.B6 increased, expression remained low in
comparison to those treated with IFNy. As such, it is difficult to determine how

biologically relevant this increase may be.

3.5. Conclusions

The results presented in this Chapter support that the addition of DNA-PKi to
radiotherapy is an attractive strategy to widen the therapeutic window of radiotherapy.
All the cell lines investigated exhibited a decrease in cell viability with X-ray plus DNA-
PKi. Of note, M3814 had a greater sensitizing effect than Nu7441, and was better
tolerated. This work determined a suitable dosing regimen for use in further
experiments. With 4Gy and 8Gy being high enough to trigger yH2AX formation and
Golgi dispersal, without being too cytotoxic as single agents. Similarly, 0.5uM Nu7441
or M3814 were found to be enough to both alter the DDR and sensitise cells to

radiotherapy. These findings lay the foundation for the rest of this Thesis.

The fate of these treated cells was cell death, identified as apoptosis, which was
accompanied by HMGBL1 release and translocation of CRT to the cell surface
membrane. Both of which are DAMPs released during ICD which increase DC uptake
of tumour antigen and subsequent presentation to T cells. However, treatment also
increased the frequency of PD-L1* cells, which would have a more
immunosuppressive effect. To better understand how these opposing effects may
change tumour cell immunogenicity and in turn whether this may improve response
to radiotherapy, in vivo experiments must be done. This aspect is explored in Chapter

5.
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4. Radiotherapy and DNA-PK inhibition activates the cGAS-
STING pathway

4.1. Introduction

While the direct effects of radiotherapy induced DNA damage is responsible for most
of its efficacy, its ability to mobilise an anti-tumour immune response also plays an
important part. There is, therefore, a need to improve our understanding and develop
strategies to maximise the immune benefits of a radiotherapy. As discussed in the
Chapter 3, in response to stress, cells can alter expression of immunomodulatory cell-
surface markers or undergo ICD, increasing antigen presentation. Another way
radiotherapy can stimulate the innate immune response is through nucleic acid
sensing pathways which trigger the release of Type | IFNs [101, 102]. The cGAS-
STING pathway is an innate immune anti-viral pathway which is initiated by cytosolic
dsDNA and results in the secretion of IFN-B to potentiate an anti-viral response.
Recently, radiotherapy has been shown to increase the levels of cytosolic double
stranded DNA (dsDNA), providing a link between DNA damage and genomic
instability with the mobilisation of an anti-tumour response. This makes the cGAS-
STING pathway an attractive therapeutic target for cancer therapy. This Chapter
investigates the effect of DNA-PK inhibition with radiotherapy on cGAS-STING
pathway activity in cancer cells, and how this response can be optimised. Chapter 5
will focus on the potential immunogenicity of this combination in syngeneic mouse

tumour models.

4.1.1. Cytosolic dsDNA triggers the cGAS-STING pathway

Whether the source is a viral infection or DNA damage, the cGAS-STING pathway is
initiated by the binding of dsDNA to cGAS in the cytoplasm, promoting a
conformational change. This enables cGAS mediated generation of cGAMP, which in

turn binds to STING on the ER membrane, promoting STING dimerisation and
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translocation to the Golgi apparatus where it phosphorylates TBK1. IRF3 is recruited
to and phosphorylated by TBK1, promoting IRF3 nuclear translocation wherein it
promotes the transcription of IFNB and inflammatory cytokines [104-106]. Once
secreted, IFNB binds IFNAR1 on cells, activating JAK-STAT mediated transcriptional
regulation of ISGs, which are associated with an anti-viral and inflammatory response
[111, 113]. A diagram showing the cGAS-STING pathway can be found in Figure 4.1

and is described further in Section 1.2.5.
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Figure 4.1. lllustration of cGAS-STING pathway and interferon stimulated
gene expression.

The cGAS-STING pathway is triggered by the binding of cytosolic dsDNA to cGAS, which in turn
catalyses the formation of cGAMP. cGAMP binds to STING on the endoplasmic reticulum resulting in
TBK1 and then IRF3 phosphorylation. IRF3 homodimers enter the nucleus and promotes transcription
of IfnB. Extracellular IFNB binds to IFNAR1 and activates the JAK-STAT pathway which results in the
transcription of interferon stimulated genes including Ccl2, Cxcl10, Ifnarl, Ifn8, Mx1, cGAS and Trex1.

Made in BioRender.
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4.1.2. DNA damage provides a source of cytosolic dsDNA

The discovery that genotoxic stress also initiates the cGAS-STING pathway provides
a clear link between the DNA damaging agents used in cancer therapy and the
immune response. Following DNA damage, dsDNA becomes cytosolic by either
leaking from the nucleus or in the form of micronuclei. During mitosis, damaged DNA
can result in aberrant chromosomal segregation, forming small nuclear bodies which
are distinct from the main nuclear body, these are micronuclei [118-120]. These
nuclear bodies are unstable, and their degradation exposes dsDNA to cytosolic
cGAS, triggering an IFNB mediated inflammatory response [104-106] (further

information can be found in Section 1.2.5.4).

While DNA damage is a trigger of the cGAS-STING pathway, the relationship
between the degree of damage and pathway activity is not linear [83, 84, 101, 103,
131, 165]. A study by Demaria et al reported that while 30Gy and 3x8Gy regimens
had similar efficacy in immunodeficient mice, in immunocompetent models, 3x8Gy
improve primary tumour response, but could also elicit an abscopal effect [165]. This
was because higher x-ray dose, 12Gy and above, increased expression of Trexl
which is an endonuclease that clears cytosolic dsDNA, preventing its binding to cGAS
[83, 84, 131, 165]. Inhibition of HR due to ATM, BRCA1 or BRCA2 depletion and the
use of PARPI have all been shown to increase cGAS-STING pathway activity [132-
135]. The relationship between loss of NHEJ and cGAS-STING signalling however,
is much less well defined. A recent study determined that treatment with radiotherapy
and M3814 induced the formation of micronuclei and increase expression of genes
associated with the cGAS-STING pathway [136]. More work is needed to better

characterise and optimise this response.
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4.1.3. Downregulation of the cGAS-STING pathway occurs in tumours

The link between genomic instability and increased innate immune response makes
developing lesions more visible to immune system and therefore, loss of cGAS-
STING pathway function in tumours cells is a means of immune evasion.
Downregulation of cGAS-STING pathway activity is commonly observed in tumours.
A study in human gastric cancer patients found 90.5% of patients to have lower levels
of STING, which correlated with poorer prognosis [5]. STING is also downregulated
in cancer cell lines of a wide variety of cancer types including prostate, lung, cervical
and colorectal cancer [124, 130, 166]. In mouse studies, STING deficient tumours
have lower levels of immune infiltration of tumours and fail to respond to immune
checkpoint blockade [130]. The prevalence of cGAS-STING pathway downregulation
limits the potential success of therapeutic approaches targeting this pathway.
Consequently, the potential success of targeting the cGAS-STING pathway will
benefit from stratification of patients to personalise treatment and strategies to restore

CGAS-STING pathway functionality.

As discussed further in Section 1.2.5.5, there are multiple mechanisms regulating
STING levels, including proteasomal degradation [167, 168], autophagy [169] and
hypermethylation [6]. Of particular interest is hypermethylation as recent reports have
indicated that the hypomethylating agent decitabine can restore cGAS-STING
signalling in cancer and increase sensitivity to immunotherapy [129, 130]. Decitabine
is currently approved by the FDA and EU for use in patients with AML [126-128]. More

detail regarding decitabine can be found in section 1.2.5.6.
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4.2. Research Aims

The aim of this Chapter is to determine the effect of DNA-PK inhibition and
radiotherapy on cGAS-STING pathway activity in cancer. To do so, cGAS-STING
pathway activity will be measured by quantifying cGAS positive micronuclei, gene
expression of ISGs and secretion of IFNB. Using KP.B6.F1 as an example of a STING
deficient cancer, this Chapter will develop a therapeutic strategy to restore STING

and thus, restore cGAS-STING pathway activity.
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4.3. Results

4.3.1. Radiotherapy in mice increases expression of genes involved in
the cGAS-STING pathway.

Following the findings by the Demaria lab in 2017 that 3 fractions of 8Gy RT (3x8Gy)
elicited a favourable anti-tumour immune response due to activation of the cGAS-
STING pathway[83], this regimen was investigated in the non-immunogenic NSCLC
model, KP.B6.F1. KP.B6.F1 cells were injected intravenously to form orthotopic
tumours in the lungs. Ten days later, mice were irradiated with 1x8Gy. This
radiotherapy was performed using the Small Animal Research Platform (SARRP),
using a CT scan of each mouse for accurate dose planning, and targeting. The
platform enabled targeting of just the right lung, leaving the left lobes untouched, to
investigate any abscopal effects. Mice were assigned to receive either 1x8Gy or
3x8Gy, with one day between each dose. The lungs and TDLNs were collected either
72 hours or one week after last dose of radiotherapy. In this tumour model, multiple
tumour foci are formed in the lungs, rather than a single dissectible mass, therefore,
the entire lungs and tumour draining lymph nodes (TDLNs) were harvested and
processed into single cell suspension from which mRNA was extracted and analysed
by gRT-PCR the gene expression of Ccl2, Cxcl10, Isg20, Mx1, Ifng, Ifnar1, cGas and

Trex1. This experimental plan is shown in Figure 4.2.
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Figure 4. 2. Experimental plan for in vivo KP.B6.F1 radiotherapy experiment.

lllustration showing the experimental plan to compare the effects of 1x8Gy or 3x8Gy in KP.B6.F1 lung

cancer mouse model.

Compared to untreated mice, there was a significant increase in Ccl2 expression in
both the irradiated (7.5-fold)(Bonferroni’s, p=0.0005) and non-irradiated lungs (5.9-
fold)(Bonferroni’s, p=0.0089) one week after treatment with 3x8Gy (Figure 4.3 A). The
irradiated lung had significantly higher levels of Ccl2 than those one week after
treatment with 1x8Gy (Bonferroni’'s, p=0.0053), and 72 hours after 3x8Gy
(Bonferroni’'s, p=0.0488). There was no significant difference between irradiated and

non-irradiated lungs one week after 3x8Gy (Figure 4.3 A).

Interestingly, this effect was not observed in the expression of another chemokine,
Cxcl10 (Figure 4.3 B). Instead, there was a 2.9-fold increase in Cxcl10 expression in
irradiated lungs 72 hours following 1x8Gy treatment compared to untreated mice
(Bonferroni’'s, p= 0.0023). This increase in Cxcl10 expression was significantly
greater than irradiated lungs of mice receiving 3x8Gy at both 72 hours (Bonferroni’s,

p=0.0207) and one week (Bonferroni’s, p=0.0005)(Figure 4.3 B).
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Figure 4. 3. Radiotherapy alters the expression of Ccl2 and Cxcl10 genes.

KP.B6.F1 lung cancer model were giving 1x8Gy or 3x8Gy using CT-guided radiotherapy to target only
the right lung. Lung tissue was collected 72 hours or 1 week after last radiotherapy dose, mRNA
extracted, and gRT-PCR performed to determine gene expression of Ccl2 and Cxcl10. Data is shown
for both lung and each individual mouse. Data from one independent experiment with 3 mice per group,
except at 72 hours due to poor mRNA quality. Dashed line indicates a 2-fold increase. Average of all
conditions analysed by one-way ANOVA followed by Bonferroni’'s multiple comparison test.
Comparisons between left and right lung of same treatment conditions performed using two-way paired

T test; *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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Next, IfnB expression was investigated. IFNB is an important product of the cGAS-
STING pathway activity and plays vital role in recruitment and maturation of the innate
immune arm [103]. Gene expression of /fnf was 6.8-fold higher in irradiated lungs 72
hours following treatment with 1x8Gy compared to untreated (Bonferroni’s,
p=0.0012)(Figure 4.4 A). There was no significant difference between the irradiated
and non-irradiated lungs 72 hours post 1x8Gy. Gene expression of Ifnarl, the

receptor for /fnB, remained unchanged throughout treatment (Figure 4.4 B).

Additionally, the interferon stimulated genes (ISGs) were evaluated. Following
successful binding of IFNB to IFNAR1, these genes are upregulated [170]. The
expression of two I1SGs, 1sg20 and Mx1, were measured to determine cGAS-STING
pathway activity (Figure 4.5 A&B). There was no change in the expression of 1sg20
in response to irradiation (Figure 4.5 A). There was, however, a significant 2.9-fold
increase of Mx1 gene expression in irradiated lungs 72 hours after 1x8Gy compared

to untreated (Bonferroni’s, p=0.0346)(Figure 4.5 B).
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Figure 4. 4. Expression of Ifnf3 increases 72 hours following 1x8Gy radiotherapy.

KP.B6.F1 lung cancer model were giving 1x8Gy or 3x8Gy using CT-guided radiotherapy to target only
the right lung. Lung tissue was collected 72 hours or 1 week after last radiotherapy dose, mRNA
extracted, and qRT-PCR performed to determine gene expression of Ifn3 and Ifnar1. Data is shown for
both lung and each individual mouse. Data from one independent experiment with 3 mice per group,
except at 72 hours due to poor mRNA quality. Dashed line indicates a 2-fold increase. Average of all
conditions analysed by one-way ANOVA followed by Bonferroni’'s multiple comparison test.
Comparisons between left and right lung of same treatment conditions performed using two-way paired
T test; *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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Figure 4. 5. Expression of Mx1 increases 1 week post 1x8Gy radiotherapy.

KP.B6.F1 lung cancer model were giving 1x8Gy or 3x8Gy using CT-guided radiotherapy to target only
the right lung. Lung tissue was collected 72 hours or 1 week after last radiotherapy dose, mRNA
extracted, and qRT-PCR performed to determine gene expression of Isg20 and Mx1. Data is shown for
both lung and each individual mouse. Data from one independent experiment with 3 mice per group,
except at 72 hours due to poor mRNA quality. Dashed line indicates a 2-fold increase. Average of all
conditions analysed by one-way ANOVA followed by Bonferroni’'s multiple comparison test.
Comparisons between left and right lung of same treatment conditions performed using two-way paired

T test; *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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Gene expression of two important regulators of the cGAS-STING pathway were
looked at (Figure 4.6 A&B). These were cGAS and the endonuclease Trexl, a
negative regulator of the cGAS-STING pathway [83, 131]. One week following 3x8Gy
treatment, there was a 2.9-fold increase in cGas expression — interestingly this
occurred in the non-irradiated lung (Bonferroni’s, p=0.0411). This elevated level of
cGas gene expression in the non-irradiated lung was significantly greater than the

irradiated lung of the same mouse (pair T-test, p=0.0495)(Figure 4.6 A).

In lungs receiving 1x8Gy, one week post treatment there was a 1.9-fold increase in
Trex1 gene expression compared to untreated (Bonferroni’s, p=0.0295)(Figure 4.6
B). This was also a 2.1-fold increase compared to irradiated lungs receiving the higher

dose, 3x8Gy, at the same timepoint (Bonferroni’s, p=0.0344)(Figure 4.6 B).
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Figure 4. 6. Radiotherapy alters the expression of cGas and Trex1 genes.

KP.B6.F1 lung cancer model were giving 1x8Gy or 3x8Gy using CT-guided radiotherapy to target only
the right lung. Lung tissue was collected 72 hours or 1 week after last radiotherapy dose, mRNA
extracted, and qRT-PCR performed to determine gene expression of cGas and Trex1. Data is shown
for both lung and each individual mouse. Data from one independent experiment with 3 mice per group,
except at 72 hours due to poor mRNA quality. Dashed line indicates a 2-fold increase. Average of all
conditions analysed by one-way ANOVA followed by Bonferroni’'s multiple comparison test.
Comparisons between left and right lung of same treatment conditions performed using two-way paired

T test; *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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4.3.2. Treatment with M3814 and X-ray increases the formation of cGAS
positive micronuclei in KP.B6.F1 cells.

The in vivo gRT-PCR experiment indicates there may be activation of the cGAS-
STING pathway based on increased gene expression of /fn8, Mx1, Ccl2 and Cxcl10.
Previous work has shown that DNA damage in tumour cells can activate this pathway
[101-103]. Due to the complexity of the tumour microenvironment, in vitro assays
were performed to better understand whether DNA damage induced by X-ray and
DNA-PK inhibition may activate the cGAS-STING pathway. Aberrant mitosis due to
DNA damage increases the formation of small nuclear bodies which are independent
of the main nuclear body, these are micronuclei [15, 121]. These small, micronuclear
bodies are unstable and as they begin to degrade, dsDNA is exposed to the
cytoplasm and bind cGAS and activate the cGAS-STING pathway [118-120, 171]. To
quantify micronuclei, an immunofluorescence was performed on KP.B6.F1 cells
treated with 4Gy in combination with 0.5uM Nu7441 or 0.5uM M3814 for 24 hours.
These cells were fixed and stained with phalloidin, to allow discrimination between
different cells, Hoechst and cGAS. Using confocal microscopy, the number of
micronuclei (MN) and whether they were cGAS positive or negative was quantified
for each cell. In this experiment, only 4Gy was used as 8Gy alone induces excessive
damage that the nuclear bodies cannot reliably be assessed. A micronucleus was
defined as a nuclear body smaller than a third of the main nuclear body, and fully
separate from the main nuclear body. An example of both a positive and negative

micronucleus is shown in Figure 4.6 A.

The percentage of cells with at least one micronucleus was significantly influenced
by X-ray treatment (two-way ANOVA, p<0.0001) and by the addition of DNA-PK
inhibition (two-way ANOVA, p=0.0495)(Figure 4.7 B). There was also significant
synergy between X-ray and DNA-PKi (two-way ANOVA, p=0.0049). Just 7.6% (+6.2)

of untreated cells had one or more micronuclei which rose to 42.9% (+9.3) with 4Gy
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alone (Bonferroni’'s, p<0.0001). Addition of M3814 to X-ray alone increased the

percentage of MN positive cells by 17.6% (Bonferroni’s, p=0.0057)(Figure 4.7 B).

The average number of micronuclei per micronucleated cell also significantly
changed between treatment groups (Figure 4.7 C). Combination of DNA-PKi and X-
ray was synergistic (two-way ANOVA, p=0.0178). Following treatment with 4Gy there
were 1.7 (x0.2) MN per MN" cells which significantly increased to 2.2 (+0.1) with

4Gy+0.5uM M3814 (Bonferroni’s, p<0.018)(Figure 4.7 C).

While the frequency of MN changed with treatment, so too did the frequency of cGAS*
MN (Figure 4.7 D). Treatment with DNA-PKi and X-ray was synergistic (two-way
ANOVA, p=0.0376). In 4Gy treated cells, 5% had a cGAS* MN. This rose significantly
to 12.0% (x2.5) following 4Gy+0.5uM M3814 treatment (Bonferroni’s,
p=0.0028)(Figure 4.7 D). Representative images are shown in Figure 4.7 E. Together,
these experiments determined that radiotherapy increased the formation of
micronuclei and this was further increased with M3814. Considering evidence that the
frequency of cGAS® increase, it was determined that treatment had the potential to

trigger the cGAS-STING pathway.
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Figure 4. 7. Treatment with IR+DNA-PKi increases the frequency of micronuclei and
cGAS+ micronuclei.

KP.B6.F1 cells were treated with 0.5uM Nu7441 or 0.5uM M3814 and one hour later 4Gy IR. Twenty-
four hours later cells were fixed and stained using phalloidin, Hoechst and cGAS. Using confocal
microscopy, images were obtained and the number of MN and cGAS* MN counted per cell. (A) Example
of a cGAS* and cGAS™ MN. (B) % of cells with 21 MN. (C) Average number of MN per MN* cell. (D) %
of cells with 21 cGAS* MN. (E) Representative images. Data from three independent experiments
presented as average+SEM and analysed by two-way ANOVA followed by Bonferroni’'s multiple
comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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4.3.3. Thereis no increase in downstream cGAS-STING pathway activity.
The presence of cGAS™ MN provides stimuli for cGAS-STING pathway activation.
Therefore, evidence for downstream pathway activity was measured. To do so, qRT-
PCR was performed to determine the gene expression of IfnB, Ifnar1 and Sting in
KP.B6.F1 cells 24- and 48-hours following treatment with 4Gy, 8Gy or 12Gy. There
was no change in the expression of any of these genes at either 24 or 48 hours
(Figure 4.8 A&B). This experiment was repeated in CMT-167 cells (Figure 4.8 C&D).
There was no significant change in the expression of Ifnf or Ifnar1 at either 24 or 48
hours. The expression of Sting, however, was significantly influenced by X-ray
treatment at both 24 hours (one-way ANOVA, p=0.0034) and 48 hours (one-way
ANOVA, p=0.002). At 24 hours, 12Gy resulted in a 1.9-fold increase relative to
untreated cells (Bonferroni’s, p=0.0036). At 48 hours, there was a significant 1.6-fold
increase with 8Gy treatment (Bonferroni’s, p=0.0336) and a 1.9-fold increase with
12Gy (Bonferroni’'s, p=0.0172)(Figure 4.8 C&D). While these are statistically
significant, these increases are small and the lack of changes to the other two genes,
does not allow us to definitively confirm downstream activity of the cGAS-STING

pathway.

Figure 4. 8. Radiotherapy increases Ifn, Ifnar1 and Sting expression in CMT-167 but
not KP.B6.F1 cells.

Next page. CMT-167 and KP.B6.F1 cells were treated with 4Gy, 8Gy or 12Gy IR. mRNA was collected
24 and 48 hours later and gRT-PCR performed to determine gene expression of IfnB, Ifnar1 and Sting.
(A) 24 hours post X-ray in KP.B6.F1 cells. (B) 48 hours post X-ray in KP.B6.F1 cells. (C) 24 hours
post X-ray in CMT-167 cells. (D) 48 hours post X-ray in CMT-167 cells. Data from three independent
experiments. Dashed line indicates a 2-fold increase. Average of all conditions analysed by one-way
ANOVA followed by Bonferroni’s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001
****p<0.0001.
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4.3.4. Characterisation of cGAS-STING pathway in bone-marrow derived
macrophages and murine cancer cell lines.

The disconnect between initiation of the cGAS-STING pathway, demonstrated by
increased frequency of MN and cGAS™ MN, and lack of evidence of downstream
pathway activity as measured by gRT-PCR, required more investigation. To evaluate
the cGAS-STING pathway transduction in cancer cells, cGAS-STING pathway
activity in response to well-known stimulators of the pathway was analysed in bone-
marrow derived macrophages (BMDMs) and a variety of murine cancer cells lines
including B16, CMT-167, CT26, KP.B6.F1, LLC and MC38. These cells were
transfected  with  cGAMP, interferon  stimulatory  DNA  (ISD) or
Polyinosinic:polycytidylic acid (Poly(I:C)). cGAMP directly activates the cGAS-STING
pathway [172] and ISD provides cytosolic dsDNA to initiate the pathway [173].
Poly(l:C) is a synthetic dsRNA analogue which when detected in the cytoplasm by
retinoic acid inducible gene 1 (RIG-1) or melanoma-differentiation-associated gene 5
(MAD5) results in upregulation of IFNB [174, 175]. 24 hours after treatment,
conditioned media was collected and IFNf concentration measured using an ELISA.
The resulting concentrations are shown for each cell line in Figure 4.9. There was a
high degree of variation of response between the different cell lines. Importantly, none
of the treatments elicited the release of IFNB in KP.B6.F1 cells (Figure 4.9 D), and
little in CMT-167 cells (Figure 4.9 B). Although there was a small amount of IFNf
secreted by CMT-167 cells in response to Poly(l:C) treatment which, although
significantly greater than untreated, amounted to just 0.14pg/mL (+0.06)(Bonferroni’s,
p=0.0018). Of the six cell lines tested, CT26 and MC38 were the most responsive.
The concentration of IFNB in the conditioned media of CT26 cells increased in
response to treatment with cGAMP, ISD and Poly(1:C), although only Poly(l:C) elicited
a statistically significant increase relative to control of 1807pg/mL
(x147.8)(Bonferroni’s, p<0.0001)(Figure 4.9 C). Following treatment with ISD, MC38

released IFNP to a concentration of 15.9pg/mL (+4.4), with cGAMP this was 7.6pg/mL
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(x1.4) and Poly(l:C) this was 232.1pg/mL (£29.1), although only Poly(l:C) was
statistically different to untreated cells (Bonferroni’s, p<0.0001)(Figure 4.9 F). Based
on this, KP.B6.F1 was classified as a cGAS-STING deficient cancer cell line and
would therefore be unable to produce IFNB despite evidence of cGAS™ micronuclei

as demonstrated in Figure 4.7.
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Figure 4. 9. There is variability of IFNB release between different cancer cell lines
following cGAS-STING pathway stimulation.

Cells were transfected with 2.15pug/mL cGAMP, 5ug/mL ISD or 5ug/mL Poly(1:C) for 24 hours. At
which point conditioned media was collected and an ELISA performed to quantify IFNf release. (A)
B16 (B) CMT-167 (C) CT26 (D) KP.B6.F1 (E) LLC (F) MC38 (G) BMDMs. Data from three

independent experiments presented as average+SEM and analysed by one-way ANOVA followed by

Bonferroni’s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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Developing mechanisms of immune evasion is a key turning point in tumorigenesis.
Better understanding of how this may occur, with the aim of restoring visibility of
cancer cells to the immune system is of interest. To better understand what may
underpin the variation of cGAS-STING pathway activity between cancer cell lines,
immunoblots were performed to quantify key components of the pathway (Figure
4.10)[176]. The proteins investigated were cGAS, STING, IRF3 and TBKL1. First, the
levels of cGAS and STING varied between cell lines. In LLC cells, cGAS was not
detected, while KP.B6.F1 cells were STING deficient (Figure 4.10 A). There was also
variation in the levels of IRF3 and TBK1 between the cell lines, although none were

completely lacking (Figure 4.10 B&C).
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Figure 4. 10. KP.B6.F1 cells are STING deficient.

Immunoblot performed on murine cancer cell lines staining for (A) cGAS, STING and calnexin (loading
control)(B) IRF-3 and calnexin (loading control)(C) TBK1 and a-tubulin (loading control). Blots are

representative images of 3 biological repeats
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4.3.5. Decitabine treatment restores STING and cGAS-STING pathway
activity in KP.B6.F1 cells.

The lack of STING in KP.B6.F1 cells may explain its lack of IFNB release despite
treatment with cGAS-STING agonist. There is evidence for STING degradation by
autophagy and the ubiquitin-proteasome pathway, or through reduced transcription
due to promotor hypermethylation [129, 130, 177]. Therefore, experiments were
conducted to determine whether inhibition of these mechanisms may restore STING
levels in KP.B6.F1 cells. Bafilomycin, an autophagy inhibitor, and MG132, a
proteasome inhibitor, had no effect on STING protein levels in a range of different
concentrations and incubations times (Figure 4.11 A&B). The hypomethylating agent
decitabine (DAC), however, restored STING levels in KP.B6.F1 (Figure 4.11 C&D).
The greatest STING increase occurred with incubation of 100nM decitabine for 10

days and therefore, this treatment was chosen for further studies (Figure 4.11 D).
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Figure 4. 11. Decitabine treatment restores STING protein levels in KP.B6.F1 cells.

Immunoblot staining for STING and calnexin (loading control) in response to different treatments. (A) 4,
8 or 24 hours of 50uM, 100uM or 250uM Bafilomycin. (B) 4, 8 or 24 hours of 5uM, 10uM or 50uM MG-
132 (C) 4, 8 or 24 hours of 100nM decitabine (D) 10 days of 100nM or 200nM decitabine. Blots are

representative images of 3 biological repeats.
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A time course was performed with a range of DAC doses (25nM, 50nM, 100nM and
250nM) over 18 days determine the dynamics of STING increase in KP.B6.F1 cells
and optimise conditions for further experiments. This was performed using an
immunoblot, staining for STING and DNA methyltransferase 1 (DNMT1)(Figure 4.12).
DNMT1 is an enzyme responsible for hypermethylation of genomic regions. DAC is
a synthetic nucleic acid which is incorporated into DNA during replication [178]. When
DNMT1 targets DAC in DNA for methylation DNA it is irreversibly bound and targeted
for degradation [178, 179]. Therefore, DNMTL1 levels provide a readout for DAC
activity. With 100nM and 250nM treatment, DNMT1 initially decreases, at 10 days
DNMT1 increased to similar levels to untreated (Figure 4.12 A). The largest increases

were observed after 10 days of decitabine (Figure 4.12 B).
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Figure 4. 12. Treatment with 100nM DAC reduces DNMTL1 by day 8 at which point
STING increases.

KP.B6.F1 cells were treated with 25nM, 50nM, 100nM or 250nM for 18 days. Lysate was collected every
two days and an immunoblot performed to determine levels of (A) DNMT1 and calnexin (loading

control)(B) STING and calnexin (loading control). Blots are representative images of 3 biological
repeats.
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DAC is an FDA approved treatment for CMML [127], and used off-label for the
treatment of AML in elderly patients [126, 128]. Recently, DAC has been reported to
have a synergistic effect in combination with immunotherapy [180]. This prompted
further investigation into how the addition of DAC to X-ray and DNA-PKi may influence

tumour cell immunogenicity.

A proliferation inhibition experiment was performed on cells treated with a range of
decitabine doses to identify a non-toxic, STING restoring, dose. Treatment with
1000nM decitabine was highly toxic (Figure 4.13). All other doses initially decreased
proliferation, which then began to increase shortly after. Cells treated with 50nM,
100nM and 250nM hit their lowest points at day six with a % proliferation relative to
untreated of 73.7% (£1.3), 57.3% (x2.4) and 42.3% (£2.4), respectively. In cells
treated with 50nM or 100nM decitabine, a normal level of proliferation was restored
on day 12, whereas 250nM did not until day 18 (Figure 4.13). Therefore, treatment of
100nM decitabine for 10 days was selected as the optimum regimen to restore STING

levels without excessive cytotoxicity.
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Figure 4. 13. Dose-dependent effect of decitabine (DAC) on KP.B6.F1 cell
proliferation.

KP.B6.F1 cells were treated with 10nM, 25nM, 50nM, 100nM, 250nM, 500nM or 1000nM decitabine for
18 days. Every two days cells were collected and seeded in a 96 well plate for SRB staining after two

days. Data from three independent experiments presented as average+zSEM.
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These experiments identified 100nM decitabine as an appropriate dose to restore
STING protein levels in KP.B6.F1 cells without causing cytotoxicity, and therefore
was selected to be used for further experiments. Following the finding that KP.B6.F1
cells did not release IFNB following stimulation with cGAMP, ISD or Poly(l:C), the
effect of 100nM decitabine treatment on response to cGAS-STING agonists was
assessed (Figure 4.14). KP.B6.F1 cells were treated for 5 days with 100nM
decitabine, at which point they were reseeded. After 24 hours, cells were transfected
with cGAMP, ISD or Poly(l:C), conditioned media was collected 24 hours later, and
an ELISA performed. As in Figure 4.8, KP.B6.F1 cells without decitabine, did not
respond to cGAMP, ISD or Poly(I:C) treatment. On the other hand, KP.B6.F1 cells
treated with 6 days of 100nM decitabine responded. Treatment with cGAMP in
decitabine treated cells resulted in an IFNB concentration of 4.5pg/mL (+1.9), which
was significantly greater than both untreated cells and decitabine alone cells
(Bonferroni’s, p=0.0189 both). ISD induced IFNJB release to the concentration of
9.7pg/mL (x2.8). This too was significantly greater that untreated and decitabine
alone cells (Bonferroni’s, p<0.0001 both), but also greater than cGAMP treatment in
DAC treated cells (Bonferroni’'s, p=0.005). The largest response was seen with
Poly(I:C) treatment which increased the IFNB concentration to 24.3pg/mL (£2.5).
Again , this was significantly larger than untreated and decitabine alone cells
(Bonferroni’s, p<0.0001 both), but also higher than cGAMP (Bonferroni’s, p<0.0001)

or ISD (Bonferroni’s, p<0.001) in decitabine treated cells (Figure 4.14).
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Figure 4. 14. Decitabine treated KP.B6.F1 cells release IFNB in response to
stimulation.

KP.B6.F1 cells were treated with 100nM DAC for 6 days, and then transfected with 2.15ug/mL
CGAMP, 5ug/mL ISD or 5ug/mL Poly(1:C) for 24 hours. Finally, conditioned media was collected, and
an ELISA performed to quantify IFNP release. The induction of IFN secretion in MC38 cells was used
as positive control. Data from three independent experiments presented as average+SEM and
analysed by one-way ANOVA followed by Bonferroni’s multiple comparison test: *p<0.05, **p<0.01,
*#4<0.001 ****p<0.0001.

Following the determination that decitabine restored cGAS-STING pathway activity in
the previously deficient KP.B6.F1, next cGAS-STING pathway activity was
investigated in response to X-ray and M3814 treatment. This experiment was
performed using MC38 cells, untreated KP.B6.F1 cells and decitabine-treated
KP.B6.F1 cells. To determine pathway activity, gene expression of IFNB was
assessed by gRT-PCR 24 hours after treatment with 8Gy and 0.5uM M3814 (Figure
4.15). In MC38 cells, treatment with 8Gy alone increased IFNS expression 2.6-fold
(Bonferroni’'s, p=0.0089)(Figure 4.15 A). Treatment with 8Gy+0.5uM M3814

increased IFNB expression further still to 4.2-fold greater than untreated. This was
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significantly greater than both untreated (Bonferroni’'s, p<0.0001) and 8Gy alone

(Bonferroni’'s, p=0.0065)(Figure 4.15 A).

In normal KP.B6.F1 treated cells, there was no change in the gene expression of
IFNB in response to treatment (Figure 4.15 B). However, in cells treated with 6 days
of 100nM decitabine, treatment with 8Gy alone increased IFNB gene expression 1.9-
fold compared to control (Bonferroni’s, p=0.008). Addition of 0.5uM M3814 to 8Gy
increased this further to 2.2-fold greater than decitabine alone (Bonferroni’s,
p=0.0006)(Figure 4.15 B). This indicates that X-ray and X-ray in combination with
M3814 activates the cGAS-STING pathway activity in MC38 and decitabine-treated

KP.B6.F1 cells, but not untreated KP.B6.F1 cells.
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Figure 4. 15. MC38 and decitabine-treated KP.B6.F1 cells increase Ifnf3 gene
expression following treatment with IR+M3814.

Cells were treated with 0.5uM M3814 and one hour later with 8Gy. Twenty-four hours later, mMRNA
was extracted, and qRT-PCR was performed to determine gene expression of Ifn8 . (A) MC38 cells
(B) KP.B6.F1 untreated cells and KP.B6.F1 cells after 6 days of 100nM decitabine. Data from three
independent experiments. Dashed line indicates a 2-fold increase. Average of all conditions analysed
by one-way ANOVA followed by Bonferroni’s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001
*rx<0.0001.
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4.3.6. Decitabine treatment alters the surface levels of
immunomodulatory molecules in KP.B6.F1 cells.

The previous work provides evidence that decitabine can restore cGAS-STING
pathway activity in KP.B6.F1 cells. However, this effect is not STING specific.
Decitabine hypomethylates CpG islands and therefore the effect of decitabine on
gene expression of other immunomodulatory molecules was explored. These include
those discussed in Chapter, 3: MHC Class I, MHC Class Il and PD-L1. KP.B6.F1 cells
were treated with 100nM decitabine for 5 days, at which point they were reseeded
and 24 hours later treated with 1ug/mL IFNy for a further 24 hours. At this point, cells

were collected, and flow cytometry performed (Figure 4.16).

In untreated cells, addition of IFNy significantly increased the frequency of MHC Class
I* cells from 0.43% (£0.3) to 98.3% (£2.2)(Bonferroni’s, p<0.0001)(Figure 4.16 A).
IFNy had a similar effect on decitabine treated cells, increasing the frequency of MHC
Class I" cells from 38.5% (£3.6) to 97.0% (+2.3)(Bonferroni’s, p<0.0001). While there
was an increase in the percentage of MHC Class I* cells in decitabine treated
KP.B6.F1 cells, this was only a small shift in the MFI of cells which was not statistically

significant (Figure 4.16 A).

Next, MHC Class Il was evaluated (Figure 4.16 B). In decitabine treated cells there
was a significant increase in the frequency of MHC Class II* cells upon addition of
IFNy from 0.42% (+0.9) to 14.4% (£5.1)(Bonferroni’s, p=0.0004). This was also
greater than untreated cells treated with IFNy (Bonferroni’s, p=0.0027). The MFI of
MHC Class Il was also affected by treatment. While the frequency of MHC Class II*
cells was not significantly changed in untreated cells upon addition of IFNy, the MFI
did (Bonferroni’s, p=0.0007). Treatment with IFNy also significantly increased the MFI
in decitabine treated cells (Bonferroni’s, p<0.0001). Furthermore, IFNy combined with
decitabine induced 1.6-fold higher MFI of MHC Class Il than IFNy treatment alone

(Bonferroni’'s, p=0.0324)(Figure 4.16 B).

144



Finally, the surface levels of PD-L1 were assessed (Figure 4.16 C). The frequency of
PD-L1* untreated cells increased from 1.5% (+0.3) to 99.5% (+£0.4) upon addition of
IFNy (Bonferroni’'s, p<0.0001). In decitabine treated cells, the % of PD-L1* cells
increase 2.4-fold from 40.5% (x1.1) to 98.9% (£0.4) upon addition of IFNy
(Bonferroni’'s, p<0.0001). There was a significant difference of 39.0% between
untreated cells and those treated with decitabine alone (Bonferroni’s, p<0.0001). The
MFI of PD-L1 in untreated or decitabine alone treated cells remained low. Addition
of IFNy to decitabine treated cells increased the MFI 5.6-fold compared to decitabine
alone (Bonferroni’s, p=0.0003). Furthermore, PD-L1 MFI of IFNy and decitabine
treated cells showed a 3.0-fold increase relative to IFNy alone (Bonferroni’s,

p=0.0015)(Figure 4.16 C).
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Figure 4. 16. Decitabine treated KP.B6.F1 cells have higher levels of MHC Class |,
MHC Class Il and PD-L1.

KP.B6.F1 cells were treated with 100nM decitabine for 6 days. 1ug/mL IFNy was administered for 24
hours. Cells were collected and stained using conjugated antibodies and the % of viable cells and MFI
calculated. The resulting histograms are also shown. The cells were stained for (A) MHC Class | (B)
MHC Class Il (C) PD-L1. Joint data of three independent experiments are presented as average+SEM
and analysed by one-way ANOVA followed by Bonferroni's multiple comparison test: *p<0.05, **p<0.01,
***p<0.001 ****p<0.0001.
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It has been shown that decitabine can increase the surface levels of other
immunomodulatory molecules including CD40, CD80 and CD86 [181, 182].

Therefore, these were investigated (Figure 4.17).

CD40 is a co-stimulatory molecule typically found on antigen present cells (APCs) but
can also be upregulated on tumour cells. In untreated cells, the % of CD40" cells were
just 0.15% (+£0.09)(Figure 4.17 A). This rose significantly to 3.4% (+£0.8) in decitabine
alone treated cells (Bonferroni’'s, p=0.0012). The MFI of CD40 was 2.2-fold greater in
decitabine treated cells than untreated (Bonferroni’'s, p=0.0246)(Figure 4.17 A). CD80
is another marker typically found on APCs, it binds to CD28 and CTLA-4 on T cells to
modulate their function and activity. The % of CD80" cells increased to 3.5% (+0.6)
in decitabine treated cells compared to 0.1% (£0.1) in untreated cells (Bonferroni’s,
p=0.0091)(Figure 4.17 B). Addition of IFNy to untreated cells had no significant
influence on the % of CD80* cells, however its addition to decitabine treated cells
increased the proportion of CD80* cells from 3.5% (x0.6) to 17.9%
(£1.9)(Bonferroni’s, p<0.0001). The MFI of CD80 in decitabine treated cells also
increased 2.9-fold with the adding of IFNy (Bonferroni’s, p=0.0057). However, it is
important to note that this increase produced a small shoulder in the CD80 histogram

rather that a distinct bimodal population (Figure 4.17 B).

Like CD80, CD86 is normally expressed on APCs and binds to CD28 and CTLA-4,
but with lower affinity. The frequency of CD86" cells increased from 0.14% (+0.1) in
untreated cells to 5.1% (£1.1) in cells treated with decitabine (Bonferroni’s,
p=0.0037)(Figure 4.17 C). The difference between untreated cells and decitabine was
also observed in their MFI, in which treatment with decitabine increase MFI 15.3-fold

(Bonferroni’'s, p=0.0004)(Figure 4.17 C).
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Figure 4. 17. Decitabine treated KP.B6.F1 cells have higher levels of CD40, CD80 and
CD86.

KP.B6.F1 cells were treated with 100nM decitabine for 6 days. 1ug/mL IFNy was administered for 24
hours. Cells were collected and stained using conjugated antibodies and the % of viable cells and MFI
calculated. The resulting histograms are also shown. The cells were stained for (A) CD40 (B) CD80 (C)
CD86. Joint data of three independent experiments are presented as averagexSEM and analysed by
one-way ANOVA followed by Bonferroni’'s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001
**p<0.0001.
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4.4. Discussion

4.3.1. Radiotherapy of tumour-bearing lungs in vivo increases
expression of genes associated with the cGAS-STING pathway

Initial in vivo experiments identified increased gene expression indicative of cGAS-
STING pathway activity in lungs treated with radiotherapy. This included upregulation
of Cxcl10 and IfnB 72 hours after 1x8Gy, Mx1 one week after 1x8Gy and Ccl2 one
week after 3x8Gy. These results are cohesive with that of the DeMaria study in which
increased gene expression of IfnB, Mx1, Ccl2, and Cxcl10 was observed 24 hours
post 3x8Gy radiotherapy [83]. Furthermore, there are limitations of the tumour model
used for this experiment. Tumour cells are injected into the tail vein where they enter
circulation and colonise the lungs. This creates numerous tumour foci in the lungs,
rather than a single dissectible mass. Therefore, gRT-PCR was performed with RNA
obtained from single cell suspension of the entire lungs and therefore, is not exclusive
to the tumour. This means that other cells, innate immune cells which are key
providers of IFNB, may be responsible for this increase in cGAS-STING gene

expression rather than the cancer cells themselves.

4.3.2. The cGAS-STING pathway is downregulated in KP.B6.F1 cells.

To better understand what may be occurring in KP.B6.F1 cells following radiotherapy,
experiments were then conducted in vitro. X-ray increased the formation of
micronuclei from 7.6% in untreated cells up to 42.5% with 4Gy alone and further still
to 52.9% with 4Gy+0.5uM M3814 (Figure 4.7 B). Additionally, the average number of
these structures per cell increased from 1.1 in untreated to 2.2 following 4Gy+0.5uM
M3814 treatment (Figure 4.7 C). These results indicate that addition of M3814

increases DNA damage in cells and could provide a source of cytosolic dsDNA.

The ability of radiotherapy to increase the formation of micronuclei has previously
been demonstrated [171, 183-185]. Therefore, these findings indicate that the

addition of M3814 to radiotherapy increases the level of DNA damage, resulting in
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the formation of more micronuclei. Not only do these micronuclei bodies indicate
DNA-damage, but they also provide a source of cytosolic dsSDNA that cGAS can bind.
This was supported by the finding that 7.4% of cells treated with 4Gy+0.5uM M3814
treatment had cGAS positive micronuclei (Figure 4.7 D). A recent study by Carr et al
also found that addition of 1uM M3814 to 5Gy increased the frequency of cGAS
positive micronuclei [136]. However, in the study by Carr et al, analysis of downstream
signal transduction, including IRF3 and TBK1 phosphorylation, was also observed
[136]. In contrast, here, despite apparent initiation of the cGAS-STING pathway, as
indicated by cGAS®™ micronuclei, in KP.B6.F1 cells treated with M3814 and
radiotherapy, there was no evidence of downstream cGAS-STING pathway activity,
as measured by gene expression of ISGs and secretion of IFNB (Figure 4.15 B & 4.8

respectively).

As the emerging picture of the role of cGAS-STING pathway in cancer develops, it
has been demonstrated that downregulation of cGAS-STING is a method of immune

evasion that tumours employ.

Therefore, the production of IFNB in a range of murine cancer cell lines and BMDMs
was analysed in response to cGAS-STING pathway agonists and Poly(l:C). This
showed a high degree of variation in the response to cGAS-STING pathway agonist.
Indeed, of the six cell lines investigated only half (CT26, LLC and MC38) released
IFNB in response to cGAS-STING pathway activation with ISD or cGAMP. Critically,
KP.B6.F1 did not respond. Analysis of components of the cGAS-STING pathway

using immunoblotting identified a deficiency of STING in KP.B6.F1 cells (Figure 4.10).

4.3.4. Decitabine increases the immunogenicity of KP.B6.F1 cancer cells
In this work, decitabine was shown to significantly increase STING expression in
KP.B6.F1 cells. Following decitabine treatment, KP.B6.F1 cells treated with ISD,
cGAMP and Poly(I:C) released IFNB. This was a striking difference to cells not treated

with decitabine, which had no detectable release of IFNB (Figure 4.14). Following
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treatment with 8Gy+0.5uM M3814, gene expression of IFNG was increased 2-fold in
decitabine treated KP.B6.F1 cells (Figure 4.15). Together, this work indicates that
decitabine restores cGAS-STING pathway activity in the STING deficient KP.B6.F1

cell line and therefore, may increase immunogenicity.

As a hypomethylating agents, the effects of decitabine are not specific to the STING
promotor region. Therefore, changes to the levels of other immunomodulatory
molecules were also investigated. Decitabine treatment increased the frequency
KP.B6.F1 cells positive for MHC Class I, MHC Class Il, PD-L1, CD40, CD80 and
CD86. However, while these populations grew there were only visible MFI shifts for
MHC Class |, PD-L1 and CD86. In the context of increased IFN due to cGAS-STING
pathway activity, increased expression of MHC Class | and CD86 could all combine
to further improve dendritic cell antigen uptake. The increase in PD-L1 could point to
a beneficial future combination of decitabine and therapies targeting the PD-1/PD-L1
axis. Indeed, a phase Il clinical trial found that the addition of decitabine to
cambrelizumab (anti-PD-1) increased remission rate compared to cambrelizumab
alone [186]. Furthermore, a recent in vivo study using a triple negative breast cancer
mouse model found the combination of decitabine and PD-1 inhibition to be
synergistic due to reversed T cell exhaustion and improved T cell function. This study
also observed increased STING expression, although this was not investigated
further [129]. The effects of decitabine-induced STING restoration in combination with

M3814 and radiotherapy in vivo will be explored in Chapter 5.

As Decitabine is an already FDA approved therapy with little toxicity, this could
provide an exciting option to combine with DNA damaging treatments, such as
radiotherapy and DNA-PKi, to mobilise an anti-tumour immune response. Based on
the immunoblots (Figure 4.12), the effects of decitabine on DNMT1 appears to be
transient, despite decitabine containing media being replenished. Over longer time

periods it would be interesting to see whether increased STING is also transient. If
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so, the timing between STING increase and activation of the cGAS-STING pathway

will be important.

4.5. Conclusions

The results presented in this Chapter indicate that DNA-PK inhibition increases the
ability of radiotherapy to trigger the cGAS-STING pathway. Most of the published
work on the cGAS-STING pathway to date has used cell lines with proficient cGAS-
STING pathways, however, as this Chapter shows, this is not representative of all
tumours. Decitabine was identified as an agent which restored STING in KP.B6.F1
cells. Treatment of these STING deficient cells with decitabine, M3814 and 8Gy
resulted in the production of IFNB. This work, together with the results of Chapter 3,
indicate that M3814 and radiotherapy is a beneficial combination which can increase
the immunogenicity in cancer cells. Furthermore, in cancer cells lacking STING, this
works suggests Decitabine could be an interesting addition to this combination. While
this work indicates that this treatment regimen would be beneficial, in vivo
experiments are required to determine the effects on the immune response. This will

be addressed in Chapter 5.
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5. Treatment with M3814, Radiotherapy and Decitabine
Stimulates an In Vivo Immune Response

5.1. Introduction

The presented experiments provide evidence that M3814 not only radiosensitises
cancer cells but that this cell death is accompanied by the release of DAMPs
characteristic of ICD. Chapter 4 also demonstrated that this combination may
increase tumour cell immunogenicity by increased release of IFN[3 via the cGAS-
STING pathway. In addition, a potential therapeutic strategy to restore cGAS-STING
pathway in the STING deficient cell line KP.B6.F1 was also identified. However, while
this work indicates that the combination may increase immunogenicity, this needs to
be determined in the context of the immune system. In this Chapter, the effect of
M3814, radiotherapy and decitabine on therapeutic efficacy and immune response

will be assessed in immunocompetent, syngeneic mouse models.

As discussed in Section 1.2.1.1, successful immune clearance of a tumour requires
the different components of the immune system. Figure 5.1 shows an illustration
depicting this process. APCs, including DCs and macrophages, need to recognise
and engulf the target cells. Once matured and activated, these cells need to present
these antigens to complementary T cells in the lymph nodes. Once activated, CD8*
T cells can travel to the tumour and eliminate target cells. As mentioned in more detalil
in Section 1.2.4, translocation of CRT to the cell surface membrane and release of
HMGB1 are associated with ICD. Cell surface CRT binds to CD91 on APCs,
promoting phagocytosis of the CRT-presenting cell, increased antigen processing
and APC maturation [90-92]. Extracellular HMGB1 also stimulates APC cell
maturation [96, 97]. Similarly, IFN[ increases dendritic cell activation and promotes
upregulation of MHC molecules and co-stimulatory molecules [112, 187, 188]. IFNB
can also recruit inflammatory monocytes to the site of inflammation [189]. Together,

these signals can alter the tumour immune microenvironment. To determine the

153



immune response to therapy, the immune compartments of tumours and tumour
draining lymph nodes (TDLNs) will be characterised. Using high-dimensional flow
cytometry, the identification of cell types and subsets will be determined, as will the
expression of important immunomodulatory molecules including co-stimulatory and
co-inhibitory molecules. Together, this will provide an important insight into the tumour
immune microenvironment of treated mice. Where possible, mice with complete
tumour control will be subject to a tumour rechallenge to validate whether tumour
clearance was, in part, immune mediated. To evaluate the therapeutic efficacy of
M3814, radiotherapy and decitabine, alone and in combination, tumour growth and

long-term survival experiments will also be performed.

In combination with immune checkpoint inhibitors, fractionated radiotherapy has been
demonstrated to induce a tumour specific adaptive immune arm response, resulting
in both primary and abscopal tumour control [83, 84, 153]. However, in mouse
models, radiotherapy induced abscopal tumour control is abrogated with STING loss
[83, 103, 119]. As determined in Chapter 4, KP.B6.F1 is a STING deficient model,
while MC38 is STING proficient. The effect of M3814 and radiotherapy in these
models in vivo will be the focus. In addition, the ability of decitabine to restore STING
in KP.B6.F1 in vivo will also be determined. Furthermore, the effect of adding
decitabine to the combination therapy on both the therapeutic efficacy and immune
response. Due to the prevalence of cGAS-STING loss in cancer, discussed further in
Section 1.2.5.5, this could provide important insights into a potential therapeutic

strategy in such tumours.
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Figure 5. 1. Increase antigen presentation following treatment with radiotherapy,
M3814 and decitabine.

Treatment with decitabine restores STING levels in KP.B6.F1. Treatment with radiotherapy and M3814
induce immunogenic cell death and initiate the cGAS-STING pathway. Together, this results in release
of HMGB1, IFN and translocation of Calreticulin can may stimulate APCs to be recruited and increase
uptake of tumour cells. APCs then process tumour material to present on their MHC Class Il complex.
APCs relocate to the lymph node when they can cross prime CD8* T cells. The resulting, activated T
cells can travel to the tumour site and induce CD8* T Cell mediated tumour cell killing. Created in

BioRender.
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5.2. Research Aims

The aim of this Chapter is to assess how the in vitro findings from Chapters 3 and 4
translate into immunocompetent mouse models. To do so, mouse tumour models will
be established using KP.B6.F1 and MC38 cells. First, the effect of in vivo decitabine
treatment on STING expression in KP.B6.F1 cells will be explored. Following this, the
therapeutic efficacy of decitabine, M3814 and radiotherapy will be determined by
measuring tumour growth and mouse survival in KP.B6.F1 and MC38 tumour-bearing
mice. To evaluate the immune response to the tumour response, high-dimensional
flow cytometry will be performed to characterise the myeloid and lymphoid

compartments within the tumour and tumour draining lymph nodes.
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5.3. Results

5.3.1. Decitabine treatment in vivo increases STING levels and decreases
DNMT1 in KP.B6.F1 tumours.

To better understand the immunological implications of combining IR, M3814 and
decitabine, the therapeutic efficacy and immune response needs to be evaluated in
an immunocompetent mouse model. First, the effect of decitabine on KP.B6.F1
tumour STING protein levels following decitabine treatment in vivo was investigated.
It has previously been reported that five consecutive days of 1mg/kg decitabine,
administered by intraperitoneal (I.P.) injection, induces hypomethylation [181].
Therefore, this dose was selected. C57BL/6 mice were injected with 5x10° KP.B6.F1
cells subcutaneously and the resulting tumour allowed to grow for 5 days. At this
point, mice received 1mg/kg decitabine via I.P. injection for five consecutive days.
Mice were culled and tumours harvested on either day 10 (6 days after initiation of
decitabine treatment) or day 15 (10 days after initiation of decitabine treatment) to
enable comparisons between in vivo and in vitro experiments. The experimental plan
is shown in Figure 5.1 A. Protein was extracted from the resulting tumours and
western blot analyse was performed to determine DNMT1a and STING protein levels
(Figure 5.2 B). In tumours collected 6 days after first decitabine dose, there was a
clear loss of DNMT1, indicating decitabine mediated inhibition. By day 15 (10 days
after first decitabine dose) DNMT1 levels returned to similar levels as untreated. In
contrast, the levels of STING increased 10 days after decitabine treatment initiation
(Figure 5.2 B). This demonstrated that the selected dose increased STING levels in

Vivo.

157



A

S.C.injection of 5x10°
KP.B6.F1 cells in C57BL/6J
mice

[

I.P. Decitabine 1mg/kg

R l i 4 orcouys

I L I
0 55?3910 15
L J

Y

Protein extracted and
quantified for Western Blot.

2 %
’9 Untreated DAC D6 DAC D10

“ “ e
RERRIIEL,

. - 100
Calnexin —75

NN ST ————
in .
¢ —37

Figure 5. 2. Decitabine downregulates DNMT1 and upregulates STING in vivo.

Ten C57BL/6 mice were subcutaneously injected with 5x10° KP.B6.F1 cells. Five days later, 1mg/kg of
decitabine was given for 5 consecutive days. On day 10, 3 treated mice and 2 untreated were culled
and tumours obtained, on day 15 another 3 treated and 2 untreated were harvested. Protein was
extracted from the tumours and western blot performs staining for DNMT1, STING and Calnexin (loading

control). (A) Experimental plan (B) Western blot. Data from one experimental repeat.

5.3.2. Addition of decitabine to Radiotherapy+ M3814 improves KP.B6.F1
tumour control in vivo.

After determining that decitabine could increase STING expression, like that
observed in vitro, the therapeutic efficacy of radiotherapy, M3814 and decitabine was
assessed in the KP.B6.F1 tumour model. To do so, 5x10° KP.B6.F1 cells were
injected subcutaneously. into the flank of C57BL/6 mice. On day 5, mice were given
1mg/kg decitabine via I.P. injection for five consecutive days. On day 10, mice were
given 100mg/kg M3814 via oral gavage and one hour later 1x8Gy CT guided

radiotherapy was administered using the SARRP. Tumours were measured three
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times a week until the longest length exceeded 15mm or tumour volume exceed

600mm?3 . The experimental plan is shown in Figure 5.3.

S.C. injection of 5x105

KP.B6.F1 cells in C57BL/6J 0.G. M3814 100mglkg
. mice 1x8Gy RT
P 4
E{\"‘%;(P\ I.P. Decitabine 1mg/kg i
P vy ddy
Survival
I 1T 1T 1T 1
0 5 6 7 8 9 10
\ ]
Y
Tumour volume measured 3x a week. Rechallenge

Figure 5. 3. Experimental plan for KP.B6.F1 in vivo survival experiment.

Illustration showing the experimental plan to compare the effects and combination of decitabine,
radiotherapy and M3814 on KP.B6.F1 S.C. tumour growth and survival. Two independent experiments

performed, with 5 mice per treatment group.

The resulting tumour growth and survival curves for the treatment groups are shown
in Figure 5.4 A and B respectively. Radiotherapy had the biggest effect on tumour
growth. For untreated mice, the median survival was 23 days, this significantly
increased to 32 days with RT alone (Mantel-Cox, p<0.0001), 33.5 days with
RT+M3814 (Mantel-Cox, p<0.0001), 30.5 day with RT+DAC (Mantel-Cox, p=0.0001)
and the longest median survival of 37 days with RT+M3814+DAC (Mantel-Cox,
p<0.0001)(Figure 5.3 B). No mice survived this experiment. However, the mouse with
the longest survival, 49 days, weas treated with RT+DAC+M3814 group. The tumour

growth curves of each individual mouse are shown in Figure 5.5.

159



Tumour Volume (mm?)

% Survival

.
- M3814
+ DAC Alone
- DAC +M3814
900 - RT
o RT + M3814
- RT +DAC
800 -~ RT +DAC + M3814
—»1mg/kg DAC
700 —»100mg/kg M3814
—»1x8Gy RT
600
500 <
400
300
200
100
0 TTrrri I I I I I I 1
5 10 20 25 30 35 40 45 50
| | | | | | Days
100 = .
- M3814
X 3% + DAC Alone
- DAC +M3814
- RT
80 —] o RT + M3814
- RT +DAC
| X -~ RT +DAC + M3814
—»1mg/kg DAC
60 = ] — 100mg/kg M3814
-« —»1x8Gy RT
40 —  —
—
20
D I I I I I I I I I EEEE I EEEE EEEE
5 10 20 25 30 35 40 45 50
| | | | | | Days
T Comparison P Value
UT vs RT <0.0001
UT vs RT+M3814 <0.0001
UT vs RT+DAC 0.0003
UT vs RT+DAC+M3814 <0.0001

Figure 5. 4. Radiotherapy improves KP.B6.F1 tumour control in vivo.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. Tumour volume

was recorded 3 times a week until mouse reached humane endpoint, tumour > 600mm? or ulceration,

at which point mouse was culled. (A) Average tumour growth curve. Data shown as average +SEM of

10 mice per treatment group (B) Kaplan-Meier analysis of survival of initial experiment. X denotes where

a mouse was sacrificed due to ulceration. Kaplan-Meier analysed by comparing each treatment group

to Untreated using Mantel-Cox test, Significance adjusted for multiple corrections using Bonferroni

method: p<0.0125.
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Figure 5. 5. Radiotherapy improves KP.B6.F1 tumour control in vivo — individual
mouse data.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. Tumour volume
was recorded 3 times a week until mouse reached humane endpoint, tumour > 600mm? or ulceration,
at which point mouse was culled. X denotes where a mouse was sacrificed due to ulceration. Tumour

growth curves of individual mouse in each treatment group shown.
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5.3.3. Combination of Radiotherapy and M3814 elicits MC38 tumour control in
vivo, while addition of decitabine has little effect.

As determined in Chapter 4, unlike KP.B6.F1 which required decitabine treatment to
enable cGAS-STING signalling, MC38 is already cGAS-STING functional. A recent
article reported that radiotherapy, M3814 and bintrafusp alfa (targeting TGF@ and PD-
L1) elicited abscopal tumour control in the MC38 model [136]. Therefore, the
therapeutic efficacy of radiotherapy, M3814 and decitabine in MC38 was also
investigated in MC38. C57BL/6 mice were injected with 5x10° MC38 cells
subcutaneously. After 6 days, when the tumour was palpable, mice were treated with
1mg/kg decitabine via I.P. injections for five consecutive days. On the day after the
last decitabine treatment (day 11), mice were given 100mg/kg M3814 via oral gavage
(0.G.). One hour following M3814 administration, mice were given 1x8Gy CT guided
radiotherapy. Tumours were measured three times a week until the longest length
exceeded 15mm or tumour volume exceed 600mm? at which point the mouse was
culled. If a mouse was tumour free for over 30 days, they were challenged on the
contralateral flank with MC38 cells, and the resulting tumours measured. This

experimental plan is shown in Figure 5.6.

S.C.injection of 5x10°

MC38 cells in C57BL/6J 0.G. M3814 100mgl/kg
- mice 1x8Gy RT
\-'
xvéx(’ LP. Decitabine 1mglkg i
= IR IR AN
Survival
I 1T 1T 1
0 B 7 8 9 10 11
\ )
Y
Tumour volume measured 3x a week. Rechallenge

Figure 5. 6. Experimental plan for MC38 in vivo survival experiment.

lllustration showing the experimental plan to compare the effects and combination of decitabine,
radiotherapy and M3814 on MC38 S.C. tumour growth and survival. Two independent experiments

performed, with 5 mice per treatment group.
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The resulting tumour volumes (calculated as the volume of an ellipsoid from height,
depth, and width measurements) show a clear distinction from day 11 between mice
receiving radiotherapy and those without (Figure 5.7 A). Those receiving radiotherapy
however, had initial tumour control from day 11 until day 17 at which point, tumours
in mice receiving RT alone, RT+DAC and RT+DAC+M3814 began to grow again.
However, 30% of mice treated with RT+M3814 maintained tumour control to be
tumour free (Figure 5.7 C). The individual mice curves also show that 40% of mice
treated with RT+DAC+M3814 had prolonged tumour control, however, these mice did
not remain tumour free (Figure 5.8). The median survival for mice significantly
increased from 17 days in untreated mice to 26.5 with RT alone (Mantel-Cox,
p=0.0011), 40 RT+M3814 (Mantel-Cox, p<0.0001), 25 RT+DAC (Mantel-Cox,
p=0.0003) and 33 days RT+DAC+M3814 (Mantel-Cox, p<0.0001), respectively
(Figure 5.6 B). Following 30 days tumour free, the three surviving RT+M3814 mice
were rechallenged on the contralateral flank with MC38 cells. The tumours of all three

mice were rejected and all three survived another 30 days tumour free (Figure 5.7 C).

Figure 5. 7. Radiotherapy improves MC38 tumour control in vivo and RT+M3814 leads
to complete tumour control.
Next page. C57BL/6 mice were inoculated with 5x10° MC38 cells via S.C. injection. On day 6, mice were
treated with 1mg/kg DAC for 5 consecutive days. On day 11, 100mg/kg M3814 was administered via
0.G. and one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. Tumour
volume was recorded 3 times a week until mouse reached humane endpoint, tumour > 600mm? or
ulceration, at which point mouse was culled. After 30 days tumours free, mouse was rechallenged with
5x10° MC38 cells on contralateral flank. (A) Average tumour growth curve. Data shown as average +SEM
of 10 mice per treatment group (B) Kaplan-Meier analysis of survival of initial experiment X denotes
where a mouse was sacrificed due to ulceration. Kaplan-Meier analysed by comparing each treatment
group to Untreated using Mantel-Cox test, Significance adjusted for multiple corrections using Bonferroni
method: p<0.0125. (C) Kaplan-Meier analysis of surviving mice from B after rechallenge.
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Figure 5. 8. Radiotherapy improves MC38 tumour control in vivo and RT+M3814 leads
to complete tumour control - individual mice data.

C57BL/6 mice were inoculated with 5x10% MC38 cells via S.C. injection. On day 6, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 11, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. Tumour volume
was recorded 3 times a week until mouse reached humane endpoint, tumour > 600mm? or ulceration,
at which point mouse was culled. X denotes where a mouse was sacrificed due to ulceration. Tumour

growth curves of individual mouse in each treatment group shown.
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5.3.4. KP.B6.F1 tumours in mice treated with IR+M3814+DAC have an
increased inflammatory tumour microenvironment.

Previous experiments indicate that treatment with radiotherapy and M3814 may
increase immunogenicity through the induction of ICD and cGAS-STING pathway
activity when combined with decitabine. Therefore, the tumour immune
microenvironment was characterised KP.B6.F1 tumour-bear mice, treated with
decitabine, radiotherapy and M3814. To do so, the same experimental procedure
described in previous section was performed, however M3814 alone and
DAC+M3814 were excluded. Reducing the number of samples ensured that samples
could be processed quickly enough to preserve the data. Based on the tumour growth
curves (Figure 5.4 A) day 18 was selected as the endpoint. On this day, the mice
were culled. TDLNs and tumours were harvested and processed into a single cell
suspension. Flow cytometry was performed using two antibody panels to characterise
both the myeloid and lymphoid compartments. This experimental plan is shown in

Figure 5.9.

S.C.injection of 5x10°

KP.B6.F1 cells in C57BL/6J 0.G. M3814 100mglkg
- mice 1x8Gy RT
\-'
xvéx(’ LP. Decitabine 1mglkg i
= IR IR AN
| 1 1 1 | |
0 5 6 7 8 9 10 18

v

Tumours and TDLN’s processed.

v

Flow Cytometry performed on Lymphoid
and Myeloid compartments

Figure 5. 9. Experimental plan for KP.B6.F1 in vivo functional experiment.

lllustration showing the experimental plan to compare the effects and combination of decitabine,
radiotherapy and M3814 on the myeloid and lymphoid compartments of TDLNs and tumours. One

experiment performed with 5 mice per treatment group (total 30 mice).

To analyse the different populations of cells, the t-distributed stochastic neighbour
embedding (t-SNE) statistical method was used. This is a visualisation tool that

applies an algorithm to the high-dimension single-cell flow cytometry data to create a
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dot plot. Each dot represents a cell and its location relative to others indicates their
similarity based on the expression of the selected markers. Similar cells group
together and the profile of markers within the cluster can indicate what cell type that
cluster contains [190]. The t-SNE plot were generated from a random selection of
5000 cells from each sample to ensure all populations were represented. To visualise
how different treatments may affect clusters, samples were grouped together in their

treatment groups.

First, the results for the lymphoid panel will be discussed. Figure 5.10 shows the
resulting t-SNE plots of data concatenated from all tumour and T DLN samples from
down sampled samples of all collected samples, both TIL's and TDLNs. These
samples were preselected for living CD45"CD3* cells. In Figure 5.10 the expression
of each marker used for t-SNE clustering can be seen, which allows for the
identification of cell subsets. Samples were concatenated into their treatment groups,
rather than all together and t-SNE analysis was performed (Figure 5.10). Key T cell
populations were identified, this includes Teffs (CD4*FoxP3) , Tregs (CD4*FoxP3%),
and CD8" t cells (CD8*). There were two sub-populations of CD8"t cells, one of which
was predominately found in the TDLNs and the other in tumours. These populations
were labelled on the treatment group t-SNE plots (Figure 5.11). Figure 5.11 A shows
t-SNE plots of different treatment groups in cells from TDLNs, whereas Figure 5.11 B

shows data obtained from TILs.

Figure 5. 10. t-SNE map of combined TDLNs and TILs showing expression of
lymphoid phenotypic markers.

Next page. C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice
were treated with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered
via O.G. and one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On
day 18, TDLNs and tumours were collected, processed into single cell suspension, and stained using
lymphoid phenotypic markers. Flow cytometry was performed and resulting data from all samples was
down sampled and concatenated. T-SNE mapping was ran using the Barnes-Hut algorithm with 1000
iterations and a perplexity of 30. The fluorescence of markers used for t-SNE creation is shown on the

resulting t-SNE plots.
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Figure 5. 11. Manual phenotypic gating on lymphoid t-SNE map of treatment groups.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and stained using lymphoid
phenotypic markers. Flow cytometry was performed and resulting data from all samples was down
sampled and concatenated into treatment groups. T-SNE maps drawn for each treatment groups and
Teffs, Tregs and CD8* drawn using manual gating. T-SNEs shown for (A) TDLNs (B) Tumours. T-SNE
mapping was ran using the Barnes-Hut algorithm with 1000 iterations and a perplexity of 30. The
fluorescence of markers used for t-SNE creation is shown on the resulting t-SNE plots.

169



To allow for quantification of T cell clusters, the algorithm FlowSOM (Self Organising
Maps) was performed on the concatenated data of all samples identify clusters in an
unsupervised manner. Using FlowSOM, 12 key clusters were identified. Mapping
these clusters onto the previously generated t-SNE plots (Figure 5.12), allowed for
verification that these clusters do indeed represent similar cell types (Figure 5.12 A).
Using FlowSOM, a heatmap, shown in Figure 5.12 B, was generated to better
understand how the clusters differentiated by the expression of the marker used.
Using this heatmap, key populations of cells were identified. While visually there
appears to be some differences between the clusters per treatment groups shown in
Figure 5.11, unfortunately due to low cell numbers in some samples the decision was
made not to quantify these clusters using this method. Instead, manual gating was

performed to quantify the clusters of interest identified using FlowSOM.
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Figure 5. 12. FlowSOM analysis of lymphoid markers identifies 12 different cell
populations.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and stained using lymphoid
phenotypic markers. Flow cytometry was performed and resulting data from all samples was down
sampled and concatenated. FlowSOM algorithm was performed with 18 meta-clusters. (A) Resulting
FlowSOM populations plotted onto previously drawn t-SNE map (B) Heatmap showing expression of
markers used for FlowSOM analysis per identified cluster.
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5.3.4.1. Treatment with IR+M3814+DAC alters the tumour lymphoid
compartment.

First, the main T cell subsets were quantified: Teffs (CD3*CD4*Foxp3’), Tregs
(CD3"CD4*Foxp3*) and CD8" t cells (CD3*CD8"). In TDLNSs, there was no significant
change in the frequency of these groups between treatments (Figure 5.13). Within

the CD3* population, Teff cells comprised between 40.3% to 43.5%, CD8" t cells
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Figure 5. 13. The % of CD3+ that were Teff, Treg and CD8+ T cells remain unchanged
with treatments in TDLNS.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
lymphoid panel. Manual gating performed to determine % of CD45*CD3"* cells in the TDLNs that were
(A) Teffs (B) Tregs (C) CD8* T cells. Data shown as individual mice (5 per group) and averagetSEM
and analysed by one-way ANOVA followed by Bonferroni’s multiple comparison test: *p<0.05, **p<0.01,
***p<0.001 ****p<0.0001.
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contributed between 47.6% and 50.9%, while Tregs made up the small portion

between 5% and 6% (Figure 5.13).

Within the tumours, the composition of CD3" cells in TILs differed from the TDLNs
(Figure 5.14). Here, the majority were Teffs, making up 73.0% to 85.7% of CD3*

cells. Between 2.5% and 11.8% were CD8* T cells, while Tregs contributed up to 2%
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Figure 5. 14. The % of CD3+ that were Teff, Treg and CD8+ T cells remain unchanged
with treatments in tumours.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with Img/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
lymphoid panel. Manual gating performed to determine % of CD45*CD3* cells in the tumour that were
(A) Teffs (B) Tregs (C) CD8* T cells. Data shown as individual mice (5 per group) and averagexSEM
and analysed by one-way ANOVA followed by Bonferroni's multiple comparison test: *p<0.05, **p<0.01,
#5n<0.001 ****p<0.0001.
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(Figure 5.14). As seen in TDLNSs, there was no significant changes to the frequency
of any of these main cell types with treatment. The absolute number of each T cell

type per gram of tumour were also not significantly altered by treatment (Figure 5.15).
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Figure 5. 15. Absolute number of Teff, Treg and CD8+ T cells remain unchanged with
treatments in tumours.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with Img/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
lymphoid panel. Manual gating performed to count the T cell subsets. Counts were then calculated per
gram of tumour. (A) Teffs (B) Tregs (C) CD8* T cells. Data shown as individual mice (5 per group) and
average+SEM and analysed by one-way ANOVA followed by Bonferroni’'s multiple comparison test:
*p<0.05, *p<0.01, ***p<0.001 ****p<0.0001.
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FlowSOM analysis identified 7 key Teff clusters including 2, 6, 7, 8, 9, 10 and 11.
Cluster 2 cells were CD4* but negative for any other markers, indicating these are
naive CD4* T cells. CD25 and ICOS were key markers leading to differentiation of
these clusters, therefore, three groups were focused upon. Those that were ICOS
CD25* (cluster 6), ICOS™CD25 (cluster 7) and those which were ICOS*CD25*
(clusters 8-11). ICOS is a co-stimulatory molecule that enhances Teff cell effector
activity and cell proliferation [191]. CD25 is a receptor for Interleukin-2 (IL-2) and is
typically regarded as an activation marker. As would be expected in the TDLNSs, a
place with little antigen exposure, the dominant Teff subset were the naive Teffs
(ICOSCD25Y) comprising between 89.9% (+7.8) in untreated mice to 94.0% (£2.2) in
those given RT+M3814 (Figure 5.16 A). The smallest proportion were the most active
group, ICOS*CD25*(Figure 5.16 D). There was no statistically significant change in

the frequency of these groups between treatments.

Inside the tumours, the composition of Teffs was more affected by the treatments
compared to those in the TDLNSs (Figure 5.17). The minority of Teffs were naive Teffs,
with 3.5% in RT+DAC+M3814 and 16.1% in RT+DAC treated mice (Figure 5.17 A).
Therefore, most cells consisted of active Teffs defined by the expression of either
ICOS or CD25. There was no significant change in the frequency of naive Teffs with
treatments. However, the frequency of ICOS CD25" Teffs was significantly influenced
by treatment groups (one-way ANOVA, p=0.0007). Untreated, DAC alone, RT alone,
RT+M3814 treated mice had relatively similar sized ICOS CD25* Teff populations,
however this fell in RT+DAC treated mice, and further still in RT+DAC+M3814 treated
mice. The lowest proportion of ICOS CD25" Teffs were found in tumours of mice
treated with RT+DAC+M3814 at 4.4% (+5.4) of Teffs (Figure 5.16 B). This was
significantly less than in untreated mice at 20.2% (+3.3)(Bonferroni’s, p=0.0022), DAC
alone at 16.7% (x4.2)(Bonferroni's, p=0.0257), RT alone at 18.3%

(x3.8)(Bonferroni’s, p=0.0084) and RT+M3814 treated mice at
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Figure 5. 16. Teff subsets remain unchanged with treatments in TDLNSs.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated

with Img/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and

one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs

and tumours were collected, processed into single cell suspension, and flow cytometry performed using

lymphoid panel. Manual gating performed to determine % of Teffs in the TDLNs that were (A) Naive (B)
ICOSCD25* (C) ICOS*CD25 (D) ICOS*CD25*. Data shown as individual mice (5 per group) and
average+SEM and analysed by one-way ANOVA followed by Bonferroni’s multiple comparison test:
*p<0.05, *p<0.01, ***p<0.001 ****p<0.0001.
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20.2% (£3.1)(Bonferroni’s, p=0.0022). Treatment also had a significant effect on the
proportion of ICOS*CD25 Teffs (one-way ANOVA, p=0.0116)(Figure 5.17 C). While
the frequency of ICOS CD25* Teffs fell in RT+DAC+M3814 treated mice, the opposite

occurred in the ICOS*CD25 Teff subset. In RT+DAC+M3814 treated mice this
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Figure 5. 17. Mice treated with RT+M3814+DAC have increased frequency of

ICOS+CD25- and ICOS+CD25+ Teffs in tumours.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
lymphoid panel. Manual gating performed to determine % of Teffs in the tumours that were (A) Naive
(B) ICOSCD25* (C) ICOS*CD25 (D) ICOS*CD25". Data shown as individual mice (5 per group) and
average+SEM and analysed by one-way ANOVA followed by Bonferroni’s multiple comparison test:
*p<0.05, *p<0.01, **p<0.001 ****p<0.0001.
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increased to 22% (£9.2) from 7.9% (£1.5) in RT alone treated mice (Bonferroni’s,
p=0.0101) and 9.5% (x4.7) in RT+DAC treated mice (Bonferroni’s, p=0.032). Finally,
treatment also significantly affected the proportion of ICOS*CD25" Teffs (one-way
ANOVA, p=0.0282)(Figure 5.17 D). Similarly, to the ICOS*CD25, the ICOS*CD25*
population is higher in the tumours of RT+DAC+M3814 treated mice at 64.5% (£7.5)
- making up the majority of Teffs in RT+DAC+M3814 treated mice. This was
significantly greater than RT+M3814 treated mice at 40.4% (x7.6) of Teffs

(Bonferroni’'s, p=0.0416).

Next, the two clusters in the Treg subset were investigated (figure 5.18). These
include cluster 4, which is negative for all markers and thus labelled as naive, and
cluster 12 in which cells were GITR*ICOS*CTLA-4", indicating they are active. In
TDLNSs, the majority of Tregs, between 56.2% (+£6.4) in RT alone treated mice and
62.5% (x2.1) in untreated, fitted the naive phenotype. The active Tregs made up
between 16.0% (+£2.7) in untreated to 23% (+6.1) in RT alone (Figure 5.18 A&B). In
the tumours, the opposite was the case. The active Tregs made up a larger proportion
of Tregs ranging between 15.3% (£12.7) in DAC alone treated mice to 28.5%
(£19.3)in RT+DAC+M3814, while naive spanned from 1.8% (+2.5) in untreated to
12.1% (+13.3) in RT+DAC treated mice (Figure 5.18 C&D). The proportion of either
Treg subset remained unchanged with treatments in both the TDLNs and tumours.
The final lymphocyte subset to be discussed are the CD8* T cells (Figure 5.18). Based
on the FlowSOM analysis, two key populations were identified, a naive population
(cluster 1) and a Ki67* population (cluster 3). Ki67 is a marker of proliferation
indicating that these Ki67* CD8" T cells are active and undergoing expansion. As
previously seen the majority of CD8* T cells in the TDLNs were naive ranging
between 93.5% (£5.8) in untreated mice to 97.5% (x0.7) in those receiving
RT+M3814 (Figure 5.18 A). Despite representing the minority of CD8* T cells, the

frequency of Ki67* CD8" T cells was significantly altered by treatment (one-way
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ANOVA, p<0.0001)(Figure 5.18 B). The largest proportion of Ki67* CD8" T cells

occurred in mice receiving RT+DAC with 4.6% (+0.8) of CD8" T cells. This was

greater than untreated at 3.3% (£0.4)(Bonferroni’s, p=0.0387), and DAC alone at

3.1% (x0.5)(Bonferroni’s, p=0.0074), and RT+M3814 at 2.3% (£0.7)(Bonferroni’s,
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Figure 5. 18. Treg subsets remain unchanged with treatments in TDLNs and tumours.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
lymphoid panel. Manual gating performed to determine % of Tregs that were (A) Naive in TDLNs (B)
GITR*ICOS*CTLA-4* in TDLNs (C) Naive in tumours (D) GITR*ICOS*CTLA-4*in tumours. Data shown
as individual mice (5 per group) and average+SEM and analysed by one-way ANOVA followed by

Bonferroni’s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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p=0.0001) and in RT+DAC+M3814 treated mice at 2.7% (+0.2)(Bonferroni’s,

p=0.0005)(Figure 5.18 B).

Comparably to those seen in TDLNs, the CD8* T cells in the TIL population skewed
towards the naive phenotype (Figure 5.19 C&D). However, the proportion of naive
CD8* T cells was significantly influenced by the treatment received (one-way ANOVA,
p=0.0041)(Figure 5.19 C). The lowest frequency of naive CD8* T cells was 72.3%
(£7.4) within the tumours of mice receiving RT+DAC+M3814. This was significantly
less than the population size of 86.4% (+4.1) seen in tumours of mice treated with
DAC alone (Bonferroni’s, p=0.045), or 89.1% (+4.9) in those receiving RT alone
(Bonferroni’'s, p=0.009). The reduction in naive CD8* T cells frequency in mice treated
with RT+DAC+M3814 was mirrored by an increase in the frequency of Ki67* CD8* T
cells (Figure 5.19 D). Here, the Ki67* CD8* T cell population significantly rose from
9.4% (£5.3) in untreated mice (Bonferroni’s, p=0.0352) and 7.9% (+5.6) in those
treated with RT alone (Bonferroni’'s, p=0.0159) up to 25.1% (£6.4) upon

RT+DAC+M3814 treatment.
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Figure 5. 19. CD8+ T cells in tumours are skewed towards an active phenotype.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with Img/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
lymphoid panel. Manual gating performed to determine % of CD8* T cells that were (A) Naive in TDLNs
(B) Ki67* in TDLNs (C) Naive in tumours (D) Ki67* in tumours. Data shown as individual mice (5 per
group) and averagexSEM and analysed by one-way ANOVA followed by Bonferroni’'s multiple
comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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5.3.4.2. Treatment with IR+M3814+DAC alters the tumour myeloid
compartment.

Next, the myeloid compartment in both the tumours and TDLNs were characterised.
Likewise, to the lymphoid compartment, t-SNE statistical analysis was performed on
concatenated data from all samples. These samples were preselected as CD45"CD3"
CD19*. Figure 5.20 shows the expression of markers used mapped onto those
resulting t-SNE plots. For example, cells in the region that is CD68" and F4/80*

represent macrophages.

Samples were then concatenated into their treatment groups and t-SNE analysis was
repeated for each group (Figure 5.21). Key cell populations, based on their
expression of markers, were identified, and labelled on the t-SNE plots (Figure 21).
These include monocytes, dendritic cells (DCs), NK Cells, macrophages, and
granulocytes. There was also a population of cells that were CD11b* only. Figure 5.20
A shows t-SNE plots of different treatment groups in cells obtained from TDLNSs,
whereas Figure 5.21 B shows data obtained from tumours. This shows key
differences between the populations of cells within the TDLNs and tumours, such as
much more monocytes and the presence of macrophages in tumours. There are also
differences in composition of cells between treatment groups, however, as mentioned
in the lymphoid analysis a few samples had low cell numbers and so, cells were

manually gated for quantification.

Figure 5. 20. t-SNE map of combined TDLNs and tumours showing expression of
myeloid phenotypic markers.

Next page. C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice
were treated with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered
via O.G. and one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On
day 18, TDLNs and tumours were collected, processed into single cell suspension, and stained using
myeloid phenotypic markers. Flow cytometry was performed and resulting data from all samples was
down sampled and concatenated. T-SNE mapping was ran using the Barnes-Hut algorithm with 1000
iterations and a perplexity of 30. The fluorescence of markers used for t-SNE creation is shown on the

resulting t-SNE plots.
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Figure 5. 21. Manual phenotypic gating on myeloid t-SNE map of treatment groups.

C57BL/6 mice were inoculated with 5x10°% KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with Img/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and stained using myeloid
phenotypic markers. Flow cytometry was performed and resulting data from all samples was down
sampled and concatenated into treatment groups. T-SNE maps drawn for each treatment groups and
monocytes, dendritic cells, NK cells and granulocytes drawn using manual gating. T-SNEs shown for
(A) TDLNs (B) Tumours. T-SNE mapping was ran using the Barnes-Hut algorithm with 1000 iterations
and a perplexity of 30. The fluorescence of markers used for t-SNE creation is shown on the resulting t-
SNE plots.
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The FlowSOM algorithm was performed, and 19 clusters were identified. These were
mapped onto the t-SNE plot in Figure 5.22 A to show how the clusters may be related.
A heatmap showing the expression of the markers for each cluster is shown in Figure

5.22 B. Manual gating was guided by the clusters generated by this algorithm.
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Figure 5. 22. FlowSOM analysis of myeloid markers identifies 19 cell populations.

C57BL/6 mice were inoculated with 5x10°% KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and stained using myeloid
phenotypic markers. Flow cytometry was performed and resulting data from all samples was down
sampled and concatenated. FlowSOM algorithm was performed with 18 meta-clusters. (A) Resulting
FlowSOM populations plotted onto previously drawn t-SNE map (B) Heatmap showing expression of

markers used for FlowSOM analysis per identified cluster.
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First, the frequency of four main cell populations were quantified. These included
monocytes (CD68*CD11b*CD11c’F4/807), macrophages (CD68*CD11b*CD11c
F4/80%), DCs (CD11c*MHC II"CD68") and granulocytes (CD11b*Ly6G™"). Within the
myeloid compartments in the TDLNs, monocytes made up the largest share (Figure
5.23). The percentage of monocytes ranged from the lowest in RT alone treated mice
with 17.2% (x4.6) up to DAC alone treated cells with 25.2% (+6.0)(Figure 5.23 A).
Within the TDLNs, macrophages made up a small proportion of CD45*CD3'CD19
cells, all below 0.5% (Figure 5.23 B). Only a small proportion of cells were determined
to be DCs, ranging between 0.92 and 2.1% (Figure 5.22 C). Neither the monocytes,
macrophages nor DCs population sizes were significantly affected by treatment
(Figure 5.23 A-C). The proportion of granulocytes in TDLNs however, were
significantly alters by treatments (one-way ANOVA, p=0.0185). The largest
granulocyte population was observed in mice treated with DAC alone, at 12.0%
(x3.4). This was significantly larger than in untreated mice at 4.9%
(x1.9)(Bonferroni’'s, p=0.0349) and RT alone with 4.8% (£0.6)(Bonferroni’s,

p=0.0331)(Figure 5.23 D).

186



Monocytes Macrophages
(CD68+*CD11b*CD11c*F4/80) (CD68+*CD11b*CD11c*F4/80%)
50 5
- -
5 401 5 4
o ° o
L] L]
a 30{ e ® o 3
4 :-_L ° 4
o e o
2 0l 2 o 5 %_-._ +
ST E Y T 8
5 10 . S o1 .
3 n : : e L ee me
I RN
& & &"é‘?) & & & & &"é‘?) & &
S F & & S F & &
& &
Cc D
Dendritic Cells Granulocytes
(CD11c¢*MHC 11*CD68") (CD11b*Ly6G*)
5 25 -
[=1] [=1]
5 4 o 20 . .
Q Q I | —
8 3 8 15 o a
o ] ° o ] .
io o io
5 2{ o ° T T ., Lo g 104 % . T
5 |+ o SO JPIgE &
T F S FS T F FFFS
6°° X v.}o &v}o ,}3‘“? Q{\}) Pgo ~é°° X v.}o &v}o ,}3‘“? Q{\,O Q"‘o
S & & & &£ S & & & &
& &

Figure 5. 23. Frequency of granulocytes increases in TDLNs of mice treated with DAC
alone.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with Img/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
myeloid panel. Manual gating performed to determine % of CD45*CD3CD19 cells in TDLNs that were
(A) monocytes (B) macrophages (C) dendritic cells (D) granulocytes. Data shown as individual mice (5
per group) and average+SEM and analysed by one-way ANOVA followed by Bonferroni’'s multiple
comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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Within tumours, the monocyte population was significantly influenced by treatment
(one-way ANOVA, p=0.0465)(Figure 5.24 A). The % of monocytes fell from 43.2%
(£6.3) of CD45*CD3'CD19 cells in untreated mice to 39.9% (+4.4) in RT alone treated
mice. There was then a significant increase of 12.8% from RT alone to
RT+DAC+M3814 treated mice at 52.7% (+3.2)(Bonferroni’s, p=0.0425)(Figure 5.24
A). The population of macrophages were also significantly different between the
treatment groups (one-way ANOVA, p=0.0004)(Figure 5.24 B). The largest % of
macrophages occurred in mice treated with RT+DAC+M3814, with 13.8% (+2.8). This
was significantly greater than the 6.8% (£1.7) in mice treated with RT alone
(Bonferroni’s, p=0.0016), 5.7% (+0.8) with RT+M3814 alone (Bonferroni’s, p=0.0386),
and 8.7% (x2.1) in the RT+DAC group (Bonferroni’s, p=0.0386)(Figure 5.24 B). The
% of CD45"CD3'CD19 cells that were DCs remained low in tumours, all were below
1% and did not significantly change between treatment groups (Figure 5.24 C).
Granulocytes represented between 21.7% (£6.6) in RT+DAC treated mice and 37.0%
(x6.6) in RT alone but did not significantly differ between treatment groups (Figure

5.24 D).

Next, the key clusters identified by FlowSOM within the monocyte population were
investigated (Figure 5.25). Expression of Ly6C played a significant role in separating
monocyte clusters and can be used to identify two important types of monocytes [192,
193]. Those that are Ly6C" are known as patrolling monocytes while those that are
Ly6C are inflammatory monocytes which circulate the peripheral blood until they are
recruited to sites of inflammation. Clusters 6 and 7 are inflammatory monocytes,
whereas clusters 9, 14 and 18 are patrolling monocytes. MHC Class Il expression
further separated these populations. There is evidence to suggest that monocytes
with increased MHC Class Il may go onto differentiate into monocyte derived DCs
(moDCs) and these were termed ‘intermediate’ [194]. Ly6C*MHC II monocytes were

termed ‘inflammatory’ and represent cluster 6. Ly6C*MHC II* are ‘inflammatory
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intermediate’ which included cluster 7. Ly6C'MHC II" monocytes are ‘patrolling’
monocytes and include cluster 9. Finally, Ly6C'MHC II" monocytes are ‘patrolling

intermediate’ and include clusters 14 and 18 (Figure 5.25).
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Figure 5. 24. The frequency of monocytes in tumours increases in mice treated with
RT+M3814+DAC.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with Img/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
myeloid panel. Manual gating performed to determine % of CD45*CD3 CD19" cells in tumours that were
(A) monocytes (B) macrophages (C) dendritic cells (D) granulocytes. Data shown as individual mice (5
per group) and average+SEM and analysed by one-way ANOVA followed by Bonferroni’s multiple
comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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Due to their role in being recruited to tissue in response to inflammation, these
subsets will be discussed only in the context of the tumour, rather than within the
TDLNSs. The frequency of inflammatory monocytes (Ly6C*MHC II") was significantly
affected by the treatment administered (one-way ANOVA, p=0.0024)(Figure 5.25 A).
This population of cells was greatest in untreated mice, at 30.9% (+5.4) of monocytes.
This significantly fell with RT treatment to make up 19.6% (+2.7) of monocytes
(Bonferroni’'s, p=0.0016). RT alone had the smallest proportion of inflammatory
intermediate monocytes. This was significantly lower than DAC alone at 27.9% (+£3.0)
(Bonferroni’'s, p=0.0377) and RT+M3814 with 28.0% (£2.4)(Bonferroni’s,
p=0.0334)(Figure 5.25 A). The frequency of inflammatory intermediate monocytes
was also significantly different between treatment groups (one-way ANOVA,
p=0.0001)(Figure 5.25 B). The % of monocytes which were Ly6C*MHC II* remained
similar between untreated, DAC alone, RT alone and RT+M3814. However, there
was a significant increased from 15.5% (+3.0) in untreated mice to 23.3% (+2.8) in
RT+DAC treated mice (Bonferroni’s, p=0.0241). This increased further still with
RT+DAC+M3814 to 27.2% (+2.4). This proportion was significantly greater than
untreated at 15.5% (£3.0)(Bonferroni’'s, p=0.0003), DAC alone with 17.8%
(x3.0)(Bonferroni’s, p=0.004), RT alone with 19% (+2.7)(Bonferroni’s, p=0.0157) and

RT+M3814 with 16.5% (+2.4)(Bonferroni’s, p=0.0009)(Figure 5.25 B).
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Figure 5. 25. The number of monocytes, macrophages, Dendritic cells, and
Granulocytes remains unchanged with treatment.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
myeloid panel. Manual gating performed to count the T cell subsets. Counts were then calculated per
gram of tumour. (A) monocytes (B) macrophages (C) dendritic cells (D) granulocytes. Data shown as
individual mice (5 per group) and averagextSEM and analysed by one-way ANOVA followed by
Bonferroni’s multiple comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.

Patrolling monocytes was also significantly influenced by treatment group (one-way
ANOVA, p=0.0084)(Figure 5.26 C). The largest % of patrolling monocytes occurred
in tumours of mice treated with RT alone, contributing 39.7% (£6.0) of monocytes.

This was significantly more than that seen in the RT+DAC+M3814 treatment group,
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which was 28.2% (+4.0)(Bonferroni’'s, p=0.0099)(Figure 5.26 C). There was no

significant change in the population of patrolling intermediate monocytes (Figure 5.26

D).
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Figure 5. 26. The monocyte population in tumours of mice treated with
RT+M3814+DAC is skewed towards an inflammatory intermediate phenotype.

C57BL/6 mice were inoculated with 5x10° KP. B6.F1 cells via S.C. injection. On day 5, mice were treated
with Img/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
myeloid panel. Manual gating performed to determine % of monocytes in tumours that were (A)
Ly6C*MHC II- (B) Ly6C*MHC II* (C) Ly6C"MHC II- (D) Ly6C*MHC II* . Data shown as individual mice (5
per group) and average+SEM and analysed by one-way ANOVA followed by Bonferroni’s multiple
comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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Next, the macrophage subsets were examined. The FlowSOM analysis (Figure 5.22)
identified two macrophage clusters: 16 and 19. Both were CD206 positive which is
associated with tumour associated macrophages. One of these, 19, was also positive
for MHC Class Il meaning this population has an M1 phenotype. These are
macrophages involved in detecting and eliminating threats cells and antigen
presentation, making them more closely associated with an anti-tumour phenotype.
On the other hand, cluster 16 was MHC Class Il negative, implying it lies closer to the
M2 end of the macrophage polarisation spectrum. These macrophages are important
for wound healing and inducing cell proliferation, making them pro-tumour [195].
Again, this analysis will be focused on the tumours. Macrophages in tumours of mice
treated with RT+DAC or RT+DAC+M3814 were more skewed towards the M1
phenotype than untreated, DAC alone, RT alone or RT+M3814 (Figure 5.27). The
frequency of M1 macrophages was significantly influenced by treatment (one-way
ANOVA, p=0.0002)(Figure 5.28 A). The % of macrophages with the M1 phenotypes
in RT+DAC tumours was 29.1% (+4.3) which was significantly greater than untreated
at 18.7% (5.7)(Bonferroni’s, p=0.0451), DAC alone 14.5% (%3.1)(Bonferroni’s,
p=0.0017), RT alone at 16.3% (£5.1)(Bonferroni’s, p=0.0072) and RT+M3814 at
15.7% (+4.1)(Bonferroni’s, p=0.0043). RT+DAC+M3814 had a similar proportion of
M1 macrophages to RT+DAC, 26.9% (+£3.4). This was significantly greater than DAC
alone (Bonferroni’'s, p=0.0101), RT alone (Bonferroni’s, p=0.0418) and RT+M3814

(Bonferroni’'s, p=0.0252)(Figure 5.27 A).

The M2 population was also significantly affected by treatment (one-way ANOVA,
0.0001)(Figure 5.27 B). As macrophages skewed towards M1 in RT+DAC and
RT+DAC+M3814 treated mice, the proportion of M2 fell. In RT+DAC treated mice,
the proportion of M2 macrophages was the lowest, at 67.9% (x4.2). This was
significantly less than untreated at 78.7% (+£5.4)(Bonferroni’s, p=0.0278), DAC alone

at 82.5% (£3.7)(Bonferroni’s, p=0.0013), RT alone at 82% (4.7)(Bonferroni’s,
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p=0.0029) and RT+M3814 81.0% (x4.2)(Bonferroni’'s, p=0.0045). In
RT+DAC+M3814 treated mice, the M2 population fell to 70.7% (+3.2) which was
significantly less than DAC alone (Bonferroni’s, p=0.0129), RT alone (Bonferroni’s,

p=0.0278) and RT+M3814 (Bonferroni’s, p=0.0427)(Figure 5.27 B).
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Figure 5. 27. The macrophage population in tumours of mice treated with
RT+M3814+DAC is skewed towards an M1 phenotype.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
myeloid panel. Manual gating performed to determine % of macrophages in tumours that were (A)
CD206*MHC II* (B) CD206*MHC II". Data shown as individual mice (5 per group) and average+SEM
and analysed by one-way ANOVA followed by Bonferroni’s multiple comparison test: *p<0.05, **p<0.01,
***p<0.001 ****p<0.0001.

The final cell type to be examined is the dendritic cell. The FlowSOM algorithm
pointed to clusters 11, 13 and 15 (Figure 5.22). Cluster 13 is CD11c*PD-
L1*CD11b*MHC II""CD86M"9" while clusters 11 and 15 are CD11c*PD-L1°CD11b

MHC [I"CD86™. Cluster 13 is indicative of a mature dendritic cell and PD-L1 is
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upregulated on dendritic cells in response to CD8* T cell activation. Therefore, cluster

13 was termed ‘mature’ DC, while clusters 11 and 15 were deemed ‘immature’ DCs.

In the TDLNSs, there was no significant difference in the proportion of immature or
mature DCs in response to treatment (Figure 5.28 A&B). There did appear to be a
trend increase from an average of 40.7% (+13.5) of mature DCs in untreated mice
increasing to 50.6% (+9.4) in those treated with RT+DAC+M3814, however again,

this was not significant, likely due to the large degree of variation (Figure 5.28 B).

In tumours, the proportion of DCs in the immature category was significantly different
between treatment groups (one-way ANOVA, p=0.025)(Figure 5.28 C). The % of DCs
which were immature in RT+DAC treated mice was 20.9% (£9.5). This was
significantly lower than untreated with 40.2% (+13.5) of DCs being immature
(Bonferroni’'s, p=0.0305), DAC alone with 49.1% (+6.6)(Bonferroni’s, p=0.0005) and
RT+M3814 at 40.9% (+6.8)(Bonferroni’s, p=0.0218). In RT+DAC+M3814 treated
mice, 28.0% (+8.1) of DCs were immature, this was significantly lower than with DAC
alone (Bonferroni’s, p=0.0136)(Figure 5.28 C). The proportion of DCs which were in
the mature population was significantly influenced by treatment (one-way ANOVA,
p=0.0488)(Figure 5.28 D). The largest proportion was 59.9% (+13.6) of DCs and was
observed in RT+DAC treated mice. This was significantly larger than DAC alone
treated mice with 29.6% (+4.9) of DCs being mature (Bonferroni’s, p=0.0051).
RT+DAC+M3814 also appeared to increase, however, this was not significant (Figure

5.28 D).
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Figure 5. 28. The dendritic cell population in tumours of mice treated with DAC alone
is skewed towards a more mature phenotype.

C57BL/6 mice were inoculated with 5x10° KP.B6.F1 cells via S.C. injection. On day 5, mice were treated
with 1mg/kg DAC for 5 consecutive days. On day 10, 100mg/kg M3814 was administered via O.G. and
one hour later mice were treated with CT guided 1x8Gy radiotherapy to the tumours. On day 18, TDLNs
and tumours were collected, processed into single cell suspension, and flow cytometry performed using
myeloid panel. Manual gating performed to determine % of dendritic cells in tumours that were (A)
TDLNs PD-L1'CD11b"MHC 1I"CD86" (B) TDLNs PD-L1*CD11b*MHC IIMe"CD86* (C) Tumour PD-L1-
CD11b-MHC II™CD86 (D) Tumour PD-L1*CD11b*MHC IIM"CD86*. Data shown as individual mice (5
per group) and averagexSEM and analysed by one-way ANOVA followed by Bonferroni’'s multiple
comparison test: *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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5.4. Discussion

5.4.1. Addition of decitabine to radiotherapy and M3814 has differential
effects on KP.B6.F1 and MC38 tumour growth in vivo.

Using the MC38 tumour model, addition of either M3814 alone or DAC+M3814 to 8Gy
improved tumour control and prolonged mouse survival (Figure 5.6). RT+M3814 was
the optimal treatment group, with a 30% survival rate. Of these three mice, all rejected
subsequent tumour rechallenge indicating that successful treatment of the original
tumour had also primed an anti-tumour immune response offering the mouse
systemic tumour protection. As only mice from this group survived, we cannot know
whether other treatments, such as radiotherapy alone, may have also engaged the

immune system.

In the KP.B6.F1 tumour model, addition of M3814 alone to 8Gy offered no
improvement to tumours control (Figure 5.3). Addition of both DAC+M3814 to 8Gy
however, did improve tumour control and prolong mouse survival compared to
radiotherapy alone. While survival was prolonged, there were no survivors,
preventing a rechallenge. While the MC38 experiment did have three survivors, these
were limited to one treatment group. To offer better insight into both experiments,
titration experiments of MC38 and KP.B6.F1 cells could be performed to increase the
likelihood of survivors, and thus provide more opportunities for tumour rechallenge.
The involvement of the immune system in the efficacy of the treatments in either
model could also be determined either by using immunodeficient mice or knocking

out CD8* T cells.

Previous reports have demonstrated that upon addition to radiotherapy, M3814
improves tumour control and prolongs overall survival in multiple immunodeficient
human xenograft tumour models including head and neck (FaDU)[69], NSCLC (NCI-
H460)[69] and cervical (HeLA) [68]. There is however, only one published study

showing efficacy in an immunocompetent model, MC38 [136]. This paper, as well as
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the previously mentioned studies, combined daily administered M3814 alongside 5
consecutive days of 2Gy radiotherapy. Like the experiment presented in this paper,
despite using a significantly different radiotherapy and M3814 regimen, M3814 in
combination with radiotherapy improved tumour control and prolonged survival.
Addition of bintrafusp alfa (bifunctional fusion protein targeting TGFB and PD-L1)
improved this effect and elicited abscopal control, indicating engagement of the
adaptive immune arm. This is in accordance with the findings presented here. In
contrast, KP.B6.F1 did not benefit from addition of M3814 alone to radiotherapy, and
therefore, the improved tumour control with decitabine may provide an important

insight into its potential application in the future.

5.4.2. KP.B6.F1 tumours in mice treated with RT+M3814+DAC have an
increased inflammatory tumour microenvironment.

While the frequency and count of Teff, Tregs and CD8" cells in the CD3" population
remained unchanged with treatment, the subsets within these groups were altered.
With RT+DAC+M3814 treatment, the frequency of ICOS* cells significantly increased
(ICOS*CD25 and ICOS*CD25%) within the tumours. ICOS is upregulated in T cells
following antigen activation and provides a co-stimulatory signal. This signal
increases cell proliferation and the release of cytokines [191]. This effect was limited

to the tumours.

The frequency of CD8" T cell subpopulations also changed with treatment. The two
key subsets identified were the naive CD8" and Ki67*CD8"* cells. In the TDLNs, RT
and RT+DAC increased the Ki67* CD8", however, it is important to know that these
remained a small proportion of the CD8" T cell population. In contrast, within the
tumours there was a significant increase in Ki67*CD8" T cells following
RT+DAC+M3814 treatment. This made up 25.1% of CD8* T cells, 2.7-fold greater
than in untreated. Ki67 is a marker of proliferation, indicating that these cells are
active and undergoing proliferation. However, in the absence of Granzyme B staining,

198



it cannot be determined whether these are cytotoxic. Along with the increase in active
Teff cells, this gives the picture of a more active TIME than those observed in the

untreated tumours.

There were also changes to the myeloid compartments with treatments. The
frequency of monocytes and macrophages was greatest in the tumours of mice
treated with RT+DAC+M3814. Interestingly, CCL2 gene expression, a key chemokine
which promotes long range recruitment of monocytes, was found to be upregulated
in vivo in response to radiotherapy. While the tumour model was different, in the lung
rather than subcutaneously injected, it would be interesting to investigate this further.
The counts per gram also appeared to increase but there was large degree of
variability between mice. This increase in the monocyte population was shown to be
driven by an increase in inflammatory monocytes (Ly6C*). More specifically, there
was an increase in Ly6C*MHC Class II* monocytes indicating that not only has been
recruitment of monocytes to the tumours, but they may be transitioning into
macrophages [193]. It is reported that these inflammatory monocytes transition into a
more M1 like macrophages, whereas those derives from patrolling monocytes are
more associated with an M2 phenotype [196]. Indeed, while most TAMs had a more
M2-like phenotype (MHC Class Il low), treatment with RT+DAC and RT+DAC+M3814

pushed this skew closer to the M1 phenotype than in untreated.

IFN-B is an important driver of DC maturation and activation. There was a significant
decrease in immature DCs with either RT+DAC or RT+DAC+M3814. In RT+DAC
treated tumours, this was mirrored by a significant increase in mature DCs, however,

although there was an increase with RT+DAC+M3814 it was not significant.

As shown in Figure 5.1, treatment with decitabine restored STING protein levels in
KP.B6.F1 tumours. Based on the evidence provided in Chapter 4 it is reasonable to
hypothesise that this may restore cGAS-STING pathway. Furthermore, as was

demonstrated in Chapter 4, radiotherapy and M3814 can increase the formation of
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cGAS positive micronuclei, triggering the cGAS-STING pathway and resulting in the
release of IFN-B. To assess whether these in vitro findings may translate to release
of the immunostimulatory IFN-f3 in vivo, more work need to be done. This would
include determining pathway activity of cGAS-STING in tumour tissue. The imaging
of sections from tumour tissue collected during these experiments would enable
quantification of cGAS puncta and micronuclei, offering an insight into cGAS-STING

pathway activity in these tumours followed by treatment [197].
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6. Summary and Outlook

Initially, radiotherapy is often an effective treatment for cancer. However, resistance
and disease recurrence limit this success. Strategies to sensitise tumours to
radiotherapy and improve response decrease risk of relapse. This thesis provides
evidence that pharmacological inhibition of DNA-PK with M3814 has the potential to
do so both by cancer cell intrinsic mechanisms and through increasing tumour

immunogenicity.

Following the induction of double strand breaks, rapidly proliferating cancer cells with
a dysregulated DNA damage response rely heavily on DNA-PK to quickly resolve the
breaks, failure to do so results in cell death making them vulnerable to DNA-PK
inhibition. The radiosensitising effect of DNA-PK inhibitor has culminated in the
development of multiple generations of DNA-PK inhibitors, the latest of which are the
subject of investigation in clinical trials (Table 1.1). The DNA-PKi focused on in this
thesis, M3814, was shown in Chapter 3 to sensitise a panel of six different of cancer
cell lines, supporting previous reports of M3814 as a potent radiosensitising agent
[67-69, 136, 156, 157]. In contrast, the effects of DNA-PK inhibition on radiotherapy
treated cancer cells in the context of the tumour immune microenvironment is much
less understood. Given the use of M3814 in clinical trials, insights into these

immunological outcomes are timely and critical.

This thesis indicates that the treatment of the immunogenically cold KP.B6.F1 cell line
with combination of M3814 and radiotherapy increases the release of
immunostimulatory signals. First, Chapter 3 demonstrates that the cell death induced
by radiotherapy and M3814 treatment is accompanied with the release of DAMPs
which are characteristic of ICD, including HMGB1 secretion and translocation of CRT
to the cell surface membrane. Radiotherapy alone has been previously demonstrated
to increase ICD in cells [91, 100, 164], however, this work shows for the first time that

addition of DNA-PKIi, and to a greater extent M3814, exacerbates this effect.
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Furthermore, the work in this thesis provides evidence that DNA damage induced by
radiotherapy and M3814 has the potential to initiate the cGAS-STING pathway,
resulting in the production and release of IFNB. Treatment with radiotherapy induced
the formation of cGAS positive micronuclei, which was increased further with M3814.
This indicates that treatment is sufficient to provide the cytosolic dsDNA necessary to
trigger the cGAS-STING pathway. In MC38, treatment with radiotherapy and M3814
was sufficient to promote gene expression of /fn, corroborating a recent study [136].
In contrast to MC38, and despite evidence of pathway initiation, treated KP.B6.F1
cells showed no evidence of downstream cGAS-STING pathway activity. This was
the case despite treatment with potent cGAS-STING pathway agonists indicating
KP.B6.F1 lack a functional cGAS-STING response. In recent years, strategies to
activate the cGAS-STING pathway in cancer has been the subject of intense
research. However, loss of cGAS-STING pathway functionality occurs frequently in
cancer, limiting the translation and success of such approaches in the clinic. The
discovery that KP.B6.F1 was STING deficient presented the opportunity to investigate
how the effects of radiotherapy and M3814 could be optimised in a model which is
representative of CGAS-STING deficient tumours. The differences between MC38
and KP.B6.F1 were also apparent in vivo. Treatment with radiotherapy and M3814
cured 30% of mice and provided protection from tumour rechallenge, providing
functional validation of a tumour-specific immune response. In KP.B6.F1 tumours
however, M3814 treatment did little to radiosensitise tumours. Addition of decitabine
prolonged survival, however, as no mice were cured protection against rechallenge
could not be tested. Characterisation of the myeloid and lymphoid compartments
found increased tumour infiltration of Ki67*CD8" T cells, inflammatory monocytes,
M1 macrophages and mature dendritic cells. In line with the in vitro experiments
presented in this thesis, this indicates that this combination therapy increased
immunogenicity of an immunogenically cold tumour model, KP.B6.F1. Taken
together, these findings indicate that radiotherapy and M3814 may increase the
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release of immunogenicity in stimulatory signal through the induction of ICD and
CGAS-STING. In addition to this, this work proposes decitabine as a potential
therapeutic strategy for patients lacking cGAS-STING pathway functionality.
Treatment with low-dose decitabine increased STING expression and restored the
CGAS-STING pathway. Decitabine treated cells responded to cGAS-STING pathway
agonists to produce IFNB and, like MC38, treatment with radiotherapy and M3814
increased Ifn3 gene expression. Figure 6.1 shows a graphical summary of the

findings of this thesis

COLD HOT |
M3814 . e iy
* g Ve WO HMGB1
RADIOTHERAPY IFNB. . .
+ . e ©
DECITABINE
&
T ICD CRT
cGAS-STING

IMMUNOGENICITY

Figure 6. 1. Treatment with Radiotherapy, M3814 and decitabine increases tumour cell
immunogenicity.

Treatment with radiotherapy and M3814 induce immunogenic cell death and initiate the cGAS-STING
pathway. In the STING deficient model KP.B6.F1, decitabine restores cGAS-STING pathway activity,

further increasing immunogenicity. Created in BioRender.

This thesis provides evidence that M3814 increases sensitivity to radiotherapy both
by cancer-cell intrinsic mechanism and through increased immunogenicity of cells, it
also presents decitabine as an interesting therapeutic approach to restore cGAS-
SITNG pathway functionality in STING deficient tumours. While this provides

important insight, it raises many questions for future research. Further work is needed
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to validate the proposed mechanisms of increased immunogenicity in vivo and to
demonstrate whether these findings can be applied to other cancer models. As
different radiotherapy regimens have profoundly different effects on both tumour
control and on tumour immunogenicity, it would be important to optimise therapy
regimens. To build upon the findings that radiotherapy and M3814 increase tumour
cell immunogenicity, it would also be of interest to determine how the resulting DNA
damage may affect the generation of neoantigens and whether what effect this may

also have on the visibility of tumour cells.

While the result from this thesis opens the door for multiple lines of investigation in
the laboratory, they also provide directly translational advance. In particular, the
findings that low-dose decitabine can restore cGAS-STING functionality is of
particular interest. Decitabine is already approved by the FDA for the treatment of
acute myeloid leukaemia (AML) and chronic myeloid leukaemia (CML) in elderly
patients due to its low toxicity and more recently has been shown to increase
response to immune checkpoint blockade in both syngeneic tumour models [129] and
in a Phase Il clinical trial investigating the combination of low-dose decitabine and
anti-PD-1 in patients with non-Hodgkin’s lymphoma [186]. The work presented in this
thesis presents the case for combination with DNA damaging agents which can
trigger the cGAS-STING pathway and furthers the case for investigation of decitabine

as an immunomodulatory agent in cancer therapy.
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