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Abstract

Glioblastoma multiforme (GBM) is the most common and aggressive brain cancer in adults
with a dismal 5-year survival rate of <5%. Despite advanced diagnostic and multimodal
treatments including surgery, followed by radiotherapy and chemotherapy (CRT), treatment
resistance is a major clinical challenge and the survival rates for GBM are not improving.
Therefore, innovative therapeutic approaches are urgently needed for GBM patients. (E)-2-
(2-(Pyrazin-2-yl)vinyl)phenol, Pyrazinib (P3) a small molecule pyrazine compound has
shown significant therapeutic potential as a radiosensitiser in oesophageal cancer and here
we assess its therapeutic potential in GBM. (E)-2-(2-quinolin-2-yl-vinyl)-benzene- 1,4-diol
HCI, 1,4 dihydroxy quininib (Q8), an antagonist of the cysteinyl leukotriene receptor-1 has
shown potential as novel anti-angiogenic in colorectal cancer models and here we assess its
therapeutic utility in GBM. Natural killer (NK) cells are potent anti-tumour immune cells
and are gaining momentum as cell-based immunotherapies. This study investigates
Pyrazinib (P3), 1,4 dihydroxy quininib (Q8) and a P3 prodrug called P3 Phosphate for their
potential to sensitise GBM tumours to current standard-of-care chemotherapy and for their

utility in combination with NK cell therapies.
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1. Introduction

1.1 The clinical challenge of Glioblastoma multiforme

Glioblastoma multiforme (GBM) is the most common and aggressive primary tumour of the
central nervous system (CNS) [1]. The National Cancer Registry (Ireland) recorded 124
patients were diagnosed with GBM between 1994-2013, making it the most common of brain
tumours (43%). The five-year net survival (NS) for adult GBM was 3.8 % which is the lowest
survival rate of malignant brain cancers [2]. Classified by world health organisation (WHO),
GBM is a grade IV glioma of astrocytic lineage [3]. GBM is most commonly identified in
malignant brain tumours, with histological studies showing extreme cell heterogeneity amongst
these tumours. GBM tumours can be characterized by cellular pleomorphism, diffuse growth
patterns and mitotic activity variability [4]. Genetic abnormalities in glioblastoma include
mutations in cell receptors, resulting in the dysfunction of signalling pathways. Hence,
pharmacological management of these pathway abnormalities could lead to possible therapies
for GBM by targeting interactions with selective inhibitors [5]. Glioblastoma multiforme is
characterized by high proliferative activity [6] and its ability to infiltrate normal surrounding
tissue making complete tumour resection impossible and radiotherapy less efficient [7]. The
optimal end result of anti-cancer treatment should be tumour regression, allowing for the
longest possible disease-free survival [8]. Maximal surgical resection, followed by
chemotherapy and radiotherapy, is the standard treatment for GBM [9]. The best results are
achieved when radiotherapy is performed after surgery, with a dose of 5000-6000 centi-gray
(cGy). Radiation over 6000 cGy was shown to increase toxicity with no survival benefit [6].The
standard chemotherapeutic treatment protocols for glioblastoma include Temozolomide.
Temozolomide (TMZ) confers a higher median survival time in patients in comparison to other
chemotherapy agents [10] as well as minimal additional toxicity [11]. A study by Hegi et al.
showed patients treated with a combination of TMZ and radiotherapy had a median survival of
21.7 months (95 percent confidence interval, 17.4 to 30.4), whereas those who received
radiotherapy alone had a 15.3 month median survival (95 percent confidence interval, 13.0 to
20.9) [12]. Overall, the prognosis of GBM still remains poor even with standard treatment and

novel therapeutic options are urgently needed.



1.1.1 Temozolomide resistance in GBM

Temozolomide (TMZ) (Figure I) (brand names: Temodar, Temodal) is an Imidazotetrazine
lipophilic prodrug, capable of crossing the blood brain barrier. It can be administered orally
however, due to low solubility in physiological media and shorter plasma half-life (1.8h), TMZ
requires continuous intravenous administration [13]. High doses of TMZ may have positive
outcomes due to extensive tumour killing, however toxic side effects do not allow for a
continued increase in dosage. High doses can result in haematological toxicity, pneumocystis
pneumonia, acute cardiomyopathy, hepatotoxicity and oral ulceration with subsequent
discontinuation of therapy [13]. Therapy with TMZ increases survival after diagnosis from 12
to 14.4 months making the development of combination therapies with TMZ a desirable

concept [14].

@)
//\NJKN/

N |
fk Nc N
N,

Figure 1: Structure of Temozolomide. TMZ is an imidazotetrazine lipophilic prodrug capable of crossing the blood brain
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barrier and is used for the standard treatment of Glioblastoma multiforme

The development of TMZ resistance is mediated by the DNA repair enzyme, O-6-
methylguanine methyltransferase (MGMT), as it can reverse the methylation damage induced
by alkylating agents [15],[ 16]. TMZ resistant GBM cell lines are treated with a combination of
drugs, the most commonly used are O6-methylguainine-DNA (MGMT) inhibitors [17],[ 18].

MGMT is an endogenous DNA repair enzyme that can help maintain genomic stability via
mismatch repair. Under conditions of TMZ treatment, MGMT can remove the methyl group
in O6-methylguanine thereby neutralizing the drug-induced DNA damage and reducing the
overall efficacy of TMZ (Figure 2) [18]. Therefore, MGMT expression, which is determined
by CpG methylation status of the MGMT gene promoter region, is an important factor in TMZ
treatment response. Hypermethylation of the MGMT promoter results in decreased expression
of the MGMT protein and has been shown to correlate with prolonged survival in GBM patients
[18]. In contrast, unmethylated tumours (with increased MGMT activity) commonly exhibit

resistance to TMZ. Therefore, the epigenetic status of MGMT has been established as a



surrogate marker of intrinsic resistance to TMZ [19],[20]. While several studies have shown
that a deficiency of MGMT can increase the sensitivity of high-grade glioma to alkylating
agents, such as TMZ, many tumours with low levels of MGMT are nevertheless chemo
resistant. This suggests that other mechanisms are also involved in the formation of resistance
to chemotherapy [16]. Mechanisms of intracellular and extracellular catabolic enzymes such
as MGMT contribute to the Blood-Brain Barrier barrier defences within both the endothelium
and astrocytes. Therefore, a new generation of therapy agents must be able to traverse the BBB,
circumvent the anatomical barrier, avoid efflux transport, and evade enzymatic conversion to

an inactive metabolite to be successful [21].

Recent studies have shown that treatment of TMZ-resistant tumours with TMZ and either O6-
benzylguanine or IFN-f3 make the cells more sensitive to TMZ in comparison to treatment with
TMZ alone [17]. IFN-f exerts anti-tumour effects as well as activating the p53 pathway. This
cytokine has immunomodulatory, cell differentiation, anti-angiogenic, and anti-proliferative

effects thus IFN-B could help in the treatment of TMZ resistant GBM tumours [17].
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Figure 2: Metabolism of Temozolomide to active form, adapted from [22]. A methyldiazonium ion is formed due to the
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06 - and N7 -methylguanine is formed and is predominantly responsible for the cytotoxic effects of TMZ. DNA mismatch
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methylguanine. This leads to the activation of apoptotic pathways.



1.1.2 Bypassing the Blood Brain Barrier (BBB) in GBM treatment

The blood brain barrier (BBB) constitutes the boundary between the brain parenchyma and its
vascular supply vessels. This barrier safeguards against foreign substances that are trying to
gain entry to the CNS, as well as maintaining CNS homeostasis, including ionic and fluid
balances. The BBB shields CNS neurons from circulating hormones, waste products,
inflammatory mediators and toxic compounds, as well as strongly fluctuating ionic
concentrations [23]. The BBB also prevents the unwanted emergence of CNS neuropeptides
and neurotransmitters into general circulation [23]. This system functions to ensure the

separation of CNS and systemic fluid contents through an intricate regulatory process.

Most molecules larger than ~500 Da are blocked by the BBB, restricting drug accessibility to
various regions where they would be effective and limiting the clinical application of many
anti-cancer drugs for treating brain tumours [1] This biomechanical barrier provides cellular
resistance to pharmaceutical extravasation as well as the exposure of the parenchymal tissues
of the CNS to chemotherapy agents [21]. Reduction in effective drug delivery can also be as
a result of the abnormal and leaky tumor vasculature of GBM which causes high hydrostatic
pressure in the tumour [24] increasing the permeability of immune cells to the damaged area
[25]. Although different anti-cancer agents show varying permeability for BBB, the
relationship of its permeability to therapeutic efficacy is not yet clear [26],[27]. The
extracellular matrix (ECM) also acts as a physical barrier, limiting the delivery of therapeutics,

nutrients, and immune cells to the tumours which contributes to poor prognosis.

1.2 The anti-tumour immune response in GBM

GBM solid tumours induce a higher expression of extra cellular matrix (ECM) molecules such
as collagens, proteoglycans, hyaluronic acid and laminins. As a consequence of the increased
ECM expression, the tumour becomes complex and disordered, altering their characteristics.
The invasive nature of GBM results in the infiltration of healthy tissues in tandem with the
generation of a diverse network of blood vessels, aiding tumour mass development,
maintenance, and proliferation [28]. The GBM tumour microenvironment can suppress
immune detection and limit elimination of cancer cells, by means of a wide range of
mechanisms including the secretion of a diverse number of factors that interact with immune

cells blocking their action [29].



The GBM tumour microenvironment (TME) is comprised of several different cell types
including astrocytes, endothelial cells, circulating stem cells (CSCs), as well as a broad range
of immune cells (Figure 3). In the GBM TME, glioma associated microglia/macrophages
(GAMs), myeloid-derived suppressor cells (MDSCs), CD4" and CD8" T lymphocytes, T
regulatory lymphocytes (Tregs), dendritic cells (DCs), and natural killer cells (NKs) have been
identified (Figure 3). These cells and notably GAMs stimulate the local secretion of cytokines
and chemokines initiating the reprogramming of immune cells to largely favour cancer growth

and metastasis [30].

In addition to TAMs, GBM cells recruit Treg cells (CD4* CD25" FoxP3") via the CCL2 and
CCL22 pathways [31]. Higher frequencies of Treg cells in GBM patients, suppress the
function of antigen-presenting cells (APCs) and inhibit the proliferation of anti-tumour Thl
and CD8" T cells, thereby, contributing to immunosuppression [32],[33]. Forkhead box P3
(FOXP3) is the main transcription factor which controls the expression of cytokine genes,
including IL-10 and transforming growth factor-p (TGF-B), and regulates the immune-
suppressive activity of Tregs [32].
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associated microglia/macrophages (GAMs), myeloid-derived suppressor cells (MDSCs), CD4* and CD8" T lymphocytes, T
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inflammatory cytokines, matrix remodelling protein, and growth factors to aid tumourigenesis. The adaptive immune system,
on the other hand, is largely suppressed in its function through the recruitment of regulatory T cells (Treg). These inhibit the
action of cytotoxic T cells and dendritic cells, disturbing a competent anti-tumour response. Therapeutically, this tumour-
immune crosstalk can be targeted by inhibiting chemoattractants of pro-tumour immune cells. Adapted from Dapash M. et al.
(2021) [46].

1.2.1 Natural Killers (NK) cells in GBM

Natural Killer (NK) cells are classified as group I innate lymphoid cells (ILCs) that are CD3",
CD56" and respond quickly to a wide variety of pathological challenges [34]. NK cells develop
in the bone marrow microenvironment under the influence of IL-2, IL-15, and surrounding

bone marrow stromal cells [35]. Natural killer cell stimulation and effector function depends



on the integration of signals coming from two distinct types, activating and inhibitory receptors

present on the NK cell surface. Activating receptors recognise molecules that are expressed on

the surface of cancer cells and infected cells, thereby, ‘switching on’ the NK cell (Figure 4).
However, for the complete activation of an NK cell, the interaction of at least two different
activating receptors with their respective ligands is necessary [36]. The activation can be
enhanced with the addition of different cytokines such as IL-2, IL-12, IL-15, IL-18 and IL-21
(Figure 4)[37].
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Figure 4: Anti-tumour and pro-tumour receptors present on NK cells. Schematic showing the activating and inhibitory

receptors expressed on NK cells and function to regulate their activation.

NK cell killing is regulated by inhibitory receptors to ensure responses against healthy tissues
is limited (Figure 4). This regulation of activity occurs via inhibitory receptor expression
(Figure 5A4) [38]. These germ-line encoded receptors can be split into 3 different groups: 1.
Killer immunoglobulin-like receptors (KIRs); 2. C-type lectin, NKG2A/CD94 and 3.
Leukocyte immunoglobulin-like receptors (LILRs) [39]. NK cell inhibitory receptors bind to
major histocompatibility class-I molecules (MHC-I) which is ubiquitously expressed by
healthy cells causing an NK cell inhibitory signal to be induced, preventing NK cell activation.
Transformed cells downregulate MHC-1 to evade immune recognition by T cells but in doing
so this “missing-self” danger signals earmarks these tumour cells for recognition by NK cells.

[40](Figure 5B).
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1.2.2 Targeted cell killing

Virus-infected cells or tumour cells loose surface MHC class I expression, leading to lower
inhibitory signals in NK cells (Figure 5B). Cellular stress that is associated with viral infection
or tumour development including DNA damage response, senescence programming or tumour
suppressor genes, upregulate ligands for activating receptors in NK cells. As a result, the signal
from activating receptors in NK cell shifts the balance toward NK cell activation and
elimination (lysis) of target cells (Figure 5B) [36]. The ligation of NK cells results in the
granule-based killing pathway being activated. NK cells release perforin, a pore-forming
protein that pierces the plasmatic membrane on the target cell and allows the influx of serine
proteases, called granzymes into the cytosol (Figure 5B) [35]. If the target cell cannot
neutralize this harmful effect on its membrane, it will activate its own cell death by necrosis.
If the target cell can restore the integrity of its membrane, granzyme can induce cell death

through caspase activation and subsequent apoptosis [41].

1.2.3 Modulation of Natural Killer Cells in Cancer and GBM

There are numerous lines of attack by the tumour for direct evasion from NK cells (Figure 6).
Tumours have been shown to reduce expression or shed their ligands for important NK cell
receptors. Alternatively, tumour cells can increase MHC class I, soluble MICA and FasL

expression in order to increase NK cell inhibitory signalling, thereby, suppressing their



functions [42],[43],[44],[45]. For indirect NK cell evasion strategies, tumour cells utilize
various immune cells (Figure 6). Such mechanisms can disrupt receptor ligand interactions
between NK and tumour cells thereby, releasing immune-suppressive cytokines into the
microenvironment [36]. In GBM, a major way in which anti-tumour NK cell function is
suppressed is via cellular contact with glioma cells [46]. The adaptive immune system can be
suppressed by exhibiting significantly less anti-tumour capacity as a result of the secretion of
soluble factors such as IL-10, TGF-§ and indoleamine 2, 3-dioxygense (IDO) [47]. NK cell
cytotoxic activity is downregulated as a result of these immunomodulatory molecules. An
increase in TGF-B levels produced by glioma cells have been shown to downregulate the
natural killer group 2 member D (NKG2D) receptor on the surface of NK cells [48] and
facilitate immune escape [49],[50]. The levels of IFN-y have shown to be regulated by NK
cells within the TME, consequently promoting glioma stem cell (GSCs) differentiation [51].

Furthermore, this change allows GSCs to become more resistant to NK cell cytotoxicity [52].
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Figure 6: Tumour evasion and modulation of NK cells. Tumour cells use direct and indirect mechanisms to evade NK cell
attack. Direct mechanisms include upregulation of MHC class 1 expression, shedding of soluble ligands for NK cell activation
receptors and release of inhibitory cytokines. Indirect mechanisms include activation of inhibitory regulatory T cells, killing
of immature dendritic cells to prevent NK cell priming, release of phagocyte-derived inhibitory cytokines and reducing the
number of NK progenitor cells to lower NK cell counts. NK: natural killer cell; DC: dendritic cell, IL-10: interleukin 10; IDO:
indoleamine 2,3-dioxygenase; MHC: major histocompatibility complex; ROS: reactive oxygen species: Th2: T helper cell

type 2 [47].



1.2.4 Immune-suppressive effects of Transforming Growth Factor (TGF-B) in GBM

Transforming Growth Factor (TGF-B) is a multifunctional cytokine with many physiological
and immunological effects [53]. In most human cells, the TGF-B receptor and its ligand are
expressed, producing three isoforms (TGF-B1, TGF-B2 and TGF-B3 and their respective
receptors) all eliciting a similar biological effect on cells [54]. One of the functions of this
cytokine is maintaining homeostasis and regulating the growth of cellular lineages. It has been
shown that isoform TGF-B2 is overexpressed in glioma cell lines in vitro and in vivo [55]. It is
thought that changes in the cell microenvironment induces TGF-3 as well as triggering its own
transcription [54].This growth factor supresses tumour cell growth in its initial stages of cancer
and inflammation [53],[54]. Due to TGF-Bs immune-suppressive and oncogenic capabilities,
its dysregulation is linked to tumour progression [53]. As the cancer progresses, oncogenesis
is triggered by TGF-P overexpression. TGF-f3 has immune-suppressive capabilities such as
being able to inhibit the activity and proliferation of anti-tumour NK and T cells while
increasing their apoptosis and synthesis of TGF-B. MHC class II antigen expression in
microglial cells is negatively regulated by TGF-f3 growth factor resulting in a decrease in
antigen presentation and dampening the adaptive anti-tumour immune response [56].
Therefore, this cytokine has the potential to be a therapeutic target to limit tumour progression
in GBM and various clinical studies are investigating this [53],[54],[57]. Given the complex
relationship between immune cells and the GBM TME, further research is crucial to uncover

novel immunotherapeutic targets in this disease space [31].
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1.3 Immunotherapies for GBM
1.3.1 Checkpoint inhibitors, targeted therapies for GBM

Immune checkpoint inhibitors (ICIs) signify some of the most proficient immunotherapeutic
approaches currently used to treat cancer as they allow the immune system to attack the foreign
cells while leaving the healthy cells alone [57]. ICIs are an example of a T cell-based therapy
and have recently emerged as an NK cell-based therapy. This approach utilises monoclonal
antibodies that bind to inhibitory molecules on the surface of lymphocytes or their ligands on
the surface of tumour cells preventing ligation (Figure 7). These checkpoint blockades prevent
the interaction of immune cells inhibitory receptors with their cancer cell ligands causing the

suppression of signals dampening immune cell activation.
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Figure 7: The regulation of NK cells via “checkpoint blockade”. Schematic showing how monoclonal antibodies can
prevent the interaction of natural killer (NK) cell inhibitory receptors with their ligands, thus alleviating NK cell suppression

using the mechanism of “checkpoint blockade”. Adapted from [40].

Programmed cell death protein 1 (PD-1) is a checkpoint protein on T cells, acting as a type of
“off switch” that helps keep the T cells from attacking other cells in the body. It regulates T
cell activity through ligation with its ligand, programmed death ligand 1 (PD-L1), which is
expressed on some immune cells such as macrophages and dendritic cells and is upregulated
on many cancer cells. Monoclonal antibodies that target either PD-1 or PD-L1 can block this
binding and boost the immune response against cancer cells. Nivolumab (Opdivo) is anti-PD-

1 drug that has potential efficacy in recurrent GBM and is currently being investigated in a
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phase II trial as monotherapy or in combination with ipilimumab versus bevacizumab
(NCTO02017717) [58]. Anti-PD-1 and anti-PD-L1 inhibitors have also been shown to enhance
NK cell-mediated cytotoxicity [59],[60].

Other immunotherapeutic strategies under clinical development for glioma treatment include
anti TGF-f compounds (NCTO01472731, Phase II completed) [61]. Importantly, the
combination of TGF-B signalling inhibitors with U.S. FDA-approved immune checkpoint
blockade agents, such as anti-PD1 and anti-PD-L1 antibodies, could improve clinical outcomes
over targeting a single pathway, especially as these antibodies have recently been shown to
have efficacy in murine models of glioma [62],[63]. Increasing the passage of monoclonal
antibodies through the BBB is a unique challenge for these cancers and different approaches

such as ultrasound, omental transplants and nasal delivery are also under investigation.

1.3.2 NK Cell Immunotherapy

Harnessing NK cells with therapeutic intent is an attractive option as NK cell immunotherapy
offers several advantages [1]. Firstly, use of NK cells will bypass antigen-specificity
requirements. Secondly, NK cells can directly kill tumour cells as well as rapidly secrete pro-
inflammatory cytokines that can induce an adaptive immune response [64] NK cells are easy
to isolate, manipulate and have a relatively short lifespan. Therefore, the risk of overexpansion
of transferred NK cells in the recipient’s body is reduced. The source of NK cells for adoptive
immunotherapy can be autologous (the patient’s own cells) or allogeneic (from healthy
donors), offering less logistical challenges than T cells and removing the reliance on heavily

pre-treated and possibly dysfunctional patient-derived immune cells [36].

1.3.3 Non-self: small molecule inhibitors

Killer immunoglobulin-like receptors (KIRs) are a superfamily of immunoglobulins that are
present on the NK cell surface, which have an Ig-like domain that can bind to HLA class 1
molecules, helping them to differentiate between “self” and “non-self” (Figure 84). During
NK cell maturation, KIRs are involved in their education and selection [65],[66],[67]. The
body’s autoimmune response is shaped around the interaction between HLA class-I molecules
that are expressed on healthy cells and inhibitory KIRs on the NK cell surface. A tumour

immune response against a cancer cell is elicited due to the loss or less presence of HLA class-
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I molecules as they are recognized as “non-self” by NK cells (Figure 84) [68],[69]. However,
some tumours can escape immune detection by expressing HLA class I molecules just like
healthy cells, thereby evading NK cell killing, leading to continued tumour development [70].
Studies showed that patients with malignant tumours that had high expression of KIRs on NK
cells and tumour infiltration lymphocytes (TILs) responded better to therapy when there was a
loss or lower expression of these inhibitory receptors [71],[72], [73]. By blocking inhibitory
KIRs, the immune response may be activated and enhanced leading to the reversal of tumour

immune escape, making it a promising immunotherapy strategy.
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Figure 8: The regulation of NK cells via non-self MHC or Chimeric antigen receptors (CARs). Schematic diagrams
showing A) NK cells can be transduced with activating chimeric antigen receptors (CARs) that specifically bind to antigens
overexpressed by tumour cells B) Killer cell immunoglobulin like receptors (KIRs) and major histocompatibility complex

(MHC) class I mismatch between donor and recipient, Adapted from [40].

1.3.4 Adoptive NK Cell Therapy (CAR-NK cells)

NK cells have several advantages over T cells for chimeric antigen receptors (CAR) therapy,
with 17 CAR-NK cell trials currently being conducted worldwide [74]. To elicit antibody
dependent cell mediated cytotoxicity (ADCC), the Fc fragment of the IgG low affinity III
receptor (FcyR III) expressed by NK cells binds to the Fc fragment of antibodies (Figure 8B).
This unique feature of NK cells allows for the combination of 2 targeted therapies that
recognize different, or the same, tumor associated antigens, for example a chimeric antigen
receptor (CAR) expressing NK cells and tumour-associated antigen-specific monoclonal
antibodies. NK cells also recognize various ligands through a variety of activating receptors,

including natural cytotoxicity receptors allowing for the spontaneous killing of tumour cells
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(Figure 8B). CAR NK cells also have the potential to be safer than CAR T cells as they have
less of a propensity to elicit cytokine storms, called cytokine release syndrome (CRS), a

common and serious side effect of CAR T cells [75],[76],[77].

1.3.5 Limitations to NK Therapy for GBM

Many clinical trials investigating NK cell-based immunotherapy in solid tumours (including
adoptive transfer of autologous, allogeneic NK cells, NK cell lines or CAR NK cells, cytokine-
based therapy, anti-cancer inhibitors, or agonist of activating receptors) have achieved low
efficacy [36]. The two major restrictions for NK cell activity in GBM are the immune-
suppressive tumour microenvironment (TME) and the successful homing to and infiltration of
tumours across the Blood-Brain Barrier barrier (BBB)[78]. NK cells are faced with
immunosuppressive factors such as TGF-B in the TME while their metabolism is also impaired
as a result of nutrient and oxygen deprivation, causing NK cell effector functions to be limited
[78],[79]. Impacting the metabolic restrictions could represent a potential target to improve the
efficacy of NK cell-based therapies against solid tumors. TGF-f inhibitors could alleviate
immunomodulation and novel delivery could help to overcome challenges presented by the

BBB [80].

1.4 Novel anti-cancer compounds for GBM

1.4.1 The anti-cancer utility of (E)-2-(2-quinolin-2-yl-vinyl)-benzene-1,4-diol HCI (Q8)

\ OH
N F
N O HCI

OH
Figure 9: Structure of (E)-2-(2-quinolin-2-yl-vinyl)-benzene-1,4-diol HCI (Q8)
(E)- 2-(2-quinolin-2-yl-vinyl)-benzene-1,4-diol HCI (Q8) is a Quininib analogue and a small
molecule antagonist of cysteinyl leukotriene receptors 1 and 2 (CysLT1 and CysLT2). Q8 was

chosen for its anti-angiogenic efficacy across different cancer models [81]. Tumours express

CysLT receptors with enhanced expression of CysLT1 in colorectal cancer showing a negative
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correlation with patient survival [82]. Turtay et al., 2010 showed that antagonism of CysLT1
significantly reduces angiogenesis in rodent models, therefore anti-angiogenic therapies could

be an alternative target for treating CRC [81].

Murphy et al., (2016) showed that treatment with 10uM QS8 resulted in significant reduction in
secretions of important angiogenic mediators I1L-6 (37.8%), VEGF (47.3%) and IL-8 (13.2%)
[83]. This study also should that aside from pericardial edema, another recognised anti-
angiogenic effect, larvae treated with Q8 did not demonstrate any additional behavioral or
morphological deficits, signifying that Q8 is non-toxic. This study indicated that the 1-4
dihydroxy quininib, a CysLT1 antagonist, showed significant anti-cancer properties in CRC
based on in vitro, ex vivo and in vivo assessment of this drug. The VEGF independent activity
alongside additional anti-angiogenic response has proven that in combination with

bevacizumab, Q8 offers a different therapeutic strategy to current anti-VEGF therapies [81].

Bevacizumab has been shown to work alone or in combination with cytotoxic chemotherapy
in patients with good performance status at the at the time of GBM recurrence. However, the
survival benefit is limited to 4 months and comes with numerous significant side-effects [84].
Therefore, Q8 may represent an alternative GBM treatment pathway as the expression of
CysLT1 and CysLT2 is upregulated in glioma cells. By targeting these proteins that are linked
to glioma cell proliferation the receptor antagonist Q8, may lead to an alternative GBM
treatments. [85]. Overall, Q8 acts non-redundant to the VEGF pathway, and may represent an
alternative strategy to counteract anti-VEGF resistance in GBM [86]. Due to the anti-
angiogenic and antagonistic properties of Q8, this drug could have potential in the therapeutic
arsenal against GBM. Here, we assess the potential of Q8 as an anti-proliferative agent and as

combination therapy with standard of care chemotherapy or NK cell therapy in GBM.

1.4.2 The anti-cancer utility of (E)-2-(2-(Pyrazin-2-yl)vinyl)phenol (P3)

LN OH

Figure 10: Structure of (E)-2-(2-(Pyrazin-2-yl)vinyl)phenol (P3)

(E)-2-(2-(Pyrazin-2-yl)vinyl)phenol (Pyrazinib, P3) is a pyrazine compound that targets

oxidative phosphorylation and has shown to enhance radiosensitivity in vitro in an isogenic

15



radioresistance model of OAC [87]. Due to the anti-metabolic and anti-inflammatory activity
of P3, its effect on immune cells such as dendritic cells have been investigated. As dendritic
cells play a critical role in conducting anti-tumour immune responses through T cell activation,
Pyrazinib (P3) was researched to see if it altered the expression of dendritic cell maturation
markers. Pyrazinib (P3) did not directly alter the expression of maturation markers on CD11c*
dendritic cells and does not negatively affect dendritic cell function or T cell viability or
activation marker expression. However, Pyrazinib (P3) demonstrated significant inhibition of
IL-1p secretion and increased IL-3 and IL-178 secretion from treatment-naive biopsies from
OAC patients. The ability of Pyrazinib (P3) to inhibit both oxidative phosphorylation and
glycolysis is a critical finding, which shows even in OAC tumours that have the ability to adapt
their metabolism to hypoxic conditions [88]. Here, we assess the potential of P3 as an anti-
proliferative and anti-inflammatory agent and as combination therapy with standard of care
chemotherapy or NK cell therapy in GBM. This study also screens P3 for any potential adverse

immunomodulatory effects on NK cells.

1.4.3 (E)-2-(2-(pyrazin-2-yl)vinyl)phenyl dihydrogen phosphate (P3 Phosphate)

]
N7 X .
LN O\F')/HOH

@)

Figure 11: Structure of (E)-2-(2-(pyrazin-2-yl)vinyl)phenyl dihydrogen phosphate (P3 Phosphate)

(E)-2-(2-(pyrazin-2-yl) vinyl)phenyl dihydrogen phosphate (P3 Phosphate) is a prodrug of
Pyrazinib. Due to the poor solubility of P3 an alternative version with better solubility is
required for translation of the in vitro studies into in vivo models and eventually human use.
P3 phosphate is formed using phosphate esters to give better solubility (McLoughlin et al,
unpublished). P3 phosphate is dissolved in 6:4 ethanol: water making it more soluble than P3
which is dissolved in DMSO. The synthesis of this prodrug is described in section 2.7. The
target and mechanism of action of this drug is unknown. Here, we assessed whether P3
Phosphate had equivalent or superior potential to P3 as an anti-proliferative and anti-
inflammatory agent and as combination therapy with standard of care chemotherapy or NK
cell therapy in GBM. In this study, we also assessed (E)-2-(2-(Pyrazin-2-yl) vinyl)phenyl

acetate (P3 Acetate), the intermediate of P3 for its anti-cancer potential in GBM.
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1.5 Hypothesis

P3, P3 phosphate and Q8 have anti-cancer potential in GBM alone and/or in combination with
current standard of care chemotherapy, TMZ or in combination with NK cell therapies.

1.6 Study Aims

Aim 1: Elucidate whether P3 and Q8 have anti-proliferative potential alone and/or can sensitise

the glioblastoma tumour cells to temozolomide, using the glioblastoma cell line model, T98G

Aim 2: Examine whether P3 and Q8 can sensitise the glioblastoma cell line T98G to NK cell-

mediated responses.

Aim 3: Assess whether P3 and Q8 can enhance NK cell responses in the GBM tumour

microenvironment.

Aim 4: Developing and testing more soluble candidates of P3 for subsequent clinical

application.
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2.0 Materials and Methods

2.1 Patient Samples and Ethical approval

Fresh healthy donor derived blood was taken from consenting healthy donors or prepared from

buffy coat packs that were obtained from the Irish Blood Transfusion Service in St. James’s

Hospital, Dublin. The work was performed in

accordance with The Code of Ethics of the

World Medical Association (Declaration of Helsinki) for experiments involving humans. For

buffy coat packs, patients provided informed written consent for sample and data acquisition

and the study received full ethical approval from the St. James’s Hospital Ethics Review

Committee. For fresh venous blood, healthy donors provided informed consent for sample

blood acquisition and the study received full ethical approval from the Faculty of Health

Sciences Ethics Committee at Trinity College Dublin. Blood samples were pseudonymized to

protect the privacy rights of the donors.

2.1.1 Buffers and Cell culture media

Table 1: Ingredients of buffers and cell culture medias

Buffer

|Ingredients

FACS Buffer

500 ml phosphate buffered saline (PBS) (Cytiva)
2% Foetal bovine serum (FBS) (Sigma-Aldrich, USA),
0.01% sodium azide (Sigma-Aldrich, USA).

FACS Blocking Buffer

50% FACS Buffer
50% FBS

Media

Complete Roswell Park Memorial Institute (cCRPMI
media

500 ml RPMI 1640 (Sigma-Aldrich Gillingham)
supplemented with

10% (v/v) FBS (Sigma-Aldrich, USA)

1% penicillin-streptomycin (Lonza, Switzerland)

Minimum essential medium eagle, with EAR
(EMEM)

500 ml EMEM M4655 (Sigma-Aldrich Gillingham),
supplemented with

10% (v/v) FBS (Sigma-Aldrich, USA)

1% penicillin-streptomycin (Sigma-Aldrich, USA)

DMEM/F-12 1:1 (1X) + 2.50 Mm L-Glutamine, +
15Mm HEPES Buffer

500 ml DMEM
10% (v/v) FBS (Sigma-Aldrich, USA)
1% penicillin-streptomycin (Sigma-Aldrich, USA)
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2.1.2 Media Preparation

Roswell Park Memorial Institute 1640 (RPMI 1640) medium (Gibco, UK), Minimum essential
medium eagle, with EAR (EMEM) (Sigma), DME/F-12 1:1 (1X) + 2.50 Mm L-Glutamine, +
15Mm HEPES Buffer (Cytiva) were all supplemented with 10% foetal bovine serum (FBS)
(Biosera), 1% penicillin/streptomycin (Sigma) and are henceforth referred to as complete

RPMI (cRPMI), complete EMEM (cEMEM) and complete DMEM (cDMEM).

2.1.3 Preparation of peripheral blood mononuclear cells from venous blood

Blood was diluted 2:1 in PBS, and subsequently layered onto Ficoll-Hypaque (GE, USA) in a
laminar flow hood and centrifuged at 400 x g for 25 min with the brake off. The buffy layer
was removed and washed twice in 50 ml of PBS at 800 x g for 10 min. The PBS was discarded
and the pellet was vortexed. The pellet was resuspended in 1 ml of cRPMI and cells were

counted as per section 2.1.5.

2.1.4 Preparation of peripheral blood mononuclear cells from buffy coat packs)

Blood packs were collected from the Irish Blood Transfusion Service. The blood packs were
sprayed with 70% ethanol and were accessed in a laminar flow hood. EDTA (1 ml of 0.5 mM
per 50 ml tube) was added to the blood. Subsequently, 5 ml of blood was transferred into a 50
ml tube and diluted 1:7 with PBS . The diluted blood (35 ml) was carefully layered over 15 ml
Ficoll in a 50 ml tube. This was centrifuged at 400 x g for 20 min with the brake off. The cloudy
white layer containing the PBMC was removed carefully using a transfer pipette and
transferred into a fresh 50 ml tube containing sterile PBS. This was centrifuged for 10 min at
1800 rpm. The supernatant was discarded and the pellet was resuspended in 50 ml PBS. This

was centrifuged for 10 min at 1200 rpm. Cells were counted as per section 2.1.5.

2.1.5 Cell counting

A sample of the cells obtained was diluted 1 in 10 with trypan blue (Sigma-Aldrich, USA) and
10 pl of this dilution was added to the haemocytometer (Neubauer glass haemocytometer 0.1
mm depth, Bright-Live®). Viable, unstained cells were visualised at 20X magnification using
a light microscope and counted in the four corners of the haemocytometer. The number of cells

per ml was calculated as follows:
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cells
ml

Avg.no.of cells x10* X dilution factor = no.of

2.2 Drug Treatments of NK cells with Q8, P3 and P3 phosphate

2.2.1 Assessing the effect of P3 on NK cell viability:

PBMC were counted and plated at 1 x 10° cells per ml of cRPMI in a 24 well plate. PBMC
were incubated overnight in a humidified atmosphere of 5% CO; at 37°C. PBMC were treated
with DMSO vehicle control (0.1%) or 1, 10, 100 uM P3 for 24hrs and had subsequent analysis
of NK cell viability by flow cytometry.

2.2.2 Assessing the effect of P3 on NK cell phenotype and function:

PBMC were counted and plated at 1 x 10° cells per ml of cRPMI in a 24 well plate. PBMC
were incubated overnight in a humidified atmosphere of 5% CO; at 37°C. PBMC were treated
with cDMEM or 0.5 ml T98G cell line supernatants (section 2.3.1) for 24 hrs +/- 10 uM P3.
The cells were subsequently analysed for surface expression of activation/cytotoxicity
receptors (NKG2D, NKP30, NKP46, CD69), inhibitory receptors (NKG2A, TIGIT, PD-1)
and death receptors (TRAIL, FasL), degranulation markers (CD107a) or cytokines (IFN-y,
TNF-a, IL-10) by flow cytometry (section 2.4.2).

2.2.3 Assessing the effect of P3, Q8 and P3 Phosphate on NK cell chemotaxis:

PBMC were counted and plated at 1 x 10° cells per ml of cRPMI in a 24 well plate. PBMC
were incubated overnight in a humidified atmosphere of 5% CO; at 37°C. PBMC were treated
with 0.1% DMSO (P3/Q8 vehicle control), 0.1% ethanol (P3 phosphate vehicle control), or 10
uM of Q8, P3 or P3 phosphate for 24 hrs and their migration towards T98G cell line supernatant

(section 2.3.1) was subsequently measured (section 2.5).
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2.3 Cell culture of the T98G cell line

The T98G GBM cell line was gifted by Dr Maria Valasco, Centro Nacional de Investigaciones
Oncologicas, CNIO, Madrid, Spain. T98G is an adherent cell line derived from human
glioblastoma multiform from a 61-year-old Caucasian male. This cell line was subject to

mycoplasma testing by polymerase chain reaction (PCR) prior to use.

All in vitro cell culture was performed using stringent aseptic techniques. All cell culture
preparations were undertaken under the laminar flow hood (FASTER) and any equipment used
was autoclaved and sprayed with 70% ethanol before use. An antifungal agent (AquaStabil,

Julabo) was added in incubators and water baths to minimise the incidence of contamination.

T98G glioblastoma cell lines were cultured in T75 flasks of complete media (¢cDMEM) and
maintained in a humidified atmosphere of 5% CO> at 37°C. The media was changed every 2-
3 days. When 80-100% confluent, cells were sub-cultured by incubating the T98G cells with 2
ml trypsin- EDTA solution 10X (Sigma) for 5 min at 37°C. Trypsin was neutralised by the
addition of 10 ml of cDMEM. The cell suspension was then collected, centrifuged and the cell
pellet was resuspended in 5 ml of cDMEM . Subculture at a ratio of 1:6 was performed by

adding 2 ml of cells in media into 10 ml of complete media in a T75 flask.

2.4 Drug treatments of T98G cells with P3, Q8 and P3 Phosphate

For drug treatments, T98G cells were trypsinised when 80% confluent and counted using a
haemocytometer. T98G cells were plated at 5,000 cells per well in a 96 well plate and incubated
overnight in a humidified atmosphere of 5% CO; at 37°C. Following overnight incubation,
T98G cell media was replenished and cells were treated with Temozolomide (10 pM, 50 uM,
100 uM) +/-10 uM P3 or +/- 10 uM QS8 or +/- 10 uM P3 Phosphate or +/- 10 uM P3 Acetate.
To ascertain the effects of the novel compounds alone, cells were treated with 10 uM P3 alone
or +/- 10 uM QS8 alone or +/- 10 uM P3 Phosphate alone or +/- 10 uM P3 Acetate alone for 72
hrs before proceeding with the CCKS8 assay. The appropriate controls were also added to the
T98G cells for 72 hrs (0.1% DMSO (P3/Q8 vehicle control) or 0.1% ethanol (P3 phosphate
vehicle control)) before proceeding with the assay. The supernatants were collected after 72

hrs before performing the CCK8 assay.
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For subsequent NKR profiling, T98G cells were seeded into a 24 well plate at a density of
50,000 cells per 500ul of media for the 24 hr treatment and 10,000 cells in 500ul for the 60 hr
treatment (24 hr treatment and 36 hr data collection period). T98G cells were incubated
overnight after which the media was replaced, and the cells were treated with 10uM of P3) or
0.1% DMSO control for 24 hrs. The supernatant was collected after 24 hrs, and the media was
replaced. In the case of the 60-hr time point, the supernatant containing the drug was removed
after 24 hrs and the media was replaced. These cells were then subject to a subsequent 36-hr
culture. Following either 24 or 60 hrs, cells were stained for flow cytometric analysis as per

section 2.6.2.

2.5 Functional assays using T98G cell line
2.5.1 CCKS assay

T98G cells were plated onto a 96 well plate at 5,000 cells per well and cultured for 24 hrs.
Following overnight incubation, T98G cell media was replaced and cells were treated with
temozolomide (10 uM, 50 uM, 100 uM) +/-10 uM P3 or +/- 10 uM Q8 or +/- 10 uM P3
Phosphate or +/- 10 uM P3 Acetate or 10 uM P3 alone or +/- 10 uM Q8 alone or +/- 10 uM
P3 Phosphate alone or +/- 10 uM P3 Acetate alone for 72 hrs before proceeding with the assay.
After 72 hrs, supernatant was removed and 100 pl of fresh media was added to each well.
Supernatants were cryopreserved for subsequent ELISA, NK cell functional assays and
chemotaxis assays. Five microlitres Cell Counting Kit-8 (CCK-8) (Sigma) per 100 pl culture
medium was added directly to the cells. The cells were incubated in a cell culture incubator for
0.5 to 4 hrs at 37°C until the colour turned orange. A calibration curve was created using the

data obtained to show number of viable cells.

2.5.2 Enzyme linked Immunosorbent assay (ELISA)

Levels of soluble analytes IL-17, IL-6, TGF-$ , MICA, TIMP-1, B7-H6, ULBP3 in cell culture
supernatant were measured using ELISA kits according to manufactures protocol (Table 2). 96
well ELISA plates were coated with capture antibody diluted in PBS and left overnight at room

temperature (R&D systems) or were already pre-coated (Assay Genie). The coated plates were
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washed and before blocked with blocking buffer if specified in protocol (Table 2). The washing
step was repeated. Standards and samples were diluted as required in reagent diluent and added
to the wells in duplicate before incubation for specified time and at specified temperature in
protocol (Table 2). The wash step was repeated and detection antibody diluted in reagent
diluent was added before incubation for specified time and at specified temperature in protocol
(Table 2). The plate was then washed again, before streptavidin-HRP in reagent diluent was
added for specified time and at specified temperature in protocol away from direct light.
Substrate solution was added to each well for specified time and at specified temperature in
protocol, protected from direct light. At this point, stop solution was added. The optical density
in each well was determined using a microplate reader (Labsystem Multiskan) at 490 nm (R&D
systems) or 450 nm (Assay Genie). A standard curve was produced using the average
absorbance values from sample wells were plotted against the standard curve, and protein

concentrations in pg/ml were determined.

Table 2: Buffer solutions and reagents for ELISA

Buffer solutions and reagents Ingredients

2L 10X PBS 160 g NaCl, 4g KCl, 28.8 g Na2HPO4, 4.8 g KH2PO4, dH-0.
Ph 7.4

IL 1IXTBS 8.8g NaCl, 2.42 g Trisma Base (20 Mm), dH»0. Ph 7.3

21 washing solution 200 ml 10X PBS, dH20, 1ml Tween

Reagent dilutions- filter sterilize

IL-17, 1L-6, B7-H6, ULBP3 - 1% BSA/PBS= 0.5 g BSA +
50 ml dPBS Put on roller, store at 4 °C

TGF-B (HUF100248), MICA/B (AssayGenie: HUFI00015),
TIMP-1, (AssayGenie: HUFI00254) as per AssayGenie
reagent stock samples

Strep-Hrp

IL-17: 50 uL 1/40 dilution (R&D systems; DY008-840114)
IL-18: 50 uL 1/40 dilution (Biolegend; 437016)

IL-6: stock concentration 81.25 pl of stock + 3168 ul (1/40
dilution) working concentration, 50 uL (R&D systems;
DY206)

B7-H6: 50 uL 1/40 dilution (R&D systems; DY 7144-05)
ULBP3 50 uL 1/40 dilution (R&D systems; DY 1517-05)
[TGF-8: Dilute HRP-Streptavidin conjugate (SABC) with|
SABC dilution buffer 1:100, 100ul of SABC working
solution (AssayGenie: HUF100248),

IMICA/B: Dilute HRP-Streptavidin conjugate (SABC) with|
SABC dilution buffer 1:100, 100ul of SABC working
solution (AssayGenie: HUFI00015),

[TIMP-1: Dilute HRP-Streptavidin conjugate (SABC) with|
SABC dilution buffer 1:100, 100ul of SABC working
solution TIMP-1, (AssayGenie: HUF100254)

Capture antibody (in dPBS) :

IL-17: stock concentration 480 pg/ml 1/120 dilution 50 pL

lof this solution(R&D systems, DY008-840113)
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IL-18: stock concentration 60ul of capture antibody (200X)

+ 12 ml 1X diluent, working concentration 50 pul of this|

solution (Biolegend; 437016)

IL-6: stock concentration 1/120 dilution, 27 pl of stock +

3223 ul PBS, 50 pL of this solution was added (R&D

systems; DY206)

B7-H6: stock concentration 120ug/ml 0.5 ml PBS was|

added to the capture, working concentration 2pg/ml, 83.3 pl

of stock was added to 10 ml PBS, (R&D systems; DY7144-

05)

IULBP3: stock concentration 240 pg/ml. 0.5ml of PBS added|

to capture antibody. Working concentration, 2 pg/ml 83.3 pul

of stock + 10ml PBS (R&D systems; DY 1517-05)

TGF-B: (AssayGenie: HUF100248), MICA/B (AssayGenie:

HUFI00015), TIMP-1(AssayGenie: HUFI00254) all
recoated plates

Detection antibody (in RD) :

IL-17: stock concentration 9ug/ml 1/60 dilution: working
concentration 50 pL of this solution(R&D systems; DY 008-
840114)

IL-18: stock concentration 60 pl of detection antibody]
(200X) + 12 ml of 1X diluent, working concentration 50uL
of this solution (Biolegend; 437016)

IL-6: stock concentration 54.1 pl + 3195 pl (1/60 dilution)
working concentration, 50uL of this solution was added
(R&D systems; DY206)

B7-H6: stock concentration 6 pg/lml of reagent diluent,
working concentration 6000 ng/ml, 166 pl of stock + 10 m]
reagent diluent. (R&D systems; DY 7144-05)

ULBP3, stock concentration 6 pl/1ml of reagent diluent,
working concentration 6000 ng/ml, 166 pl of stock was
added to 10 ml diluent (R&D systems; DY 1517-05)
TGF-B: 100 pL dilute 1:100, 1 pL of stock + 99 uL of]
diluent buffer (AssayGenie: HUF100248)

IMICA/B: 100 pL dilute 1:100, 1 pL of stock + 99 pL of]
diluent buffer (AssayGenie: HUFI00015)

TIMP-1: 100 pL dilute 1:100, 1 pL of stock + 99 pL of]

diluent buffer (AssayGenie: HUFI100254)
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Standards (in RD); IL-17: 70 mg/ml 1/70 dilution (R&D systems; DYO008-
840115) 50 pL of this solution

IL-18: 16 ng/ml in 0.2 diluent to make 80 ng/ml stock
concentration to give working concentration of 125 pg/ml,
perform 1:10 dilution of stock, 10 pl stock + 90 ul 1X]
diluent then add 15.6pul of this dilution to 984.4 pl 1X
diluent. (Biolegend; 437016)

IL-6: (2 ng/ml) stock concentration 1/40 dilution, 7.5 pl
stock +292.5 pl diluent working concentration 50 pL of this
solution(R&D systems; DY206)

B7-H6: 85 ng/ml. 0.5ml of reagent + standard antibody,
working concentration 8000 pg/ml, 23.53 pl of stock + 1 ml
reagent (R&D systems; DY 7144-05)

ULBP3: Stock concentration, 110 ng/ml. 0.5 ml of reagent|
diluent was added to standard. Working concentration 8000
pg/ml. 72.72 ul of stock was added to 1 ml reagent diluent,
this was serially diluted

(R&D systems; DY 1517-05)

TGF-B: Iml of sample buffer into one standard tube for|
stock solution, add 100 pl of standard working solution|
(AssayGenie: HUF100248)

IMICA/B: 1ml of sample buffer into one standard tube for|
stock solution, add 100 pl of standard working solution
(AssayGenie: HUFI00015)

TIMP-1: 1ml of sample buffer into one standard tube for|
stock solution, add 100 pl of standard working solution
(AssayGenie: HUFI100254)

2.6 Flow cytometry

2.6.1 Extracellular Flow Cytometric Staining

Unstained controls were subject to the same protocols as their stained counterparts, except for

the addition of flow cytometry antibodies.

2.6.2 Extracellular (Surface) staining

Cells were transferred in suspension to a FACS tube and centrifuged at 1300 rpm for 5 min in
FACS buffer. The supernatant was discarded, and the pellet was resuspended in 1 ml of
blocking buffer (50% FACS Buffer and 50% FBS) for 5 min at room temperature.
Subsequently the cells were centrifuged at 1300 rpm for 3 min and resuspended in FACS
buffer. This washing step was repeated twice. Following washing, cells were resuspended in

100 pl of FACS buffer and antibodies were added as in table 3 and incubated at 4°C for 30 min
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in the dark. Cells were washed twice in FACS buffer and resuspended in 200 pul of FACS buffer
for acquisition on the BD FACS CANTO II flow cytometer.

Table 3: Fluorochrome conjugated antibody panels used for extracellular staining of
blood and tumour for flow cytometric analysis using the BD FACS CANTO II.

lAntibody Volume |Manufacturer Cat No. Clone 'Antibody type
(D)
CD56-FITC" *Pright 1 Miltenyi  Biotec,|130-114-552 [REA196  [Surface
USA
CX3CR1-PE 1 Miltenyi  Biotec,[130-122-912 [REA385 Surface
USA
CD3-APC-Cy7 1 Biolegend, USA 300318 HIT3a Surface
NKG2D- 5 Biolegend, USA  [320817 ID11 Surface
PerCP/CyanineS.5
NKP46-PE/Cyanine7 |1 Biolegend, USA 331915 OE2 Surface
NKG2A-APC 2 Miltenyi  Biotec,|130-114-089 [REA110 Surface
USA
NKp30-Brilliant Violet]] Biolegend, USA  [325227 P30-15 Surface
421
CD69-Brilliant  Violet]l Biolegend, USA 310935 FN50 Surface
510
FasL-Brilliant  Violetl Biolegend, USA 306411 INOK-1 Surface
421
CD62L-Brilliant Violet]l Biolegend, USA 304843 DREG-56  |Surface
510
TIGIT- 2 Biolegend, USA [372717 A15153G  [Surface
PerCP/CyanineS.5
PD-1-PE/Cyanine? 5 Biolegend, USA 329917 EH12.2H7 |Surface
Zombie Aqua (bv2) 1 of 1/1000Biolegend, USA 423101 IN/A Surface
dilution
FITC anti-human|l Biolegend, USA 337627 SKII.4 INKR Ligand
CD155 (PVR)
PE-conjugate B7-H6 2.5 R&D, USA FAB7144P- [875001 INKR Ligand
025
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PerCP/Cyanine5.5 anti2 Biolegend, USA 342609 3D12 INKR Ligand
human HLA-E

PE/Cyanine7 anti-2 Biolegend, USA 320917 6D4 INKR Ligand
human MICA/B

FITC anti-human CD95 Biolegend, USA 305605 DX2 INKR Ligand
(Fas)

PE anti-human CD262|l Biolegend, USA 307405 DJR2-4(7- INKR Ligand
(TRAIL-R2) 3)

PerCP/Cyanine5.5 anti-2 Biolegend, USA 311517 5F4 INKR Ligand
human CD137 (4-1BBL)

IAPC-conjugated ULPB32.5 R&D, USA FAB1517A 166510 INKR Ligand
PE anti-human CD112]] Miltenyi ~ Biotec,|130-122-782 |[REA1195 [NKR Ligand
(PVRL2) USA

PE/Cyanine7 anti-1 Biolegend, USA 329717 29E.2A3  INKR Ligand
human CD274 (B7-

H6/PD-L1)
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2.6.3 Flow cytometry acquisition and analysis

Cells were acquired using the FACS CANTO II software (BD, UK). Data was analysed using
FlowJo Version 10 software (Treestar Inc, USA). The lymphocyte population was gated on
using SSC-A and FSC-A. To ensure there are no doublets, single cells were gated within FSC-
H and FSC-A. NK cells were gated as CD56"CD3" cells within this gate (Figure 124). To
distinguish between positive and negative populations, unstained controls were utilised. The
TI98G cells were gated on using SSC-A and FSC-A. To ensure there are no doublets, single
cells were gated within FSC-H and FSC-A (Figure 12B). To compensate for spectral overlap,
Compensation beads (Miltenyi Biotec and BD) were used as per manufacturer’s instructions

on the BD FACS CANTO II.
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Figure 12: Representative Dot Plot Showing NK Cell and T98G Gating Strategy. A: The lymphocyte population was
gated using the SSC-A and FSC-A (left). Following this to remove doublets, single cells were gated on FSC-H and FSC-A
(centre). NK cells were gated as CD56"CD3" cells within this gate (right). B: T98G cell population was gated on using the
SSC-A and FSC-A (left). Following this to remove doublets, single cells were gated on FSC-H and FSC-A (centre). FSC-H
and NKR Ligand were used to quantify NKR ligand expression (right).
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2.7 NK Cell chemotaxis assay

D1 NK cells D2 NK cells D3 NK cells D1 NK cells D2 NK cells D3 NK cells
DMEM (no DMEM (no DMEM (no DMEM +20% | DMEM +20% | DMEM + 20%
FBS) FBS) FBS) FBS FBS FBS
D1 NK cells D2 NK cells D3 NK cells D1 NK cells D2 NK cells D3 NK cells
GBM GBM GBM GBM Vehicle GBM Vehicle GBM Vehicle
D1 NK cells D2 NK cells D3 NK cells D1 NK cells Untreated D1 Untreated D2
GBM +P3 GBM+P3 GBM+P3 GBM + Q8

Untreated D3

Figure 13: NK cell chemotaxis Plate 1, Untreated NK cell chemotaxis towards drug-treated T98G cells (plus controls).

This assay was performed to ascertain the effects of the novel drugs on the chemotactic cues in the GBM Tumour

microenvironment.

DI NKcells+ | D2 NKcells+ | D3 NKcells+ | DI NKcells+ | D2 NKcells+ | D3 NK cells + Q8
P3 P3 P3 Q8 Q8

GBM GBM GBM GBM GBM GBM

DI NKcells+ | D2 NKcells+ | D3 NKcells+ | DI NKcells+ | D2 NK cells+ | D3 NK cells +
P3PhosVeh P3PhosVeh P3PhosVeh Veh Veh Veh

GBM GBM GBM GBM GBM GBM

D1 NKcells+ | D2 NKcells+ | D3 NK cells +

P3Phos P3Phos P3Phos

GBM GBM GBM

Figure 14: NK cell chemotaxis Plate 2, Drug-treated NK cell chemotaxis towards untreated T98G cells. This assay was

performed to ascertain the effects of the novel drugs on the migratory capacity of NK cells.

Peripheral blood mononuclear cells (PBMC) from 3 healthy donors were obtained and
incubated overnight in RPMI at 1 x 10° cells per ml. Supernatants from the vehicle-treated or
drug-treated T98G cell cultures were added to the lower chamber of a 5 pm pore Transwell
filter system (Corning Inc, Corning, NY, USA) in plate 1 (Figure 13) while supernatants from
untreated T98G cell cultures were added to the lower chamber of the transwell system in plate
2 (Figure 14). Serum-free DMEM was used as a negative control and DMEM supplemented
with 20% FBS was used as a positive control for chemotaxis. PBMC from 3 healthy donors
were subsequently added at a density of 0.2 x 10° cells/100 uL RPMI to the upper chamber of
the transwell system. This system was incubated for 2 hrs at 37 °C, with 5% CO,. Migrated
cells were collected from the lower chamber and stained for flow cytometric analysis with
CD56-FITC-Viobright (Miltenyi Biotec) and CD3-APC-Cy7 (Biolegend). CountBright beads
(ThermoFisher, Waltham, MA, United States) were used to enumerate the migrated
lymphocytes, CD56°CD3" NK (Natural Killer) cells and CD56'CD3* T cells. Cells were
acquired using the CANTO II flow cytometer (BD Biosciences) and analysed using FlowJo
v10 software (Tree Star Inc , USA). Absolute numbers were calculated using the following

equation.
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No. of beads per Sul _x No. of cells acquired = 260 beads x No. cells acquired

Vol of cells acquired No. of beads acquired 250 ul No. beads acquired

2.8 Statistical Analysis

All data was compiled using Microsoft Excel. Statistical analysis was carried out using
graphPad Prism 9.0 software package (GraphPad software, USA). One-way analysis of
variance (one-way ANOVA) tested for multiple comparisons used to compare means from 2
or more groups, where a control group was present. Where two treatment groups with equal
sample sizes were compared, a paired one-tailed t-test was used. Individual statistical tests are
stated in each figure legend. The significance levels were set up at *p< 0.05, **p< 0.01, ***p<

0.001 and ****p< 0.0001.

2.9 Synthesis of P3 Prodrugs

2.9.1 General Experimental Methods

All reagents used for synthesis were commercially available and were used without
purification, unless otherwise stated. Before use all glassware and magnetic stirring bars were
washed with water and acetone, then dried in oven at 140 °C overnight, unless otherwise stated.
All anhydrous reactions were performed under an atmosphere of nitrogen. Thin Layer
Chromatography analysis (TLC) was achieved using Merck Silica gel 60 TLC aluminium
sheets with fluorescent indicator visualising with UV light at 254 nm and 365 nm. Purification
of compounds were performed by flash column chromatography using Silica gel from Merck
(pore size 60 A). Nuclear Magnetic Resonance (both 'H and '*C NMR spectra) were recorded
on a Bruker Advance Spectrometer which operates at 600 MHz using an internal standard of
tetramethylsilane (TMS) and deuterodimethylsulfoxide (DMSO-ds) as a solvent by Dr. John
O’Brien in the School of Chemistry, Trinity College Dublin. All coupling constant values(J)
are given in Hz and chemical shift (§) in ppm. Multiplicities are given using the following
abbreviations: Doublet (d), triplet (t), singlet (s), broad singlet (brs), doublet of doublet (dd),
multiplet (m), and septet (sept). FTIR analysis were carried out as ATR by using a Perkin Elmer
spectrum IR version 10.6.0 with neat samples and frequency of bands were observed in

wavenumbers (¢cm™). The melting point analysis was carried out using Stuart melting point
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|ISMP 201| apparatus and microwave assisted synthesis was carried out using CEM Discover

microwave synthesiser.

2.9.2 Synthesis of (E)-2-(2-(Pyrazin-2-yl)vinyl)phenyl acetate (P3 Acetate)

2 methylpyrazine (0.46 g, 0.45 mL, 5 mmol) and salicyaldehyde (0.60 g, 0.52 mL, 5 mmol)
were added to a stirring solution of acetic anhydride (20 ml). This was placed in the microwave
for 5 hrs at 160°C. The product was a dark brown liquid. The solvent was evaporated in vacuo
under reduced pressure and the residual solvent was removed under nitrogen to afford a
brown/yellow crystalline solid (Yield: 750 mg, 62%). The product was carried forward to step

2 without further purification.

Figure 15: (E)-2-(2-(Pyrazin-2-yl)vinyl)phenyl acetate (P3 Acetate) structure. Chemical Formula: C;4H;,N,O,, Molecular
weight: 240.26

Rf: 0.5cm (n-hexane: ethyl acetate 1:1) (seen under A 365 and 254nm UV light)
IR (ATR; Viax/em ™) 1758 cm™ (C=0)

'H NMR (600 MHz DMSO-ds) & 8.84 (d, 1H, ArH, pyrazine ring), 8.65 (dd, 1H, ArH, Pyrazine ring), 8.52 (d,
1H, ArH, pyrazine ring), 7.93 (dd, 1H, ArH), 7.76 (d, 1H, J= 16 Hz), 7.43 (t, 1H, /= 7 Hz ArH), 7.41 (d, 1H, J=
16 Hz), 7.35 (t, 1H, J=7 Hz ArH), 7.21 (dd, 1H, ArH), 2.38 (s, 3H, CHs acetate group)

13C NMR (600 MHz DMSO-ds) & 168.5, 150.2, 148.6, 145.24, 144.67, 143.87, 129.15, 128.36, 127.7, 127 .4,
126.2 125.6, 123.6, 20.7
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2.9.3 Hydrolysis of P3 Acetate to generate P3

P3 acetate (200 mg) was dissolved in a mixture of ethyl acetate/ethanol (1:1 mixture, 40mL).
The stirring mixture was refluxed at (100°C) followed by the addition of NaOH (~2 ml). The
reaction was run for 2 hrs. TLC analysis was done to monitor the reaction progress Then, the
solvent was removed in vacuo and the crude mixture was purified by using flash column
chromatography on a gradient of 1:1 to 1:2 (hexane: ethyl acetate) to afford a bright yellow
solid (Yield: 90 mg, 15%).

HO

Figure 16: Structure of P3. Chemical Formula Ci2H;oN»0, Molecular Weight: 198.23

Rf: 0.35cm (n-hexane: ethyl acetate 1:1) (seen under A 365 and 254 nm UV light)
Melting point: 207 °C
IR (ATR; Vimax/em ™) 3301 cm! (Broad, OH); absence of C=0 peak

'H NMR (600 MHz DMSO-ds) § 10.0 (br s, 1H, OH), 8.72 (d, 1H, ArH, Pyrazine ring), 8.60 (dd, 1H, ArH,
pyrazine ring), 8.46 (d, 1H, ArH, Pyrazine ring), 8.02 (d, 1H, J = 16 Hz), 7.63 (dd, 1H, ArH), 7.37 (d, 1H, J =
16Hz), 7.17 (t, 1H, J= 7 Hz, ArH), 6.92 (d, 1H, ArH), 6.86 (t, 1H, J=7 Hz, ArH)

13C NMR (600 MHz DMSO-ds) & 155.92, 151.22, 144.42, 143.74, 142.68, 129.94, 129.84, 127.49, 123.62,
122.75,119.35, 116.14

2.9.4 Addition of dibenzylphosphite to Pyrazinib to afford Pyrazinib dibenzylphosphite

Due to timing issues the Pyrazinib dibenzylphosphite was not synthesised or purified, however,
the procedure is as follows. Pyrazinib (P3) should be 50 mg minimum (250 mg, 1.16 mmol,
1Eq) was added to a stirring solution of anhydrous Acetonitrile (5 ml) under a nitrogen
atmosphere. To aid dissolution it was sonicated for 10 min. The reaction vessel was then placed
on ice followed by the dropwise addition of Carbon Tetrachloride (0.4 mL, 3.5 mmol, 3 Eq).
the solution was allowed to stir vigorously for 20 min. DMAP (16 mg, 0.125 mmol, 0.1 Eq)
and DIPEA (0.45 mL, 2.52mmol, 2 Eq) were then added dissolved in 1ml of acetonitrile via
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injection (turns from pale yellow to darker yellow) The solution was allowed stir for a further
5 min before the addition of dibenzylphosphite (0.16 mL, 1.8 mmol, 1.4 Eq). (turns back very
pale yellow almost clear). The solution was allowed stir on ice for 4hrs and monitored by TLC
until a decrease in Rf was observed. The reaction was quenched with saturated K2SO4 (5 ml).
The reaction was diluted ethyl acetate (5 ml). After phase separation the aqueous layer was
retained was then extracted with 3X 20 ml ethyl acetate. The combined organic layers were

washed with brine and dried using anhydrous Na>;SO4. A crude yellow oil should be obtained.

2.9.5 General method: Removal of Benzyls on dibenzyl phosphate derivative

P3 dibenzylphosphite oil (200 mg, 0.5 mmol, 1Eq) was weighed and added to a stirring solution
of anhydrous toluene (20 ml), under N> and on ice water/methanol trough at -10°C. Boron
tribromide 1M in anhydrous toluene (0.5 ml 0.5 mmol, 1Eq,) was added dropwise to the stirring
solution while maintaining a temperature of -10°C. The reaction was allowed to warm to room
temperature before bringing the temperature to 80 °C. On completion of the debenzylation after
two hrs reflux, a yellow participate should be observed. The crude solids were purified using

Sephadex gel filtration (Sephadez® G10 medium), through size exclusion chromatography.
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3. Results

3.1 Elucidating the effects of P3 and Q8 on T98G cell viability and GBM
sensitivity to TMZ

3.1.1 P3 exhibits potential to kill T98G cells

The effects of P3 on GBM cell viability were elucidated using a CCKS8 colorimetric assay.
TI8G cells were treated with 10 pM of P3 for 72 hours and were compared to untreated T98G
cells. Our data showed that P3 significantly reduced the percentage of viable T98G cells
(Untreated vs. P3-treated (100% vs. 84.09%, p=0.024)(Figure 17).

P3
150

100

% T98G Cell Viability
(3.
o
]

Untreated 10.M P3

Figure 17: P3 reduces T98G GBM Cell viability. Bar chart showing % cell viability of untreated T98G cells vs T98G cell
treated with 10pM of P3 for 72 hours. Cell viability was assessed by CCK8 colorimetric assay. Paired T-test *p < 0.05, n=7

3.1.2 Q8 exhibits potential to kill GBM T98G cells

The effects of Q8 on GBM Cell viability were elucidated using a CCK8 colorimetric assay.
TI8G cells were treated with 10 pM of Q8 for 72 hours and compared to untreated T98G cells.
Our data showed that Q8 did significantly reduce the percentage of viable T98G cells
(Untreated vs. Q8-treatment (100% vs. 91.76%, p=0.0085)(Figure 18).
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Figure 18: Q8 reduces T98G GBM Cell viability. Bar chart showing % cell viability of untreated T98G cells vs T98G cell
treated with 10pM of Q8 for 72 hours. Viability was assessed by CCK8 colorimetric assay. Paired T-test, **p< 0.01, n=7

3.2 Elucidating the effects of P3 and Q8 GBM sensitivity to TMZ
3.2.1 P3 does not sensitize T98G cells to TMZ

The effects of P3 on sensitizing T98G cells to TMZ was elucidated using a CCK8 colorimetric
assay. T98G cells were treated with 10, 50, 100 uM of TMZ +/- 10 uM P3 for 72 hours and
were compared to untreated T98G cells or the DMSO vehicle control for TMZ. When the
vehicle-control treated T98G cells were compared to those treated with 10, 50, 100 uM of TMZ
alone there was statistical significance, showing that experimental technique worked and
cytotoxic effects of TMZ were achieved (Control vs 10 uM TMZ (100% vs 26.84, p<0.0001),
Control vs 50 uM TMZ (100% vs 1.89, p<0.0001), Control vs 100 uM TMZ (100% vs 2.99,
p<0.0001)(Figure 19). As expected, there was a dose-dependent decrease in cell viability when
10 uM TMZ was compared to 50 uM TMZ (26.84% vs 1.89%, p=0.0011)(Figure 19) and
when 10 uM TMZ was compared 100 uM TMZ (26.84% vs 2.99%, p=0.0019)(Figure 19).
Our data showed that while 10 uM P3 alone reduces T98G viability, concurrent treatment with
this drug does not significantly sensitize T98G cells to TMZ. There was a decrease in cell
viability between 10 uM TMZ + 10 pM P3 vs 50 uM TMZ + 10 uM P3 (20.56% vs 2.76%,
p=0.029)(Figure 19) and between 10 uM TMZ + 10 uM P3 vs 100 uM TMZ+ 10 uM P3
(20.56% vs 3.35%, p=0.0382)(Figure 19), this is likely due to increasing doses of TMZ as the
concentration of P3 remained constant at 10 uM. Significant cytotoxicity observed in response
to treatment when combined with TMZ at 10, 50 and 100 uM could have masked any potential

effect of P3. Our data demonstrates no TMZ-sensitising effects of P3. Future work will
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elucidate whether 24 hour pre-treatment with P3 and/or higher doses of P3 sensitises T98G

cells to TMZ treatment.

%k % %k %k

% %k %k k

%k %k

150

m TMZ

* ok Kok * %
= TMZ + P3

100

50

% T98G Cell Viability

Control 10uM 50uM 100uM

Figure 19: P3 does not sensitize T98G cells to Temozolomide (TMZ). Bar chart showing % cell viability of T98G cells
treated with TMZ Vehicle control (Control) or 10 uM, 50 pM or 100 uM TMZ alone (black) vs T98G cells treated with treated
with TMZ Vehicle control (Control) or 10 uM, 50 uM or 100 pM TMZ alone TMZ+ 10 uM of P3 for 72 hours. Cell viability
was assessed by CCKS8 colorimetric assay. 2-way ANOVA *p< 0.05, **p<0.01, ***p<0.001 and ****p<0.0001, n=5

3.2.2 Q8 does not sensitize T98G cells to TMZ

The effects of Q8 on sensitizing T98G cells to TMZ was elucidated using a CCKS8 colorimetric
assay. T98G cells were treated with 10, 50, 100 uM of TMZ +/- 10 uM Q8 for 72 hours and
were compared to untreated T98G cells or the DMSO vehicle control for TMZ. Our data
showed that Q8 does not sensitize T98G cells to TMZ. When the untreated T98G cells were
compared to 10, 50, 100uM of TMZ alone there was statistical significance (Control vs 10 uM
TMZ (100% vs 26.84%, p<0.0001)(Figure 20), control vs 50 uM TMZ (100% vs 1.89,
p<0.0001)(Figure 14), control vs 100 uM TMZ (100% vs 2.99, p<0.0001)(Figure 20). There
was a decrease in cell viability between 10 pM TMZ + 10 uM Q8 vs 50 uM TMZ + 10 uM
Q8 (45.37% vs 3.02%, p=0.0010)(Figure 20) and between 10 uM TMZ + 10 uM Q8 vs 100
uM TMZ + 10 uM Q8 45.37% vs 4.99%, p=0.0017)(Figure 20) but this is likely due to
increasing doses of TMZ as the concentration of Q8 remained constant at 10 uM. Due to
significant cytotoxicity observed in response to treatment with TMZ at 10, 50 and 100 pM, the

concentrations used could have masked any potential effect of Q8. Our data demonstrate no
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TMZ-sensitising effects of Q8. Future work will elucidate whether 24 hour pre-treatment with

Q8 and/or higher doses of Q8 sensitises T98G cells to TMZ treatment.
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Figure 20: Q8 does not sensitize TI8G cells to Temozolomide (TMZ). Bar chart showing % cell viability of T98G cells
treated with TMZ Vehicle control (Control) or 10 uM, 50 pM or 100 uM TMZ alone (black) vs T98G cells treated with treated
with TMZ Vehicle control (Control) or 10 uM, 50 uM or 100 pM TMZ alone TMZ+ 10 pM of Q8 for 72 hours. Cell viability
was assessed by CCK8 colorimetric assay. 2-way ANOVA *p< 0.05, **p<0.01, ***p<0.001 and ****p<0.0001, n=5

3.3 Assessing the ability of P3 to sensitise GBM tumours to NK cell therapies

3.3.1 Treatment with P3 did not alter the expression of NKR activating ligands, ULBP3,
MICA/B and B7-H6 present on T98G cells.

The surface expression of NKR activating ligands ULBP3, MICA/B and B7-H6 present on
TI8G cells were assessed after a 24hr treatment with 10uM of P3. Using flow cytometry, the
% frequency and mean fluorescence intensity (MFI) of these NKR ligands were evaluated to
ascertain whether the treatment had an effect on NK activation which occurs via these ligands.
When compared to DMSO vehicle control (VC), treatment with P3 caused a slight increase in
the frequency % of T98G cells positive for the NKR ligands ULPB3 (VC vs 10uM P3,
18.826% vs 28.814% p=0.58, (Figure 214), and MICA/B (VC vs 10uM P3, 51.44% vs
60.34%, p=0.34)( Figure 21B). However, the % frequency of T98G cells positive for B7-H6
remained unchanged after treatment with P3 (VC vs 10 uM P3, 3.46% vs 3.12%
p=0.48)(Figure 15C). No significant changes were observed in the MFI of ULBP3, MICA/B
or B7-H6 following P3 treatment (Figure 21D, E,F).
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Figure 21: P3 did not change the expression of NKR activating ligands ULBP3, MICA/B and B7-H6 on T98G cells.
(Left) Bar chart showing the % frequencies of (A) ULBP3* (B) MICA/B™ (C) B7-H6" T98G cells following treatment with
DMSO vehicle control (VC) or 10uM of P3 for 24 hours. Bar chart showing the MFI values for (D) ULBP3 (E) MICA/B (F)
B7-H6 on T98G cells following treatment with DMSO vehicle control (VC) or 10uM of P3 for 24 hours. (Right)
Representative dot plots showing (G) ULBP3" (H) MICA/B* (I) B7-H6" T98G cells following treatment with DMSO vehicle
control (VC) or 10uM of P3 for 24 hours (n=5), ns by one-way ANOVA. (Experiment carried out in conjunction with MSc

Translational Oncology student Jennifer Moran).

3.3.2 P3 did not significantly alter the expression of NKR ligands PVR, PVRL2 and 4-1BBL
in T98G cells.

The expression of NKR ligands PVR, PVRL2 and 4-1BBL present on T98G cells were
assessed after a 24 hour treatment with 10 uM of P3. Using flow cytometry, the % frequency
of these NKR ligands were evaluated. When compared to DMSO vehicle control (VC),
treatment with P3 caused a slight increase in the frequency % of T98G cells positive for PVR
(VC vs 10 uM P3, 87.4% vs 88.85%, p=0.69)(Figure 224) or 4-1BBL (VC vs 10 uM P3,
45.87% vs 54.82%, p=0.0715)(Figure 22C). The frequency of T98G cells positive for PVRL2
showed a slight decrease after treatment with P3 (VC vs 10 uM P3, 76.7% vs 73.8
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p=0.82)(Figure 22B). No significant changes were observed in the MFI of PVR, PVRL2 and
4-1BBL following P3 treatment (Figure 22D, E,F).
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Figure 22: P3 did not change the expression of NKR activating ligands PVR, PVRL2 and 4-1BBL on T98G cells. Bar
chart showing the % frequencies of (A) PVR (B) PVRL2 (C) 4-1BBL on T98G cells following treatment with DMSO vehicle
control (VC) or 10 uM of P3 for 24 hours. Bar chart showing the MFI values for (D) PVR(E) PVRL2 (F) 4-1BBL on T98G
cells following treatment with DMSO vehicle control (VC) or 10 pM of P3 for 24 hours (n=4), ns by one-way ANOVA.

(Experiment carried out in conjunction with MSc Translational Oncology student Jennifer Moran)

3.3.3 P3 treatment induced a relative increase in the expression of the death receptor TRAIL-
R2 but not Fas in T98G cells.

TI98G cells were treated for 24 hours with 10 uM P3 and the expression of death receptors
TRAIL-R2 and Fas were analysed by flow cytometry. When compared to DMSO vehicle
control (VC), treatment with P3 did not significantly increase the % frequency of TRAIL-R2*
and Fas® T98G cells. However, the MFI of TRAIL-R2 was significantly increased when T98G
cells were treated with P3 suggesting that while the number of cells positive for this death
receptor were not increased, the amount on the surface of the glioblastoma cells was

significantly enhanced by P3 (VC vs. 10uM P3; 9052.75 vs. 9759; p=0.0497)(Figure 23).
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There were no significant differences observed between the MFI of death receptor Fas after P3

treatment when compared to the vehicle control.
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Figure 23: P3 treatment induced a relative increase in the expression of the death receptor TRAIL-R2 but not Fas in
T9I8G cells. (Left) Bar chart showing the % frequencies of (A) TRAIL-R2* (n=4) (B) Fas* T98G cells following treatment
with DMSO vehicle control (VC) or 10 pM of P3 for 24 hours. Bar chart showing the MFI values for (C) TRAIL-R2 (D) Fas
on T98G cells. (Right) Representative dot plots showing (E) TRAIL-R2" (F) Fas™ T98G cells following treatment with DMSO
vehicle control (VC) or 10uM of P3 for 24 hours (n=5), *p<0.05 by one-way ANOVA. (Experiment carried out in conjunction

with MSc in Translational Oncology student Jennifer Moran).

3.3.4 P3 did not significantly change the expression of the inhibitory ligand HLA-E and the
immune checkpoint ligand PD-L1 in T98G cells.

TI8G cells were treated with 10 uM of P3 for 24 hours and the expression of inhibitory ligand
HLA-E and the immune checkpoint ligand PD-L1 were assessed. There was no significant
change in the % frequency of T98G cells that were positive for HLA-E (n=4) and PD-LI
(n=5)(Figure 24B) following treatment with P3. There were no significant changes observed
in the MFI of HLA-E or PD-L1 when T98G cells were treated with P3 in comparison to the
vehicle control treated T98G cells (Figure 24C,D).
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Figure 24: P3 did not significantly change the expression of the inhibitory ligand HLA-E and the immune checkpoint
ligand PD-L1 on T98G cells. (Left) Bar chart showing the % frequencies of (A) HLA-E' (n=4) (B) PD-L1* (n=5) on T98G
cells following treatment with DMSO vehicle control (VC) or 10 uM of P3 for 24 hours. Bar chart showing the MFI values
for (C) HLA-E (D) PD-L1 on T98G cells. (Right) Representative dot plots showing (E) HLA-E" (F) PD-L1* T98G cells
following treatment with DMSO vehicle control (VC) or 10uM of P3 for 24 hours (n=5), *p<0.05 by one-way ANOVA.

(Experiment carried out in conjunction with MSc in Translational Oncology student Jennifer Moran).

3.3.5 Both P3 and the vehicle control increased the expression of NKR activating ligands
MICA/B and B7-H6 when T98G cells were analysed at 60 hours.

When analysed at 60 hours, the frequency % of T98G cells which were positive for ULBP3
and B7-H6 was not altered when treated with 10 uM P3 for 24 hours (24 hours [n=5]; 60 hours
[n=3])(Figure 254). When analysed after 36 hours by flow cytometry there was an increase in
the frequency % of T98G cells positive for MICA/B which were treated with P3 for 24 hours
(10 uM P3 [24 hours] vs. 10 uM P3 [60 hours]; 60.34% vs. 84.93%; p=0.0323) (Figure 25B)
however, this increase was also observed in the vehicle control treated cells. In the MFI of
ULBP3 there were no significant changes post P3 treatment between the 24 hour and 60 hour
time points (Figure 25D). The MFI of MICA/B and B7-H6 was increased with addition of 10
uM P3 at 60 hours (10 uM P3 [24 hours] vs. 10 uM P3 [60 hours]; 1251.6 vs. 2496;
p=0.0499)(Figure 25E) and (10 uM P3 [24 hours] vs. 10 uM P3 [60 hours]; 918.75 vs. 2465;
p=0.0005) (Figure 25F) respectively. There was a significant increase in the MFI of B7-H6 at
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60 hours by the vehicle control which indicates that DMSO is causing the change in the surface
ligand expression, thereby negating the significance of the finding, (VC [24 hours] vs. VC [60
hours]; 1009.5 vs. 2301; p=0.0009) (Figure 25F).
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Figure 25: Both P3 and the vehicle control increased the expression of NKR activating ligands MICA/B and B7-Hé6
when T98G cells were analysed at 60 hours. Data was collected at a 24 (n=5) and 60 hour time point (n=3). Bar chart
showing the % of (A) ULBP3* (B) MICA/B* (C) B7-H6" T98G cells. Bar chart showing the MFI values for (D) ULBP3 (E)
MICA/B (F) B7-H6 on T98G cells.*p<0.05, ***p<0.001 by one-way ANOVA. (Experiment carried out in conjunction with

MSc in Translational Oncology student Jennifer Moran).

3.3.6 P3 did not significantly change the expression of NKR ligands PVR, PVRL2 and 4-
IBBL when T98G cells were analysed at 60 hours.

There was no change in the % frequency of T98G cells that were positive for PVR, PVRL2
and 4-1BBL when treated with 10uM P3 for 24 hours and analysed after 60 hours. (24 hours

[n=4]; 60 hours [n=3])(Figure 26A4,B,C). No significant changes were observed in the MFI
values for PVR, PVRL2 and 4-1BBL (Figure 26D,E,F).
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Figure 26: P3 did not significantly alter the expression of NKR ligands PVR, PVRL2 and 4-1BBL when T98G cells
were analysed at 60 hours. Data was collected at a 24 hours (n=4) and 60 hour time point (n=3). Bar chart showing the % of
(A) PVR" (B) PVRL2" (C) 4-1BBL* T98G cells. Bar chart showing the MFI values for (D) PVR (E) PVRL2 (F) 4-1BBL on
TI98G cells.*p<0.05 by one-way ANOVA. (Experiment carried out in conjunction with by MSc in Translational Oncology

student Jennifer Moran).

3.3.7 P3 increased the expression of the death receptor TRAIL-R2, the immune checkpoint
receptor ligand PD-L1 and the inhibitory ligand HLA-E when T98G cells were analysed at
60 hours.

There was in increase in the % frequency of T98G cells that are positive for TRAIL-R2 when
treated with 10 uM P3 for 24 hour and analysed at a 60 hour time point (10 uM P3 [24 hours]
vs. 10uM P3 [60 hours]; 95.525% vs. 97.73%; p=0.047)(Figure 27A). The frequency % of Fas®
TI98G cells was not altered with P3 treatment between the 24 hour and 60 hour time points
(Figure 27B). The frequency % of T98G cells that were positive for the immune checkpoint
ligand PD-L1 (10 uM P3 [24 hours] vs. 10 uM P3 [60 hours]; 61.94% vs. 92.66%; p=0.0113)
(Figure 27C) and inhibitory ligand HLA-E (10uM P3 [24 hours] vs. 10uM P3 [60 hours];
39.55% vs. 75.83%; p=0.0074)(Figure 27D) showed an increase subsequent to a 24 hour P3
treatment and analysed by flow cytometry 36 hours later. The frequency % of HLA-E" T98G
cells (VC [24 hours] vs. VC [60 hours]; 30.825% vs. 61.43%; p=0.0192) and PD-L1" T98G
cells (VC [24 hours] vs. VC [60 hours]; 76.8% vs. 63.36%; p=0.0436) showed to be raised by
the vehicle control (Figure 27). There was an increase in the MFI of TRAIL-R2 which had been
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treated with P3 at 60 hours compared to 24 hours (10 uM P3 [24 hours] vs. 10 uM P3 [60
hours]; 3375.5 vs. 5994.67; p=0.007) (Figure 27E). The MFI of Fas and PD-L1 showed no
significant changes subsequent to treatment with P3 at 24 or 60 hour time points. At the 60
hour timepoint the MFI of HLA-E showed an increase following treatment with P3 (10 uM P3
[24 hours] vs. 10 uM P3 [60 hours]; 3375.5 vs. 7321.67; p=0.0019)(Figure 27H). The vehicle
control for P3 also induced an increase in MFI of HLA-E (VC [24 hours] vs. VC [60 hours];
2757.75 vs. 5994.67; p=0.007) (Figure 27H).
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Figure 27: P3 increased the expression of the death receptor TRAIL-R2, the immune checkpoint receptor ligand PD-
L1 and the inhibitory ligand HLA-E when T98G cells were analysed at 60 hours. Data was collected at a 24 hour (TRAIL-
R2, HLA-E [n=4]; Fas, PD-L1 [n=5]) and 60 hour time point (n=3). Bar chart showing the % of (A) TRAIL-R2" (B) Fas* (C)
PD-L1" (D) HLA-E" T98G cells. Bar chart showing the MFI values for (E) TRAIL-R2 (F) Fas (G) PD-L1 (H) HLA-E on
T98G cells. *p<0.05, **p<0.01 by one-way ANOVA. (Experiment carried out in conjunction with MSc Translational

Oncology student Jennifer Moran).

3.4 Elucidating the effects of P3, Q8 on NKR ligand shedding by T98G cells
3.4.1 P3 does not significantly alter NKR ligand B7-H6 shedding by T98G cells

TI8G cells were treated with 10 uM P3 for 72 hours and the supernatants were collected and
screened by ELISA to determine the effect of P3 on B7-H6 shedding into the GBM tumour

microenvironment. Interestingly, P3-treated T98G cell supernatants displayed a substantial but
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not significant decrease of 15.7% in B7-H6 levels at the 72 hour time point compared to the
untreated cells, however it was not statistically significant (Untreated T98G cells vs 10 uM P3
(39.12 pg/ml vs 23.41 pg/ml, p=0.065)(Figure 28). There is a significant increase between the
DMSO vehicle control and 10 uM of P3 (VC vs 10 uM P3 (6.25 pg/ml vs 23.4 pg/ml,
p=0.0473)(Figure 28). There is a significant decrease between untreated and vehicle control
suggesting that the vehicle significantly reduced B7-H6 shedding, warranting further
investigation (Untreated vs VC (39.12 pg/ml vs 6.25 pg/ml, p=0.0024)(Figure 28).
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Figure 28: Elucidating the effects of P3 on B7-H6 shedding by T98G cells. Bar chart showing concentration of B7-H6 in
(pg/ml) in the supernatants of untreated T98G cells, vehicle control-treated T98G cells (VC, DMSO) and 10 uM P3-treated
TI98G cells. One-way ANOV A, n=3, ns not significant, p*<0.05, p**<0.01.

3.4.2 Q8 does not significantly alter B7-H6 shedding by T98G cells

TI98G cells were treated with 10 uM QS8 for 72 hours and the supernatants were collected and
screened by ELISA to determine the effect of Q8 on B7-H6 shedding into the GBM tumour
microenvironment. Q8-treated T98G cell supernatants displayed a decrease of 9% in B7-H6
levels at the 72 hour time point compared to the untreated cells, however it was not statistically
significant (Untreated T98G cells vs 10 uM Q8 (39.131 pg/ml vs 30.128 pg/ml, p=0.17)(Figure
29). There is a significant increase between the DMSO vehicle control and 10 uM of Q8 (VC
vs 10 uM P3 (6.25 pg/ml vs 30.128 pg/ml, p=0.0035). There is a significant decrease between
untreated and vehicle control suggesting that the vehicle significantly reduced B7-H6 shedding,
warranting further investigation (Untreated vs VC (39.131 pg/ml vs 6.25 pg/ml,
p=0.0006)(Figure 29).
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Figure 29: Elucidating the effects of Q8 on B7-H6 shedding by T98G cells . Bar chart showing concentration of B7-H6 in
(pg/ml) in the supernatants of untreated T98G cells, vehicle control-treated T98G cells (VC, DMSO) and 10 pM Q8-treated
TI98G cells.. One-way ANOVA, n=3, p**<0.01, p***<0.001

3.4.3 ULBP3 shedding by GBM cells was below the lowest level of detection

TI8G cells were treated with 10 uM P3 or Q8 for 72 hours and the supernatants were collected
and screened by ELISA to determine the effect of Q8 or P3 on ULBP3 shedding into the GBM
tumour microenvironment (n=3). The ULBP3 levels at the 72 hour time point were too low to
detect using an ELISA as they fell below the lowest limit of detection (LLOD) of 125 pg/ml
(Figure 30)(Table 4). Future studies may warrant more sensitive ELISAs or concentration of

supernatants to detect changes in ULBP shedding by T98G cells.
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Figure 30: A) Line graph showing the standard curve of absorbance values vs concentration of ULBP3 shedding by
GBM T98G cells. The standard curve ranged from 125 pg/ml — 8000 pg/ml with concentrations in all samples being below
the lowest level of detection, 125 pg/ml. B) Table 4 showing negative values for ULBP3 concentrations shown in pg/ml in
untreated, DMSO-treated, Q8-treated and P3-treated T98G cell supernatants showing values could not be extrapolated from

the standard curve because they were below the lowest limit of detection.

3.4.4 MICA/B shedding by GBM cells was below the lowest level of detection

TI8G cells were treated with 10 uM P3 or Q8 for 72 hours and the supernatants were collected
and screened by ELISA to determine the effect of Q8 or P3 on MICA/B shedding into the
GBM tumour microenvironment (n=3). The MICA/B levels at the 72 hour time point were too
low to detect by ELISA as the lowest limit of detection (LLOD) was 39.06 pg/ml (Figure 31).
Future studies may warrant more sensitive ELISAs or concentration of supernatants to detect

changes in MICA/B shedding by T98G cells.
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Figure 31: A) Line graph showing the standard curve of absorbance values vs concentration of MICA/B shedding by GBM
T98G cells. The standard curve ranged from 39.06 pg/ml — 6000 pg/ml with our sample being below the lowest level of
detection, 39.06 pg/ml. B) Table 5 showing MICA/B concentration pg/ml, samples were below the lowest limit of detection.

3.5 Elucidating the effects of P3 on the GBM inflammatory secretome.

3.5.1 Both Q8 and P3 reduce pro-inflammatory cytokine IL-6 secretion by T98G cells

TI8G cells were treated with 10 uM P3 or Q8 for 72 hours and the supernatants were collected
and cryopreserved. These supernatants were screened by ELISA to determine the effect of
P3/Q8 on IL-6 secretion by T98G cells. P3-treated T98G cells displayed a decrease in IL-6
concentration at the 72 hour time point compared to the untreated cells, however it was close
but not statistically significant and may need to be powered as there is some variability
(untreated vs 10 uM P3 (2395.2 pg/ml vs 1831.87 pg/ml p=0.0824)(Figure 324). There was a
significant increase between the vehicle control and 10 uM of P3 (VC vs 10 uM P3 (178.5
pg/ml vs 1831.87 pg/ml p <0.0001). There was a significant decrease between untreated and
VC (2395.2 pg/ml vs 178.5 pg/ml p <0.0001). Q8-treated T98G cell supernatants displayed a
significant decrease in IL-6 concentration at the 72 hour time point compared to the untreated
cells (Untreated vs 10 uM Q8 (2395.2 pg/ml vs 1599.87 pg/ml p=0.0136) (Figure 32B). There
was a significant increase between the vehicle control and 10 uM of Q8 (VC vs 10 uM Q8 (
178.5 pg/ml vs 1599.87 pg/ml p=<0.0001). There was a significant decrease between untreated
and VC suggesting that the vehicle significantly reduced IL-6 secretion, warranting further
investigation into whether 0.1% DMSO was toxic to the cells or if the concentration added was

inaccurate (2395.2 pg/ml vs 178.5 pg/ml p=<0.0001).
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Figure 32: Elucidating the effects of P3 or Q8 on IL-6 shedding by T98G cells. Bar chart showing concentration of IL-6
in (pg/ml) in the supernatants of untreated T98G cells, vehicle control-treated T98G cells (VC, DMSO) and 10 pM A) P3-
treated or B) Q8-treated T98G cells. One-way ANOV A, ns not significant, p*<0.05, p****<0.0001 n=6

3.5.2 IL-17 concentrations in T98G cell supernatants were too low to detect

TI98G cells were treated with 10 uM Q8 or P3 for 72 hours and the supernatants were collected.
The supernatants were subject to an ELISA to determine the effect of Q8/P3 on IL-17
concentration in the GBM tumour microenvironment (n=3). The IL-17 levels at the 72 hour

time point were too low to detect by ELISA (Figure 33).

A) B)

IL-17 Standard Curve

0.8
7]
[
= 0.64
g Untreated cells Vehicle Qs P3
3 control
2 0.4
§ (DMSO)
5
2 0.24 -94.333 271 91 -77.666
< -154.333 141 -141 -137.667

0 500 1000 1500 2000 2500
Concentration (pg/ml)

Figure 33: A) Line graph showing the standard curve of absorbance values vs concentration of IL-17 shedding (pg/ml) by
GBM T98G cells. The standard curve ranges from 0.12 pg/ml — 2500 pg/ml with our samples being below the lowest level of
detection, 0.12 pg/ml. B) Table 6 showing IL-17 concentration in pg/ml in untreated and treated samples were below the limit

of detection and could not be extrapolated from the curve.
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3.5.3 Both Q8 and P3 reduces secretion of the pleiotropic cytokine TGF- by T98G cells

T98G cells were treated with 10 uM P3 or Q8 for 72 hours and the supernatants were collected.
These supernatants were screened by ELISA to determine the effect of P3 and Q8 on TGF-
secretion by T98G cells. P3-treated T98G cells displayed a decrease in TGF-B concentration
after 24 hours compared to the untreated cells, however this was not significant (untreated vs
10 uM P3 24 hour, 719 pg/ml vs 258. 16 pg/ml p=0.102)(Figure 34A4). There was a significance
decrease when P3-treated T98G cell supernatants were compared to untreated cells after 60
hours (untreated vs 10 uM P3 60 hour, 719 pg/ml vs 141.5 pg/ml p=0.039). There was no
significance in the decrease between the vehicle control and 10 uM of P3 24 hour or 10 puM of
P3 60 hour (VC vs 10 uM P3 24 hour, 106.5 pg/ml vs 258.16 pg/ml p =0.99), (VC vs 10 uM
P3 60 hour, 106.5 pg/ml vs 258.16 pg/ml p=0.973). Q8-treated T98G cell supernatants
displayed a decrease in TGF-B concentration at the 72 hour time point compared to the
untreated cells this was not significant (untreated vs 10 uM Q8, 719 pg/ml vs 477.3 pg/ml p=
0.33) (Figure 34B). However, there was a significant decrease when Q8-treated T98G cell
supernatants were compared to VC (VC vs 10 uM Q8, 106.5 pg/ml vs 477.33 pg/ml p=0.0487).
There was also a significant decrease between untreated cells and the vehicle control
suggesting again that 0.1% DMSO altered IL-6 production or that this amount was not added
(untreated vs VC, 719 pg/ml vs 106.5 pg/ml p=0.0053).
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Figure 34: Elucidating the effects of P3 or Q8 on TGF-f} shedding by T98G cells Bar chart showing concentration of TGF-
3 in (pg/ml) in the supernatants of untreated T98G cells, vehicle control-treated T98G cells (VC, DMSO) and 10 pM A) P3-
treated or B) Q8-treated T98G cells. One-way ANOV A, ns not significant, p**<0.01, p*<0.05, n=3

3.5.4 Both Q8 and P3 significantly reduces cytokine TIMP-1 in GBM secretome

TI98G cells were treated with 10 uM P3 for 24 or 60 hours or with Q8 for 72 hours and the
supernatants were collected. These supernatants were screened by ELISA to determine the
effect of P3/Q8 on TIMP-1 secretion by T98G cells. 24 hour and 60 hour P3-treated T98G cell
supernatants displayed a significant decrease in TIMP-1 concentration at the 60 hour time point
compared to the untreated cells, (untreated vs 10 uM P3 24 hours (2137.33 pg/ml vs 1334.83
pg/ml p=0.0001), (untreated vs 10 uM P3 60 hours 2137.33 pg/ml vs 444.41 pg/ml
p<0.0001)(Figure 354). There was a significant increase between the vehicle control and 10
uM of P3 24 hours (VC vs 10 uM P3 24 hours (717.16 pg/ml vs 1334.83 pg/ml p=0.0007).
There was a significant decrease between untreated and VC (2137.3 pg/ml vs 717.16 pg/ml p
<0.0001). There was a significant decrease when 10uM P3 24 hours was compared to 10uM
P3 60 hours suggesting that 10uM P3-treated supernatants for 60 hours significantly reduced
TIMP-1 shedding, warranting further investigation (10 uM P3 24 hours vs 10uM P3 60 hours
(1334.83 pg/ml vs 444.41 pg/ml <0.0001). Q8-treated T98G cell supernatants displayed a
significant increase in TIMP-1 concentration at the 72 hour time point compared to the VC

(VC vs 10 uM Q8, 717.16 pg/ml vs 2110.67 pg/ml p<0.0001)(Figure 35B). There was a
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significant decrease between untreated and VC suggesting that the vehicle significantly
reduced TIMP-1 shedding, again warranting further investigation into the 0.1% DMSO-treated
cells (untreated vs VC, 2137.33 pg/ml vs 717.16 pg/ml p=<0.0001).
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Figure 35: Elucidating the effects of P3 or Q8 on TIMP-1 shedding by T98G cells Bar chart showing concentration of
TIMP-1 in (pg/ml) in the supernatants of untreated T98G cells, vehicle control-treated T98G cells (VC, DMSO) and 10 uM
A) P3-treated or B) Q8-treated T98G cells. One-way ANOV A, ns not significant, p****<0.0001, p***<0.001. n=3
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3.6 Elucidating the effects of P3 or Q8 on the chemotactic cues in the T98G cell
secretome.

3.6.1 Both P3 and Q8 reduce T98G cell-mediated recruitment of NK cells

Since P3 or Q8 showed potential to alter the GBM secretome, the effects of these drugs on the
chemotactic pull of T98G cells was assessed. This was achieved by measuring NK cell, T cell
and total lymphocyte migration towards supernatant from T98G cells which had been
previously treated with P3. NK cell migration towards supernatants from T98G cells treated
with 10 uM P3 for 72 hours was slightly but not significantly reduced, compared to that
towards supernatants from untreated T98G cells (Untreated vs 10uM P3, 1.85 vs 1.35, p=0.21)
(Figure 36 B).The chemotaxis of NK cells toward supernatants from T98G cells previously
treated with 10 pM QS8 for 72 hours showed a significant reduction suggesting that Q8 might
have negative ramifications for NK cell infiltration of GBM tumours (Untreated vs 10 uM Q8,
1.85 vs 0.92, p=0.045) (Figure 36 B).
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Figure 36: NK Cell chemotaxis, A) NK cell migration from untreated NK cell chemotaxis towards negative control
(cDMEM) or positive control (DMEM + 20% FBS), n=3 B) NK cell migration from untreated NK cell chemotaxis treated
toward GBM T98G cells that were treated with 10 pM of P3/Q8 for 72 hours. Paired T-test n=6, *p < 0.05.
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3.6.2 Both P3 and Q8 reduce T98G cell-mediated recruitment of lymphocytes

Lymphocyte migration towards supernatants from T98G cells treated with 10 uM P3 for 72
hours was slightly but not significantly reduced, compared to that towards supernatants from
untreated T98G cells (Untreated vs 10uM P3, 0.705 vs 0.46, p=0.35) (Figure 37 B).The
chemotaxis of lymphocytes toward supernatants from T98G cells previously treated with 10
uM Q8 for 72 hours showed a reduction, however this was not significant suggesting that Q8
might also have negative consequences for lymphocyte infiltration of GBM tumours

(Untreated vs 10 uM Q8, 0.705 vs 0.05, p=0.06) (Figure 37 B).
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Figure 37: Lymphocyte chemotaxis, A) Lymphocyte migration from untreated lymphocyte cell chemotaxis towards negative
control (c(DMEM) or positive control (DMEM + 20% FBS), n=3 B) Lymphocyte cell migration from untreated lymphocyte
cell chemotaxis treated toward GBM T98G cells, treated with 10 uM of P3/Q8 for 72hrs, n=6

3.6.3 Both P3 and Q8 reduce T98G cell-mediated recruitment of T cells

T cell migration towards supernatants from T98G cells treated with 10 pM P3 for 72 hours was
slightly but not significantly reduced, compared to that towards supernatants from untreated
TI98G cells (Untreated vs 10 uM P3, 1.70 vs 1.55, p=0.87)(Figure 38B). The chemotaxis of T
cells toward supernatants from T98G cells previously treated with 10 uM QS8 for 72 hours
showed a reduction, however this was not significant suggesting that Q8 may have negative
effects for lymphocyte infiltration of GBM tumours (Untreated vs 10 uM Q8, 1.70 vs 0.22,
p=0.15)(Figure 38B).
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Figure 38: T cell chemotaxis, A) T cell migration from untreated NK cell chemotaxis towards negative control (cDMEM) or
positive control (DMEM + 20% FBS), n=3 B) T cell migration from untreated T cell chemotaxis treated toward GBM T98G
cells that were treated with 10pM of P3/Q8 for 72hrs, n=6

3.7 Elucidating the effects of P3 on NK cell phenotype and function

3.7.1 P3is toxic at high doses to healthy NK cells.

Blood-derived NK cells were treated with 1, 10 and 100 uM P3 for 24 hours and their viability
(ZOMBIE dye) was assessed by flow cytometry. Zombie dye staining showed that P3 is toxic
to NK cells at a high dose of 100 uM (Figure 39).
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Figure 39: P3 is toxic at high doses to healthy NK cells. Line Graph showing Zombie dye staining in VC, 1,10 and 100 pM
P3-treated NK cells. The of viability of NK cells treated 1, 10 and 100 uM of P3 was assessed by zombie dye to determine the

toxic dose of P3.
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3.7.2 P3 does not elicit immunomodulatory effects on healthy NK cells

Blood-derived NK cells were treated with 1 pM and 10 pM P3 for 24 hours and their surface
expression of NKG2D, NKG2A, NKP30, NKP46, CD69, FasL, TRAIL, PD1, TIGIT, and
CD62L was assessed by flow cytometry. There was no significance found between the controls
and P3-treated cells. The frequencies of NK cells expressing activation receptors CD69,
NKP30, NKP46 and NKG2D was not significantly altered by P3 with some variation amongst
the human donors and a requirement for more statistical power to account for this (Figure 40
A). Similarly, percentage frequencies of NK cells expressing inhibitory receptors NKG2A, PD-
1 and TIGIT and death receptor ligands TRAIL and Fas ligand were not significantly altered
by P3 with variation observed between human donors and a need for more statistical power to

account for this (Figure 40 B,C).
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Assessing the immunomodulatory effects of P3 on healthy NK cells. Line graphs showing NK cell expression

of (A) activation/cytotoxicity receptors (NKG2D, NKP30, NKP46, CD69), (B) inhibitory receptors (NKG2A, TIGIT, PD-1)

and (C) death receptors (TRAIL, FasL) following treatment with vehicle control (DMSO) or 1 and 10 pM of P3.

.

Figure 40
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3.8 Elucidating the effects of P3 on GBM-mediated modulation of NK cell

phenotype and function

3.8.1 P3 attenuates T98G cell supernatant-mediated downregulation of NK cell activation
receptors NKG2D and CD69, NK cell cytotoxicity receptor NKP30.

Blood-derived NK cells were cultured in T98G cell supernatants +/- 10 pM P3 for 24 hours.
NK cell surface expression of NKG2D, NKG2A, NKP30, NKP46, CD69, FasL, TRAIL, PD1,
TIGIT, and CD62L was assessed by flow cytometry. The frequencies of NK cells expressing
activation receptors CD69, NKP30 and NKG2D were significantly lower following culture in
T98G cell supernatants and this was overcome by treatment with P3 (Figure 414).
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Figure 41: P3 alleviates the negative effects of T98G cell supernatants on NK cell activation phenotype. Line graphs
showing NK cell expression of (A) activation/cytotoxicity receptors (NKG2D, NKP30, NKP46, CD69), (B) inhibitory
receptors (NKG2A, TIGIT, PD-1), (C) death receptors (TRAIL, FasL), (D) Cell adhesion molecule (CD62L) and (E)
Chemokine receptor (CX3CR1) following treatment with vehicle control (DMSO) or 10 uM of P3. F) Representative flow
cytometry dot plots of NKG2D, CD69, and NKP30 expression by NK cells following culture in media alone or T98G cell
supernatant for 24 hours +/- 10 uM P3. Paired T-test *p<0.05, **p<0.01. n=3

59



3.8.2 P3 did not significantly alter the expression of activation and maturation markers by
NK cells co-cultured with T98G cells.

The previous sections examined the direct effect of P3 on NK cell phenotype and elucidated
whether P3 could attenuate NK cell modulation mediated by soluble factors in the T98G cell
supernatant. The next steps were taken to investigate whether co-culture with T98G cells
impact NK cell phenotype and function and if this was altered by P3. To achieve this, NK cells
were co-cultured with untreated T98G cells or P3-treated T98G cells. The expression of
different NK cell markers were assessed to determine if treatment with 10 uM of P3 would
alter the NK cell phenotype in GBM. CD69, CD57 and CD27 were assessed on the surface of
NK cells after a 24 hour treatment with P3 and co-culture with T98G cells. NK cells cultured
with untreated T98G cells and NK cells cultured with P3-treated T98G cells showed no
significant alteration in the frequency of CD69" NK cells (n=6)(Figure 424). The frequency
of CD57*NK cells and CD27" NK cells when cultured with untreated T98G cells or cultured
with P3-treated T98G cells were not altered (Figure 42 B,C). The MFI of CD69, CD57 and
CD27 subsequent to co-culture with P3-treated T98G cells showed no significant changes
(Figure 42 D,E,F).
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Figure 42: P3 did not significantly alter the expression of activation and maturation markers by NK cells co-cultured
with T98G cells. Bar chart showing the frequencies of (A) CD69" (B) CD57" (C) CD27* NK cells as a percentage of total NK
cells. Bar chart showing the MFI values for (D) CD69 (E) CD57 (F) CD27 on NK cells (n=6). *p<0.05 by one-way ANOVA

with post-hoc Dunn’s test. (Experiment carried out in conjunction with MSc Translational Oncology student Jennifer Moran).
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3.8.3 Co-culture with P3-treated T98G cells significantly reduced the expression of activating
receptors NKp30 and NKG2D on NK cells.

To determine the effects of a 24 hour P3 treatment on NK cell function in GBM, NK cells were
co-cultured with P3-treated and untreated T98G cells and activated with PMA and lonomycin.
NKp46" NK cells that had been previously co-cultured with P3-treated T98G cells showed no
significant changes (n=6)(Figure 434). Similarly, NKp30™ NK cells were not significantly
altered by co-culture with untreated or P3 treated T98G cells (Figure 43B). However, the
frequency % of NK cells positive for NKG2D was decreased by co-culture with P3-treated
T98G cells (PBMC alone vs. 10 uM P3+T98G+PBMC; 76.13% vs. 53.11%; p=0.013)(Figure
43C). The MFI of NKp46 following co-culture with untreated and P3-treated T98G cells
showed no changes that were significant (Figure 43D). Conversely, the MFI of both NKp30
(PBMC alone vs. 10 uM P3+T98G+PBMC; 1000.33 vs. 405.833; p=0.0102) and NKG2D
(PBMC alone vs. 10 uM P3+T98G+PBMC; 989.5 vs. 462.83; p=0.0052) showed significant
reduction following co-culture with P3-treated T98G cells (Figure 43 E,F).
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Figure 43: Co-culture with P3-treated T98G cells significantly reduced the expression of activating receptors NKp30
and NKG2D on NK cells. Bar chart showing the frequencies of (A) NKp46® (B) NKp30*" (C) NKG2D" NK cells as a
percentage of total NK cells. Bar chart showing the MFI values for (D) NKp46 (E) NKp30 (F) NKG2D on NK cells (n=6).
*p<0.05, **p<0.01 by one-way ANOVA with post-hoc Dunn’s test. (Experiment carried out in conjunction with MSc in

Translational Oncology student Jennifer Moran).

3.8.4 Co-culture with T98G cells increased the expression of CD16, a key receptor for ADCC
by NK cells and this was not further altered by P3 treatment.

The frequency % of DNAM-1 " NK cells were not altered by co-culture with P3-treated T98G
cells (n=6)(Figure 444). The frequency % of T98G cells positive for CD16 showed a
significant increase by co-culture with T98G cells, however it was not further changed by P3
treatment (PBMC alone vs. T98G+PBMC; 79.6% vs. 86.16%; p=0.0429)(Figure 44B). The
MFI of DNAM-1* or CD16" NK cells showed no significant changes (Figure 44 C,D).
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Figure 44: Co culture with T98G cells increased the expression of CD16, a key receptor for ADCC by NK cells and this
was not further altered by P3 treatment. Bar chart showing the frequencies of (A) DNAM-1* (B) CD16" NK cells as a
percentage of total NK cells. Bar chart showing the MFI values for (C) DNAM-1 (D) CD16 on NK cells (n=6). *p<0.05 by
one-way ANOVA with post-hoc Dunn’s test. (Experiment carried out by MSc in Translational Oncology student Jennifer
Moran).

3.8.5 P3 does not alter the expression of death receptor ligands on NK cells co-cultured with
T98G cells.

P3-treated T98G cells were co-cultured with NK cells and the data show that treatment with
P3 does not cause a significant alteration in the frequency percentage of NK cells positive for
FasL or TRAIL. (n=6)(Figure 45 A,B). The MFI of FasL or TRAIL on NK cells co-cultured
with P3-treated T98G cells exhibited no significant changes (Figure 45 C,D).
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Figure 45: P3 does not alter the expression of death receptor ligands on NK cells co-cultured with T98G cells. (Left)
Bar chart showing the frequencies of (A) FasL" (B) TRAIL" NK cells as a percentage of total NK cells. Bar chart showing
the MFI values for (C) FasL (D) TRAIL on NK cells (n=6). (Right) Representative dot plots showing (E) FasL* (F) TRAIL*
TI98G cells. *p<0.05 by one-way ANOVA with post-hoc Dunn’s test. (Experiment carried out in conjunction with MSc in

Translational Oncology student Jennifer Moran).

3.8.6 P3 significantly reduced the expression of immune checkpoint receptor TIGIT on NK
cells co-cultured with T98G cells.

P3-treated NK cells co-cultured with T98G cells compared to NK cells alone did not exhibit significant
alterations in the percentage frequency of NKG2A"NK cells (n=6)(Figure 464). There was a decrease
in the frequency % of TIGIT™ NK cells when NK cells were co-cultured with P3-treated T98G cells
compared to co-culture with untreated T98G cells (PBMC+T98G vs. 10 uM P3+T98G+PBMC; 77.48%
vs. 70.4% ; p=0.0117)(Figure 46B). The frequency of PD-1"NK cells was not significantly altered by
co-culture with P3-treated T98G cells (Figure 46C). Additionally, the MFI of NKG2A, TIGIT and PD-
1 showed no significant reduction by P3 treatment and T98G co-culture (Figure 46 D-F).
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Figure 46: P3 significantly decreased the expression of immune checkpoint receptor TIGIT on NK cells co-cultured
with T98G cells. Bar chart showing the frequencies of (A) NKG2A* (B) TIGIT* (C) PD-1" NK cells as a percentage of total
NK cells. Bar chart showing the MFI values for (D) NKG2A (E) TIGIT (F) PD-1 on NK cells (n=6). *p<0.05 by one-way
ANOVA with post-hoc Dunn’s test. (Experiment carried out in conjunction with MSc in Translational Oncology student

Jennifer Moran).

3.8.7 P3 did not significantly impact the production of inflammatory cytokines by NK cells
co-cultured with T98G cells.

P3-treated and untreated T98G cells were co-cultured with NK cells and activated with PMA and
Ionomycin to assess the effects of a 24 hour P3 treatment on intracellular NK cell function in
Glioblastoma. NK cells co-cultured with P3-treated T98G cells did not exhibit increased frequency
percentage of IL-10, IFN-y or TNF-a when compared to untreated NK cells and NK cells co-cultured
with untreated T98G cells (n=06)(Figure 47 A,B,C). Following co-culture with P3-treated T98G cells,
the MFI of IL-10, IFN-y and TNF-a showed no significant changes (Figure 47 D,E,F).
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Figure 47: P3 did not significantly change the expression of inflammatory markers on NK cells co-cultured with T98G
cells. Bar chart showing the frequencies of (A) IL-10* (B) IFN-y* (C) TNF-o." NK cells as a percentage of total NK cells. Bar
chart showing the MFI values for (D) IL-10 (E) IFN-y (F) TNF-a." on NK cells (n=6). *p<0.05 by one-way ANOV A with

post-hoc Dunn’s test. (Experiment carried out in conjunction with MSc in Translational Oncology student Jennifer Moran).

3.8.8 P3 did not alter the degranulation of NK cells co-cultured with T98G cells.

P3-treated and untreated T98G cells were co-cultured with NK cells and activated with PMA and
Ionomycin to elucidate the effects of a 24 hour P3 treatment on intracellular NK cell function in GBM.
The frequency % of NK cells which were positive for both CD107a and granzyme B showed no
significant alteration by co-culture with P3-treated T98G cells (n=6)(Figure 48 A,B). The MFI of
CD107a and granzyme B on NK cells co-cultured with P3-treated T98G cells also remained relatively
unaffected when compared to the NK cells co-cultured with untreated T98G cells (Figure 48 C,D).
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Figure 48: P3 did not alter the degranulation of NK cells co-cultured with T98G cells. (Left) Bar chart showing the

frequencies of (A) CD107a" (B) granzyme B™ NK cells as a percentage of total NK cells. Bar chart showing the MFI values
for (C) CD107a (D) granzyme B on NK cells (n=6). (Right) Representative dot plots showing (E) CD107a" (F) granzyme B*

NK cells. *p<0.05 by one-way ANOVA with post-hoc Dunn’s test. (Experiment carried out in conjunction with MSc in

Translational Oncology student Jennifer Moran).
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3.9 Elucidating the effects of P3 on immune cell chemotaxis

The effects of P3 on the migratory capacity of healthy donor derived PBMC were elucidated.
To achieve this lymphocytes, NK cells and T cells were treated with 10 uM of P3 for 72 hours
and their migration towards T98G supernatant was examined. There was no statistically
significant differences in NK cell, T cell or lymphocyte migration toward T98G cell
supernatant, compared to untreated or VC suggesting that P3 does not alter the migratory

capacity of key anti-tumour immune cells (Figure 49).
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Figure 49: P3 does not affect NK cell migratory capacity towards GBM tumour. A) Lymphocyte cell migration:
lymphocyte (treated with 10 uM P3 for 72hrs) chemotaxis towards untreated GBM T98G cells compared to untreated T98G
cells and VC (DMSO) B) NK cell migration: NK cell (treated with 10 pM P3 for 72hrs) chemotaxis towards untreated GBM
T98G cells compared to untreated T98G cells and VC (DMSO). C) T cell migration: T cell (treated with 10 pM P3 for 72hrs)
chemotaxis towards untreated GBM T98G cells compared to untreated T98G cells and VC (DMSO), Paired T test, ns, n=3
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4.0 Developing and testing more soluble candidates of P3 for subsequent clinical
application

Novel phosphate prodrugs of P3 were synthesised for improvement of solubility. Their aqueous
solubility was determined and their effects on T98G cells were examined for comparison to
P3. Using Swissotel the estimated aqueous solubility (ESOL) of the compounds were assessed
based directly from their structures. The ESOL value for P3 was -2.62, P3 acetate was -2.72
and P3 Phosphate was -2.04. A solubility class <-2 indicates these compounds moderately
soluble and as P3 Phosphate is a pro-drug it has enhanced solubility compared to the parent or
intermediate compounds. The final aim of this study was to generate the prodrugs and test their

anti-cancer efficacy in GBM in comparison the P3 parent drug.

4.1 Generation of P3 Prodrugs with improved solubility

The molecule Pyrazinib, P3 previously synthesised by Prof. Jacintha O’Sullivan (TCD) has
proven anti-cancer potential in OAC [87]. Further testing required in mouse models was
hampered by poor P3 solubility. P3 acetate is an intermediate compound of P3 while P3

Phosphate is a P3 prodrug .

Prodrugs are biologically inactive compounds that can be metabolised in the body to produce
an active drug. The Prodrug method is alternative way to enhance the aqueous solubility of a
parent drug through the attachment to ionizable or polar groups, like amino acids, phosphates
or sugar moieties, thereby, increasing the dissolution rate [89]. This approach can be used for
parent drugs that have issues associated with solubility and other negative pharmacokinetics

[89].

P3 Phosphate (synthesised by Beavan Mcloughlin, PhD student TCD) is a phosphate prodrug
and P3 acetate a parent compound intermediate were both synthesised by in the department of

Pharmacy and Pharmaceutical Sciences at Trinity College Dublin.
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4.2 Perkin condensation reaction of P3

The Perkin condensation reaction is a two-step procedure, the formation of P3 acetate followed
by the hydrolysis of P3 acetate to form P3. This type of reaction was used to synthesise P3 with
a very long reaction time for P3 (5-6 days) and the very low yield of P3 (15% yield).

We optimised the first step of this reaction to form P3 acetate by using a microwave which
reduced the reaction time to Shrs. The tautomerisation of the pyrazine ring takes place at slower
rate than quinoline ring (pKa of quinoline nitrogen: 4.92 [90]) due to the low basicity of
pyrazine nitrogen (pKa of pyrazine nitrogen: 0.6), contributing to a less stable enamine
intermediate. The protonation takes place at N-1 nitrogen atom of pyrazine rather than N-4
nitrogen atom. Furthermore, the tautomerisation process is easily affected by solvent polarity,
temperature, and pH [91]. Even though tautomeriastion is not the limiting step and P3 acetate
had a good yield (62%), the P3 yield is still reduced which could be due to the hydrolysis or

purification step.

The first step in the synthetic route (Figure 50) is the reaction of 2-methylpyrazine with 2-
hydroxy benzaldehyde mixed with acetic anhydride in the microwave (160 °C) for 5 hours.
This formed the intermediate, P3 acetate which yielded 62% of the crude product (no
purification was required). This was followed by the hydrolysis of P3 acetate to form P3. The
aim of hydrolysis was to remove the acetate group and to form a hydroxy group (OH) at
position 2 of the benzene ring under basic conditions. The hydrolysis reaction was carried out
in saturated NaOH solution and mixture of ethanol/ethyl acetate under reflux (100 °C) for 2-3
days. There was no workup required and the crude mixture was purified by flash column
chromatography to give P3 a yellow solid (15% yield). The plausible reaction mechanism for
the synthesis of P3 through Perkin condensation involves the activation of C-H (sp?) bond. 2-
Methylpyrazine tautomerised under acid catalytic conditions to generate an intermediate. This
intermediate attacks the carbonyl group of the 2-hydroxybenzaldehyde via a quasi-cyclic
transition state with hydrogen bonding which leads to the formation 2-(1-(pyrazin-2-yl)propan-
2-yl)phenol, which suffers dehydration and results in the formation of double bond. Then, the
acylation of hydroxy takes place with acetic anhydride at position 2 of the benzene ring at the

same time as shown in (Figure 50).
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Figure 50: Plausible reaction mechanism for sp? functionalisation of 2-methylpyrazine and P3 acetate formation

After acylation step, P3 acetate has been formed which undergoes base catalysed hydrolysis to

afford P3 as shown in (Figure 51). The first step of the hydrolysis of P3 acetate involves the

nucleophilic attack of the hydroxide ion on the carbon (an electrophile) of the carbonyl group

of the acetate which results in the m bond breaking and creates a tetrahedral intermediate. This

71



tetrahedral intermediate undergoes an elimination, and the loss of the leaving group results in

the creation of hydroxy group at position 2 of the benzene ring of the P3.
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Figure 51:Reaction mechanism of hydrolysis of P3
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4.2.1 NMR analysis (‘H and '3C) of (E)-2-(2-(Pyrazin-2-yl)vinyl)phenyl acetate (P3 acetate)

This section displays the spectral data obtained from the NMR analysis ('"H and !*C) of P3
acetate. '"H NMR spectra is shown in (Figure 52) and table 7. 3C NMR spectra is shown in
(Figure 53) and table 8.
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Figure 52: '"H NMR spectra of P3 acetate at 600MHz in DMSO-d,
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Table 7: 'H NMR data obtained from the analysis of P3 acetate at 600 MHz in DMSO-
ds

Chemical Integration Multiplicity Coupling Assignment

shift/o constant (Hz)

(ppm)
8.84 IH d 2.1 1
8.65 IH dd 1.4,4.0 2
8.52 IH d 2.2 3
7.93 IH dd 8, 1.2 5
7.76 IH d 16 6
7.43 1H t 7 7
7.41 IH d 16 4
7.35 IH t 7 8
7.21 IH dd 8,1.2 9
2.38 3H S - 10

Note: DMSO peak at 2.5 ppm
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Figure 53: 13C NMR of P3 acetate at 600 MHz in DMSO-d;
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Table 8: '3C NMR data obtained from the analysis of P3 acetate at 600 MHz in DMSO-
ds

Chemical shift/ 6 (ppm) Assignment
168.5 1
150.2 2
148.6 3
145.24 5
144.67 4
143.87 6
129.15 7
128.36 8
127.8 9
127.4 10
126.2 11
125.6 12
123.6 13

20.7 14
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4.2.2 NMR analysis ('H and '*C) of (E)-2-(2-(Pyrazin-2-yl)vinyl)phenol (P3)

This section displays the spectral data obtained from the NMR analysis (‘H and '3C) of P3. 'H
NMR spectra is shown in (Figure 54) and table 9. >*C NMR spectra is shown in (Figure 55)

and table 10.
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Figure 54: '"H NMR spectra of P3 at 600 MHz in DMSO-d;
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Table 9: 'H NMR data obtained from the analysis of P3 at 600 MHz in DMSO-ds

Chemical Integration Multiplicity Coupling Assignment

shift/o constant (Hz)

(ppm)
10.0 1H br, s - 1
8.72 1H d 1.4 2
8.60 IH dd 1.4,4.0 3
8.46 1H d 2.4 4
8.02 IH d 16 5
7.63 IH dd 8, 1.6 6
7.37 IH d 16 7
7.17 1H t 7 8
6.92 IH d 8 9
6.86 1H t 7 10
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Figure 55: '3C NMR of P3 at 600 MHz in DMSO-ds
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Table 10: 3C NMR data obtained from the analysis of P3 at 600 MHz in DMSO-ds

Chemical shift/ 6 (ppm) Assignment

155.92 1
151.22 2
144.42 3
143.74 4
142.68 5
129.94 6
129.84 7
127.49 8
123.62 10
122.75 9
119.35 11
116.14 12

4.2.3 Discussion of NMR analysis (‘H and '3C) of P3 acetate and P3

P3 acetate and P3 compounds were fully characterised by 'H and '3*C NMR and all the peaks
are assigned. The 'H spectra of P3 acetate shows three protons that are attributed to the pyrazine
ring, they resonate as a doublet at 6 8.84 with a J value of 2 Hz, a doublet of doublet at § 8.65
and a doublet at & 8.52 with a J value of 1.7 Hz due to long range coupling (Figure 56). The
protons at position 4 and 6 show doublet signals at & 7.41 and & 7.76 respectively with a J value
of 16 Hz indicating a trans double bond is present in the P3 acetate structure. The other signals
in the spectrum are characteristic of the aromatic protons and an acetate group. For example,
the peaks at 6 7.93 and & 7.21 at position 5 and 9 respectively are doublet of doublet signals
indicated on (Figure 56). Due to the coupling of two different neighboring protons, both peaks
are doublet of doublet with a coupling constant of 8 Hz between H 9 to H 10 and 12 Hz from
H 9 to H12. The proton at position 10 is characteristic of the acetate methyl group that is seen
at 6 2.38.
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Figure 56: Zoomed version of the aromatic region (from 8.8 to 7.2 ppm, doublet of doublets indicated at 7.20 and 7.92
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In the 13C NMR spectra of P3 acetate (Figure 53), the most downfield signal at § 168.5 is
attributed to the carbon at position 1 which represents the carbonyl group of P3 acetate. The
three signals 0 150.2 at position 2, 6 144.67 at position 4 and 0 145.24 at position 5 are
characteristic of the pyrazine ring carbons. These three signals are downfield as a result of the
strong 1 deficient heteroaromatic system. The chemical shifts at 6 129.125 to 6 125.6 represent
the other aromatic carbons. A downfield signal appears at 0 148.6 at position 3 of the P3 Acetate
structure which is indicative of the C-O bond between the acetate and benzene ring. The double
bond carbons 9 and 11 appeared at & 127.8 and & 126.2 and the carbon of methyl group at
position 12 appears at ¢ 20.7.

The 'H spectrum of P3 (Figure 54), showed a broad singlet signal at § 10 which is characteristic
of the OH group at position 1. The three protons attributed to the pyrazine ring are like P3
acetate and appear as a doublet at 0 8.72 with a J value of 2 Hz, a doublet of doublets at position
2 at 0 8.60 and a doublet at position 3 at 6 8.46. The downfield shift of the pyrazine ring protons

in both 'H and *C NMR spectrums are due to the 7 deficient heteroaromatic system. The
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double bond protons appear at & 8.02 and 7.37 with a J value of 16 Hz. The only difference
between the 'H NMR spectrum of P3 and P3 acetate is that P3 acetate contains an acetate group
and P3 contains a OH group. However, due to the presence of OH group, other aromatic proton
chemical shifts are slightly changed, for example the proton at position 9 is a doublet at 6 6.92
compared to P3 acetate at position 9 is doublet of doublets at 6 7.21. This change was observed
as the benzene ring is substituted with OH which tends to decrease chemical shift and change
the splitting pattern. The *C NMR spectra of P3 (Figure 55) is similar to P3 acetate (Figure
53). However, the absence of carbonyl carbon signal seen at 168.5 ppm in P3 acetate’s carbon
spectrum indicates the formation of P3 as there is a downfield signal at 6 155.92 at position 1

which attributed to the hydroxyl bearing carbon atom.

4.2.4 FTIR analysis of P3 acetate and P3

The IR spectra of P3 acetate showed a characteristic band of ester carbonyl at 1758 cm™ as
indicated on (Figure 57). The IR spectra of P3 showed a broad signal of hydroxy (OH) group
at 3015 cm™! (Figure 58). The absence of the ester carbonyl signal indicated the formation of
P3. However, other signals were also identified such as signals for aromatic substituted ring

and sp?> double bond in both spectra at around 1590 — 1450 cm™ and 1600-1680 cm!

respectively.
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Figure 57: FT-IR analysis of P3 acetate
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4.3 Elucidating the effects of P3 Phosphate and P3 acetate on T98G cell viability
and GBM sensitivity to TMZ

4.3.1 P3 Phosphate exhibits potential to kill T98G cells

The effects of P3 phosphate on GBM Cell viability were elucidated using a CCK8 colorimetric
assay. T98G cells were treated with 10uM of P3 phosphate for 72 hours and compared to
untreated T98G cells. The graph indicates that 10uM of P3 phosphate significantly reduced the
percentage of viable cells by 93.1% when compared to the control (untreated vs 10 uM P3
phosphate, 100% vs 6.45%, p<0.0001)(Figure 59). There was also a significant decrease
between VC and 10 pM P3 Phosphate (VC vs 10 uM P3 Phosphate, 95% vs 6.45%, p<0.0001)
suggesting that P3 Phosphate is highly toxic to T98G cells at this dose. Future studies will
elucidate the effects of increasing doses of P3 Phosphate on T98G viability and proliferation.

P3 Phosphate
150 3k 3k %k %k

% %k k¥

100

50

% T98G Cell Viability

Figure 59: P3 Phosphate reduces T98G GBM Cell viability. Bar chart showing % cell viability of untreated T98G cells vs
T98G cell treated with 10 uM of P3 Phosphate or VC (6:4 Ethanol: H>O) for 72 hours. Cell viability was assessed by CCK8

colorimetric assay. Paired T-test ****p< 0.0001, n=7.

4.3.2 Elucidating the effects of P3 Acetate on GBM Cell viability

The effects of P3 Acetate on GBM Cell viability were elucidated using a CCK8 colorimetric
assay. T98G cells were treated with 10 uM of P3 Acetate for 72 hours and compared to
untreated T98G cells. In contrast to P3 Phosphate, 10 uM of P3 Acetate caused a significant
increase in T98G cell viability compared to control (untreated vs 10 pM P3 Acetate, 100% vs
110.3%, p=0.034, (Figure 60). The potential pro-proliferative effects of P3 acetate on T98G

cells warrants further investigation.
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Figure 60: P3 Acetate increased T98G GBM Cell viability. Bar chart showing % cell viability of untreated T98G cells vs
T98G cell treated with 10 uM of P3 Phosphate or VC (DMSO) for 72 hours. Cell viability was assessed by CCK8

colorimetric assay. Paired T-test *p< 0.05, n=7.

4.4 Elucidating the effects of P3 phosphate on GBM sensitivity to TMZ

The potential of P3 Phosphate to sensitize T98G cells to TMZ was elucidated using a CCKS8
colorimetric assay. T98G cells were treated with 10, 50, 100 uM of TMZ +/- 10 uM P3
Phosphate for 72 hours and were compared to untreated T98G cells or the DMSO vehicle
control for TMZ. Our data showed that P3 Phosphate does not sensitize T98G cells to TMZ.
When the untreated T98G cells were compared to 10, 50, 100 uM of TMZ alone there was
statistical significance showing that the chemotherapeutic agent elicited expected cytotoxic
results and demonstrating success of the experimental model (Control vs 10 uM TMZ (100%
vs 13.2%, p<0.0001), control vs 50 uM TMZ (100% vs 1.43, p<0.0001), control vs 100 uM
TMZ (100% vs 1.78, p<0.0001)(Figure 61). There was also a decrease in cell viability between
10 uM TMZ vs 50 uM TMZ (13.2% vs 1.43%, p<0.0001) and between 10 uM TMZ vs 100
uM TMZ (13.2% vs 1.78%, p<0.0001) (Figure 61) showing dose response. As discussed
above, P3 alone reduced T98G cell viability. In addition, P3 Phosphate appeared to enhance
sensitivity of T98G cells to low dose 10 pM of TMZ but this was not statistically significant
and warrants further investigation. Lower doses of TMZ and varying doses of P3 Phosphate

will uncover the true TMZ-sensitising effects of this P3 prodrug.
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Figure 61: P3 Phosphate does not sensitize T98G cells to Temozolomide (TMZ). Bar chart showing % cell viability of
TI8G cells treated with TMZ Vehicle control (Control) or 10 uM, 50 uM or 100 uM TMZ alone (black) vs T98G cells treated
with treated with TMZ Vehicle control (Control) or 10 pM, 50 uM or 100 pM TMZ alone TMZ+ 10 uM of P3 Phosphate for
72 hours. Cell viability was assessed by CCKS8 colorimetric assay. 2-way ANOVA **p< 0.01, ***p< 0.001 and ****p<
0.0001, n=5.

4.5 Elucidating the effects of P3 Phosphate and P3 Acetate on NKR ligand
shedding by T98G cells

4.5.1 P3 phosphate significantly attenuates NKR ligand B7-H6 shedding by T98G cells

T98G cells were treated with 10 uM P3 Phosphate for 72 hours and the supernatants were
collected and screened by ELISA to determine the effect of P3 Phosphate on B7-H6 shedding
into the GBM tumour microenvironment. Interestingly, P3 Phosphate-treated T98G cell
supernatants displayed a significant decrease of 18.2% in B7-H6 levels at the 72 hour time
point compared to the untreated cells (Untreated T98G cells vs 10 uM P3 Phosphate (39.12%
vs 20.97%, p=0.0143)(Figure 62). Interestingly, there is a significant decrease between the
vehicle control (ethanol:dH»0,6:4) and 10 uM of P3 Phosphate suggesting that this prodrug
may alleviate immunomodulation of NK cells in the GBM tumour microenvironment (VC vs

10uM P3 (46.58% vs 20.97%, p=0.0197)(Figure 62).
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Figure 62: Elucidating the effects of P3 Phosphate on B7-H6 shedding by T98G cells. Bar chart showing concentration of
B7-H6 in (pg/ml) in the supernatants of untreated T98G cells, vehicle control-treated T98G cells (VC, ethanol:dH,0,6:4) and
10 uM P3 Phosphate-treated T98G cells. Unpaired T-test *p < 0.05, n=3.

4.5.2 P3 Acetate does not significantly alter NKR ligand B7-H6 shedding by T98G cells

TI98G cells were treated with 10 uM P3 Acetate for 72 hours and the supernatants were
collected and screened by ELISA to determine the effect of P3 Acetate on B7-H6 shedding into
the GBM tumour microenvironment. P3 Acetate-treated T98G cell supernatants showed a
substantial decrease of 11.2% in B7-H6 levels at the 72 hour time point compared to the
untreated cells, however this was not significant and should be repeated in future studies
(Untreated T98G cells vs 10 uM P3 Acetate (39.13% vs 27.93%, p=0.174)(Figure 63). There
is a significant increase between the vehicle control (DMSO) and 10 uM of P3 Acetate (VC vs
10uM P3 which is more related to unusual effects of 0.1% DMSO which have been observed
in this study (6.25% vs 27.93%, p=0.02) (Figure 63). There is a significant decrease between
untreated and vehicle control suggesting that the vehicle decreased B7-H6 shedding,
warranting further investigation (Untreated vs VC (39.13% vs 6.25%, p=0.001).
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Figure 63: Elucidating the effects of P3 acetate on B7-H6 shedding by T98G cells . Bar chart showing concentration of
B7-H6 in (pg/ml) in the supernatants of untreated T98G cells, vehicle control-treated T98G cells (VC, DMSO) and 10 pM P3
Acetate-treated T98G cells. Unpaired T-test *p < 0.05, ***p<0.001, n=3.

4.5.3 ULBP3 shedding by T98G cells was below the lowest level of detection

T98G cells were treated with 10uM P3 Phosphate or P3 Acetate for 72 hours and the
supernatants were collected and screened by ELISA to determine the effect of Q8 on ULBP3
shedding into the GBM tumour microenvironment (n=3). The ULBP3 levels at the 72 hour
time point were too low to detect using an ELISA as the lowest limit of detection (LLOD) was
125 pg/ml (Figure 64)(Table 11). Future studies may warrant more sensitive ELISAs or
concentration of supernatants to detect changes in ULBP shedding by T98G cells.

88



A) B)

ULBP3 Standard Curve
1.5

[

3

=]

S 1.01 Untreated cells  yepjcle Control P3 phosphate ~ P3 phosphate VC  P3 acetate
8 (DMSO)

E 05 -0.028 -0.048 -0.03 52.939 120.291
3

<

N

T
o N

§ § §

RN

T
$ N
$ s
Ly © &

Concentration (pg/ml)

Figure 64: ULBP3 shedding by GBM T98G cells A) Line graph showing the standard curve of absorbance values vs
concentration of ULPB3 shedding by GBM T98G cells. The standard curve ranges from 125 pg/ml-8000pg/ml with our
samples being below the lowest level of detection, 0.12 pg/ml. B) Table 11: ULBP3 concentration pg/ml, samples were below

the limit of detection.

4.5.4 MICA shedding by T98G cells was below the lowest level of detection

T98G cells were treated with 10 uM P3 Phosphate or P3 Acetate for 72 hours and the
supernatants were collected and screened by ELISA to determine the effect of P3 on MICA/B
shedding into the GBM tumour microenvironment (n=3). The MICA/B levels at the 72 hour
time point were too low to detect using an ELISA as the lowest limit of detection (LLOD) was
39.0625 pg/ml (Figure 65)(Table 12). Future studies may warrant more sensitive ELISAs or
concentration of supernatants to detect changes in ULBP shedding by T98G cells.
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Figure 65: MICA/B shedding by GBM T98G cells A) Line graph showing the standard curve of absorbance values vs
concentration of MICA/B shedding by GBM T98G cells. The standard curve ranges from 39.0615 pg/ml-6000pg/ml with our
samples being below the lowest level of detection, 0.12 pg/ml. B) Table 12: MICA/B concentration pg/ml, samples were below

the limit of detection.
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4.6 Elucidating the effects of P3 Phosphate and P3 Acetate on the GBM
inflammatory secretome.

4.6.1 Neither P3 Phosphate nor P3 Acetate alter pro-inflammatory cytokine IL-6 secretion by
T98G cells

T98G cells were treated with 10 uM P3 Phosphate or P3 Acetate for 72 hours and the
supernatants were collected. These supernatants were screened by ELISA to determine the
effect of P3 Phosphate /P3 Acetate on IL-6 concentration in the GBM tumour
microenvironment. P3 Phosphate T98G cell supernatants displayed a decrease in IL-6
concentration at the 72 hour time point compared to the untreated cells, however it was close
but not yet statistically significant and may need to be powered as there is some variability
(untreated vs 10 uM P3 (2395.2 pg/ml vs 1938.2 pg/ml p=0.089)(Figure 66A4). There was a
decrease between the vehicle control and 10 uM of P3 (VC vs 10 uM P3 (1938.2 pg/ml vs
17.68.2 pg/ml p=0.793) as well as a decrease between untreated and VC (2395.2 pg/ml vs
1938.2 pg/ml p=0.24)(Figure 664). P3 Acetate-treated T98G cell supernatants displayed a
decrease in IL-6 concentration at the 72 hour time point compared to the untreated cells
(Untreated vs 10 uM P3 Acetate (2395.2 pg/ml vs 2026.53 pg/ml p=0.38) (Figure 66B). There
was a significant increase between the vehicle control and 10 uM of P3 Acetate (VC vs 10 uM
Q8 (178.53 pg/ml vs 2026.53 pg/ml p= <0.0001) (Figure 66B). There was a significant
decrease between untreated and VC suggesting that the vehicle significantly reduced IL-6

shedding, warranting further investigation (2395.2 pg/ml vs 178.53 pg/ml p= <0.0001).
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Figure 66: NKR ligand shedding (IL-6) by GBM T98G cells . Bar chart showing concentration of IL-6 in (pg/ml) in the
supernatants of untreated T98G cells, vehicle control-treated T98G cells (VC, ethanol:dH,0,6:4 or DMSO) and 10 uM A) P3
Phosphate-treated or B) P3 Acetate-treated T98G cells. One-way ANOVA, ns not significant, p****<0.0001 n=6

4.6.2 IL-17 secretion by GBM cells was below the lowest level of detection

T98G cells were treated with 10 uM P3 Phosphate or P3 Acetate for 72 hours and the
supernatants were collected. The supernatants were screened by ELISA to determine the effect
of P3 Phosphate and P3 acetate on IL-17 concentration in the GBM tumour microenvironment
(n=3). The IL-17 levels at the 72 hour time point were too low to detect by ELISA. However,
P3 acetate-treated cell supernatants contained detectable IL-17 unlike untreated or vehicle
control treated T98G cell supernatants suggesting that this prodrug may increase inflammatory

cytokine secretion to detectable levels (Figure 67).
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Figure 67: A) Line graph showing the standard curve of absorbance values vs concentration of IL-17 shedding by GBM T98G
cells. The standard curve ranges from 0.12 pg/ml-2500pg/ml with our levels being below the lowest level of detection, 0.12
pg/ml. B) Table 13 showing IL-17 concentration shown in pg/ml, samples were below the lowest limit of detection and could

not be extrapolated from the curve with the exception of P3-acetate-treated T98G cell line supernatants.

4.6.3 Both P3 Phosphate and P3 Acetate significantly reduces secretion of TGF-B by T98G
cells

TI8G cells were treated with 10 uM P3 or Q8 for 72 hours and the supernatants were collected.
These supernatants were screened using ELISA to determine the effect of P3 Phosphate or P3
Acetate on TGF-8 concentration in the GBM tumour microenvironment. P3 Phosphate-treated
TI98G cell supernatants displayed a significant decrease in TGF- concentration at the 72 hour
time point compared to the untreated cells and suggesting that this prodrug might have potential
to alleviate TGF-B-mediated deleterious effects in GBM tumours (untreated vs 10 uM P3
Phosphate, 719 pg/ml vs 407.33 pg/ml p=0.0033)(Figure 684). P3 Acetate-treated T98G cell
supernatants displayed a significant decrease in TGF-B concentration at the 72 hour time point
compared to the VC (10 uM P3 Acetate vs VC, 547.33 pg/ml vs 106.5 pg/ml p=0.027)(Figure
68B). There was a significant decrease between untreated and VC suggesting that the 0.1%
DMSO vehicle control significantly reduced TGF-B shedding, warranting further investigation
control (untreated vs VC 719 pg/ml vs 106.5 pg/ml p=0.006).
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Figure 68: NKR ligand shedding (TGF- f§) by GBM T98G cells . Bar chart showing concentration of TGF-B in (pg/ml) in
the supernatants of untreated T98G cells, vehicle control-treated T98G cells (VC, ethanol:dH,0,6:4, DMSO) and 10 uM A)
P3 Phosphate-treated or B) P3 Acetate T98G cells. Paired T p**<0.01 and One-way ANOVA, p*<0.05, p**<0.01, n=3

4.6.4 P3 Phosphate significantly reduces TIMP-1 secretion by T98G cells

T98G cells were treated with 10 uM P3 Phosphate or P3 Acetate for 72 hours and the
supernatants were collected. These supernatants were subject to an ELISA to determine the
effect of P3 Phosphate or P3 Acetate on TIMP-1 concentration in the GBM tumour
microenvironment. P3 Phosphate-treated T98G cell supernatants displayed a significant
decrease in TIMP-1 concentration at the 72 hour time point compared to the untreated cells
(untreated vs 10 uM P3 Phosphate, 2137.33 pg/ml vs 1979.83 pg/ml p=0.0011)(Figure
69A4).There was a significant decrease between untreated and VC suggesting that the vehicle

significantly reduced TIMP1 secretion, warranting further investigation into this control

(untreated vs VC 2137.33 pg/ml vs 717.167 pg/ml p=0.006) (Figure 69B).
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Figure 69: NKR ligand (TIMP-1) shedding by GBM T98G cells . Bar chart showing concentration of TIMP-1 in (pg/ml)
in the supernatants of untreated T98G cells, vehicle control-treated T98G cells (VC, ethanol:dH,0,6:4, DMSO) and 10 pM A)
P3 Phosphate-treated or B) P3 Acetate T98G cells. One-way ANOVA, p*<0.05, p**<0.01, P****<0.0001 n=3

4.7 Elucidating the effects of P3 Phosphate on immune cell chemotaxis

The effects of P3 Phosphate on the migratory capacity of healthy donor-derived PBMC were
elucidated. To achieve this, PBMC were treated with 10 uM of P3 Phosphate for 72 hours and
their migration towards T98G supernatant was examined. There was a reduction in the
migration of P3 Phosphate-treated lymphocytes toward T98G supernatants, compared to VC-
treated lymphocytes but was not significant (Figure 704). There was a statistically significant
reduction in migration of P3 Phosphate-treated NK cells toward T98G cell supernatant,
compared to untreated (Untreated vs 10uM P3 Phosphate, 1.0 vs 0.22, p=0.0043) as well as a
statistically significant difference in T cell migration toward T98G cell supernatant, compared
to untreated (Untreated vs 10uM P3 Phosphate, 1.0 vs 0.22, p=0.0256). This suggests that P3

Phosphate can alter the migratory capacity of key anti-tumour immune cells (Figure 70 B,C).
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Figure 70: Immune cell chemotaxis, bar charts showing A) Lymphocyte cell migration: lymphocyte (treated with 10 uM
P3 Phosphate for 72hrs) chemotaxis towards untreated GBM T98G cells compared to untreated T98G cells and VC
(dH»0:ethanol 6:4) B) NK cell migration: NK cell (treated with 10 pM P3 Phosphate for 72hrs) chemotaxis towards untreated
GBM T98G cells compared to untreated T98G cells and VC (DMSO). C) T cell migration: T cell (treated with 10 pM P3
Phosphate for 72hrs) chemotaxis towards untreated GBM T98G cells compared to untreated T98G cells and VC (DMSO),
Paired T-test,*<0.05, **p<0.01, n=3.
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5.0 Discussion

Glioblastoma multiforme (GBM) is a rapidly growing and aggressive malignant brain tumour.
Despite advances in treatment options including surgical resection, radiation, chemotherapy
and immunotherapy, most GBMs recur [92]. Current challenges to treating GBM include
incomplete surgical resection, extreme genetic heterogeneity of the tumour, the Blood-Brain
Barrier barrier (BBB), immune-suppressive microenvironment and treatment resistance
[93][94]. Advances in the understanding of the molecular pathology of GBM and related
oncogenic pathways signalling pathways, has identified distinct oncogenic pathways, giving
hope for more targeted approaches [92]. Here we tested the utility of 2 novel compounds for

their anti-cancer efficacy in the T98G cell line.

The efficacy of targeted therapy relies on targeting specific molecular alterations in a tumour
or their downstream protein products which maintains malignant cells growth, enhancing
tumour invasion and angiogenesis. Alternatively, targeting a pathway that enhances the
immune recognition of the GBM cells could enhance tumour killing. Murphy et al., (2016)
showed that treatment with 10 uM Q8 in colorectal cancer (CRC) resulted in significant
reduction in secretions of important angiogenic mediators like VEGF [83]. Here, we proposed
that Q8 could have potential in GBM as anti-angiogenic agents have promising clinical results.
[81],[95]. Buckley et al., (2020) demonstrated that pyrazinib (P3) significantly inhibited IL-13
secretion and increased IL-3 and IL-178 secretion from treatment-naive biopsies from
oesophageal adenocarcinoma (OAC) patients [88]. The ability of pyrazinib (P3) to sensitise
OAC tumour cells to radiotherapy and its anti-metabolic utility via inhibition of both oxidative
phosphorylation and glycolysis is a critical finding and its extended use to other malignancies
is a desirable concept [88]. Furthermore, pilot data from Prof. Jacintha O’Sullivan’s lab suggest
that P3 renders radioresistant OAC tumours as more susceptible to NK cell-mediated responses
and might have utility as a NK cell therapy sensitiser. In this study, P3 was tested for its anti-
proliferative, anti-inflammatory, and immunomodulatory effects as well as its treatment

sensitizing utility in GBM.
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5.1 P3 and Q8 slightly but significantly reduced T98G cell viability

This study explored the utility of 2 compounds, P3 and QS8 individually for their anti-cancer
efficacy in the GBM cell line T98G. Our data show that T98G cells that were treated with 10
uM of P3 or Q8 for 72 hours have a slight, but significant reduction in their viability when
compared to untreated T98G cells. The limited availability of P3 restricted a dose escalation
study and further work is required to indicate if varying doses and timepoints elicit greater

toxicity in T98G cells.

5.2 P3 and Q8 did not sensitise T98G cells to Temozolomide

Temozolomide (TMZ) is an alkylating agent that is used as standard-of-care in GBM treatment.
However, using single agent TMZ, the overall survival of GBM patients is only slightly
increased, with most patients being resistant to TMZ treatment [96]. Bevacizumab is a
monoclonal antibody that targets VEGF-A, thereby inhibiting its downstream signalling
activity by putting stress on the interaction with its VEGF receptor. This approved drug was
proven to target tumour angiogenesis in GBM [97]. Studies showed that Bevacizumab alone
didn’t improve overall survival (OS) or relatively high response rate [98]. However, several
clinical trials have been initiated to explore the efficacy of this drug in combination with
chemotherapies. Yang et al., (2017) carried out a study demonstrating that when Bevacizumab
was combined with chemotherapy it improved progression-free survival compared to

bevacizumab or chemotherapy alone [98].

Our study showed that when T98G cells (a GBM cell line with propensity to TMZ resistance
[96]) were treated with TMZ alone for 72 hours there was a dose-dependent decrease in cell
viability as expected. However, when TMZ was combined with 10 uM P3 or Q8 they did not
sensitise the T98G cells to TMZ. Increasing the concentration of these novel drugs in
combination with low dose TMZ, might provide more insights into the utility of P3 and Q8
sensitise T98G cells or other cell lines to chemotherapy. In addition, pretreatment with P3 or
Q8, rather than concurrent TMZ treatment could increase sensitivity as it would reduce
competition between the compounds and inform more about the sequenced timing of these

compounds.
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5.3 P3 and Q8 reduce IL-6 secretion by T98G cells

Interleukin-6 (IL-6) is a pro-inflammatory cytokine that has a major role in the modulation of
immune and inflammatory responses in glioblastoma [99]. The expression levels of this
cytokine can be used as a prognostic indicator due to its ability to promote proliferation and
block apoptosis that is induced by various chemotherapeutic compounds or reactive oxygen
species, thus promoting malignant progression [100], [101]. Liu et al., (2010) showed that IL-
6 also promotes cell invasion and migration in U251 and T98G cell lines [99]. Additionally,
IL-6 facilitates tumour angiogenesis and invasion, suggesting that this cytokine has the
potential to be an anti-invasion target [99]. Our results show that T98G cells treated with either
10 uM P3 or Q8 for 72 hours cause a reduction in IL-6 secretion by T98G cells and future work
should evaluate their potential to inhibit angiogenesis and invasion in GBM. GBM cell-derived
IL-6 has been shown as a promoter of PDL1-mediated immunosuppression and therefore, its
reduction in the GBM tumour microenvironment by P3 and Q8 could augment the anti-tumour

immune response [102].

5.4 TGF-B and TIMP-1 decreased when treated with P3 or Q8

Glioblastomas are highly vascular tumours that are able to secrete several angiogenic factors
[103], [104]. Studies have shown that angiogenesis is essential for the proliferation and survival
of malignant glioma cells and therefore inhibition of angiogenesis may be effective as an
alternative therapeutic strategy [95]. The TGF-8 cytokine and TIMP-1 signalling molecule both
promote angiogenesis in GBM. Recently TIMP-1 upregulation was shown to be involved in
mechanisms of resistance to anti-VEGF treatment and it is therefore likely to become more
important in future glioblastoma research [95]. Whereas, transforming growth factor 1
(TGFpBI) mediates angiogenesis through a combination of mechanisms that
regulate VEGF expression, stimulate endothelial cell proliferation, and regulate expression of
proteases implicated in vessel dissolution and migration [105]. Papachristodoulou et al., (2019)
showed that targeting TGF-B expression with two novel phosphorothioate-locked nucleic acid
(LNA)-modified antisense oligonucleotide gapmers, ISTH1047 and ISTHO0047, which
specifically target TGFB: and TGFf, have promising anti-glioma activity in vitro and in vivo

[106]. Our study showed that 10 uM of P3 or QS8 caused significant decreases in both TGF-
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and TIMP-1 which shows that these novel drugs may have the potential to target pro-

angiogenic mediators in T98G cells.

There is little published data on the cellular impact of P3 and its mechanism of action is
unknown. For the first time, our data indicate that P3 may have the potential to reduce the

secretion of pro-tumourigenic factors in the GBM tumour microenvironment.

5.5 P3 enhanced death receptor expression by T98G cells

NK cells are crucial in the anti-tumour response. This study assessed the impact of P3 on the
susceptibility of GBM tumours to NK cells as well as the direct immunomodulatory effect of
the drug on NK cell phenotype and function. Pilot data revealed that P3 can increase expression
of NK cell receptor (NKR) ligands in the radioresistant oesophageal cancer cell line OE33R
and here, we investigated its effect on NKR ligand expression by the T98G cell line.

Apoptosis is a key mechanism that ensures the normal, physiological process of cell number
regulation, resulting in the elimination of unnecessary or damaged cells. Cell death pathways
are frequently inactivated in human cancers, including glioblastoma, as tumour cells are able
to evade programmed cell death leading to further tumour progression and pathogenesis [107].
In the death receptor (extrinsic) pathway, apoptosis can be promoted when death receptor
ligands trigger their receptor on the cell surface. Death receptors are part of the tumour necrosis
factor (TNF) family of receptors, including Fas and death receptors 4 and 5, also named
TRAIL-R1 and TRAIL-R2 [108], with corresponding death receptor ligands, Fas ligand and
TNF-related apoptosis-inducing ligand (TRAIL)[109]. Reactivation of programmed cell death
represents a promising therapeutic strategy for glioblastoma [107]. Our study showed that
TI98G cells that were treated with 10 uM P3 exhibited an increase in death receptor surface
expression. Confirmation that the loss of cell viability seen previously occurs via apoptosis

would confirm the biological consequences of such P3-induced TRAIL-R2 expression.
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5.6 P3 enhanced activating receptor surface expression by T98G cells and may
reduce NKR ligand shedding

Natural killer (NK) cells are key immune effector cells in the anti-tumour response. Through
the engagement of several different activating and inhibitory receptors, these cytotoxic
lymphocytes are able to recognise transformed cells [110]. Multiple studies have shown that
the expression of NK cell activating receptor are frequently decreased during the development
and progression of cancers. Our results indicated that culture of NK cells in T98G cell
supernatants for 24 hours led to decreased NKG2D, CD69 and NKP30 expression. However,
supernatants from T98G cells treated with P3 for 24 hours did not reduce these activating
receptors NKG2D, NKp30 and CD69 thus strongly suggesting that P3 prevents GBM-mediated

downregulation of NK cell activating receptors.

One way NKG2D is decreased on NK cells is via the immune-suppressive cytokine TGF-3
[111],[112]. P3-mediated prevention of NKG2D downregulation in NK cells cultured in T98G
supernatant is paralleled by P3-mediated reduction of TGF-B secretion by T98G cells
suggesting that this novel compound has potential to alleviate NK cell modulation in the GBM

tumour microenvironment.

The second way in which surface expression of NKR activating receptors by NK cells can be
reduced is via shedding of their ligands by cancer cells. Many tumours have developed a
strategy to evade immunosurveillance and detection by NK cells via NKR ligand shedding
[110]. This evasion mechanism serves to; A) decrease the amount of NKR ligand at the tumour
cell surface, leading to an impaired NK cell recognition and B) decrease the amount of NKR
surface expression on the NK cell surface as they are bound to soluble NKR ligands.
[113],[114]. Studies have shown that GBM cells release activating receptor NKG2D (i.e.,
MICA/B and ULBPs) and NKp30 (i.e., B7- H6) ligands through proteolytic cleavage thus, its
inhibition could be exploited as an encouraging strategy to preserve the ligands on the surface
of cancer cells and to enhance anti-tumour immunity. Interestingly, we also observed that the
shedding of NKp30 ligand B7-H6 decreased following a 72 hour treatment with 10 uM P3
suggesting that P3 attenuates NKP30 downregulation by reducing B7-H6 shedding by T98G
cells suggesting another mechanism through which this novel compound might alleviate NK

cell modulation in the GBM tumour microenvironment.

Interestingly, the immunomodulatory effects and the P3-mediated rescue is only observed

when NK cells are cultured in T98G cell supernatant and not when they are co-cultured with
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TI98G cells suggesting that P3 has a strong effect on the T98G secretome and that T98G cell-

derived soluble mediators elicit significant deleterious effects on the immune response

NK cells are the least abundant population of all immune cells that infiltrate the GBM tumour
microenvironment. However, despite the quantity of NK cells in the TME being low they still
have a potent cytotoxic effect [115]. NK cell migration is a key mechanism to find and kill
target cells, this process is driven by the chemokine system which governs immune cell
movement or chemotaxis [116]. Therefore, the development of new methods to increase the
number of NK cells in GBM tumours could help improve tumour eradication. In our study P3-
treated T98G cells recruit less NK cells which could have negative consequences for NK cell
therapy and should be investigated further. In contrast, the migratory capacity of NK cells was

unaffected by direct P3 treatment.

In summary, we have shown that P3 has no significant immunomodulatory effects on healthy
NK cells and has strong potential to attenuate GBM-mediated downregulation of activating
receptors on NK cells. This shows that P3 has the potential to be used in patients as it had no
overall negative effects on circulating NK cell phenotype and function, and this adds promise
for other malignancies such as OAC in which a deeper investigation of the potential off-target
effects of systemic P3 is needed to further understand its suitability for combination use with

first-line therapies and immunotherapies.

5.7 Potential anti-proliferative utility of P3 Phosphate in GBM

Our final aim generated prodrugs of P3 (P3 Phosphate and P3 Acetate) to improve solubility
and uncovered novel data on the antitumour efficacy of these prodrugs in comparison to P3.
Our results showed that when T98G cells were treated with 10uM P3 Phosphate or P3 Acetate
there was significant reduction in T98G cell viability compared to untreated. P3 phosphate
elicited a greater cell death response compared to P3, P3 Acetate and Q8. The attachment of
phosphate esters allows for the increased solubility of this prodrug compared to the parent
compound, making it easier for pro-drug to enter the cell and this could be a potential indication
of the increased in cell death. Alternatively, the different moiety on the molecule may initiate
a different mechanism within the cell. When TMZ was combined with 10 uM P3 Phosphate it
did not sensitise the T98G cells to TMZ. Further work is required to assess if pretreatment with

P3 Phosphate has a more profound effect or treatment with lower dose of TMZ + P3 Phosphate
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shows superior results. Future work will examine whether P3 Phosphate at varying
concentration and/or prior to TMZ treatment could increase in the cell death response could be

seen.

The NKR ligand shedding of NKp30 ligand B7-H6 decreased following a 72 hour treatment
with 10 uM P3 Phosphate or P3 Acetate. We also showed significant decreases in both TGF-f3
and TIMP-1 which indicates that P3 Phosphate and P3 Acetate may dampen the secretion of
pro-angiogenic mediatorses in the GBM tumour microenvironment. Our study showed when
TI98G cells were treated with P3 phosphate they recruited less total T cells. This could have
negative consequences for the anti-tumour immune response if such T cells were found to be
Thl and CD8+ T cells . However, this could be positive if Treg infiltration of GBM tumours
was reduced by P3 Phosphate. Further work will elucidate the phenotype of T cells migrating
toward T98G cells following P3 treatment. Importantly, the NK cell and total lymphocyte
migratory capacity was not significantly affected by direct P3 Phosphate treatment. A deeper
investigation of the effects of P3 Phosphate and P3 Acetate on NK cell and T cell viability,
phenotype and function is needed to complete the comparison of their biological effects with

parent drug P3.
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6.0 Conclusion

Our data suggest that Pyrazinib (P3) a small molecule pyrazine compound, the prodrug P3
Phosphate, Intermediate compound P3 Acetate and QS8, an antagonist of cysteinyl leukotriene
receptor-1 may have potential to reduce the immunomodulatory effects of GBM tumours. The
P3, P3 Phosphate and P3 acetate compounds were synthesized and purified successfully in
house. Used individually, we have shown reduction of GBM cell viability and an increase in
apoptotic death receptor expression. The drugs have not shown a therapeutic potential in
combination with standard GBM chemotherapeutic agent TMZ, at the tested dose of 10 uM.
However, pre-treatment and or increased drug concentrations may uncover their utility in
combination with TMZ and other therapeutic agents. P3 had no significant immunomodulatory
effects on healthy NK cells but could alleviate the inhibitory effects of the GBM secretome on
NK cell activating receptor expression. In addition, P3 reduced IL-6 secretion by GBM cells
along with pro-tumourigenic factors, TGF- and TIMP-1. Interestingly, P3 and P3 Phosphate
significantly reduced B7-H6 shedding by T98G cells which indicates their potential to help
reduce immunomodulation of NK cells in the GBM TME. Further work is required to fully
elucidate the impact of P3 and related compounds on NK cell phenotype and function and its

potential in combination with first-line therapies and/or immunotherapies in GBM.
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7.0 Future directions

1. Based on this study, higher and varying doses of the individual novel drugs tested,
Pyrazinib (P3), the prodrug P3 Phosphate, Intermediate compound P3 acetate and Q8,

require further study for their anti-proliferative effects on T98G cells.

2. Combination anti-cancer therapy has huge potential and timing can be crucial. Pre-
treatment of T98G cells with our novel drugs may promote their efficacy to sensitise
TI98G cells to TMZ rather than concurrent treatment and would inform on sequenced

timing of combination treatment.

3. This study was carried out on the T98G cell line which has shown chemoresistance in
multiple studies. Therefore, an alternative GBM cell line should be examined
individually and in combination TMZ. The radio-resistance pathways in GBM are
known and therefore the radiosensitivity of T98G cells and other cell lines should be

examined following pre-treatment with our novel compounds.

4. The efficacy of our panel of novel drugs should be elucidated under the physiological
conditions of the tumour microenvironment e.g., hypoxia, acidosis, nutrient deprivation

to more accurately simulate the GBM TME and examine their clinical utility.

5. The reduction of pro-inflammatory mediator IL-6 and pro-tumourigenic mediators
TGF-B and TIMP-1 should be further investigated in terms of the impact of such drug-

induced reductions on tumour cell growth and invasion.

6. NK killing assays should be performed to ascertain whether P3 and P3 Phosphate can
augment NK cell killing in the GBM tumour microenvironment. Furthermore, the direct

phenotypic and functional effects of P3 Phosphate on NK cells should be uncovered.
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