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ABSTRACT

This thesis will show the discovery of two highly potent multidrug treatments against Glioma

brain tumour and their subsequent development into an implantable drug delivery device.

Glioblastoma is a highly malignant cancer with fewer than 10% of patients surviving longer
than 5 years. Initially through using patient derived primary tissue we have demonstrated
that at low dose (<100 uM) repurposed drug treatments such as Pitavastatin, Irinotecan and
Celecoxib are more effective than the current standard of care, Temozolomide. Of the 14
Glioma patients, only one (7 %) responded to Temozolomide, while 8 (57 %), 11 (79 %) and
12 (86 %) responded to Irinotecan, Pitavastatin and Celecoxib, respectively. We then
examined drugs that had evidence of enhanced antitumor activity when combined, and two
multi drug treatments were discovered. The first drug combination consisted of Irinotecan,
Pitavastatin, Disulfiram and Copper Gluconate and the second combination was Irinotecan,
Captopril and Disulfiram. Both were significantly more effective at killing Glioma cells and
reducing reoccurrence than the individual drugs. To develop those two highly potent drug
combinations into a pharmaceutical product, an analytical HPLC technique that is capable of
separating, detecting and quantifying each drug within the implantable device was developed

and subsequently validated for specificity, linearity, accuracy, precision, and robustness.

Finally, each drug combination was designed into a formulation. Rheology was performed to
identify the most suitable matrix components, while swellability and DSC studies were used
to measure implants physical and chemical stability. From all of the gathered data we have
successfully formulated each of those multi-drug treatments into a novel multilayer drug
delivery device, consisting of each drug incorporated homogeneously within either a 50:50
poly(lactic-co-glycolic acid) polymer or polymer plus Kolliphor® P 188 plasticiser additive,

for the localised treatment of Glioblastoma.

In conclusion the significant cancer cell killing capability of Irinotecan-Pitavastatin-
Disulfiram-Copper Gluconate and Irinotecan-Captopril-Disulfiram drug combinations as

well as their successful formulation into a poly(lactic-co-glycolic acid) based drug delivery
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device demonstrates their future clinical translation potential and the need to continue

further with product development and testing.
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1. CHAPTER ONE: BACKGROUND

1.1 Glioblastoma: description and incidence
Glioblastoma (GBM), also classified as grade IV astrocytoma, is the most common brain

tumour in adults [1]. GBM has shown to arise from astrocytes, supportive brain tissue or
progress from lower grade gliomas. It usually develops within the cerebral hemisphere of the
brain with the frontal lobe being the most common site (about 25% of cases), however it can
develop anywhere within the brain or spinal cord [1]. Despite advances in medical treatment
survival rates remain low with most deaths occurring in the first 15 months after diagnosis
[1, 2]. GBM is considered highly malignant as the cells divide quickly and are surrounded by

a large network of blood vessels that provide a continuous supply of nutrients for fast growth

[3].

Several classifications of GBM exists, depending on tumour origin and various genetic
expressions. The 2016 World Health Organization (WHO) have classified GBM into: (i)
primary or de novo GBM, which corresponds to approximately 90% of cases and occurs in
predominantly older patients. (ii) Secondary GBM, corresponding to approximately 10% of
cases, which occurs because of disease progression from lower grade astrocytoma and is

predominant in younger patients [4-6].

The annual incident rate in England is 4-5 per 100,000 per year [1]. Known factors
influencing diagnosis and survival length include age, ethnicity and gender. GBM can occur
in both children and adults; however, incident number increases with age, while long-term

survival decreases (Figure 1.1) [1, 7, 8].
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Figure 1.1: Central Brain Tumor Registry of the United States (CBTRUS) diagnosis
database from 2007-2011. (a) Incidence rate by age group (b) One, Two, Three, Five and
Ten-Year relative survival rates by age group [8].

White non-Hispanic people have a two-fold higher incidence rate than Hispanic and Black
people [8]. GBM is also 1.6 times more common in men than women [1, 8]. One study
carried out by Tao Sun demonstrated that the retinoblastoma protein, a protein known to
reduce cancer risk, is significantly less active in men’s brain and could explain why men are

more at risk [9].

Other minor evidence of factors linked to risk of developing GBM include, exposure to
ionising radiation, and several heritable genetic factors [10-13]. However, these do not

account for a significant increase in diagnosis [12].
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Symptoms can vary largely dependent on the location of growth. Some of the more common
symptoms such as headache, nausea, vomiting, and drowsiness are caused by the increase in

intracranial pressure of the brain [13].

For diagnosis, computed tomography (CT) and magnetic resonance imaging (MRI) scans are
combined with tissue biopsy [14]. Imaging techniques are utilised to detect and locate the
tumour. Imaging characteristics of high infiltration, necrosis and irregular rim of
enhancement are typical but not specific for GBM [15]. Hence tissue biopsy is required to
confirm the grade of the tumour, any specific genetic mutations and sub classification (i.e.

primary or secondary) [6, 16].

1.2 Current therapy for Glioblastoma
The current standard of treatment is the STUPP protocol, which involves maximal safe

resection surgery of the tumour followed by radiation therapy and chemotherapy with the
oral alkylating agent Temozolomide (TMZ) [17]. Approximately 34% of UK patients undergo
the STUPP protocol [1] enhancing patient survival by ~ 11 months compared to no treatment
[17, 18]. The STUPP’s NICE 2001 UK NHS cost estimate was £11,900 per patient, this is
likely to have increased since 2001 but no recent cost estimation were found [19]. Due to the
high cost, a careful evaluation of treatment outcome for each patient is made and thus for

some patients this treatment may be deemed cost ineffective [20].

Other FDA approved drugs such as Carmustine, Bevacizumab and Lomustine could also be
prescribed for the treatment of GBM, however these can only stabilise and/or extend survival
for a short period of time, usually no more than 2-6 months [21-27]. For an individual
patient selection of drug treatment can be dependent on a number of factors including
genetic mutation of tumour, resectability of tumour and feasibility of treatment for the

individual, where cost, drug safety and effectiveness are weighed [20].

1.2.1 Current systemically administered chemotherapeutic treatments
Current chemotherapeutic treatments for GBM mainly rely on the oral and intravenous

delivery route. Although these certainly offer flexibility in administration, drug delivery to

1-3



the brain is often hindered by the Blood Brain Barrier (BBB) (Chapter one, 1.3 Rationale for
localised therapy, 1.3.1 Blood Brain Barrier (BBB)) These therapeutic agents have shown
some clinical viability but increased systemic toxicities are observed because of the high drug

distribution rate within the systemic circulation [28].

Temozolomide
TMZ (Trade name: Temodar®) is utilized within the STUPP protocol and is administered at a

dose of 150—200 mg/m?2 either orally as tablets or injection via intravenous infusion [29-31].
In combination with radiotherapy it has shown to prolong the overall survival rate (OSR) for
patients, from 12.1 months for radiotherapy alone to 14.6 months when combined with TMZ
treatment [17]. It’s mechanism of action is dependent on its ability to alkylate
Deoxyribonucleic acid (DNA) by supplying a methyl group to purine bases damaging it and
triggering cell death. An estimated 40% of patients are resistant to TMZ because of MGMT
gene activation through a mutation enabling it to repair the DNA damage induced by TMZ
[25]. The two-year survival rate for TMZ treated patients with either the expressed or
silenced MGMT DNA repair gene is 14 % and 46 %, respectively [25]. Patients undergoing
TMZ treatment are carefully evaluated prior to and during treatment. With patients more
likely to experience myelosuppression, including prolonged pancytopenia and eventually
death [32, 33]. Neutrophil, platelet and complete blood counts are regularly checked via

weekly assessments [22].

Because of its small size, neutral charge and lipophilic nature, it possesses good
bioavailability. A clinical study reported by Portnow, using a microdialysis catheter placed in
peritumoral brain tissue, recorded that following oral administration of single dose TMZ, an
average of 17.8% reached the brain interstitium compared to drug concentration in plasma.
Maximum TMZ plasma concentration was reached within 1.8 + 1.2 hours, and 2.0 + 0.8

hours in the brain interstitium [34].

TMZ toxicity is mainly systemic, with some of the most common side effects being

thrombocytopenia, lymphocytopenia, neutropenia, leukopenia, anaemia, nausea, vomiting,
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anorexia, constipation, infection, raised alanine transaminase (ALT), raised alkaline

phosphatase (ALP) and mucositis [32, 33].

Bevacizumab
Vascular Endothelial Growth Factor (VEGF) secretion is used by GBM to promote the

formation of blood vessels and aid growth [3, 35-38]. Bevacizumab (Trade name: Avastin®)
is a humanized monoclonal antibody that is administered by intravenous infusion to inhibit
VEGF [39, 40]. Bevacizumab is utilised as a single agent therapy in patients with progressive
disease. It is often provided for patients as a mean for best supportive care treatment
following previous treatment failure [41-43]. There is no evidence for bevacizumab
demonstrating improvement in disease-related symptoms or survival length for patients [23,
44, 45]. Its effectiveness is established on patients’ objective response rate based on WHO

radiographic criteria and steady or decreasing corticosteroids use [23, 44, 46].

It was granted accelerated FDA approval in 2009, following two clinical trials, evaluating
bevacizumab in patients with documented disease progression who had undergone prior
TMZ and radiation treatments [44, 47]. The first trial was a multicentre randomised
assessment of 85 patients receiving bevacizumab 10 mg/kg dose every 2 weeks alone or in
combination with Irinotecan, until disease progression or unacceptable toxicity [23, 44]. The
objective response rate was found in 25.9% of patients. The second trial was a single arm,
single institution trial of 56 patients, receiving 10 mg/kg dose every 2 weeks. The objective
response rate was found in 19.6% of patients [44]. With no other alternative of therapy for
patients with progressive disease, bevacizumab was deemed to be effective and approval was
granted based on the risk to benefit ratio for patients [44]. However, the studies showed that
more than 10% of bevacizumab treated patients, which was twice as many when compared to
the control arm, were more likely to experience epistaxis, rhinitis, proteinuria, taste
alteration, headache, hypertension, dry skin, rectal hemorrhage, lacrimation disorder and
exfoliative dermatitis [44]. Hence, during bevacizumab treatment, careful monitoring of the

patient’s response to therapy is vital.
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Lomustine
Lomustine (Trade name: Gleostine®) was FDA approved in 1977 [48-50]. Itis a

chloroethylating nitrosoureas drug that alkylates DNA and Ribonucleic acid (RNA) and can
also inhibit several enzymatic processes within the cancer cells. It has proven to prolong OSR
by 8 months and just like TMZ, its mechanism of action is dependent on MGMT gene

methylation and thus its ability to alkylate DNA [51-53].

Lomustine is administered as a single oral dose. Due to extremely high toxicity, including
fatal outcome, only one dose is prescribed for patients to administer every 6 weeks [26].
Since the introduction of the STUPP’s protocol’s lomustine is rarely prescribed for GBM as it
has the potential to cause irreversible systemic side effects including kidney damage, renal
failure, thrombocytopenia and leukopenia [21, 26]. Patients undergoing lomustine treatment
are required to undertake frequent assessment for blood count, liver function, renal function

and electrolyte level [26].

Lomustine is predicted to have good bioavailability due to its small size, neutral charge and
lipophilic nature [54, 55]. However, no data was found to quantify drug passage into the

Central Nervous System (CNS).

Carmustine
Carmustine for intravenous infusion was approved in 1977. Equivalent to lomustine, it is a

chloroethylating nitrosoureas drug that alkylates DNA and RNA and can also inhibit several
enzymatic processes within the cancer cells. Similar to TMZ and lomustine, carmustine’s
activity is correlated with MGMT gene methylation [56-61]. Carmustine is known to cause
extravasation, so to minimise this it is administrated via a slow intravenous infusion every 6

weeks either as a single dose or divided into two doses over 2 consecutive days [27].

With physicochemical properties of low molecular weight, lipophilicity and neutral charge,
carmustine is known to readily pass the BBB. However, due to its excessive metabolism in
the liver it possess a relatively short half-life of 15-70 minutes, hence a high systemic dose is

required for a therapeutic concentration to reach the brain [55, 62].
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Carmustine treated patients are more likely to experience myelosuppression, pulmonary
toxicity, administration reactions, carcinogenicity and ocular toxicity [24, 27, 55]. Patients
undergoing systemically administered carmustine treatment are required to undertake
frequent assessment of their blood count and renal function with the dosage adjusted based
on these results [27]. This treatment is not associated with a significant prolongation in the
OSR of patients so this treatment became rarely prescribed following the FDA approval of

TMZ and Gliadel® therapies [63].

1.2.2 Current locally administered chemotherapy treatment

Carmustine wafer (Gliadel®)
Gliadel® is an implantable chemotherapeutic wafer, it was initially developed to enhance the

therapeutic efficacy of carmustine by delivering the drug locally. Large drug distribution and
fast elimination rate by the liver were avoided, subsequently prolonging carmustine stability
and minimising the dosage requirement [64, 65]. Gliadel® consist of carmustine
incorporated homogenously within 1,3-bis(p-carboxyphenoxy) propane:sebacic acid (20:80
ratio) polymer [63]. During brain resection surgery up to 8 wafers are placed on the tumour
bed. Each providing 7.7 mg of controlled and sustained carmustine release [65]. Carmustine
implants have been utilized significantly and are often considered as the second line
treatment therapy for GBM. This therapy has revealed significant reduction in
haematological toxicity with maximum effectiveness at the site of action. In two clinical trials
involving 32 and 240 patients, Gliadel® improved the OSR of newly diagnosed GBM patients

by 2.9 and 2.3 months respectively when compared to placebo implanted wafers [66-69].

In-vivo, the wafers are known to release carmustine over a period of 5 days, the remaining
polymer then degrades over a period of 6-8 weeks [65]. The sebacic acid monomers are
excreted from the body as expired CO., whereas the 1,3-bis-(p-carboxyphenoxy)propane

monomers and carmustine drug degradation products are excreted through the urine [65].

One drawback for Gliadel® treatment is that it is not suitable for all patients. Wafers can only
be implanted if the size, shape and location of the resection cavity allows it. As each wafer is

1.45 cm in diameter and 1 mm thick, a large resection cavity is needed to host 8 wafers [70].
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Also depending on the location of GBM growth, tumour resection might not be viable, hence
wafer implantation cannot occur. Another drawback is that for recurrent tumour Gliadel® is
ineffective. A Cochrane report evaluated the clinical effectiveness of Gliadel® implants and
concluded that for newly diagnosed patients, Gliadel® was clinically effective in improving
survival without an increase in toxic side effects, however for recurrent patients, Gliadel®

showed no clinical improvement [71].

When compared to systemically administered carmustine, the locally delivered drug does
suffer from increased local toxicity such as seizures, intracranial hypertension, meningitis,
cerebral oedema and impaired neurosurgical wound healing [66, 67]. Despite the toxicity
issues associated with Gliadel®, the implants offer the best option for overcoming the BBB.
Gliadel® has demonstrated therapeutic drug concentrations at the site of the tumour [67].
With many drugs possessing excellent anticancer properties but are limited by their ability to
cross the BBB this local delivery approach could potentially enable some of these substances
to be utilised in GBM treatment (Chapter one, 1.3 Rationale for localised therapy, Table 1.2).
Overall Gliadel® serves as a rationale that intracavity drug delivery is both feasible and
successful in improving drug efficacy when compared to the systemically delivered drug, it
represents one of the few current therapies clinically approved for the treatment of GBM

when many other treatments have failed in the clinic.

1.3 Rationale for localised therapy
This form of treatment is particularly viable for GBM as tumour reoccurrence following

debulking surgery is usually localised, within 2 to 3 cm of the primary lesion border.
Therefore, a local delivery approach could be used to concentrate chemotherapeutic drugs in
this precise location [72]. Reduced toxicity is also possible due to the lower dosage
requirement and avoidance of systemic circulation [63]. Of course, local toxicity may become
more prevalent. However, this can be minimised with intelligent dosage form design and

non-toxic drug selection.
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Localised treatment could also be developed to target the four main disease specific obstacles
that are currently responsible for treatment failures including the BBB, tumour location,

tumour heterogeneity and disease re-occurrence.

1.3.1 Blood Brain Barrier (BBB)
Between the systemic circulation and CNS, there exist three unique physiological barriers:

the arachnoid—subarachnoid cerebrospinal fluid (CSF), the choroid plexus—ventricular CSF
and Blood Brain Barrier (BBB) [73]. Of these, the BBB is the most important in controlling

passage of solutes between blood and CNS.

The BBB consist of a monolayer of endothelial cells in brain capillaries. In between
endothelial cells, a seal consisting of claudins and other proteins is formed, known as tight
junctions. The endothelial cells are also surrounded by a basal membrane, which comprise of
collagen, fibronectin, laminin, tenascin and proteoglycans [74] (Figure 1.2). The complete

surface area of the BBB is approximately 20 m2 and total capillaries length is 600,000 m [74,

75]-

Glial Cell
Endothelial Cell

~~~ Basal Membrane

Tight Junction

Figure 1.2: Schematic representation of the BBB.
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Drug molecules may transport across the BBB via a number of mechanisms 1) passive
diffusion across endothelial cell, 2) passive diffusion via tight junctions, 3) endocytosis 4)
carrier-mediated transport 5) carrier-mediated efflux (Figure 1.3).

b s . ® e
:'+ = Drug molecules - So S .t e

Brain

Figure 1.3: Schematic representation of drug transport mechanisms across the BBB. 1)
Passive diffusion across endothelial cell, 2) Passive diffusion via tight junctions, 3)
Endocytosis 4) Carrier-mediated transport 5) Carrier-mediated efflux

Large molecules, >500 Daltons are transported across the BBB via carrier-mediated vehicles.
Whereas small molecules rely on passive transport, with the transport rate dependent on

molecular weight, electrical charge and lipophilicity [76].

The BBB is a great obstacle for many pharmaceutical agents to cross with most drug trials
focusing on delivering the drug orally or intravenously, most are bound to fail not due to
their inability to target and kill cancer cells but their ability to reach the site of the tumour at
therapeutic concentrations [67]. Even with drug molecules that have optimum
physiochemical properties to cross the BBB (i.e small size, neutral charge and lipophilicity)
bioavailability can still be unpredictable. Brain tumours, such as GBM alter the BBB
permeability through elevated cellular secretion of humoral factors such as bradykinin,
histamine, serotonin and platelet-activating factor leading to increased cerebral pressure,
upregulation of carrier mediated efflux and vascular permeability [73, 77]. Additionally,
rapid cellular growth induced changes are associated with enhanced production of vascular
endothelial growth, often referred to as the blood—tumour barrier [78]. These changes may
enhance BBB permeability but can also reduce the residence time of drugs in the brain,
where chemotherapy agents that successfully cross the BBB are quickly efflux transported
back into the capillary lumen [73]. The increase vasculature system in GBM patients have

previously been argued as a theory that drug permeability to the brain is much higher in
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patients with brain tumour, however the overwhelming clinical evidence demonstrates that

drugs with poor BBB permeability still cannot penetrate the barrier [79].

Since many anticancer agents do not have the appropriate physicochemical properties to
cross the BBB, a variety of drug delivery options have been explored such as the use of small
lipophilic drugs that could easily pass the BBB, the incorporation of drugs into nanocarriers
and the use of implantable drug delivery devices or injectable systems such as convection
enhanced delivery (CED) [80-83]. There has also been research done on modifying the BBB

permeability through the use of focused ultrasound [84].

Many successful preclinical studies for the use of nanocarriers in GBM treatments have been
developed with the aim of enhancing the bioavailability of systemically administered
chemotherapeutic agents [85-92]. By specifically designing the nanocarriers to be small
sized, lipophilic and neutrally charged, optimum BBB permeability can be obtained.
Additionally, the encapsulated drug could in principle hold an extended systemic circulation
period by being protected from degradation in physiological environment [93-95]. Saucier-
sawyer et al developed a camptothecin loaded polymeric nanoparticle system, consisting of a
copolymer of polylactic acid and hyperbranched polyglycerol, surface modified with
adenosine. The drug brain uptake increased by 0.8% of injected dose (200 mg/kg) compared
with free drug in mice [96]. Another study by Wilson et al investigated the possibility of
targeting Alzheimer using tacrine loaded poly(n-butylcyanoacrylate) nanoparticles, in rats
the formulation significantly increased the uptake of tacrine into the brain with the drug
concentration reaching 251.49 + 17.25 ng/mL compared to 61.79 + 4.98 ng/mL with free

drug alone [97].

Injectable systems such as CED involves the implantation of catheters into the brain. The
drug can be infused through a pressure gradient for sustained targeted delivery of the
chemotherapeutic agent [82]. This method of delivery is currently utilised for the treatments
of Diffuse Intrinsic Pontine Glioma [98]. Its main advantage is the delivery of

chemotherapeutic agents deep into parts of the brain that they cannot reach through
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diffusion alone. A GBM clinical trial assessing citredekin besudotox, a chimeric
pseudomonas exotoxin with recombinant human interleukin-13, infusion using CED have
revealed no improvement in outcome when compared to current Gliadel® therapy [99].
However, although for this particular therapy, clinical success was not attained, it does
provide a prospect for GBM patients with unresectable tumour [100]. An injectable system
may offer a solution for localised delivery deep into parts of the brain not reachable by
current therapy. Brachytherapy, another example of injectable therapy, may provide
inspiration for reaching unresectable tumours; Brachytherapy is used for the treatment of
cancer via insertion of radioactive seeds directly into the cancerous tissue [101]. It has been
utilised for the treatment of brain, prostate, cervical, breast and liver cancer [101-106].
Typically after accurate positioning of the tumour, small seeds (3mm x 7 mm) are inserted
into the tumour via a specialised delivery device (e.g. needle or catheter) [106]. In a GBM
clinical trial patients were treated with 28 to 171 of radioactive seeds that were directly
inserted into the tumour margin. The insertion procedure was shown to be safe, however
adverse side effects were reported due to the radiation [106]. Thus, although this radiation
therapy was proven to be unsuccessful the injection of therapy into the tumour boarder

could be utilized for the administration of implantable drug delivery systems.

One of the most successful drug delivery strategies to circumvent the BBB has been the use
of drug loaded polymer implants [64, 67]. Drug-loaded polymer implants have been utilized
for the delivery of chemotherapeutics [107-110], proteins [111, 112], antibiotics [113, 114],
anti-inflammatory drugs [115] etc. With clinical success reached when the Food and Drug
Administration (FDA) approved the use of biodegradable drug-loaded wafer, Gliadel®. Drug
loaded polymer implants have the advantage of obtaining site-specific, controlled release of
therapeutic agents and enhanced efficacy owing to lower dose requirements. For GBM
specifically, it has the additional advantage of providing a non-delayed immediate therapy
following surgery, which is particularly important because with systemic drug delivery a lead
time between surgery and drug treatment is required to aid healing. However, during this

time residual tumour is left untreated and can grow rapidly.
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1.3.2 Location of tumour growth
Even without the issues of the BBB, the location of the tumour presents some difficulty for

treatment with systemically administered chemotherapy. Drug distribution across the body
and in peripheral tissues, particularly for highly lipid soluble drugs, result in reduced

bioavailability in the brain.

Glioma mainly arise within the anterior subcortical structures of the brain, with 40% of cases
occurring in the frontal lobe, 29 % in temporal lobe, 14% in parietal lobe, 3% in occipital
lobe, and 14% in the deeper structures [116]. The main prognosis factor for GBM is the extent
of tumour resection. The mean OSR for patients who undergo resection surgery is 3.5
months greater than biopsy alone [117, 118]. The location of the tumour and level of

infiltration into normal brain tissue plays a vital role in the extent of tumour resectability.

Advancements in surgery have helped to achieve maximal resection of the tumour. One of
the greatest advances is the use of 5-aminolevulinic acid (5-ALA)-induced fluorescence to
guide surgery (FIGR) [119-126]. Helping the operating surgeon to distinguish between
tumour and normal brain tissue enabling to resect more of the tumour without increasing
neurological damage [127]. However even with this significant advancement, the infiltrative
nature of GBM makes gross total resection surgery (Total removal of tumour) impossible
without damaging the neurological tissue and affecting the cognitive ability of patients.
Therefore, a therapeutic strategy that targets the residual tumour left behind following

surgery is crucial for successful treatment.

In selected patients, surgical procedure is limited to stereotactic biopsy [100]. This is often
due to the tumour being located deep within the brain and the increased probability for
permanent neurological complications. For this minority subset of patients, prognosis is
really short even with radiation and chemotherapy [100]. OncoSeed, a form of Bracytherapy,
is a radioactive implantable material that is inserted into the tumour location and could
provide treatment that is minimally invasive [128-131]. A study undertaken by Lopes et. al on

the use of 4.5 x 0.8 mm OncoSeed metal rods in ten low grade stem glioma patients have
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concluded that it is a safe and effective method to treat brain tumour [128]. Hence patients
with an unresectable tumour could benefit from localised treatment.

1.3.3 Heterogeneity

GBM is highly molecularly and genetically diverse, which has an impact on treatment.
Following tissue biopsy, a genetic profile of common GBM mutations are performed,
including isocitrate dehydrogenase (IDH), alpha thalassemia/mental retardation syndrome
X-linked (ATRX), P53 and O(6)-methylguanine-DNA methyltransferase (MGMT). This

mutation profile can then serve as an indicator for prognosis and suitable treatment.

IDH1, P53, and ATRX are all associated with growth control genes [132]. Whereas MGMT is
utilised to select appropriate treatment. MGMT gene encodes for a DNA repair enzyme
[133]. A methylation process is known to stop DNA transcription and therefore, expression
of the MGMT enzyme. MGMT expression can protect non-cancerous cells from carcinogens.
Unfortunately, it also inactivates the effect of alkylating agents such as TMZ making the

tumour resistant to this form of chemotherapeutic treatment.

Approximately 10, 15 and 48 % of GBMs are IDH1, ATRX and P53 mutant respectively.
Patients with mutant IDH and ATRX proteins have improved prognosis [51, 132, 134]. ATRX
mutation is usually accompanied with IDH and P53 mutation [132, 135]. A combination of
ATRX mutant, IDH mutant and P53 wildtype genes lead to significant improvement in both

OSR and progression free survival (PFS) [132].

The Cancer Genome Atlas Research Network (TCGA) has reviewed the genetic variability
between different GBM patient samples and classified GBM tumours into four categories

based on their genetic type; Classical, Proneural, Mesenchymal and Neural [136].

Classical are classified by increased levels of Epidermal Growth Factor Receptor (EGFR) and
P53 wildtype. EGFR is a protein attached to the surface of some cells that initiates cell
signalling and increases tumour cellular growth. In Proneural tumours, TP53, IDH1 and
Platelet-derived growth factor receptors (PDGFRA) are frequently mutated. All of which can

contribute to fast growing uncontrollable cellular division when altered. The Mesenchymal
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subgroup is characterized by high rates of mutation in the neurofibromin 1 (NF1),

Phosphatase and tensin homolog (PTEN) and TP53 tumour suppressor genes [136].

Finally, the Neural subgroup does not have a significantly higher or lower rate of genetic
mutations compared to the other groups. The Neural subgroup is characterized by several
gene expressions that are also typically found within normal non-cancerous brain and nerve

cells or neurons [136].

Unfortunately, heterogeneity is further complicated by intra-tumoural heterogeneity (within
the same patient), as well as tumour evolution over time. A better understanding of GBM
genetic mutations has led to the development of many specific molecular pathways targeting
therapies. Some of those pathways are involved in the regulation of growth, cell cycle, DNA
repair and apoptosis (Table 1.1) [137, 138]. Although this drug development approach does

support a well-grounded notion, no successful single agent therapy has been found.

Table 1.1: Genomic GBM alterations and target molecular pathways [132, 138].

Gene Alteration or target

Growth factor receptors

EGFR Deletion (EGFRVIII), mutation, translocation and/or amplification
KIT Amplification, mutation
PDGFRA Amplification

FGFR1, Translocation (e.g. FGFR3-TACC3)
FGFR3

MET Amplification, translocation
MAPK and PI3K/mTOR signaling pathways
PTEN Deletion, mutation

PIK3CA Amplification, mutation
NF1 Deletion, mutation

BRAF Mutation (BRAF V600OE)
Cell cycle pathways

MDM2 Amplification

TP53 Wild-type (no mutations)
CDK4/6 Amplification

RB1 Wild-type (no mutations)
Others

IDH1 Mutation

MYC, MYCN Amplification

MGMT Methylation

ATRX Mutation
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Following our recent understanding of GBM heterogeneity a shift in research focus has been
centred on finding a treatment that could target multiple growth promoting pathways found
within a single tumour [139-145]. Recent studies have suggested that intratumour
heterogenicity is much more diverse than originally thought. GBM has been described as a
collection of variable genetic colonies coexisting together with the most resistant colony
existing as the dominant form within a specific time and space [146-149]. A personalised
single drug therapy approach for a genetically diverse tumour sample will only lead to
disease progression by creating resistance to therapy over time; once the most dominant
genetic form of the disease is eradicated, a less dominant form will have the chance to grow
and dominate [150]. Multiple drug treatment can target different colonies to enhance the
efficacy of treatment and ultimately prognosis of patients. Few multidrug therapies have

reached clinical studies with a much greater number currently developing within preclinical

settings [51, 140, 141, 143-145, 151-154].

Few studies are aiming to develop this idea into personalised medicine, where each patients’
tumour is assessed genetically and a suitable drug combination is selected for their tumour.

Usefulness of this approach is yet to be explored [144].

1.3.4 Re-occurrence
GBM is characterised by a high proliferativion rate, angiogenesis, necrosis and the existence

of brain tumour initiating cells, also known as cancer stem cells [118]. GBM reoccurrence is
inevitable and usually occurs in the form of local continuous growth within 2 to 3 cm of the
primary lesion border [72]. This new growth is often composed of a new genetic strain that is
resistant to previous chemo and radiation therapy, making it difficult to treat [150, 155, 156].
GBM also extends into thread like structures that invades healthy tissue beyond the primary

lesion contributing to its resistance [157].
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Previous studies have revealed association of re-occurrence with the existence of cancer stem
cells in GBM [149, 155, 157-161]. Cancer stem cells are associated with the ability to self-
renew and differentiate into multiple cancer cell types. This leads to a population consisting
of a rare fraction of tumorigenic cancer stem cells and dominant differentiated non-

tumorigenic cells (Figure 1.4).

Tumorigenic cancer stem cells

Differentiated non-tumorigenic
cancer cells

S T

Tumour cells with different genetic
mutations

Figure 1.4: Cancer cell population consisting of non-differentiated tumorigenic stem cells
and fast growing differentiated cancer cells.

Many studies have revealed GBM cancer stem cells to be highly resistant to standard
treatments such as carmustine and TMZ [139, 140, 143, 144]. Cancer stem cells are thought
to drive tumour growth and disease progression. Finding the perfect drug combination to
target both the dominant subpopulation as well as the less dominant cancer stem cells could

eradicate GBM.

1.4 Drugs that may be suitable for repurposing to treat Glioblastoma
The high cost of new drug development as well as the fact that GBM is a rare disease limit the

financial incentive for companies to develop new treatments, thus repurposing and
reformulating of promising drug candidates has seen an increase in interest as a potential

treatment for GBM.

This project will investigate the repurposing of eight approved drugs as a potential

treatments for GBM. The selected list of drugs were determined following a literature review
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using both scopus and google scholar journal search engines. The inclusion criteria
comprised of drugs that were already FDA approved, have shown potential for GBM
treatment through either in-vivo or in-vitro studies, are relatively hydrophobic (log P > -0.5
for faster diffusion into the tumour), with low melting point (<270 °C) and low molecular
weight (<800 g/mol). The exclusion criteria were drugs that presented high toxicity in
patient leading to death. The search terminology included the words drug AND FDA OR
repurposed AND glioblastoma OR glioma. Only articles in English were included. Following
the search irinotecan hydrochloride (IRN), pitavastatin (PTV), disulfiram (DSF), copper
gluconate (CoGlu), captopril (CAP), celecoxib (CXB), itraconazole (ITZ) and ticlopidine
(TCL) were selected because they are pharmacologically well characterized, had a low
likelihood of either inducing local toxicity or adding to a patient’s side effect burden, had
evidence for interfering with a recognized, well-characterized growth promoting element of
GBM, and when combined had a reasonable likelihood of concerted activity against key
biological features of GBM growth (Table 1.2). Furthermore, their physicochemical
properties (Log P, molecular weight and melt temperature) make them suitable for
formulation into an implant using a variety of techniques, such as extrusion, compression
moulding, 3D printing and electrospinning [162, 163] (Chapter five: formulation and

development).
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Table 1.2: List of promising drug treatments. Recorded with their Chemical structure, Physicochemical properties, Mechanism of action and
clinical trial findings.

Chemical structure

Log
P

Molecular
weight
g.mol~

Melting
point o

Mechanism of action

Clinical trial findings

Irinotecan 254 [165] Inhibitor of topoisomerase I, an enzyme  FDA approved for colorectal cancer.
[164] required for DNA transcription [166]. Clinical trials for glioma patients via
intravenous delivery revealed some
activity against cancer, enhanced
efficacy is revealed when IRN is used in
combination with other treatments,
such as TMZ, bevacizumab, carmustine
and thalidomide [41, 167].
Pitavastatin 1.45 421.468 184.9 Induce cell death and supress tumour Statin drug, currently FDA approved as
[168] [160] cell P-glycoprotein 1, which aids transfer  a cholesterol lowering agent.
of foreign substances out of the cell.
Supressing this protein would enhance
potency of IRN combined treatment
[142].
Disulfiram s rCHS 2.81 296.524 71.5 [171] Few different mechanism have been FDA approved for the treatment of
e N J\s/s N._CHs [170] proposed: Inhibitor of topoisomerase I alcoholism. Current clinical trials are
’ \g/ and II, proteasome inhibition, Aldehyde taking place where DSF is used
HaC Dehydrogenase (ALDH) inhibition, alongside CoGlu and TMZ for GBM

expression of serine/threonine-protein
kinase (PLK1), MGMT and nuclear factor
kappa-light-chain-enhancer of activated
B cells (NFkB) activation inhibition [172-
177].

DSF anticancer targeting activity is
associated with naturally increased
copper concentration within cancer cells
[178]

treatment.

1-19




Copper OH O OH OH 453.84 155-157 Have shown pre-clinical evidence for Dietary supplement. Current clinical
Gluconate HO I 3 Ao [179] GBM growth inhibition when combined trials are taking place where CoGlu is
& ; _:ZZCu?fi OH with aprepitant, artesunate, auranofin used in combination with other
s " %o and DSF [180]. treatments.
Captopril o=H¢o -0.27 217.283 106 [181] Inhibits activity of soluble matrix Utilised in the treatment of
EN)HASH [181] metalloproteinase (MMP) -2 and MMP-  hypertension.
9, a growth facilitating factor in GBM
[173, 182-186].
ACE inhibitors, including CAP, are well
known to inhibit angiotensin. GBM is
shown to develop new blood vessels at an
enhanced rate, aiding with it is migration
and growth. Inhibiting angiotensin will
suppress new GBM blood vessels growth
[173, 186].
Celecoxib g NH 2.82  381.373 161-162  Inhibits GBM growth by inducing DNA An anti-inflammatory drug. GBM
E g /[|/ :T/ kel [187] [188] damage, leading to p53-dependent cell clinical trials for orally delivered CXB
F;}—-(///’[‘ - cycle arrest and autophagy [189, 190]. have revealed dose related inhibition
] ’\‘fj and some studies show that CXB
1 sensitivity is enhanced with y-
irradiation [191-193].
Ticlopidine @(\ m 4.39 263.783 204-207 Inhibits P2Y12 ADP receptor. A FDA approved as anticoagulant for the
cl s [194] [195] purinergic receptor, P2Y12 is expressed prevention of strokes.
at higher levels in cancer cells [141].
Itraconazole ?ﬂN 5.66  705.641 168 [197] Induce autophagy facilitated by An antifungal drug. Widely used for the
"“ o [196] inhibition of AKT1 MTOR signalling treatment of fungal diseases.
c?'r<oj o pathway, important for regulating cell
ch\\ & \/ ] cycle [198].
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1.4.1 Irinotecan
IRN is a camptothecin derivative, which is an alkaloid isolated from the stem wood of the

Chinese tree Camptothecaacuminata [199, 200]. IRN is currently utilized for use in
colorectal cancer and has shown high activity against solid tumours in the gastrointestinal
tract [199]. Preclinical studies have revealed activity against GBM cells with multidrug
resistance [144]. It’s mechanism of action involves the inhibition of the topoisomerase I
enzyme [200, 201], which catalyses the breakage and re-sealing of the phosphodiester
backbone of DNA and RNA. During transcription, Topoisomerase I causes the DNA strand to
unfold and form a covalent linkage with the DNA. In this confirmation, IRN or its
metabolites binds to Topoisomerase I preventing the DNA from re-sealing, causing S-phase
specific killing [200, 201]. Following DNA damage topoisomerase I and II is shown to be

particularly elevated in Glioma cells [202].

During metabolism of IRN within GBM cancer cells, several metabolites are formed. One of
which is 7-ethyl-10-hydroxycamptothecin (SN-38) (Figure 1.5). This metabolite is shown to

be 1000 times more potent than IRN at inducing cytotoxicity through apoptosis [200, 203,

204].

(N

Irinotecan

HO

SN-38 HO
H,CH,C

(@)

Figure 1.5: Metabolism of IRN into its active SN-38 metabolite
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When given orally or via the intravenous route IRN suffers from rapid metabolism [205].
Furthermore, antiepileptic medications used during the treatment of GBM patients are
known to accelerate the degradation of IRN and its active metabolites hindering its

therapeutic effect [206].

The first IRN trial for Glioma was in 1999 [203], with 60 patients receiving 125 mg/m2 IRN
intravenously once a week for 4 weeks followed by a two week rest. The trial found that 15%
of patients achieved a partial response, while 55% of patients attained stable disease lasting
at least 2 weeks. A second phase II trial for patients undertaking a similar dosage and
treatment cycle found a lower >10% response, a suggested reason was due to a larger

number of patients undergoing anti-epileptic drug treatment [207].

More recent clinical studies have been performed to assess IRN in combination with other
drugs, including TMZ, carmustine, thalidomide, cetuximab, carboplatin, and bevacizumab
[205, 208-216]. All of which have confirmed IRN effectiveness in targeting GBM and that
therapeutic efficacy is enhanced when used in combination with other chemotherapeutic

agents, particularly TMZ and bevacizumab [41, 166, 209, 213, 214, 217, 218].

When administered intravenously IRN causes severe systemic toxicity, including
neutropenia, severe diarrhoea and asthenia [205]. This has spurred the development of
alternative IRN dosage forms. For example Ramsey et al developed an IRN loaded liposome
formulation, known as Irinophore C™. A preclinical study in mice revealed improved
efficacy and an 8-fold increase in plasma half-life compared to standard intravenously

administered IRN [219, 220].

1.4.2 Pitavastatin
PTV belongs to the statin class of drugs, which are used for lowering blood cholesterol levels.

It received FDA approval in 2009. Soon after, in-vitro and in-vivo studies revealed that it

exhibited antitumour properties in glioma, ovarian and colon cancers [142, 221-227]

A study undertaken by Jiang et al screened PTV monotherapy and in combination with IRN

using patient-derived GBM cancer stem cell-like lines [142]. Results revealed that PTV
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possess activity against GBM, via inducing cellular autophagy and cell cycle Go/G1 phase
specific killing. It has also shown to be more potent than other statin drugs and forms
synergic activity when combined with IRN [142]. One mechanism for GBM drug resistance is
the overexpression of multi-drug resistance protein (MDR-1), also known as permeability
glyco protein pump or P-glycoprotein 1 (PGP) [228, 229]. This protein forms an active
transporter that uses ATP to transport cytotoxic substances, such as IRN, out of the cell [142,
230]. When PTV and IRN are combined an increased level of apoptosis is observed, which is
due to PTV suppressing the glycosylation of MDR-1, thus inhibiting its effect and allowing an
increased concentration of IRN to enter the GBM cells. In-vivo testing on mice confirmed
this synergic effect [142]. It has been also suggested that the treatment of glioma cells with
PTV is associated with the inhibition of nuclear factor-kappa B activation, a factor that

suppresses autophagy, resulting in autophagic cellular death [223, 225].

Another study performed by Fan et al screened PTV and IRN individually and in
combination, using a high throughput drug screening assay of GBM cell lines [231]. Results
confirmed IRN plus PTV combinational drug treatment to be more effective than their

respective monotherapies.

The ability of PTV to cross the BBB is predicted to be limited, with a calculated logarithm
value of brain to plasma concentration ratio (-log BB) of -0.6499 [142]. Therefore, oral or
intravenous delivery of PTV will result in sub-therapeutic concentrations in the brain and is
thus not a viable route of administration for GBM treatment. The best option would be local
administration.

1.4.3 Disulfiram/Copper Gluconate

DSF has been utilized for the treatment of alcoholism for the past few decades. It was
originally prescribed orally in very high doses of 3000 mg per day and thus has a well-
established safety profile [232]. Copper is naturally available in the body through diet, a
healthy adult has 50-80 mg within their body. Dietary supplements such as CoGlu can be

administered to enhance copper levels.

1-23



In-vitro testing of DSF has shown it to be potent against GBM cancer stem cells and it
exhibits its activity when combined with copper. DSF/Copper activity is dependent on the
formation of the bis(N,N-diethyl dithiocarbamato)copper(II) complex (Figure 1.6) [233]. In-

vitro data demonstrate DSFs capability of inhibiting glioma stem cell proliferation, but a

number of different mechanisms of action are proposed for its anticancer activity. Some have

attributed it to proteasome inhibition, ALDH inhibition, expression of (PLK1), MGMT
inhibition and NFkB activation inhibition [173-177]. Others have attributed it to the active
reaction process of DSF plus Copper combination releasing reactive oxygen species such as

H.O. that potentiate apoptosis [233].

/N Se oS\
_/N—(S/,Cu\\s>—NL

Figure 1.6: bis(N,N-diethyl dithiocarbamato)copper(II) complex

In-vivo studies with mice have demonstrated that low doses of DSF and Copper significantly
improved TMZ activity [178]. Promising pre-clinical data for DSF and CoGlu combination

treatment has spurred several clinical trials assessing treatment efficacy (Table 1.3).

The first DSF trial for GBM patients was in 2016, where 12 newly diagnosed GBM patients
received dose-escalation of orally administered DSF in combination with TMZ. From this
trial the maximum tolerated dose for orally administered DSF was established to be 500 mg
daily. No significant change to survival length was observed [234]. Two years later a second
Phase I clinical trial of newly diagnosed GBM patients investigated the same treatment, this
time with or without copper [235]. 18 patients were enrolled, with 6 receiving orally
administered DSF and CoGlu combinational treatment. Results found that a daily dose of
500 mg of DSF with 2 mg of CoGlu treatment to be tolerable, however no efficacy
conclusions were drawn from the study due to limitations related to patient selection bias

and small sample size.
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Table 1.3: Clinical trials involving disulfiram in GBM. Identifiers in reference to
www.clinicaltrials.gov online database, table last updated 27t-11-2018.

Clinical Trial Study Status Start/Completion
Identifier Phase Dates
NCT03363659 Phase 2 TMZ, CoGlu, DSF Not yet recruiting Jan 2018- Jan 2027
NCTo01907165 Early phase 1 TMZ, GoGlu, DSF Completed Oct 2013- Mar 2018
NCTo1777919 Phase 2 TMZ, Copper, DSF Not yet recruiting Jan 2017- Jan 2020

Mar 2017-Jun 2018 +
NCTo03034135 Phase2 CoGlu, DSF Completed 2 year follow up study
Copper, DSF, Alkylating

agent (TMZ, Lomustine or

NCTo02678975 Phase2/3 Procarbazine, Lomustine Recruiting Jan 2017- Sep 2020
and Vincristine
combination (PCV))
NCTo02715609 Phase1/2 TMZ, CoGlu, DSF Recruiting Jun 2016- Sep 2020
9 repurposed drugs

(Aprepitant, Auranofin,
CAP, CXB, DSF, ITZ,
Minocycline, Ritonavir and
Sertraline) combined with
metronomic TMZ

NCTo2770378 Phase 1 Active Nov 2017- Mar 2018

Both DSF and Copper can pass the BBB, however with uncertain mechanism of action, it is
difficult to predict efficacy through oral or intravenous delivery. After ingestion, DSF is
rapidly convert into the bis(diethyldithiocarbamato) copper complex, which rapidly degrades
again into diethyldithiocarbamic acid (DDC) which is unstable and is further degraded to
form diethylamine and carbon disulphide [236, 237]. As the anticancer activity is achieved
from either DSF or the bis(diethyldithiocarbamato) copper complex the efficacy of treatment
will rely on those compounds reaching the cancer cells intact.

1.4.4 Captopril

CAP is an angiotensin-converting enzyme (ACE) inhibitor, an enzyme that converts
angiotensin I to the potent vasoconstrictor angiotensin II and inactivates the bradykinins
[238]. CAP is used for the treatment of hypertension and congestive heart failure. It has been
widely prescribed since the 1980’s [173]. As a monotherapy CAP does not induce cytotoxic
effect on GBM cell lines but it has shown to inhibit cancer invasion, migration and adhesion,
that are all essential processes used by GBM for growth and disease development [184, 239].

This mechanism of action is achieved through the downregulation of matrix
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metalloproteinases-2 and -9 [184]. Another potential for CAP is its ability to scavenge free
radicals, this could lead to the reduction of oxidative species that are raised through cytotoxic
agents and radiation therapy lessening their toxicological effects [240]. Since the year 2000
research on CAP has mainly focused on its anticancer activity within combination drug
treatments. General results of preclinical and clinical studies has revealed its
antiangiogenesis therapeutic potential across a variety of cancer types, including renal,

prostate, colorectal, breast, melanoma, lung etc [241-243].

Because of its small size, neutral charge and slight lipophilicity systemically administered

CAP is predicted to be capable of partially passing the BBB (Table 2). However, CAP suffers
from a relatively short half-life (<2 hours), hence significant degradation might occur prior
to reaching the brain and thus high dosage would be required for systemic delivery and this

might create further unpleasant toxicity to an already ill patient [244, 245].

Based on DSF and CAP mechanisms of action, their combination could exhibit enhanced
antitumour activity by targeting multiple growth promoting pathways found within GBM
such as proteasome, ALDH, MGMT, NFkB, ACE and bradykinins inhibitions [185]. CAP
antioxidants ability may also reduce oxidative species that are raised during DSF

metabolism, preventing elevated toxicity.

To date there has been limited research into CAP as a treatment for GBM. However, its anti-
invasive properties could prove significant at slowing down GBM disease progression and
increase survival.

1.4.5 Celecoxib

Celecoxib (CXB) is a cyclooxygenase-2 (COX-2) inhibitor used as an anti-inflammatory drug
to treat pain and inflammation. Shortly after its clinical introduction in 1998, preclinical

studies established its anticancer potential.

The anticancer effect of CXB is believed to be independent of its COX-2 inhibition ability, as
its non-COX-2 analogue 2,5-dimethyl-celecoxib (DMC) can mimic CXB’s anticancer potency

[246-249]. One of CXB perceived anticancer mechanism of action is its triggering of
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endoplasmic reticulum stress that causes leakage of calcium from the endoplasmic reticulum
into the cytosol [250]. CXB has also been shown to induce p53-dependent G1 cell cycle arrest
and autophagy as well as apoptosis via NF-kB pathway in GBM cell lines [189, 190]. Other
in-vivo research has shown that treatment with CXB led to lower levels of phospho-Akt,
phospho-EGFR, Bcl-2 and Bcl-XL expressions [251]. Additional In-vitro and vivo testing
shows that CXB can enhance tumour radiosensitivity through the inhibition of tumour

angiogenesis and induced autophagy, particularly in hypoxic cells [191, 252, 253].

In combination with TMZ, systemically administered CXB demonstrated enhanced
antitumour activity in rats GBM model [254]. Unfortunately, when the same study was
replicated in humans CXB demonstrated no survival benefit compared to TMZ monotherapy

in both newly diagnosed and recurrent glioma patients [193, 255, 256].

A phase II trial assessing combinational treatment of orally delivered CXB and intravenous
delivered IRN revealed some activity among heavily pre-treated patients with a recurrent
brain tumour [257]. 37 patients were enrolled, of which 92% were diagnosed with recurrent
GBM and 8% recurrent anaplastic astrocytoma. A six week treatment cycle was established,
with IRN administered weekly at 350 mg/m2 dosage for patients receiving enzyme-inducing
antiepileptic drugs (EIAEDs) and 125 mg/m? for patients not receiving EIAEDs, for both set
of patients an additional 400 mg of CXB dosage was given twice daily. Following treatment,
six patients achieved an objective radiographic response and an additional 13 patients
achieved stable disease. Despite the heavy pre-treatment of the patients enrolled, the median
OSR was 31.5 weeks and the median PFS was found to be slightly improved when compared

with that achieved for IRN only treatment in previous clinical studies [258, 259].

When administered orally CXB has shown that it can pass the BBB barrier, but systemic
administration can result in undesirable side effects, especially for patients with pre-existing
renal dysfunction and heart failure. This risk increases with the doses required to achieve an

anticancer effect [85, 260].
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1.4.6 Ticlopidine
TCL is an adenosine diphosphate (ADP) receptor inhibitor antiplatelet drug, its main use is

in preventing strokes and for patients with a new coronary stent to prevent occlusions. TCL’s
GBM anticancer properties is known to be from inhibiting adenosine diphosphate receptor

P2Y... A purinergic receptor, which is expressed at higher levels in cancer cells [141].

A preclinical study in glioma bearing mice demonstrated that when TCL is used in
combination with imipramine, a tricyclic antidepressant enhanced antitumour activity is

formed [141].

So far limited research has been performed on TCL anticancer activity. This is perhaps due to
it being an antiplatelet drug with some studies suggesting that with chronic use, there could
be an increased risk of bleeding complications or cancer incidence. However, laboratory
studies so far have demonstrated a combinational approach does provide superior results for
anticancer treatment. Although some doubts exist, the successful experimental results justify

the need to study antiplatelet drugs further [261].
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1.4.7 Itraconazole
ITZ is an antifungal drug that has been used clinically since the 1980s and thus its clinical

safety profile is well known [173, 262]. Pre-clinical and clinical studies have revealed that ITZ
possess antitumour properties against a wide range of cancers including prostate, lung, basal
cell carcinoma, leukaemia, ovarian, breast and pancreatic cancer. For GBM ITZ is shown to
inhibit angiogenesis and induce autophagy through inhibition of the AKT-mTOR pathway

(Table 1.4) [198].

Table 1.4: ITZ mechanism of action against cancers.

\ Mechanism Target cancer
Anti-angiogenic Non-small cell lung cancer [263]
Prostate cancer [264]
GBM [198]
Hedgehog pathway inhibition Multiple myeloma [265]
Medulloblastoma [266]

Basal cell carcinoma [266, 267]

Prostate cancer [264]

Breast cancer[268]

Malignant pleural mesothelioma [269]
Autophagy induction GBM through inhibition of mTOR signalling [198]

Endometrial cancer [270]

Breast cancer [268]
Reversal of multi-drug resistance Breast cancer [271]

Leukemia [272, 273]
ITZ has been shown to possess enhanced anti-tumour activity when combined with a range
of drugs including aprepitant, artesunate, auranofin, CAP, CXB, DSF, ITZ, ritonavir and
sertraline, hence it could be worthwhile investigating ITZ in combination with a range of

cytotoxic drugs that target different GBM survival mechanisms [173, 262].

Being a highly lipophilic drug, ITZ can pass the BBB and is generally well tolerated. Some
rare side effects are headache, diarrhea, dyspepsia, abdominal pain, constipation, nausea,

flatulence, rash, pruritus and urticaria [274].
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1.5 Conclusion
So far, no effective drug treatment exists for GBM and thus survival rates remain low. The

current first-line of treatment is the STUPP protocol, which consist of maximum resection
surgery with radiation and chemotherapy with the oral alkylating agent TMZ, whereas the
second line of treatment utilizes Gliadel® chemotherapy instead. Both of those treatment
have been successful in extending the life expectancy of patients by 2-6 months. However,
both TMZ and carmustine (in Gliadel®) potency is dependent on their ability to alkylate DNA
through silencing of the MGMT DNA repair gene. Thus, for patients that are resistant to

either form of treatments no other options are available for extended survival.

Considering that GBM is a rare disease significant investment in new research and drug
development have been hindered. Additionally, the disease has proven to be particularly
difficult to treat due to a number of disease specific obstacles including the BBB, tumour
location, heterogeneity and re-occurrence. As a result of those complications, drug
repurposing, combinational therapy and localised drug treatment are gaining focus. Because
developing a new treatment from already FDA approved drugs is less costly and time
consuming, utilizing combination drug treatment can target heterogeneity by bombarding
multiple GBM cancer pathways and localised drug delivery approach can be used to surpass
the BBB and improve drug efficacy as successfully demonstrated by current Gliadel® therapy

for the local of delivery of carmustine.

A variety of FDA approved drugs have been shown to exhibit GBM anticancer properties,
with IRN, PTV, DSF, CoGlu, CAP, CXB, TCP and ITZ being some of the most promising.
Individually many of these drugs are weakly potent, however in combination there is a
strong evidence of synergistic effect- for instance, PTV enhanced antitumour activity when
combined with IRN (Chapter one, 1.4.2 Pitavastatin). This could lead to a potential
treatment that can target multiple GBM cancer pathways. Furthermore, utilising a local
administration method to deliver those drugs could enhance their efficacy by lowering drug
toxicity through avoidance of systemic circulation, lower dosage requirement and a

guarantee that the drugs reach the tumour at therapeutic concentrations.
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2, CHAPTER TWO: TISSUE CULTURE SINGLE DRUG
TREATMENT

2.1 Abstract
Background: Despite advances in surgical, radiation and chemotherapeutic-based

treatment approaches, prognosis for glioma tumours remains low. This is mainly attributed
to early disease recurrence, difficult to reach cancer location and tumour heterogeneity.
Recently a number of FDA approved drugs for various other diseases have demonstrated
cytotoxic activity against glioma, and these may offer a new means to fast track the
development of an effective treatment. The aim of this study was to determine whether
currently approved drugs used for the treatment of other diseases are effective against
gliomas

Methods: To address this, in-vitro cytotoxicity testing of eight mono-therapeutic drug
treatments: IRN, PTV, DSF, CoGlu, CAP, CXB, TCL and ITZ, were performed and compared
against the current standard of care, TMZ. Twelve patient derived glioma cells were assessed,
and each treatment was evaluated against two separate tumour fragments: the tumour core
(TC) and brain around the tumour (BAT) cells. Furthermore, to ensure accuracy of our drug
cytotoxicity data, the LogICs, results were compared across two separate cytotoxicity assays
(MTT and IncuCyte)

Results: Our results demonstrate that at <100 uM dose, IRN, PTV and CXB were more
efficacious than TMZ with data validated across different assays. Furthermore, those
treatments were also effective across both the TC and BAT tumour fragments despite their
varying phenotypic characteristics.

Conclusions: Repurposed drug treatments are potent against gliomas at lower doses than
TMZ. This data was confirmed across separate tumour fragments and cytotoxicity assays

ensuring the accuracy of our data.

2.2 Introduction
In cancer research cell culture methods have been fundamental in providing information on

tumour biology and therapeutic cytotoxicity. It has allowed for the study of tumour cells in a

controlled environment, which due to its ease of scale up and low cost makes it an attractive
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option for high-throughput screening of therapeutic agents. However, the phenotypic and
genetic characteristic found within cancer cell lines differ significantly to those found within
primary cells derived from patients [275]. This is why so many successful pre-clinical studies
using cell lines have failed in the clinic, and more importantly studying cell lines have led to
some misleading results about important genetic pathways within cancers [276-279]. In
contrast, primary cells isolated from human tissue samples can reproduce phenotypic and

genetic populations that are much more representative of the original tumour tissue [275].

In GBM, one of the most important tumour characteristics that needs to be maintained
during tissue culture is heterogeneity. This genetic diversity is generated through a minority
of cancer cell population with stem cell characteristics that possess the ability to initiate
tumour growth through self-renewal and differentiation [147, 148, 161, 280-283]. This
characteristic of GBM is often what determines treatment failure and disease recurrence.
Hence selecting an appropriate tissue culture technique is essential to translate research

from the laboratory to the clinic.

Another important consideration for therapeutic screening that is not currently assessed
within cell culture studies is the existence of intratumour heterogeneity. A study performed
by S Tavaré et al confirmed that tumour fragments taken from the same patient can reveal
significant variation in genetic make-up and could potentially be classified into a different
GBM types [146]. This is of relevance in tissue culture because primary cell studies are
usually undertaken using TC fragments attained from surgery. TC can often be
phenotypically and genetically different from the residual cancer cells that are left behind.
Within our study we have taken this into consideration and two separate tumour fragments

were screened: TC and BAT.

There are a variety of techniques to screen the cytotoxicity of therapeutic agents, with the
most established and well-known being the colorimetric MTT [3-(4,5-dimethyl-2-thiazolyl)-
2 5-diphenyl-2H tetrazolium bromide] assay [284-286]. The MTT assay, which is an

endpoint assay, taking a single measurement after a fixed incubation period has proven to be
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a rapid, reliable and clinically relevant technique in screening therapeutic agents for their
cytotoxicity against gliomas [285]. The ICs, cytotoxicity data obtained from this assay is
directly dependent on the cellular metabolic conversion of MTT to formazan and thus
provides an indirect measure of cellular viability. Newly emerging cellular cytotoxicity
techniques rely on the real-time measurement of cellular viability. One such technique is the
IncuCyte live cell analysis method which relies on collecting snapshot images of cells as well
as cell confluence data [287]. IncuCyte analysis is a real-time assay that allows for the
tracking of cellular growth over time and is particularly useful for assessing the cytotoxicity
of treatments, where subtle cytotoxic effects could be missed when using endpoint-based
methods [287]. Within this study a comparison between the metabolic based MTT and the
real-time based IncuCyte was performed, to ensure that our drug cytotoxicity data was true

and reliable.

A range of FDA approved drugs (IRN, PTV, DSF, CoGlu, CAP, CXB, TCL and ITZ) have
shown promise against glioma, either as monotherapies or in combination therapies. Within
this chapter we will determine the cytotoxicity of the aforementioned drugs against primary
glioma cells. The chapter presents a full discussion of sample clinical database, cytotoxicity

test method refinement, MTT cytotoxicity data and IncuCyte cytotoxicity data.

2.3 Materials and methods

2.3.1 Materials
Irinotecan hydrochloride, pitavastatin calcium, were purchased from Jiangsu Hengrui

Medicine Co. Ltd and LGM Pharma respectively.

Deoxyribonuclease I (DNA’s), sodium pyruvate, sodium bicarbonate solution (NaHCO3),
fetal bovine serum (FBS), thiazolyl blue tetrazolium bromide (MTT) powder, dimethyl
sulfoxide (DMSO), trypsin replacement enzyme 1X, disulfiram, copper gluconate, celecoxib,

temozolomide, ticlopidine, itraconazole and captopril were all purchased from Sigma

Aldrich.

Collagenase, trypan blue solution 0.4%, minimum essential medium (MEM), antibiotic-

antimycotic (containing penicillin, streptomycin and fungizone), neurobasal medium, N2
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X100 supplement, B-27 X50 supplement, epidermal growth factor (EGF), fibroblast growth

factor basic (bFGF) and hank's balanced salt solution (HBSS) were all purchased from Gibco.

1.077 +/- 0.001 g/mL Ficoll-Paque density gradient cushions was purchased from GE
Healthcare Life Sciences. Pronase from Roche Diagnostics. Phosphate buffer saline (PBS)
from Oxoid. Human plasma (HP) from Patricell. Dulbecco's modified eagle medium
(DMEM-F12) was initially purchased from Sigma Aldrich, but due to the lack of availability,

supply was replaced by Gibco.

2.3.2 Biopsy collection and dispersion
Unfixed TC and BAT tissues were collected immediately following craniotomies at Queen

Elizabeth Hospital in accordance with ethical approval (application number: 11-029) from
the Human Biomaterials Resource Centre (HBRC). Collected samples were immediately

placed in collection fluid and transported to the laboratory for primary cell culture.

A total of 17 samples were collected from 12 patients, each assigned a patient number from 1
to 12 (Table 2.1). TC samples were collected from all 12 patients with an additional BAT

samples collected from 5 of those patients.

Table 2.1: Summary of sample collection.
Patient Sample

1 TC
TC
BAT
TC
TC
BAT
TC
BAT
TC
TC
TC
TC
BAT
TC
BAT
11 TC
12 TC

2

=

o X3 & G

10
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For culturing, the tumour tissue was firstly immersed in HBSS then sliced into
approximately 1-mms3 fragments using a scalpel and washed with HBSS to remove excess
blood clots. Fragments were then suspended in 30 mL HBSS and digested with enzymes:
collagenase (0.25 mg/mL), pronase (0.5 mg/mL) and DNase (0.4 mg/mL) for 30 minutes
with constant stirring at 37 °C and 4 °C. Any undigested material was then sieved using 100
um pore nylon mesh and the suspension layered onto 2 X 12 mL Ficoll-Paque density
gradient cushions (Density: 1.077 +/- 0.001 g/mL) which were then centrifuged at 400 g for
30 minutes at room temperature. The tumour cells, settled as a band at the interphase and
were siphoned off, while the red blood cells formed a pellet that was discarded. 15 mL of
HBSS was then added and the solution centrifuged for 5 minutes at 1200g. The supernatant
was removed, and the pellet re-suspended in 1 mL of HBSS to check for cell viability.

2.3.3 Histological evaluation and biopsy protein expression

Histological evaluation and IDH, ATRX, MGMT and P53 gene mutation screening were
performed at the Queen Elizabeth Hospital, Birmingham. Biopsy from patients were
collected and reviewed by the neuropathologists. Tumour grade was confirmed according to
the WHO classification scheme [4-6, 288]. Tissue biopsies were also used to screen for some
or all four of the most commonly mutated genes related to disease progression: IDH, ATRX,

MGMT and P53.

2.3.4 Whole exome sequencing
A total of six glioma patients were used for this study. Whole exome sequencing of patient’s

tissue biopsy and corresponding tissue cultured cells in serum-based medium were
performed. Exome sequencing data were extrapolated into FASTQ files. Data processing was

then performed to filter of all variants most likely to be somatic.

2.3.5 Cell culture
Cells were seeded at 2x105 cells/cm? in either serum based or serum free culture media and

incubated at 37 °C, 5% CO..
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For serum based culture; DMEM-F12 medium with L-glutamine and sodium bicarbonate
(1:1 mixture) was supplemented with 10% FBS, 100 uM sodium pyruvate, 0.05 mM MEM

and 1% antibiotic-antimycotic solution.

For serum-free based media; tumour cells were cultured in neurobasal based medium
consisting of N2, B27 supplements (0.5x each), human recombinant bFGF, EGF (50 ng/mL
each) and 1% antibiotic-antimycotic solution. Or DMEM-F12 medium with L-glutamine and
sodium bicarbonate (1:1 mixture) supplemented with 10% HP, 100 uM sodium pyruvate,
0.05 mM MEM and 1% antibiotic-antimycotic solution.

Cell viability check

10 pL of trypan blue solution was added to 10 uL of a cell suspension, which was
subsequently loaded onto a hemacytometer and examined under a microscope. Cells were
counted and cell viability calculated. For newly sampled dispersed cells and trypsin detached
cultured cells, viability scores where between 95-100 %. Following cryogen storage, the

thawed cells had viability scores between 60-90 %.

Cell detachment and splitting
Once confluent, the cells were split by removing the culture medium, washing the cells with

HBSS and incubating with 1X trypsin replacement enzyme (2.5 mL for 75 cm3 and 1.5 mL for
25 cms flasks) for 3 minutes at 37 °C, 5% CO.. The cell suspension was then transferred into
a centrifuge tube and 10 mL of fresh culture medium was added. The tube was then
centrifuged for 3 minutes at 400 g. Following centrifugation, the supernatant was removed,
and the pellet re-suspended in culture medium. Cell count and viability check were
performed, and the cells were then seeded into new flasks and incubated at 37 °C, 5% CO..

TC and BAT cells were grown up to passage number 10 and 20, respectively.

Cell storage and Cryopreservation
Following cellular count and viability check, cells were stored at 1-5 x 10 cells/mL. 1 mL

aliquots were placed into cryovials with 15 % FBS and 7 % DMSO. The cryovials were
immediately transferred into Mr. Frosty™ and frozen at -80 °C for up to 30 days, the vials

were then transferred to liquid nitrogen storage at -196 °C.




Thawing frozen cells
Once hawed, 10 mL of culture medium was added and centrifuged for 3 minutes at 400 g.

The supernatant was removed, and the pellet re-suspended in culture medium. This
centrifugation and resuspension step was repeated twice. Following cell count and viability
check, the cells were seeded into culture flask(s) and culture medium was added.

2.3.6 Drug solution

Drug solutions were produced in accordance to their solubility (Table 2.2). TMZ, IRN, CoGlu
and CAP were dissolved in sterile distilled water (SDW) to make 1 mM stock solution. PTV,
DSF, TCL and CXB were dissolved in DMSO, to make 100 mM solution, except for ITZ where

a 50 mM solution was made.

Table 2.2: TMZ, IRN, PTV, DSF, CoGlu, CAP, TCL, CXB & ITZ stock solutions

Solvent Concentration (mM) Actual solubility
Made o
TMZ SDW 1 3.46 in SDW [289]
IRN SDW 1 10-30 in SDW [216]
PTV DMSO 100 20 in DMSO [290]
CoGlu SDW 1 10-30 in SDW [179]
DSF DMSO 100 15 in DMSO [290]
CAP SDW 1 160 in SDW [291]
TCL DMSO 100 10-30 in DMSO [290]
CXB DMSO 100 16.6 in DMSO
ITZ DMSO 50 10-20 in DMSO [290]

To minimise or eliminate DMSO toxicity to cells, these solutions were further diluted in
culture medium to make 1 mM stock solutions. The stock solution of each drug was then
serially diluted in culture media to make working solutions of the following concentrations:

100,000, 10,000, 1000, 500, 250, 125, 62.5, 31.25, 15.6 and 7.8 nM.

The working solutions were stored at 5 °C for up to 2 weeks. Or for drugs with known freeze
thaw stability: TMZ, IRN, PTV, TCL, ITZ, CXB and CAP [292-298], at -20 °C for up to 1

month. Frozen solutions were only thawed once.

2.3.7 MTT cell metabolism and IncuCyte cell proliferation imaging assays
All MTT and IncuCyte assays were performed on TC and BAT tissue cultured samples below

passage 10 and 20 respectively, to maintain original phenotypic population, as much as

possible [299, 300].

2-37



Cells were seeded in 96 well plates at 4000 cells/well for MTT assay and 5000 cells/well for
IncuCyte assay. For both assays control wells consisting of untreated cells were included,
while for the MTT assay blank wells consisting of media only were also included. To allow for
cellular attachment; plates were incubated for 24h at 37 °C, 5 % CO.. Following incubation,
the medium was aspirated and 200 pL of drug solution was added. For control and blank
wells, 200 pL of culture medium was added, while for the test wells each drug concentration
was added in triplicate. To reduce evaporation from the test and control wells over the
extended incubation period, 250 pL of sterile distilled water was added to the perimeter

wells (Figure 2.1).
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Figure 2.1: 96 well plate cytotoxicity assay layout.

For the MTT assay plates were incubated for 3 days. Following the incubation period, 20 pL
of MTT solution (5 mg/mL in sterile PBS) was added to the test and control wells, the plates
were then further incubated for 3 hours. The medium was then aspirated and replaced with
100 pL of DMSO to dissolve the formazan crystals formed. After 15 minutes, at room
temperature a reading was performed using a FLUOstar Omega microplate reader (BMG
Labtech, Durham, NC, USA) at 490 nM wavelength. Percentage viability of each drug

solution was calculated, and a cytotoxicity graph was plotted.
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For the IncuCyte assay the 96 well plates were transferred into an IncuCyte Zoom (Essen
BioScience, Ann Arbor, Michigan, USA). Cells were then imaged at 3 hours intervals for 72
hours. The images were then analysed using IncuCyte zoom software (Essen BioScience, Ann
Arbor, Michigan, USA); each image was masked, and the cell confluence data were used to

calculate a % cell viability score (Equation 2-1).

For both MTT and IncuCyte assays cytotoxicity graphs were plotted and LogICs, values were

determined.

Equation 2-1: Percentage cell viability

S Cell confluence score of drug treated wells
% Cell Viability = x100
Cell confluence score of control wells

2.3.8 Statistical Analysis
To determine the LogICs, and coefficient of determination (R2) values, Log inhibitor vs

response analysis nonlinear regression (curve-fit) model with an upper limit set at Log 6 nM
was performed by GraphPad Prism version 8.00 for Windows, GraphPad Software, La Jolla

California USA, www.graphpad.com.

Statistical significance for the LogICs, data between the TC and BAT samples was assessed

via unpaired student’s t test method.
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2.4 Results
2.4.1 Clinical demographics

The demographic characteristics of the glioma patient population are summarised in Figure
2.2, The cohort consisted of 8 males, 3 females and 1 unspecified with a median age at

resection of 57.8 years. 8 of our glioma samples were grade IV GBM, 3 grade III glioma and 1

unspecified.
Total Sample Number
Ages (years) 32-71 (.,r.n(d:'- I
Males:Females Ratio 2.67:1 -
Grade IV (GBM) 8
Grade I11 3

Figure 2.2: Summary of patient cohort and grade of GBM tumours.

Grade IV (GBM)
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The results of the genetic screening of aberrant protein expression status for IDH1, MGMT,
ATRX and P53 in each glioma patient are shown in Table 2.3. IDH1, ATRX and p53 are all
associated with growth control genes. Whereas MGMT is used to determine if treatment with
DNA alkylating agents such as TMZ would be therapeutically beneficial. Recently groups
have started to compare the molecular characterization of the tumour with patient response
to treatment. Mutations in IDH1 and ATRX genes are associated with younger patients and
usually result in a better response to treatment and improved OSR [5, 132, 301-303].
Discrepancy in the data for P53 mutation exists, with some studies reporting better survival
in patients with P53 mutations while others have failed to find such correlation [132, 135,
304-306]. Also P-53 mutation impact on survival was often linked to other genetic
phenotypes (e.g alternative lengthening of telomere) [304]. Hence within our study, data

evaluation of P-53 mutation will not be discussed.

Table 2.3: The result of IDH1, ATRX, p53 and MGMT immunoexpression in tissue biopsy.
N/A indicates that the data could not be determined

Mutation
g
2 Tumour 100) 551 ATRX P53
= Grade 000000000
R wild- wild- Wild-
iype Mutant ype Mutant type Mutant Methylated | Unmethylated
1 N/A N/A N/A N/A N/A
2 v v v v ’ v
3 v v N/A v
Low level
v
4 v methylation
5 1 v v N/A v
6 11 v v v v
7 v N/A v N/A v
8 v v v N/A
Low level
v v
9 v methylation
10 v v N/A N/A v
11 v v v v v
12 111 N/A v v v
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2.4.2 Defining cell culture and test conditions
Optimisation of cell culture and drug screening assay test conditions was performed in order

to generate reliable data that would represent clinical performance as accurately as possible,
without compromising on efficiency in relation to cost, time and resources.

Culture media

Three culture media’s were evaluated for their use in culturing the primary glioma cells: F-12
FBS serum based medium, F-12 serum-free based medium and neurobasal serum-free based
medium. Culture medium suitability was examined in three test stages: 1) ability to sustain
cellular viability 2) ability to support cellular growth at a feasible rate suitable for drug

screening and 3) maintain the genetic profile of the original tumour cell population.

Immediately following tissue processing, glioma cells were cultured in flasks and growth
medium was added. The culture mediums’ ability to sustain the growth of primary glioma
cells was assessed based on cell survival beyond passage two, or in the case of slow growing
cells, survival for a one-month period. For each media the following cell survivals were

demonstrated:

o F-12 serum-based medium: Twenty-two samples were grown in this media, of those, 21
samples survived beyond passage two.

o F-12 serum-free based medium: Three samples were grown and although very slow
cellular growth was observed all three samples survived for a one-month incubation
period.

o Neurobasal serum-free based medium: Seven samples were grown in this media and only

four survived beyond passage two.

Based on the cell survival data, only F-12 serum-based and F-12 serum-free media were
successful in sustaining the survival of the primary glioma cells. Therefore, it was decided to

only assess cell growth in these two media types.
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Cell growth was measured via cell counting. An equal number of primary cells from three TC

samples were plated into two 75 cms3 flasks, with one flask grown in F-12 serum-based

medium and the other in F-12 serum-free based medium. All other growth conditions were

kept identical. The results demonstrated that cellular growth was 3 times faster in the F-12

serum based medium than the F-12 serum-free based medium (Figure 2.3). This growth rate

deviation between the two media was observed across all three glioma samples which consist

of different tumour grade and mutation status. In conclusion, the slow cellular growth

demonstrated for the F-12 serum-free medium would not be suitable for cell cytotoxicity

analysis as it would result in a significant waste of research resources, effort, time and

money.

Grade
IDH,
ATRX
P-53
MGMT

Cell Count (10°)
N

Sample 1

v
wildtype
wildtype
wildtype

Unspecified

Sample 2

v
Wildtype
Wildtype

Unspecified

Methylated

—a— Serum based medium
—8— Serum-free medium

Sample 3

II1
Mutant
Wildtype
Mutant

Methylated

—

e

"

0 5 10 15 20

0 5 10 15 20 0

Time (Days)

10

15

Figure 2.3: Cellular growth measurement of three glioma primary cells under either F-12
serum or F-12 serum-free culture medium.

20
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To ensure that the F-12 serum-based medium maintained the genetic profile of the original
tumour cell population, whole exome sequencing was performed on the patient’s biopsy
tissue and the cultured cells. The results demonstrate that the cultured cells share 93-98 % of
the genomic variants from the original tumour tissue, thus this supports the clinical

relevance of the cells cultured in serum based media (Table 2.4).

Table 2.4: Summary of whole exome sequencing of all non-somatic variants for patient’s
tissue biopsy and corresponding tissue cultured cells grown in serum-based medium.

Patient Glioma Non-Somatic Non-Somatic Tissue Percentage
Grade Tissue Biopsy Cultured Cells Common-Post
Variants Variants Filtration
2 v 408 401 98.3
4 v 429 420 98.0
5 I 404 376 93.1
6 ITI 463 470 98.5
7 v 414 407 98.3
8 v 450 427 94.9

Optimising cell culture cytotoxicity assay
Initial method refinement was performed to ensure the accurate measurement of drug

effectiveness on killing the cancer cells. This was important because many different aspects
in tissue culture could lead to cell death such as nutrient depletion, excessive release of
cellular metabolites and media evaporation, all of which can prevent accurate assessment of

drug cytotoxicity.

In a 24 hour cell cytotoxicity assay, it is common practice to plate cells at 10,000 cells/well
density. However, because of IRN’s S-phase specific cancer targeting mechanism of action
(Chapter one, 1.4.1 Irinotecan) longer incubation period is required for the cells to reach S-
phase [200, 201, 307]. Hence for an extended incubation period assay a high initial cell
density may lead to growth plateau and cellular death during the assay. To assess this, a cell
survival/growth assay was performed. Cells were plated at 2000, 4,000, 10,000 and 20,000
cells/well, in triplicate, within a 96 well plate (Figure 2.4). For each well cellular confluence
and medium colour change were observed. Following a 16 day incubation period all plated

wells reached growth plateau and medium colour changed from red to pale orange,
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indicating nutrient depletion and release of cellular metabolites [308]. However, the 10,000
and 20,000 cells/well, reached growth plateau within less than 7-days conveying that both
are not suitable for the extended period assay. The 2,000 and 4,000 cells/well exhibited a
more extended growth period with an initial cell confluence of 20 and 40% respectively.

From this result the 4000 cells/well initial seed density was selected.

Time (Day) 2,000 4,000 10,000 20,000

OO ®®® Medium colour observation 0 . . . .
0-100 Cell confluence (%) 4 O ‘ 90 100

E ° 100 100
10 100 100
2 @ @ o 100
16 (85 90 100 100

Figure 2.4: Summary of cell survival assay for MTT method validation. Glioma cells were
seeded in a 96-well plate at 2000, 4,000, 10,000 and 20,000 cells/well density. Cellular
confluence and medium colour change are observed over a 16-day incubation period.

Another concern during the extended incubation period is fluid evaporation. Media

evaporation during the assay could lead to cell death affecting the accuracy of the cytotoxicity

results [309]. To reduce media evaporation only non-perimeter wells were used as working
wells for the assay. 250 uL of SDW was added to the perimeter wells to reduce evaporation.
Figure 2.5 shows the effect of this method on increasing the correlation of determination
values (R2) for the LogICs, curve, indicating a better fit for the log inhibitor vs response

nonlinear regression analysis model.

During pre-method development the working wells suffered from significant media
evaporation which resulted in higher cell viability data variability. For both day 3 and 5
analysis, the pre-method development assay had data with wide error bars and R2 values,
resulting in a cytotoxicity profile that was too ambiguous for an accurate measurement of the
LogICso values. In an effort to minimize these variations the MTT assay was refined resulting

in lower media evaporation and improved results.
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Figure 2.5: Patient 1 TC sample MTT cell viability graphs prior to and following method
development. In pre-method development all wells within a 96 well-plate were used for the
assay. In post-method development only non-petimeter wells were used, perimeter wells
were filled with 250 uL. SDW. + SEM is indicated as error bars




2.4.3 Cell metabolism assay (MTT)
To investigate whether single drug treatment would be effective against gliomas, ten patient

derived primary cells were used to perform a 3-day MTT assay. A total of nine drugs were
investigated: TMZ, IRN, PTV, DSF, CoGlu, CAP, CXB, ITZ and TCL. For simplicity and
clinical relevance, patient samples were grouped into their distinct tumour grade (IV, III).
The cytotoxicity data was presented for each drug individually and the patients collectively.
For each drug a cytotoxicity graph was plotted and LogICs, values calculated. Drug
effectiveness was ranked into four distinctive categories; high (LogICs,= 0-3 nM), medium
(LogICso= 3-4 nM), low (LogICs,= 4-5 nM) and ineffective if no LogIC5, value was achieved,
these four categories were chosen arbitrary to reduce ambiguity during data discussion and
simplify comparison between different dataset. An overview of results from the 10 patient
samples is provided within section 2.5.3 MTT Data analysis and visualisation. Furthermore,
a full LogICs, data summary is presented in thesis appendix A.

Patients’ drug response- tumour core (TC)

Within this section the cytotoxicity data for each drug against the TC samples were assessed.

Those drugs that demonstrate enhanced potency were discussed in more detail.

Grade IV (glioblastoma)

Temozolomide
No grade IV patients responded to TMZ (Figure 2.6), although half of the tested samples had

methylated MGMT: patients 2, 3, 4 & 9. This could be due to the development of
chemoresistance from previous alkylating drug therapy or that for TMZ to be effective higher
dosage of drug is needed. Within the literature TMZ ICs, values for 24-72 hour cytotoxicity
assay are often reported within the range of 200-900 uM, i.e at least double our tested drug
concentration [310-313]. Hence for TMZ to be effective higher dosage would be required,
way beyond our assessed concentration. As we are aiming to develop a localised
chemotherapeutic treatment that is safe, with minimal local toxicity, we have not assessed

the cytotoxicity of the drugs at greater than 100 pM.

Two cytotoxicity profiles that are worth noting are patient 9 and 10 (Figure 2.6). At low

concentrations, less than Log 3 nM, low percentage cell viability values were achieved.
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However, with poor LoglICs, curve R2values the cytotoxicity profile was too ambiguous for an

accurate measurement of a LogICs, value, thus TMZ was deemed to be ineffective for both

patient samples.
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Figure 2.6: LogIC;, cytotoxicity curves and data table of TMZ chemotherapy tested against
primary cells. Eight number assigned grade IV TC samples were evaluated using MTT assay.
+ SEM is indicated as error bars.
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Irinotecan

Seven out of the eight grade IV patient samples demonstrated effectiveness at high drug

concentration with LogIC,, values between 4.24 and 4.87 nM (Figure 2.7). Only patient 3

was ineffective as although its cell viability value at Log 5 nM was 40%, low R2 (0.2) value

was achieved demonstrating poor goodness of fit for the Log inhibitor (drug concentration)

vs response (cell viability) nonlinear regression analysis model, making it difficult to

estimate the LogICs, (Figure 2.7). Hence, IRN monotherapy was effective for the majority of

patients, however high doses are required.

150- LogICso ICso R2 Drug
S (nM) (nM) Effectiveness
= ® Patient 2 4.43 27,041  0.76 Low
S 1004 ) X
S & Patient 3 N/A - 0.20 Ineffective
3 T + Patient 4 4.55 35,092  0.44 Low
o 504 A -
-% ® Patient 7 4.63 42,991  0.67 Low
T
g
C 1 ’ 1
0 2 4
Log Concentration (nM)
150- LogICso 1Cs0 Rz Drug
S . (nM) (nM) Effectiveness
Z * Patient 8 4.61 40,849  0.78 Low
Q A
S 10041 4 )
S — = Patient 9 4.87 74,718 0.46 Low
—_— L
3 48] 4 Patient 10 4.50 31,724  0.46 Low
o 501 { s
5 Patient 11 4.24 17,478  0.82 Low
2
0 T T T
0 2 4

Log Concentration (nM)

Figure 2.7: LogIC;, cytotoxicity curves and data table of IRN drug tested against primary
cells. Eight number assigned grade IV TC samples were evaluated using MTT assay. + SEM is
indicated as error bars.
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Pitavastatin
All grade IV patient samples responded to PTV (Figure 2.8). Compared to other drug

treatments, PTV achieved the best response with drug effectiveness ranging from high to
low. Patients 10 and 11 demonstrated high drug effectiveness with LogICs, values of 2.67 and
1.98 nM, respectively, whilst patients 7 and 8 achieved medium effectiveness with LogIC50
values of 3.20 and 3.22 nM, respectively (Figure 2.8). Finally, patient samples 3, 4 and 9,

demonstrated low drug effectiveness with LogIC50 values between 4.72 and 4.99 nM (Figure

2.8).

= 150~ LoglCso  ICso  p. Drug
< (nM) (nM) Effectiveness
2 ® Patient 3 4.81 64,218 0.57 Low
=
-‘>—° 1004 & Patient 4 4.99 06,610  0.67 Low
8 4 Patient 7 3.20 1,584 0.71 Medium
() 50 ™
2
: : .
x

0 T T

0 2 4

. 150- LogICso ICso Rz Dl.'ug
S (nM) (nM) Effectiveness
2 ® Patient 8 3.22 1,669 0.91 Medium
=
~‘>E 1004 ® patient 9 4.72 52,683  0.47 Low
8 * Patient 10 2.67 466  0.47 High
o 50+
£ Patient 11 1.98 95 0.8 High
g

0 T T

Log Concentration (nM)
Figure 2.8: LoglIC;, cytotoxicity curves and data table of PTV drug tested against primary

cells. Seven number assigned grade IV TC samples were evaluated using MTT assay. + SEM
is indicated as error bars.
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Disulfiram

DSF was effective against two grade IV patient samples, 8 and 9, with LogICs, values of 4.83

and 3.54 nM, respectively (Figure 2.9). Additionally, both samples achieved high R2 values

(> 0.7) demonstrating that the cell viability data is tightly clustered around the cytotoxicity

curve, enabling to predict the LogICs, values more precisely (Figure 2.9).

~ 150~ LogICso ICso R2 Dl.'ug
S (nM) (nM) Effectiveness
2 ® Patient 3 N/A - ) Ineffective
=
-‘>5 1004 & Patient 4 N/A - o Ineffective
8 I u 4 Patient 7 N/A - o) Ineffective
o 504 i
2 .
8
[0]
x

G 1 r 1

0 2 4

= 1507 LogICso  ICso Rz Drug
S (nM) (nM) Effectiveness
E‘ ] @ Patient 8 4.83 66,8890  0.92 Low
£ 1004 . .
g —lEJ ® patient 9 3.54 3,426  0.73 Medium
8 * Patient 10 N/A - o) Ineffective
o 50 -
% | Patient 11 N/A - 0.28 Ineffective
°
x

Log Concentration (nM)

Figure 2.9: LoglICs, cytotoxicity curves and data table of DSF drug tested against primary
cells. Seven number assigned grade IV TC samples were evaluated using MTT assay. + SEM
is indicated as error bars.

2-51



Relative Cell Viability (%)

Relative Cell Viability (%)

Copper Gluconate
CoGlu was shown to be largely ineffective against grade IV tumours, with only one sample,

patient 4, responding at high drug concentration with a LogICs, value of 4.95 nM (Figure

2.10).
150~ LOgIC50 IC50 R2 Dl.'ug
(nM) (nM) Effectiveness
@ Patient 3 N/A - 0.21 Ineffective
100 & Patient 4 4.95 89,125 0.55 Low
2
uz 4 Patient 7 N/A - 0.44 Ineffective
50+
C 1 ' 1
0 2 4
Log Concentration (nM)
150- LogICso ICso R= Dl.'ug
il $ (nM) (nM) Effectiveness
E . P @ Patient 8 N/A - 0.48 Ineffective
100 A=k . .
hi ] 3 ; ® patient 9 N/A - 0.03 Ineffective
4 Patient 10 N/A - 0.41 Ineffective
50+
Patient 11 N/A - o) Ineffective
C 1 ' 1
0 2 4

Log Concentration (nM)

Figure 2.10: LogICs, cytotoxicity curves and data table of CoGlu drug tested against
primary cells. Seven number assigned grade IV TC samples were evaluated using MTT assay.
+ SEM is indicated as error bars.
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Captopril

None of the seven grade IV patient samples evaluated were effective against CAP treatment

(Figure 2.11).

_ LOgIC50 IC50 R2 Dl'ug
150 (nM) (nM) Effectiveness
) ® Patient 3 N/A - 0.07 Ineffective
1004 Ld & Patient 4 N/A - 0.17 Ineffective
u
4 Patient 7 N/A - 0.03 Ineffective
50 Ag
0 T T T
0 2 4
Log Concentration (nM)
150 LOgIC50 IC50 Rz Drug
T + (nM) (nM) Effectiveness
] . o 2 ® Patient 8 N/A - 0.37 Ineffective
1004 ’ ; . i ol —— :
JE % l + % \4 Patient 9 N/A - 0 Ineffective
111 { * Patient 10 N/A - 0 Ineffective
501 i
Patient 11 N/A - o) Ineffective
0 T T

Log Concentration (nM)

Figure 2.11: LoglICs, cytotoxicity curves and data table of CAP drug tested against primary
cells. Seven number assigned grade IV TC samples were evaluated using MTT assay. + SEM
is indicated as error bars.
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Celecoxib

Six out of the seven grade IV patient samples responded to CXB treatment at high drug

concentrations with LogICs, values between 4.17 and 4.87 nM (Figure 2.12). At Log 5 nM all

samples had a large decrease in the cell viability value suggesting that at high dose CXB is

highly effective (Figure 2.12). Additionally, the LogICs, Vs response curves were consistent in

shape, with relatively good R2 values (> 0.7), demonstrating that CXB induced a consistent

response across all samples.

150- LogICso ICso R2 Drug
(nM) (nM) Effectiveness
] T @ Patient 3 4.51 32,488 0.90 Low
& Patient 4 4.87 74,359 0.86 Low
4 Patient 7 4.17 14,772 0.95 Low
200- LogICso ICso Rz Dl.'ug
(nM) (nM) Effectiveness
150- @ Patient 8 4.51 32,167  0.96 Low
® patient 9 N/A - o) Ineffective
100
4 Patient 10 4.75 55,729  0.72 Low
50 Patient 11 4.52 32,774  0.71 Low
0

Log Concentration (nM)

Figure 2.12: LogICs, cytotoxicity curves and data table of CXB drug tested against primary
cells. Seven number assigned grade IV TC samples were evaluated using MTT assay. + SEM

is indicated as error bars.
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Ticlopidine

None of the grade IV samples responded to TCL treatment (Figure 2.13).

150~ LOgIC50 IC50 Rz Dl.'ug
(nM) (nM) Effectiveness
® Patient 3 N/A - o Ineffective
1004 T ° )
TaF l & Patient 4 N/A - 0] Ineffective
. g 4 Patient 7 N/A - 0.06 Ineffective
50- u I
0 T T
0 2 4
Log Concentration (nM)
150~ LOgIC50 IC50 R2 Dl.'ug
‘ + n (nM) (nM) Effectiveness
] - l + E @ Patient 8 N/A - 0.11 Ineffective
] . : ® patient 9 N/A - o Ineffective
I ®
[] * Patient 10 N/A - 0] Ineffective
Patient 11 N/A - 0.17 Ineffective
0 v T ’ 1
0 2 4

Log Concentration (nM)

Figure 2.13: LogICs, cytotoxicity curves and data table of TCL drug tested against primary
cells. Seven number assigned grade IV TC samples were evaluated using MTT assay. + SEM

is indicated as error bars.
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Itraconazole

Only two grade IV samples were effective against ITZ, patients 7 and 8, with LogICs, values

of 4.29 and 4.33 nM, respectively (Figure 2.14).

150- LOgIC50 IC50 Rz Dl.'ug
(nM) (nM) Effectiveness
® Patient 3 N/A - 0.29 Ineffective
10041 . .
E & Patient 4 N/A - 0.21 Ineffective
504 I 4 Patient 7 4.29 19,651 0.87 Low
0 T T T T
0 2 4
Log Concentration (nM)
150- LogICso ICso R= Dl.'ug
(nM) (nM) Effectiveness
@ Patient 8 4.33 21,442  0.95 Low
10041
é ; ® patient 9 N/A - 0.13 Ineffective
1 °
o A 3 4 Patient 10 N/A - 0.33 Ineffective
5 -
] \ Patient 11 N/A - 0.26 Ineffective

0 T T v T
0 2 4

Log Concentration (nM)

Figure 2.14: LogICs, cytotoxicity curves and data table of ITZ drug tested against primary
cells. Seven number assigned grade IV TC samples were evaluated using MTT assay. + SEM

is indicated as error bars.
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Grade III

Temozolomide
TMZ demonstrated no response against both grade III samples (Figure 2.15). it is

noteworthy however that both samples are MGMT unmethylated, hence resistance to TMZ

treatment was anticipated (2.4.1 clinical demographics, Table 2.3)

150- LogICso ICso R2 Drug
& (nM) (nM) Effectiveness
® patient 6 N/A - 0 Ineffective
100 : :
T [ Il ) i + Patient 12 N/A - 0.08 Ineffective
T al" F\
50

Log Concentration (nM)
Figure 2.15: LogIC, cytotoxicity curves and data table of TMZ chemotherapy tested against
primary cells. Two number assigned grade III TC samples were evaluated using MTT assay.
+ SEM is indicated as error bars.
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Irinotecan
IRN was effective against both grade III glioma samples with LogICs, values of 4.51 and 4.64

nM for patient 6 and 12, respectively. The cytotoxicity curves were also highly correlated with
R2 values above 0.7 demonstrating good goodness of fit for the Log inhibitor (drug

concentration) vs response (cell viability) nonlinear regression analysis model (Figure 2.16) .

Both patient 6 and 12 tumour samples, as specified by their IDH1 and ATRX protein
expression status as well as tumour grade (2.4.1 Clinical demographics, Table 2.3), are
known to be less aggressive than our other tested patient derived samples. However
according to our data, response to treatment between both grade III and IV sample groups
were equivalent (LogICs, values between 4 and 5 nM), demonstrating no variation in

response to IRN treatment between the different tumour grades and protein expression

status.
150- LogICso ICso Rz DI.'ug
(nM) (nM) Effectiveness
® patient 6 4.51 32,367 0.93 Low
1004 .
¢ * Patient 12 4.64 43,544  0.70 Low
i ]

50 i

C T T r T

0 2 4

Log Concentration (nM)
Figure 2.16: LogIC;, cytotoxicity curves and data table of IRN drug tested against primary

cells. Two number assigned grade III TC samples were evaluated using MTT assay. + SEM is
indicated as error bars.
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Pitavastatin
Both grade III patient samples, 6 and 12, responded to PTV with LogICs, values of 4.75 and

2.63 nM, respectively (Figure 2.17). Grade III cytotoxicity data were consistent to that of
grade IV as PTV was shown to be effective across both sample groups. Moreover, although
both tumour grade III and IV consisted of opposing IDH1 and ATRX protein expression

status (2.4.1 Clinical demographics, Table 2.3), no variation in drug response was detected.

150+ LOgIC50 IC50 R2 Dl.'ug
(nM) (nM) Effectiveness
® patient 6 4.75 55,617  0.71 Low
1004 i .
E * Patient 12 2.63 443 0.81 High
| |
50
[}
0 T T T T
0 2 4

Log Concentration (nM)
Figure 2.17: LoglICs, cytotoxicity curves and data table of PTV drug tested against primary

cells. Two number assigned grade III TC samples were evaluated using MTT assay. + SEM is
indicated as error bars.

2-59



Relative Cell Viability (%)

Relative Cell Viability (%)

Disulfiram

Both patient 6 and 12 samples achieved low cell viability scores (< 28 %) at Log 4 nM,

however the LogICs, curves R2 values were zero, demonstrating poor goodness of fit for the

Log inhibitor (drug concentration) vs response (cell viability) nonlinear regression analysis

model. Therefore, DSF was deemed ineffective as the cytotoxicity profiles were too

ambiguous for an accurate measurement of a LogICs, value (Figure 2.18).

150+

LOgIC50 IC50 > Drug

(nM) (nM) R Effectiveness
® patient 6 N/A - 0 Ineffective
* Patient 12 N/A - ) Ineffective

T r
2 4
Log Concentration (nM)

Figure 2.18: LoglIC;, cytotoxicity curves and data table of DSF drug tested against primary
cells. Two number assigned grade III TC samples were evaluated using MTT assay. + SEM is
indicated as error bars.

Copper Gluconate
Two grade III patient samples were evaluated, CoGlu was effective against one, patient 6

with a LogICs, value of 4.51 nM (Figure 2.19). Across the majority of both Grade III and IV

samples cytotoxicity data, a slight decrease in the cell viability values were observed at Log 5

nM. This demonstrates that although CoGlu was generally ineffective, a small response was

achieved at high dose with comparable results between the different tumour grades.

150

100

LogICso ICso R= Dl:ug
(nM) (nM) Effectiveness
® patient 6 4.51 32,584 0.87 Low
* patient 12 N/A - 0.40 Ineffective

Log Concentration (nM)

Figure 2.19: LogIC;, cytotoxicity curves and data table of CoGlu drug tested against
primary cells. Two number assigned grade III TC samples were evaluated using MTT assay;
Patient 6 and 12. + SD is indicated as error bars.
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Captopril
Two grade III patient samples were evaluated and neither responded to CAP (Figure 2.20).

Both grade III and IV LogICs, curves data were similar even though both sample groups

consist of opposing IDH1 and ATRX protein expression status (2.4.1 Clinical demographics,

Table 2.3).
150 LOgIC50 IC50 R2 Dl.'ug
(nM) (nM) Effectiveness
® patient 6 N/A - 0.56 Ineffective
1004 .
* Patient 12 N/A - 0.11 Ineffective
50 "
0 T T
0 2 4

Log Concentration (nM)

Figure 2.20: LogIC, cytotoxicity curves and data table of CAP drug tested against primary
cells. Two number assigned grade III TC samples were evaluated using MTT assay. + SEM is
indicated as error bars.

Celecoxib
Both grade III patient samples, 6 and 12, demonstrated effectiveness at high drug

concentration with LogICs, values of 4.69 and 4.72 nM, respectively (Figure 2.21). This
response to CXB treatment is consistent to that of grade IV samples, as at Log 5 nM a large
decrease in the cell viability values were observed across both tumour grades (Figure 2.21).

Thus, CXB drug treatment has proven to be highly effective at Log 5 nM.

150- LogICso ICso R= Dl.'ug
(nM) (nM) Effectiveness
® patient 6 4.69 48,719  0.92 Low
1004 .
4 Patient 12 4.72 51,929  0.92 Low

Log Concentration (nM)

Figure 2.21: LoglC;, cytotoxicity curves and data table of CXB drug tested against primary
cells. Two number assigned grade III TC samples were evaluated using MTT assay. + SEM is
indicated as error bars.
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Ticlopidine
None of the grade III patient samples responded to TCL treatment. (Figure 2.22).

150 LOgIC50 IC50 R2 Dl.'ug
(nM) (nM) Effectiveness
® patient 6 N/A - 0.19 Ineffective
1004
. + * Patient 12 N/A - 0.02 Ineffective
Te i s [ 3
50 T+ H L
i E - i J.
C v 1 v 1
0 2 4

Log Concentration (nM)

Figure 2.22: LogIC;, cytotoxicity curves and data table of TCL drug tested against primary
cells. Two number assigned grade III TC samples were evaluated using MTT assay. + SEM is
indicated as error bars.

Itraconazole
None of the grade III patient samples were potent against ITZ (Figure 2.23). similar to the

grade IV samples, a slight decrease in the cell viability values occurred at the higher Log 4
and 5 nM drug concentrations. This shows that although ITZ was generally ineffective, a

small response was achieved at high dose.

150- LogICso  ICso oo Drug
(nM) (nM) Effectiveness
® patient 6 N/A - 0.41 Ineffective
* Patient 12 N/A - 0.36 Ineffective

Log Concentration (nM)

Figure 2.23: LogIC;, cytotoxicity curves and data table of ITZ drug tested against primary
cells. Two number assigned grade III TC samples were evaluated using MTT assay. + SEM is
indicated as error bars.

Patients’ drug response- brain around tumour (BAT)
Following a craniotomy, the TC is often completely removed but the BAT is left behind. This

residual tumour is subsequently targeted via chemotherapy and radiation; however, it
eventually forms resistance resulting in recurrence of a chemo resistant tumour. To
investigate whether a low dose single drug treatment (< 100 uM) would be effective against

residual tumour, four patients derived BAT cells were used to perform a 3-day MTT assay.
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Within this section the cytotoxicity data of each drug against the BAT samples were

evaluated. Due to the difficulty in culturing grade III BAT samples up to a sufficient cell

number for MTT assay use, only grade IV samples were used.

Grade IV (glioblastoma)
Temozolomide

Four patient derived BAT samples were assessed and only one, patient 8, demonstrated a

response at high drug concentration with LogICs, value of 2.86 nM (Figure 2.24).

Compared to the same patients TC samples, equivalent response to TMZ treatment were

obtained for patients 4 and 9, however, patient 8 differed, with TMZ being ineffective against

the TC but highly effective against the BAT (Figure 2.24). This difference could be due to

intratumour heterogeneity between the separate tumour fragments [146, 161, 283, 314, 315].

200- LogICso ICso R2 Dl.'ug
(nM) (nM) Effectiveness
150- E { ; @ Patient 2 N/A - o) Ineffective
| I ® patient 4 N/A - 0.14 Ineffective
100 T
i ¥ 3 * Patient 8 2.86 724 0.64 High
507 \‘\ Patient 9 N/A - 0.55 Ineffective
A
0 T A T .
0 2 4

Log Concentration (nM)

Figure 2.24: LoglIC;, cytotoxicity curves and data table of TMZ chemotherapy tested
against primary cells. Four number assigned grade IV BAT samples were evaluated using

MTT assay. + SEM is indicated as error bars.
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Irinotecan
No grade IV BAT samples responded to IRN (Figure 2.25). This cytotoxicity data was

inconsistent to that of the same patient’s TC samples, because for the TC IRN was effective at
high dose with LogICs, values between 4.43 and 4.87 nM. This demonstrates that IRN was
less potent against the BAT, which is surprising as IRN works during the S phase of the cell
cycle and should thus be equally effective across the different tumour fragments.
Furthermore, as the BAT tissue is the part of the tumour that is growing and proliferating we

would expect those drugs that target the cell cycle to be more effective [200, 201, 316].

200- LogICso ICso R2 Drug
(nM) (nM) Effectiveness
150 E { @ Patient 2 N/A - o) Ineffective
i I ® patient 4 N/A - 0.20 Ineffective
1004}

N * 1 4 Patient 8 N/A - 0.24 Ineffective

50-—L . .
s Patient 9 N/A - 0.28 Ineffective

0 T T T T T
0 2 4

Log Concentration (nM)

Figure 2.25: LoglIC;, cytotoxicity curves and data table of IRN drug tested against primary
cells. Four number assigned grade IV BAT samples were evaluated using MTT assay. + SEM
is indicated as error bars.
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Pitavastatin

Four patient derived BAT samples were assessed and only two were effective with a LogICs,

value of 4.61 and 4.84 nM for patients 8 and 9, respectively (Figure 2.26).

When compared to the corresponding TC samples, PTV was less effective against the BAT

because the TC had LogICy, values of 4.99, 3.22 and 4.72 nM, while the BAT’s were >5, 4.61

and 4.84 nM for patients 4, 8 and 9, respectively.

200+ LOgIC50 IC50 Rz Dl.'ug
f (nM) (nM) Effectiveness
150~ ﬁ @ Patient 2 N/A - o Ineffective
l ® patient 4 N/A - 0.73 Ineffective
100
* Patient 8 4.61 41,129  0.76 Low
507 Patient 9 4.84 68,373  0.68 Low

Log Concentration (nM)

Figure 2.26: LoglIC;, cytotoxicity curves and data table of PTV drug tested against primary
cells. Four number assigned grade IV BAT samples were evaluated using MTT assay. + SEM

is indicated as error bars.
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Disulfiram
Four patient samples were evaluated and only one, patient 9, was effective with a LogICs,

value of 3.30 nM (Figure 2.27). Comparing this data to the corresponding TC samples reveal
that for patients 4 and 9 equivalent drug response were obtained, while for patient 8, a
difference was found as DSF was effective at high dose against the TC, with a LogICs, value
of 4.83 nM, but was ineffective against the BAT. Nevertheless, at high drug concentrations a
reduction in the cell viability values were detected with Log 4 and 5 nM cell viabilities

reaching 57 and 89 %, respectively (Figure 2.27).

Thus, the overall drug cytotoxicity data demonstrates that variation in the response between

the different tumour fragments was small.

200~ LOgIC50 IC50 Rz Drug
I (nM) (nM) Effectiveness
150- @ Patient 2 N/A - 0.41 Ineffective
B/ patient 4 N/A - 0.19 Ineffective
10041 ]
—.E—.‘v—r}!\x\ * Patient 8 N/A - 0.62 Ineffective
]
507 ¥ Patient 9 3.30 2,010  0.75 Medium
0 T T
0 2 4

Log Concentration (nM)
Figure 2.27: LoglICs, cytotoxicity curves and data table of DSF drug tested against primary
cells. Four number assigned grade IV BAT samples were evaluated using MTT assay. + SEM
is indicated as error bars.
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Copper Gluconate

Only one, patient 8, BAT sample was effective at high drug concentration with a LogICs,

value of 4.92 nM (Figure 2.28). Comparing this data to the corresponding TC fragments

reveal that equivalent response to CoGlu treatment was obtained for patient 9, while

variations were found for patients 4 and 8. As patient 4 demonstrated low effectiveness

against the TC but it was ineffective against the BAT (LogICs, (nM): TC= 4.95 : BAT = >5),

while for patient 8 CoGlu was ineffective against the TC but demonstrated low drug

effectiveness against the BAT (LogICs, (nM): TC = >5 : BAT = 4.92). Hence, although there

appears to be a slight variation in cytotoxicity data between the different tumour fragments,

overall the drug cytotoxicity data was very consistent and as a treatment for gliomas CoGlu

was ineffective.

200- LogICso ICso R2 Dl.'ug
I (nM) (nM) Effectiveness
150 } E i i } @ Patient 2 N/A - o} Ineffective
A
] - } ® patient 4 N/A - 0.60 Ineffective
1004 W
] m . * patient 8 4.92 82,789 0.82 Low
%07 Patient 9 N/A - 0.75 Ineffective
0 T T
0 2 4

Log Concentration (nM)

Figure 2.28: LogIC;, cytotoxicity curves and data table of CoGlu drug tested against
primary cells. Four number assigned grade IV BAT samples were evaluated using MTT assay.

+ SEM is indicated as error bars.
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Captopril
Four BAT samples were evaluated, with none of them responding to CAP (Figure 2.29). This

data is consistent with that of the TC samples, therefore as a monotherapy CAP is ineffective.

200 LOgIC50 IC50 R2 Dl.'ug
(nM) (nM) Effectiveness
150 @ Patient 2 N/A - o Ineffective
g F ® patient 4 N/A - 0] Ineffective
wof & SEEEEL ¢
* Patient 8 N/A - 0.07 Ineffective
07 Patient 9 N/A - 0.20 Ineffective
0 T T
0 2 4

Log Concentration (nM)

Figure 2.29: LogIC,, cytotoxicity curves and data table of CAP drug tested against primary
cells. Four number assigned grade IV BAT samples were evaluated using MTT assay. + SEM
is indicated as error bars.

Celecoxib
Three out of the four tested BAT samples demonstrated effectiveness at high drug

concentrations with LogICs, values between 4.47 and 4.96 nM (Figure 2.30). When
compared to the corresponding TC samples equivalent cytotoxicity data were obtained.
However, the dose vs response curves were inconsistent, to illustrate, at log 5 nM there was a
large decrease in the cell viability values across all of the TC samples, here this was only
observed for one sample, patient 8 (Figure 2.30). Thus, although the overall LogICs, values

were consistent, there was a noticeable variation in CXB response at 100 uM drug

concentration.
200- LogICso ICso R2 Dl:ug
(nM) (nM) Effectiveness
1504 I )\ ® Patient 2 N/A - 0.64 Ineffective
]
ik E } § ® patient 4 4.96 91,052  0.73 Low
1004——m— -
1 aw &, . * Patient 8 4.47 20,478 0.97 Low
507 Patient 9 4.95 89,084 0.54 Low
A
0 T T T
0 2 4

Log Concentration (nM)
Figure 2.30: LogIC,, cytotoxicity curves and data table of CXB drug tested against primary
cells. Four number assigned grade IV BAT samples were evaluated using MTT assay. + SEM
is indicated as error bars.
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Ticlopidine

Four BAT samples were evaluated with none responding to TCL treatment (Figure 2.31).

Compared to the same patients TC samples, the drug cytotoxicity data were consistent.

Hence TCL was proven to be ineffective as a treatment for glioma.

200+ LOgIC50 IC50 Rz Dl.'ug
(nM) (nM) Effectiveness
1504 @ Patient 2 N/A - 0.04 Ineffective
i ® patient 4 N/A - 0.68 Ineffective
100
* Patient 8 N/A - 0.12 Ineffective
>0 Patient 9 N/A - 0.14 Ineffective
C r 1 v 1
0 2 4

Log Concentration (nM)

Figure 2.31: LogIC;, cytotoxicity curves and data table of TCL drug tested against primary
cells. Four number assigned grade IV BAT samples were evaluated using MTT assay. + SEM

is indicated as error bars.
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Itraconazole
Four patient BAT samples were evaluated and only one, patient 4, achieved low drug

effectiveness with a LogICs, value of 4.77 nM (Figure 2.32).

Comparing this data to the corresponding TC fragment reveal that against patient 9 ITZ
treatment was ineffective across both TC and BAT, whilst for patient 4 and 8 variations were
demonstrated. For patient 4 ITZ treatment was ineffective against the TC but demonstrated
low drug effectiveness against the BAT (LogICs, (nM): TC = >5 : BAT = 4.77), while for
patient 8 ITZ demonstrated low effectiveness against the TC sample but was ineffective
against the BAT (LogICs, (nM): TC= 4.33 : BAT = >5). Hence, although there appears to be a
slight variation in cytotoxicity data between the sperate tumour fragments, the overall drug

cytotoxicity data was consistent and as a therapy ITZ was ineffective across the majority of

patients.
200- LogICso 1Cs0 R2 Drug
i (nM) (nM) Effectiveness
1504 I { @ Patient 2 N/A - o Ineffective
] ® patient 4 4.77 58,000 0.67 Low
1008 =m LK) \I
] 2 * Patient 8 N/A - 0.47 Ineffective
>07 Patient 9 N/A - 0 Ineffective
0 T T
0 2 4

Log Concentration (nM)

Figure 2.32: LogIC;, cytotoxicity curves and data table of ITZ drug tested against primary
cells. Four number assigned grade IV BAT samples were evaluated using MTT assay. + SEM
is indicated as error bars.

2.4.4 IncuCyte cell proliferation imaging assay
Cell metabolism assays such as MTT rely on cell metabolic activity as a measure of cellular

viability, thus indirectly assessing cytotoxicity. Within this study direct measurement of
cellular viability via cell imaging assay was performed on patient 4 TC and BAT samples, to
ensure the accuracy of the drug cytotoxicity data and as a comparison between end-point

MTT and real-time IncuCyte assay.

Same as the experimental configuration for the MTT assay, a total of nine drugs were

investigated: TMZ, IRN, PTV, DSF, CoGlu, CAP, CXB, ITZ & TCL. For each sample, a
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cytotoxicity graph was plotted and LogICs, values calculated. Drug effectiveness was ranked
into four distinctive categories; high (LogICs,= 0-3 nM), medium (LogICso= 3-4 nM), low
(LogICso= 4-5 nM) and ineffective if no LogIC,, value was achieved, these four categories
were chosen arbitrary to reduce ambiguity during data discussion and simplify comparison

between different dataset.

Additionally, for each drug cellular confluence measurement and observation of cellular
morphological changes at 0.1 uM, 1 uM and 100 uM drug dose, over a 3-day treatment
period were performed. For the BAT data the contrast phase images were less resolved, as a
result cellular shape could not be seen thus data evaluation of cellular morphology change
will not be discussed for this sample.

Patient 4 TC

The Log concentration vs cell viability curve data demonstrate that TMZ, CAP, TCL and ITZ
were ineffective against the TC sample, whilst IRN, PTV, DSF and CXB were effective with
LogICs0 values of 4.52, 5.00, 4.27 and 4.99 nM, respectively (Figure 2.33). The highest
response against TC sample was achieved by CoGlu with a LogIC50 value of 3.80 nM (Figure
2.33).

Compared to the same patient TC cytotoxicity data from the MTT assay, results were
comparable with consistent drug potency values obtained for TMZ, IRN, PTV, CAP, CXB,
TCL and ITZ. The only inconsistency was with DSF and CoGlu, as both were shown to be
more effective when tested using the IncuCyte assay (DSF LogICs, (nM): MTT= >5,
IncuCyte= 5.0 and CoGlu LogICs, (nM): MTT= 5.0, IncuCyte= 3.8 nM).

Thus, although there appears to be a variation in DSF and CoGlu cytotoxicity data for most

drugs the cytotoxicity values were equivalent between the MTT and IncuCyte assays.
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Figure 2.33: LogIC;, cytotoxicity curves and data table of mono-therapeutic drug
treatments tested against patient 4 TC cells using IncuCyte assay. + SEM is indicated as error
bars.
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Temozolomide
TMZ demonstrated no efficacy across all doses, with exponential tumour growth observed

over the 72 hour incubation period and no cellular morphological changes detected (Figure
2.34). At 100 uM dose, a slowdown in tumour growth was observed but not at a significant
rate with cellular confluence value reaching 32 % at 72 hour incubation period compared to
40 % for the 0.1 uM dose treatment (Figure 2.34). Therefore, TMZ was deemed to be
ineffective as a treatment for glioma as although the high 100 uM dose did demonstrate

some response, fast cellular growth sustained throughout the treatment period continuing

the development of tumour.
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Figure 2.34: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with TMZ. Drug concentration from left to right: control, 0.1 uM low, 1 uM
medium and 100 uM high.
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Irinotecan

At 0.1 uM dose IRN demonstrated no efficacy, with exponential tumour growth over time

(Figure 2.35), while at 1 uM dose tumour growth slowed. The most substantial reduction in

tumour confluence (7 %) occurred with the 100 uM IRN dose. Cellular morphological

changes were also observed with cells appearing more spherical, smaller in size and their

margins were unclear when compared to the control group. Therefore, IncuCyte analysis has

demonstrated that IRN potency against patient 4 TC sample is dose dependent, requiring a

high 100 uM dose for any potency or morphological change to be seen. This confirms the

MTT assay data as all of the other grade IV samples required high IRN dose to achieve a

response.
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Figure 2.35: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with IRN. Drug concentration from left to right: control, 0.1 uM low, 1 uM
medium and 100 uM high.
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Pitavastatin
At low 0.1 uM exponential tumour growth was observed over the 72-hour treatment period

with no changes in cellular morphology (Figure 2.36). At 1 and 100 uM dose, a similar
growth pattern was observed; initially, fast exponential tumour growth was established but
by day one the cellular growth ceased and a reduction in tumour confluence followed (Figure
2.36). Unlike other effective drug treatments where an instant shape transformation of cells
occurred, PTV induced a slow and gradual response. Initially cells transformed from highly
infiltrating elongated structures to less infiltrating elongated cells with an enhanced
spherical core which gradually decreased in size to form a small ball (Figure 2.36). PTV cell
arrest is predicted to occur within the Go/G1 of the cell cycle [142, 221], although the precise
mechanism of action remains unknown, this could provide an explanation for the gradual
change in morphology as it takes place within the growth stage of the cell cycle which is
known to be slow and gradual. Here the data correlate well to the MTT assay results as the
majority of GBM tested samples required 1-100 uM of PTV dose (Log 3-5 nM) to achieve a

response.
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Figure 2.36: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with PTV. Drug concentration from left to right: control, 0.1 uM low, 1 uM
medium and 100 uM high.
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Disulfiram

At 0.1-1 dose exponential tumour growth occurred over the 72-hour treatment period, while

at 100 uM drug concentration a small 4 % reduction in tumour confluence was detected

(Figure 2.37). A change in cellular morphology was also observed with an increase in dose

and incubation period, for instance, at 0.1 uM dose cells were elongated, highly infiltrating,

with irregular margins but as dosing and incubation time increased, cells appeared smaller

and developed a spherical shaped morphology with clear margins (Figure 2.37).

Compared to the MTT assay cytotoxicity data for the same patient sample, DSF is

demonstrated to be more effective when tested using the IncuCyte assay.
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High- 100 pM

DR Jee

Jesesescesectcntcconcense

24 36 48

48 60 72 0 12
Time (Hours)

48 60 72 0 12 24 36

12

24 36 48 60

Figure 2.37: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with DSF. Drug concentration from left to right: control, 0.1 yM low, 1 uM

medium and 100 uM high.
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Copper Gluconate
At 0.1 uM dose exponential but slow tumour growth was observed over the 72-hour

treatment period, while at 1-100 uM dose cellular growth stopped (Figure 2.38). Cellular

morphology change was also observed, as growth ceased, cells shrunk and retreated to a less
elongated structure (Figure 2.38).

Similar to the DSF cytotoxicity data, CoGlu was shown to be more potent when tested via the
IncuCyte assay where a response against the tumour was observed even at 0.1 uM dose (Log

2 nM) (Figure 2.38).
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Figure 2.38: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with CoGlu. Drug concentration from left to right: control, 0.1 uM low, 1 yM

medium and 100 pM high.




Captopril
CAP was shown to be ineffective against the tumour even at high 100 uM drug dose. Across

all dosages exponential tumour growth was obtained with no observed cellular morphology
change over the 72-hour treatment period (Figure 2.39). This validates our MTT assay

cytotoxicity data as all of the grade IV glioma samples did not respond to CAP treatment.
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Figure 2.39: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with CAP. Drug concentration from left to right: control, 0.1 pM low, 1 uM
medium and 100 uM high.

2-79



Phase Object
Confluence (%)

Time (Hours)

40

30 4
20 1

10

Celecoxib

At 0.1 to 1 uM dose exponential tumour growth was observed over the 72-hour treatment

period, whilst at 100 uM dose cellular growth stopped with cellular confluence remaining

relatively constant (+/- 4 %). However, unlike other drugs, CXB provoked no cellular

morphological change with cells possessing the same morphology across all doses (Figure

2.40). This confirms the MTT cytotoxicity data, as most of the MTT tested samples required

100 UM dose (Log 5 nM) for any response to be observed.
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Figure 2.40: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with CXB. Drug concentration from left to right: control, 0.1 uM low, 1 uM
medium and 100 uM high.
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Ticlopidine

There was no variation in response between the drug treatment and control. Across all doses

exponential tumour growth was demonstrated and no change in cellular morphology was

observed over the 72-hour treatment period (Figure 2.41). This data was consistent to the

MTT assay results and confirmed that TCL is ineffective against gliomas.
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Figure 2.41: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with TCL. Drug concentration from left to right: control, 0.1 uM low, 1 pyM
medium and 100 uM high.
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Itraconazole
ITZ was demonstrated to be ineffective across all doses, with exponential tumour growth

observed over the 72 hour incubation period (Figure 2.42). Similar to TMZ, CAP, CXB and
TCL treatments, it provoked no cellular morphological change with cells appearing to
possess the same morphology across all doses. This result was consistent to the MTT

cytotoxicity assay data.
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Figure 2.42: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with ITZ. Drug concentration from left to right: control, 0.1 uM low, 1 uM

medium and 100 uM high.
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Patient 4 BAT
The drug cytotoxicity data shows that TMZ, DSF, CoGlu, CAP, ITZ and TCL were ineffective

against patient 4 BAT sample, while IRN and CXB demonstrated low effectiveness with
LogICs, values of 4.60 and 4.66 nM, respectively (Figure 2.43). The highest response against
BAT sample was achieved by PTV with a LogICs, value of 4.0 nM, however the cell viability
curve was atypical as with increasing drug concentration there was no decrease in cell
viability.

Compared to the MTT cytotoxicity results, similar LogICs, values were achieved for TMZ,
DSF, CoGlu, CAP, CXB and TCL. Whilst IRN, PTV and ITZ drug treatment differed, as
according to the MTT assay IRN and PTV were ineffective however when tested using
IncuCyte they achieved a LogICs, values of 4.60 and 4.0 nM, respectively. Inversely, ITZ was
ineffective when tested using the IncuCyte but demonstrated low effectiveness by the MTT
assay with a LogICs, value of 4.77 nM. Hence, with the exception for IRN, PTV and ITZ, most

tested drugs achieved equivalent cytotoxicity response across the two assays.
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Figure 2.43: LoglIC;, cytotoxicity curves and data table of mono-therapeutic drug
treatments tested against patient 4 BAT cells using IncuCyte assay. + SEM is indicated as

error bars.
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Temozolomide
Similar to the TC sample exponential tumour growth was observed over the 72 hour

incubation period across all doses (Figure 2.44). However, at 100 uM dose, a slowdown in
tumour growth was observed with cellular confluence value reaching 40 % at 72 hour
incubation period compared to 53 % for the control (Figure 2.44). Hence TMZ was deemed
to be ineffective as a treatment for glioma as although the high 100 uM dose did demonstrate
some response, fast cellular growth sustained throughout the treatment period continuing

the development of tumour.
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Figure 2.44: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with TMZ. Drug concentration from left to right: control, 0.1 uM low, 1 uM
medium and 100 uM high.
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Irinotecan
For IRN drug treatment a dose dependent response was demonstrated. Compared to control,

the 0.1 and 1 uM dose treatments slowed tumour growth by 1.25 and 1.4 folds, respectively

while at 100 uM dose, cellular growth stopped, and confluence decreased by 11 % following a

72 hour treatment period (Figure 2.45).
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Figure 2.45: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with IRN. Drug concentration from left to right: control, 0.1 uM low, 1 uM

medium and 100 uM high.
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Pitavastatin
Following a 72-hour treatment period PTV achieved a 20, 12 and 8 % decrease in cell

confluence for the 0.1, 1 and 100 uM dose, respectively. (Figure 2.46). Compared to control,
PTV was proven to be effective even at low 0.1 uM dose, however with increasing drug
concentration there was no improvement in response to PTV treatment as following a 72-

hour treatment cell confluence remained relatively constant across all doses.
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Figure 2.46: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with PTV. Drug concentration from left to right: control, 0.1 pM low, 1 pM

medium and 100 uM high.
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Disulfiram
DSF demonstrated no efficacy across all doses with exponential tumour growth observed

over the 72 hour incubation period (Figure 2.47). At 100 uM dose, a slight slowdown in
tumour growth was observed, with cellular confluence value reaching 39 % at 72 hour
incubation period compared to 53 % for the control (Figure 2.47). Hence DSF was deemed to
be ineffective as a treatment for glioma as although the high 100 uM dose did demonstrate
some response, fast cellular growth sustained throughout the treatment period continuing

the progress of tumour.
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Figure 2.47: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with DSF. Drug concentration from left to right: control, 0.1 uM low, 1 uM
medium and 100 uM high.
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Copper Gluconate
Response against CoGlu was dose dependent as at 0.1 uM and 1 uM dose tumour growth

slowed by 1.25 and 1.65 folds, respectively, while at 100 uM dose tumour growth reached a

plateau, with no change in tumour confluence observed over the 72-hour treatment period

(Figure 2.48).
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Figure 2.48: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with CoGlu. Drug concentration from left to right: control, 0.1 uM low, 1
pM medium and 100 uM high.
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Captopril

Ato.1and 1 uM dose CAP demonstrated no efficacy, with exponential tumour growth

observed over the 72 hour incubation period (Figure 2.49). At 100 uM dose, a slowdown in

tumour growth was observed with cellular confluence value reaching 34 % at 72 hour

incubation period compared to 54 % for the control (Figure 2.49). Hence CAP was deemed to

be ineffective as a treatment for glioma as although the high 100 uM dose did demonstrate

some response, fast cellular growth sustained throughout the treatment period continuing

the development of tumour.
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Figure 2.49: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with CAP. Drug concentration from left to right: control, 0.1 uM low, 1 uM

medium and 100 uM high.
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Celecoxib

Similar to the TC sample, at 0.1 and 1 uM dose no response to CXB treatment was

demonstrated, however at 100 uM dose an 11 % reduction in tumour confluence was

observed (Figure 2.50). Therefore, CXB was proven to be effective at high 100 uM drug

concentration, this was consistent with the MTT assay data as all grade IV samples required

100 uM dose (Log 5 nM) for a cytotoxic response.

Control- 0 uM Low- 0.1 pM Medium- 1 pM

High- 100 pM

e
Sttt et iietttenacnsne

36 48 60 72 0 12 24 36 48 60 72

Time (Hours)

12 24 36 48 60 72

Figure 2.50: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with CXB. Drug concentration from left to right: control, 0.1 uM low, 1 uM

medium and 100 uM high.
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Ticlopidine
At 0.1to 100 uM dose TCL demonstrated no efficacy against patient 4 BAT sample, with

exponential tumour growth observed over the 72-hour treatment period (Figure 2.51).
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Figure 2.51: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with TCL. Drug concentration from left to right: control, 0.1 uM low, 1 yM
medium and 100 uM high.
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Itraconazole

ITZ demonstrated no efficacy against all 0.1 to 100 uM doses, with exponential tumour

growth observed over the 72 hour incubation period (Figure 2.52).
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Figure 2.52: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with ITZ. Drug concentration from left to right: control, 0.1 uM low, 1 uM

medium and 100 pM high.
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2.5 Discussion

2.5.1 Patient demographic vs cytotoxicity drug response
The demographic of the glioma patient population for the samples mainly consist of older

age and high-grade (III and IV) tumours. These particular demographic features often
correlate with high resistance to treatment and lower survival rate (Chapter one, Figure 1.1)
[8]. The use of a more aggressive sample population to assess drug cytotoxicity will add

additional validity to any positive data.

2.5.2 Patient abrupt protein expression vs tumour growth and drug response
During pathological testing IDH1, P53, and ATRX, which are all associated with growth

control genes, are used to determine the grade and aggressiveness of a tumour. Whereas
MGMT is used to determine if treatment with DNA alkylating agents such as TMZ would be

worthwhile.

A study undertaken by A Chaurasia et.al assessed ATRX, IDH1 and P53 biomarkers mutation
analysis and their correlation to patient survival [132]. Data from 163 patients revealed that
patients with mutant IDH and ATRX genes have improved prognosis, while P53 mutation
lead to a worse prognosis. Hence a combination of ATRX mutant, IDH mutant and P53
wildtype genes lead to significant improvement in both OSR and PFS [51, 132, 134]. Within
our study patient sample population an IDH and ATRX mutations mainly correlated with the
lower grade I1I samples (Table 2.3). Hence any variation between tumour grade IV and III
cytotoxicity data could be due to variation in those specified genes, which are known to

correlate with the OSR of patients [5, 132, 301-303].

The TC MTT assay data demonstrated little variation between the tumour grade and drug
response, with drug effectiveness being consistent between the two grades (Figure 2.53).
This is of significance because within a clinical setting lower tumour grade is associated with
a more favourable prognosis. Our data demonstrate that this survival benefit could be as a
result of a slower rate of cell proliferation rather than drug activity against the tumour. A
slow proliferation rate was observed across all grade III samples. The sample from patient 5

with an IDH mutant and ATRX wildtype combination was the slowest. The patient 5 TC
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sample did not proliferate at all, with cell number remaining constant over a 3-month

incubation period, while the BAT only proliferated during the first month of incubation and

then completely stopped.
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Figure 2.53: MTT LogICs, cytotoxicity data of, grade IV patients 2-4, 7-11 and grade III
patients 6 and 12, TC sample population. For ineffective drug treatments predicted
Graphpad Prism LogICs, values were used.

MGMT methylation is well known to correlate to a favourable prognosis for patients. Many
studies have confirmed a correlation between MGMT methylation and OSR benefit in
patients treated with TMZ [317-319]. A study undertaken by M. E. Hegi found that the
MGMT promotor was methylated in 45 % of 206 cases [317]. Gliomas are also well known for
their ability to recur following chemo and radiation treatment. New growth is often
composed of a new genetic strain that is resistant to the previous therapy [150, 155, 156].
Hence within our study it would be anticipated that some of the samples are resistant to
TMZ treatment because of a combination of two factors: 1) MGMT un-methylation and 2)
previous TMZ treatment.

2.5.3 MTT Data analysis and visualisation
A wide variety of de-novo treatment options for gliomas have been developed and tested
within clinical settings without producing any positive results. These include; newly

synthesised drugs, radiation therapy, immunotherapy, advanced surgical treatments and a

combination of these [320-326]. Since no effective treatment has been found following the
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large investment in developing new treatments, repurposing of already FDA approved drugs
is gaining a new interest (Chapter one, 1.4 Drugs that may be suitable for repurposing to

treat Glioblastoma).

For this study IRN, PTV, DSF, CoGlu, CAP, CXB, TCL and ITZ have been chosen because
they have proven to be pharmacologically well characterized, have a low likelihood of either
inducing local toxicity or adding to patient side effect burden and have evidence for
interfering with a recognized, well-characterized growth promoting element of glioma
(Chapter one, 1.4 Drugs that may be suitable for repurposing to treat Glioblastoma, Table

1.2).

10 TC and 4 BAT glioma samples were used to perform the MTT assay cytotoxic screen of the
repurposed drugs. The results reveal that when tested at <100 uM dose on average PTV was
more effective than any other single drug, including TMZ, with LogICs, values of < 3.5 nM
across a large proportion of the tested samples. (Table 2.5). IRN and CXB monotherapies
were also effective against a large proportion of the patient samples but at higher Log 4-5 nM
doses (Table 2.5). For the remaining drugs, DSF, CoGlu and ITZ demonstrated some level of
efficacy but only for a small proportion of the TC and BAT samples and usually at higher Log

4-5nM doses (Table 2.5). Finally, CAP and TCL were ineffective across all samples (Table

2.5).
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Table 2.5: Colour coded MTT assay logICs, data chart of patients 1-12 derived TC and BAT cells treated with TMZ, IRN, PTV, DSF, CoGlu,
CAP, CXB, TCL and ITZ.

TC

Drug LoglCso
Patient Effectiveness  (nM)

High

Medium

Low

Ineffective

Patient
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Although the current chemotherapeutic treatment TMZ ineffectiveness at <100 uM doses
may seem surprising, within the literature TMZ ICs, values are often reported within the
range of 200-900 uM for a 24-72 hour cytotoxicity assay [310-313]. Hence supporting our

results that below 100 uM concentration TMZ is ineffective.

Compared to other studies assessing drug cytotoxicity against glioma cell lines, our LogICs,
values are slightly higher (Table 2.6) [142, 173-175, 253, 262, 327, 328]. Since we are using
cells directly derived from patients this is expected because primary cells are known to be

more heterogenous and more resistant against treatment [147, 148, 161, 280-283].

Table 2.6: IC;, and LogIC, cytotoxicity data of ITZ, PTV, IRN, DSF, CAP, CoGlu+DSF and
CXB, tested against glioma cell lines. [142, 173-175, 253, 262, 327, 328]

Drug IC50 (nM) LogICs0 (nM)

ITZ 390 2.59

PTV 5760 3.76

IRN 8025 3.90

DSF >10,000 >4

CAP 50,000-25,000 4.70-4.40
DSF+ 1 uM CoGlu 119-460 2.08-2.67

CXB 1250-4490 3.10-3.65

A study undertaken by Sottoriva et.al revealed that genetic variation between different
tumour fragments taken a short distance apart is a result of intra-tumour heterogeneity
[146]. In this study, the difference in tissue response due to intra-tumour heterogeneity was
evaluated. Two separate tumour fragments, TC and BAT, were tested for their response to
treatment. For effective and partially effective drugs IRN, PTV, DSF, CXB and ITZ, a
statistical student t-test was performed. Results show that there is a statistically significant
variation in cytotoxic response between TC and BAT samples for IRN, PTV and ITZ (P=
0.001, 0.003 and 0.03, respectively), with all three treatments demonstrating lower

effectiveness against the BAT sample (Figure 2.54).

Hence, intra-tumour heterogeneity can result in a significant variation in response to

treatment. This is of clinical importance because TC samples are completely removed during
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resection surgery and any residual tumour left behind is that of the BAT sample. Therefore,
performing cytotoxicity drug screening against the BAT could be more clinically relevant as

our data reveals significant variation in response between the different tumour fragments.
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Figure 2.54 Average LoglICs, data for 10 TC and 4 BAT samples tested against mono-
therapeutic drug treatments. To plot data for ineffective drug treatments predicted
Graphpad Prism LogICs, values were used. + SD is indicated as error bars. Significance
between groups is denoted by * P < 0.05, ** P < 0.01, *** P < 0.001, if no line is drawn P >
0.05.

2.5.6 IncuCyte data analysis and visualisation
MTT assays are commonly used on glioma primary cells to assess the cytotoxicity of

anticancer drugs. However previous reports have been contradicting in regard to the
accuracy of results [329]. Within this study the IncuCyte cell imaging proliferation assay was
used to confirm the reliability and accuracy of the MTT cytotoxicity data. The IncuCyte assay
has the ability to acquire real-time phase contrast images and cell confluence metric over the
length of the incubation period [287, 330]. This is useful because along with cell
proliferation measurements, it can provide additional information on any change in cellular

growth curve and morphology, without the need to interfere with the experiment.

Using both MTT and IncuCyte assays, patient 4 TC and BAT samples were assessed for their

response to TMZ, IRN, PTV, DSF, CoGlu, CAP, CXB, ITZ and TCL. The data demonstrates
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that although there appears to be some variation between MTT and IncuCyte cytotoxicity
data, specifically for TC: DSF and CoGlu and BAT: IRN and PTV, for the vast majority of
tested samples, the LogICs, data were comparable and equivalent drug response values were
obtained across the two assays (Figure 2.55). The low variation between the MTT and

IncuCyte data validate the accuracy of our drug cytotoxicity data.
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Figure 2.55: MTT vs IncuCyte LogICs, cell viability data for patient 4 tumour fragments a)
Tumour Core b) Brain around tumour.

As well as the LogICs, data for each drug, low (0.1 uM), medium (1 uM) and high (100 uM)
dose evaluation were performed. Cellular confluence measurements and live images were
taken at 24, 48 and 72 hours post treatment; cellular growth curves were used to determine
proliferation rate and cellular images were used to track changes in cell confluence and

morphology.
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With the exception for PTV all the drugs evaluated demonstrated a dose dependant
inhibition pattern against both patient 4 TC and BAT samples. Furthermore, with IRN, PTV,
DSF and CoGlu, an increase in dose and incubation period induced an alternation in cellular
morphology, with cells appearing smaller in size and possessing a spherical shaped
morphology compared to the larger, more elongated shape normally observed with glioma

cells [382, 383].

For the PTV treated BAT sample the drug dose versus response data did not fit the ‘normal’
trend, as an increase in PTV dose did not correlate with a decrease in cell confluence. One
hypothesis for this trend is the initiation of dormant cells (also sometimes referred to as stem
cells); where cells cease to divide but survive in an inactive state while waiting for the
appropriate environmental conditions to begin proliferation again. This cell survival
mechanism is known to facilitate tumour survival and progression for gliomas [331].

2.6 Conclusion

To ensure our data is reliable and would represent clinical performance as accurately as
possible both cellular culture media and cytotoxicity screen test conditions were initially
refined, to generate more reliable data that would represent clinical performance as
accurately as possible, without compromising on efficiency in relation to cost, time and
resources. Once our test conditions were chosen, we performed drug cytotoxicity screen of 8
repurposed drugs: IRN, PTV, DSF, CoGlu, CAP, CXB, TCL and ITZ, and compared those to
the current standard chemotherapeutic treatment, TMZ. The cytotoxicity data generated
from 12 patient derived tumour samples revealed that at <100 uM dose IRN, PTV and CXB

drug treatments were more effective than TMZ, with PTV being the most potent.

Drug response variation between different tumour fragments were also assessed by
performing our drug cytotoxicity screen against both TC and BAT samples. The data
demonstrated that significant variation in drug response were found for IRN, PTV and ITZ

treatments providing evidence for the existence of intra-tumour heterogeneity.
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Moreover, to confirm the reliability and accuracy of our cytotoxicity data, patient 4 LogICs,
results were compared across two separate cytotoxicity assays (MTT and IncuCyte). Between
the two assays similar drug effectiveness values were obtained demonstrating our data to be
reliable and represents an accurate measure of drug efficacy against gliomas.
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3. CHAPTER THREE: TISSUE CULTURE COMBINATION
DRUG TREATMENT

3.1 Abstract
Background: GBM consist of a diverse collection of genetically heterogeneous clones, with

resistance to therapy developing overtime as a result of the more aggressive and less
responsive clones being left behind after each treatment cycle. This genetic diversity explains
current therapeutic treatments failures and the need for targeting multi genetic cancer
pathways simultaneously to kill the different collection of genetic clones.

Method: To address this, four combination drug treatments were chosen to target multiple
growth promoting pathways found within a single tumour and/or form synergistic drug
activity: i) IRN-PTV-DSF-CoGlu ii) IRN-CAP-CXB-ITZ iii) IRN-CAP-DSF iv) IRN-PTV-CAP-
TCL. We used two distinct patient derived tumour fragments (TC and BAT) to generate
heterogeneous cell culture. We then tested the efficacy of each combination therapy against
culture derived from patients with different MGMT promoter methylation status,
phenotypic/ genotypic background and tumour grade. Furthermore, to ensure accuracy of
our drug cytotoxicity data, the cell viability results were compared across two distinct
cytotoxicity assays (MTT and IncuCyte).

Results: The results demonstrate that multidrug treatment approach was more efficacious
than treatment with a single drug, with data validated across different assays. Furthermore,
those treatments were also effective across different tumour fragments despite their varying
phenotypic characteristics.

Conclusion: Repurposed multi-drug treatments are effective against more glioma patients
and at lower dose than single drug. This data was confirmed across separate tumour

fragments and cytotoxicity assays, ensuring the accuracy of our drug cytotoxicity data.

3.2 Introduction
Within a single tumour fragment glioma consist of a diverse collection of genetically

heterogeneous cellular clones [146, 148, 281, 332-334]. Resistance to treatment naturally
develops due to the aggressive and less responsive cancer cells being left behind following

each treatment cycle, clinically this is presented as therapeutic treatments failure and
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reoccurrence. Since TMZ FDA approval many other single drug treatments have been trialled
with no improvement to therapeutic outcome. We thus sought to create a new low dose
multidrug treatments that better target the key clinical challenges arising from intratumoral
heterogeneity of glioma tumours. Combination drug treatment can enhance efficacy through
targeting multiple genetic cancer pathways and eradicating increased number of the cancer
cell population, this outcome has been supported by clinical trial data which compare
prognosis of patients treated with either single or combination treatment [66, 213, 214, 234,
235, 335-337]. Here we have investigated a list of promising repurposed drugs that have
previously been proven to exhibit activity against glioma, are pharmacologically well
characterized and hold low likelihood of adding to a patient’s side effect burden (Chapter
one, 1.4 Drugs that may be suitable for repurposing to treat Glioblastoma). Each drug used in
this study classifies into one of the following drug categories that have previously been

proposed for use together in combination treatment [66, 213, 214, 234, 235, 335-3371:
Group 1 - Statins

Statins (e.g. PTV) have been proposed as a potential treatment for cancer initially because
they have been linked to a lower mortality rate (but not diagnosis) for various cancers [338-
342]. For glioma, data has been contradictory, both significant and non-significant
associations between statin use and rate of diagnosis as well as survival of glioma patients
are reported [343-346]. This could be because of disease location and the requirement to
surpass the BBB which is difficult to achieve for many drug molecules. It is thought however
that statins could impact glioma via targeting cell signalling pathways and cell permeability
poly-glycoprotein pump preventing cell proliferation and active transport of cytotoxic
substances, such as IRN, out of the cell [228, 229, 347]. Hence forming a synergistic activity

when combined.
Group 2 - Non-Steroidal Anti-Inflammatory Drugs

A high rate of neo-angiogenesis is associated with glioma tumour, providing fast growing

tumour cells with a continuous supply of nutrients and toxic waste removal [348]. Anti-
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angiogenesis substances, such as CXB have been associated with antineoplastic properties
[348-351]. Metronomic therapy of CXB in combination with TMZ have previously been
proposed for the treatment of gliomas but no influence on patient survival was found when
compared to the current standard [348, 352]. Other than metronomic treatment, no patient
survival data after treatment with non-steroidal anti-inflammatory drugs (NSAID) was
found. However a recent meta-analysis found a decreasing risk of glioma with increasing
NSAID’s use, when considering both dosage and length of treatment [353]. Hence the
angiogenesis properties of NSAIDs may enhance therapeutic activity when used in

combination with other drug treatments.
Group 3- Other antiangiogenic agents

Other angiogenesis and vascularization inhibitors such as Bevacizumab and CAP may slow
glioma progression [354]. When combined with other growth and invasion inhibitory agents

enhanced potency could be achieved [185].
Group 4 - Oxidative Stress inducing agents

Increasing the reactive oxygen species within cells has been proven to potentiate apoptosis in
cancer cells [355, 356]. This mechanism of action is already utilized within radiation and
chemotherapy [355]. For cancer cells to reach oxidative stress levels required to induce
cancer cell death, a combination of oxidative agents may be needed. DSF, in addition to its
other anticancer mechanisms (Chapter one,1.4 Drugs that may be suitable for repurposing to
treat Glioblastoma), has been proven to increase glioma cellular oxidative stress due to its
derivative diamide structure [354]. When combined with copper, synergistic oxidative

activity and enhanced potency against glioma is predicted [178, 233].

Within this chapter each of the above four drug groups were utilised to develop low dose
multidrug treatments that are effective against glioma cells. The multidrug treatments ability
to kill glioma cells were compared against both their single drug counterparts and the

current standard of care TMZ.
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This chapter is a progression from the preliminary work in chapter two, where nine mono-
therapeutic drug treatments were evaluated against ten primary glioma cells. Here the same
ten primary glioma cells were utilized to assess four combinational drug treatments: i) IRN-
PTV-DSF-CoGlu ii) IRN-CAP-CXB-ITZ iii) IRN-CAP-DSF iv) IRN-PTV-CAP-TCL. The
chapter presents a full discussion of patient samples clinical demographics, cytotoxicity data,
response variation due to intra-tumour heterogeneity and disease re-occurrence following an

extended treatment period.
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3.3 Materials and methods
All materials and patient samples used were the same as chapter two. Therefore list of

materials, sample collection, histological evaluation and cell culture methods are all identical

to those listed within chapter two, 2.3 Materials and methods.

3.1 Drug solution
Drug solutions were made according to their solubility (Chapter two, 2.3.6 Drug solution,

Table 2.2). TMZ, IRN, CoGlu and CAP were dissolved in sterile distilled water to make a 1
mM stock solution. PTV, DSF, CXB, TCL and ITZ were dissolved in DMSO, to make a 100
mM solution, except for ITZ a 50 mM solution was made. Then to reduce or eliminate DMSO
toxicity to cells, these solutions were further diluted in culture medium to make a 1 mM

single drug solutions.

Each 1 mM single drug solution was then diluted further in culture medium and combined to

produce a 100,000 nM stock solution as per method shown in Figure 3.1.

Combination of 3 Drugs Combination of 4 Drugs

Drug1 Drug2 Drug3 Drug 1l Drug2 Drug3 Drugéd

1 mM 1TmM
1/2.3 1/1.5
Dilution Dilution
using culture using culture
media 300,000nM 400,000nM media
Combine the three Combine the four drug
drug solutions at l l solutions at equal
equal volume volume
100,000nM 100,000nM

Figure 3.1: Protocol for making 3 and 4 drug combination assay solutions.
Stock solution of each drug combination were then serially diluted in culture media to make
the following working concentrations: 100,000, 10,000, 1000, 500, 250, 125, 62.5, 31.25,

15.6 and 7.8 nM. Working solutions were then stored at 5 °C for up to 2 weeks.
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3.2 MTT cell metabolism and Incucyte cell proliferation assay
All MTT and IncuCyte assays were performed on TC and BAT tissue cultured samples below

passage 10 and 20 respectively, to maintain as much as possible original phenotypic

population [299, 300].

Cells were seeded in 96 well plates at 4000 cells/well for MTT assay and 5000 cells/well for
IncuCyte assay. For both assays control wells consisting of untreated cells were included,
while for the MTT assay blank wells consisting of media only were also included. To allow for
cellular attachment; plates were incubated for 24h at 37 °C, 5 % CO.. Following incubation,
medium was aspirated and 200 pL of treatment solution was added. For control and blank
wells, 200 pL of culture medium was added, while for the test wells each combination drugs
concentration was added in triplicate. Due to the extended incubation period, 250 pL of
sterile distilled water was added to perimeter wells to reduce evaporation of medium from

test and control wells.
MTT assay:

Plates were incubated for 3, 6, 8, 10 or 14 days. Following incubation period, 20 pL of MTT
solution (5 mg/mL in sterile PBS) was added and plates were further incubated for 3 hours.
Medium was then aspirated and replaced with 100 pL of DMSO to dissolve the formazan
crystals formed. After 15 minutes, at room temperature a reading was performed using
FLUOstar Omega microplate reader (BMG Labtech, Durham, NC, USA) at 490 nM
wavelength. Percentage viability of each test well was then calculated, and cytotoxicity graph

was plotted.
IncuCyte life cell imaging assay:

The 96 well test plate was transferred into IncuCyte Zoom (Essen BioScience, Ann Arbor,
Michigan, USA). Cells were then imaged at 3 hours intervals for up to 20 days. Obtained
images were then analysed using IncuCyte zoom software (Essen BioScience, Ann Arbor,

Michigan, USA); each image was masked, and the cell confluence data was used to calculate
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the cell viability score (Chapter two, 2.3.7 MTT cell metabolism and IncuCyte cell
proliferation imaging assays, equation 2-1: percentage cell viability).

3.3 Statistical analysis

To determine the LogICs, and coefficient of determination (R2) values, Log inhibitor vs
response analysis nonlinear regression (curve-fit) model with an upper limit set at Log 6 nM
was performed by GraphPad Prism version 8.00 for Windows, GraphPad Software, La Jolla

California USA, www.graphpad.com.

Statistical significance for the LogICs, data between the TC and BAT samples was assessed

via unpaired student’s t test method.

To compare equivalent sample population, a 0.05 statistical paired t-test method was used.
Specifically, this was used to compare the LogIC50 values of single drug vs combination
treatments (e.g PTV vs IRN-PTV-CAP-TCL). The measurements for the two different
treatments were applied to the same patients’ sample group. Tests were also done

simultaneously (i.e same time point) and under identical test conditions.

3-109


http://www.graphpad.com/

3.4 Results

3.4.1 clinical demographics
Because this chapter is a progression from chapter two preliminary work, the same patient

derived cell-lines were used. The demographic characteristics of the glioma patient
population are summarised in chapter two, 2.4.1 Clinical demographics, Table 2.3: patients
2-4, 6-12. The cohort consisted of 7 males and 3 females with a median age at resection

surgery of 56 years. Eight of our glioma samples were grade IV and two were grade III.

The genetic screening of aberrant protein expression status for IDH1, MGMT, ATRX and P53
were also performed (chapter two, 2.4.1, Table 2.3). Grade IV patient samples consisted
mainly of wildtype IDH1 and ATRX genes, whereas grade III samples were mainly mutant.
Patient samples with mutant IDH1 and ATRX genes are often associated with a slower
growing tumour, in clinical setting, this corresponds to a better response to treatment [5,
132, 301-303]. For MGMT genetic expression, samples consisted of 6 unmethylated and 4
methylated. Alkylating drugs such as TMZ are known to respond better against glioma

tumour with methylated MGMT.
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3.4.2 Cell metabolism assay (MTT)
To investigate whether a low dose combination drug treatment would be more effective than

a single therapy against glioma, nine patient derived primary cells were used to perform a 3-
day MTT assay. A total of four drug combinations were investigated: i) IRN-PTV-DSF-CoGlu
ii) IRN-CAP-CXB-ITZ iii) IRN-CAP-DSF iv) IRN-PTV-CAP-TCL. For simplicity and clinical
relevance, patient samples were grouped into their distinct tumour grade (IV, III). The
cytotoxicity data was presented for each drug combination individually and the patients
collectively. For each drug combination a cytotoxicity graph was plotted and LogICs, values
calculated. Drug effectiveness was ranked into four distinctive categories; high (LogICs,= 0-3
nM), medium (LogICso= 3-4 nM), low (LogICso= 4-5 nM) and ineffective if no LogIC, value
was achieved, these four categories were chosen arbitrary to reduce ambiguity during data
discussion and simplify comparison between different dataset. When relevant data was
compared against individual patient’s aberrant protein expression status and single drug
cytotoxicity data from chapter two. An overview of the results from the nine patient samples
was carried out within the discussion 3.5.3 MTT data analysis and visualisation section.
Furthermore, a full LogIC;, data summary is presented in thesis appendix B.

Patients’ drug response- tumour core (TC)

Within this section a full discussion of each drug combination effectiveness against the TC

was constructed.
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Relative Cell Viability (%)

Relative Cell Viability (%)

Grade IV (glioblastoma)

IRN-PTV-DSF-CoGlu
The cytotoxicity profile of IRN-PTV-DSF-CoGlu drug combination reveal that it is highly

effective. All samples reached a low, <10 % relative cell viability values at Log 4 nM (Figure
3.2). In addition, low and highly predictable LogICs, values (LogICs, < 3 nM and R2 > 0.5)
were obtained for all of the tested samples. Compared to the single drug treatments

cytotoxicity curves, this therapy was proven to be more potent.

150- LogICso ICso R= Drug
(nM) (nM) Effectiveness
& Patient 3 2.73 535 0.75 High
1004 i .
{ + 4 Patient 4 2.80 636 0.86 High
504 1 A Patient 7 2.67 465 0.51 High
|
0 T . 4
0 2 4
Log Concentration (nM)
1504 LogICso 1Cs0 R2 Drug
(nM) (nM) Effectiveness
* Patient 8 2.46 285 0.76 High
& Patient 9 2.77 583 0.90 High
4 Patient 10 2.32 207 0.71 High
Patient 11 2.49 305 0.72 High

Log Concentration (nM)

Figure 3.2: LogICs, cytotoxicity curves and data table of IRN-PTV-DSF-CoGlu drug
combination tested against primary cells. Seven number assigned grade IV TC samples were
evaluated using MTT assay. + SEM is indicated as error bars.
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Relative Cell Viability (%)

Relative Cell Viability (%)

IRN-CAP-CXB-ITZ
All Grade IV samples responded to IRN-CAP-CXB-ITZ combination drug treatment (Figure

3.3). Drug effectiveness ranged between low to medium; patients 3, 4, 7, 8 and 9 were low
with LogICs, values ranging between 4.15 and 4.59 nM, while patients 10 and 11 were
medium with LogICs, values of 3.62 and 3.86 nM, respectively (Figure 3.3). In addition, the
LogIC5, curves were all consistent in shape and achieved high correlation of determination
values (R2 > 0.5) enabling the dose vs response relationship pattern of treatment to be

predicted.

Compared to the single drug treatments, the cytotoxicity curves highly resembled IRN and
CXB (Chapter two, 2.4.3 Cell metabolism assay (MTT)), this could indicate that response
against treatment is achieved mainly from the individual drugs targeting different genetic

cancer pathways rather than a synergistic activity of the drug combination.

1504 LogICso 1Cs0 R2 DI.'ug
(nM) (nM) Effectiveness
o ® Patient 3 4.34 21979  0.90 Low
1004
l M I i I + Patient 4 4.59 38637 0.76 Low
| |
504 Patient 7 4.23 17061 0.85 Low
0 T T
0 2 4
150+ LogICso I1Cs0 R= DI.'ug
(nM) (nM) Effectiveness
# Patient 8 4.40 24889 0.96 Low
1004
& Patient 9 4.15 14125 0.91 Low
5o 4 Patient 10 3.62 4207 0.50 Medium
Patient 11 3.86 7295 0.86 Medium
0

Log Concentration (nM)

Figure 3.3: LogICs, cytotoxicity curves and data table of IRN-CAP-CXB-ITZ drug
combination tested against primary cells. Seven number assigned grade IV TC samples were
evaluated using MTT assay. + SEM is indicated as error bars.
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Relative Cell Viability (%)

Relative Cell Viability (%)

IRN-CAP-DSF

This drug combination was potent against all tested grade IV samples (Figure 3.4). Patients 3

and 11 achieved medium drug effectiveness with LogICs, values of 3.90 and 3.51 nM,

respectively, whilst patients 4, 7, 8, 9 and 10 were low with a LogICs, value range between

4.01 and 4.34 nM (Figure 3.4). When compared to other combination drug treatment, this

therapy achieved the lowest variation in LogIC5, data and the highest correlation of

determination values across all samples, R2 > 0.75. Hence although this combination was not

highly effective, a consistency in response to treatment was achieved across different

patients.
LOgICso IC50 R2 Drug
150- (nM) (nM) Effectiveness
& Patient 3 3.90 7925 0.94 Medium
+ Patient 4 4.30 20137 0.76 Low
Patient 7 4.34 21727 0.85 Low
150- LogICso ICso R= Drug
(nM) (nM) Effectiveness
# Patient 8 4.13 13335 0.97 Low
& Patient 9 4.01 10162 0.92 Low
4 Patient 10 4.22 16672 0.75 Low
Patient 11 3.51 3258 0.85 Medium

Log Concentration (nM)

Figure 3.4: LogIC;, cytotoxicity curves and data table of IRN-CAP-DSF drug combination
tested against primary cells. Seven number assigned grade IV TC samples were evaluated

using MTT assay. + SEM is indicated as error bars.

3-114



Relative Cell Viability (%)

Relative Cell Viability (%)

IRN-PTV-CAP-TCL
Drug effectiveness for this combination ranged between low to high. Patients 3, 4 and 8 were

low with a LogICs, value range between 4.42 and 4.93 nM, whilst patient 11 was medium,
with a LogICs, value of 3.58 nM, and patients 7 and 10 were high with LogICs, values of 2.46
and 2.81 nM, respectively (Figure 3.5). Although this drug combination was effective against
all patient samples and on average achieved good LogICs, values, when compared to PTV
single drug treatment there was no variation in therapeutic response between the LogICs,
values of the two therapeutic drug groups (p= 0.331) (chapter two, 2.4.3 Cell metabolism
assay (MTT)). This suggests that PTV is the dominant drug in this combination with the
other drugs contributing very little. Particularly since when comparing this combination
treatment to single drug IRN, CAP and TCL, significant variation in therapeutic response

were found (p= 0.017, 2x107°, 2x10¢ for IRN, CAP and DSF, respectively).

150- LogICso ICso Rz Drug
T (nM) (nM) Effectiveness
] ® Patient 3 4.93 84918 0.80 Low
4 Patient 4 4.63 42954 0.60 Low
Patient 7 2.46 288 0.71 High
0 T T
0 2 4
Log Concentration (nM)
150 LogICso  ICso Rz Drug
(nM) (nM) Effectiveness
® Patient 8 4.56 36475 0.70 Low
100
& Patient 9 4.42 26242 0.87 Low
504 & Patient 10 2.81 652 0.45 High
Patient 11 3.58 3828 0.85 Medium
0 T T

Log Concentration (nM)
Figure 3.5: LogICs, cytotoxicity curves and data table of IRN-PTV-CAP-TCL drug
combination tested against primary cells. Seven number assigned grade IV TC samples were
evaluated using MTT assay. + SEM is indicated as error bars.
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Grade III

IRN-PTV-DSF-CoGlu
This drug combination achieved high drug effectiveness against patients 6 and 12 TC

samples with LogICs, values of 2.38 and 2.41 nM, respectively (Figure 3.6). The LogICs,
curves of both samples were sigmoidal in shape with good correlation, R2 > 0.5 confirming
that this drug combination is potent at low dose, < 700 nM. Although grade III samples
IDH1 and ATRX protein expression status (3.4.1 ) are known to be less aggressive than grade

IV tested samples, according to our data, response to treatment of both sample groups are

equivalent.
150+ LogICso  ICso R> Drug
g (nM) (nM) Effectiveness
2 ® Patient 6 2.38 242 0.87 High
=
-;—U 4 Patient 12 2.41 255 0.61 High
3
O
(0]
=
8
(0]
x

Log Concentration (nM)

Figure 3.6: LoglICs, cytotoxicity curves and data table of IRN-PTV-DSF-CoGlu drug
combination tested against primary cells. Two number assigned grade III TC samples were
evaluated using MTT assay. + SEM is indicated as error bars.
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IRN-CAP-CXB-ITZ
Similar to grade IV cytotoxicity data, IRN-CAP-CXB-ITZ drug combination was effective at

high dosage with LogICs, values of 4.14 and 4.49 nM for patient 6 and 12, respectively
(Figure 3.7). High correlation of determination values were also achieved (R2> 0.75)
enabling to predict the dose vs response relationship more reliably. Moreover, when
compared to IRN and CXB single drug treatments, the LogICs, curves were comparable. At
Log 5 nM a large decrease in the cell viability scores were observed across both treatment
groups confirming that response against treatment could have been achieved from the
individual drugs targeting different genetic cancer pathways rather than an enhanced

synergic activity of the drug combination.

Therefore, the drug cytotoxicity data was found to be highly consistent between the different

tumour grades, III and IV, and this drug combination was confirmed to be highly effective at

Log 5 nM.
1504 LogICso ICso Rz Dl.'ug
S5 (nM) (nM) Effectiveness
2 E & Patient 6 4.14 13709 0.91 Low
S 1004
">E + Patient 12 4.49 30549 0.78 Low
g i i
2 ™
3
(O]
o

0 . T ' T

0 2 4

Log Concentration (nM)
Figure 3.7: LogICs, cytotoxicity curves and data table of IRN-CAP-CXB-ITZ drug
combination tested against primary cells. Two number assigned grade III TC samples were
evaluated using MTT assay. + SEM is indicated as error bars.
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Relative Cell Viability (%)

IRN-CAP-DSF
Both grade III patient samples, 6 and 12, responded at medium drug concentration with

LogIC, values of 3.55 and 3.81 nM, respectively (Figure 3.8). When compared to the grade
IV tested samples, drug cytotoxicity data were consistent. Both sample groups demonstrated
that IRN-CAP-DSF drug combination was effective at medium dose, this was supported by a

high correlation of determination values for the LogICs, curves, R2 > 0.75.

LOgIC50 IC50 R2 Drug
1507 (nM) (nM) Effectiveness
& Patient 6 3.55 3565 0.84 Medium
100 TT 4 Patient 12 3.81 6516 0.77 Medium

o] 17"

0 T T T T
0 2 4
Log Concentration (nM)

Figure 3.8: LoglICs, cytotoxicity curves and data table of IRN-CAP-DSF drug combination
tested against primary cells. Two number assigned grade III TC samples were evaluated
using MTT assay. + SEM is indicated as error bars.
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IRN-PTV-CAP-TCL
Patient 6 and 12 achieved LogIC;, values of 4.60 and 4.63 nM, respectively (Figure 3.9). This

cytotoxicity data was consistent to that of the grade IV tested samples, even though their
tumour grade (IIT) IDH1 and ATRX protein expression status were of a less aggressive

tumour (2.4.1 Clinical demographics, Table 2.3).

0- LOgIC50 IC50 Rz Drug
15 (nM) (nM) Effectiveness
& Patient 6 4.60 39537 0.80 Low
1004 .
4 Patient 12 4.63 42855 0.65 Low
50 ]
0 T T B T
0 2 4

Log Concentration (nM)

Figure 3.9: LogIC;, cytotoxicity curves and data table of IRN-PTV-CAP-TCL drug
combination tested against primary cells. Two number assigned grade III TC samples were
evaluated using MTT assay. + SEM is indicated as error bars.

Patients’ drug response- brain around tumour (BAT)
Following a craniotomy, the TC is often completely removed but the BAT is left behind. This

residual tumour is subsequently targeted via chemotherapy and radiation; however, it
eventually forms resistance resulting in recurrence of a chemo resistant tumour. To
investigate whether a low dose combination drug treatment would be more effective against
residual tumour than a single drug treatment, four patients derived BAT cells were used to
perform a 3-day MTT assay. Within this section a full discussion of each drug combination
effectiveness against the BAT was carried out. When relevant, the data was compared against
the individual patient’s aberrant protein expression status and single drug cytotoxicity data

from chapter two.

Due to the difficulty in culturing grade III BAT samples up to a sufficient cell number for use

in an MTT assay, only grade IV samples were used.
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Grade IV (glioblastoma)
IRN-PTV-DSF-CoGlu

All grade IV patient BAT samples responded to IRN-PTV-DSF-CoGlu combination drug

treatment. Drug effectiveness ranged between low to high; patient 1 and 9 achieved low and

medium therapeutic response with LogICs, values of 4 and 3.64 nM, respectively, while

patients 4 and 8 were high with LogICs, values of 2.63 and 2.25 nM, respectively (Figure

3.10).

When compared to the same patients TC samples (patients 4, 8 and 9) there was no

significant variation in response to treatment (P=0.74). In addition, the cell viability data

and LogICs, curves were comparable between the two tumour fragments. Thus, the overall

drug cytotoxicity data demonstrates that variation in the response between the different

tumour fragments was small.

2001 LoglCso  ICso Rz Drug
(nM) (nM) Effectiveness

1504 ii_\ E * Patient 2 4.00 10000 0.61 Low

5 i & Patient 4 2.63 425 0.68 High
100

. A + Patient 8 2.25 179 0.65 High

[]
507 " Patient 9 3.64 4365 0.42 Medium
0
0 2 4

Log Concentration (nM)

Figure 3.10: LogIC;, cytotoxicity curves and data table of IRN-PTV-DSF-CoGlu drug
combination tested against primary cells. Four number assigned grade IV BAT samples were

evaluated using MTT assay. + SEM is indicated as error bars.
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IRN-CAP-CXB-ITZ

Two out of the four patient tested samples responded against IRN-CAP-CXB-ITZ

combination drug treatment; patients 8 and 9 with LogICs, values of 4.30 and 3.76 nM,

respectively (Figure 3.11). Comparing this data to the corresponding TC fragments (for

patients 4, 8 and 9) reveal that there was statistically no significant variation between the

cytotoxic response of the two groups, P= 0.32. In addition, at Log 5 nM there was a large

decrease in the cell viability scores, particularly for patients 8 and 9, which typically

resembled IRN and CXB single drug treatment data, confirming that response against

treatment could be from the individual drugs targeting different genetic cancer pathways

rather than a synergistic activity of the drug combination.

200- LOgICso ICs0 Rz Drug
(nM) (nM) Effectiveness
. N/A - 0] Ineffective

150 * Patient 2

1 = Patient 4 N/A - 0 Ineffective
1004

T & Patient 8 4.30 19861  0.92 Low
> Patient 9 3.76 5794 0.93 Medium

0

Log Concentration (nM)

Figure 3.11: LogICs, cytotoxicity curves and data table of IRN-CAP-CXB-ITZ drug
combination tested against primary cells. Four number assigned grade IV BAT samples were
evaluated using MTT assay. + SEM is indicated as error.
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IRN-CAP-DSF

Three out of the four grade IV BAT tested samples responded against IRN-CAP-DSF

combination drug treatment; patients 4 and 8 with LogIC, values of 4.42 and 4.44 nM,

respectively, whilst patient 9 was effective at medium dose with LogICs, value of 3.33 nM

(Figure 3.12). When compared to the same patients TC samples (patients 4, 8 and 9) there

was statistically no significant variation in drug response (P=0.41).

2007 LogICso  ICso Rz Drug
(nM) (nM) Effectiveness
150- ® Patient 2 - - - Ineffective
T & Patient 4 4.42 26546 0.48 Low
. 1 4 Patient 8 4.44 27797 0.74 Low
>0 Patient 9 3.33 2153 0.83 Medium
0 . .

Log Concentration (nM)

Figure 3.12: LogIC;, cytotoxicity curves and data table of IRN-CAP-DSF drug combination
tested against primary cells. Four number assigned grade IV BAT samples were evaluated

using MTT assay. + SEM is indicated as error.
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IRN-PTV-CAP-TCL
Three out of the four patient tested samples responded against IRN-PTV-CAP-TCL

combination drug treatment; patient 4 achieved a LogICs, value of 4.74 nM while patients 8
and 9 demonstrated high effectiveness with LogICs, values of 2.55 and 2.58 nM, respectively
(Figure 3.13). Comparing this data to the corresponding TC fragments reveal that for
patients 4, 8 and 9 there was statistically no significant variation between the cytotoxic

response of the two groups (P= 0.10).

200- LogICso  ICso R> Drug
(nM) (nM) Effectiveness
150- * Patient 2 N/A - - Ineffective
T = Patient 4 4.74 54576 0.49 Low
1004}
I 4 Patient 8 2.55 353 0.85 High
50 . .
Patient 9 2.58 380 0.83 High
\A
0 . T . ' :
0 2 4

Log Concentration (nM)

Figure 3.13: LoglCs, cytotoxicity curves and data table of IRN-PTV-CAP-TCL drug
combination tested against primary cells. Four number assigned grade IV BAT samples were
evaluated using MTT assay. + SEM is indicated as error.

3.4.3 IncuCyte cell proliferation assay
Cell metabolism assays such as MTT rely on the cell metabolic activity as a measure of

cellular viability, thus indirectly assessing cytotoxicity. Within this study direct measurement
of the cellular viability via cell imaging assay was performed on patient 4 TC and BAT
samples, to ensure the accuracy of the drug cytotoxicity data and as a comparison between

end-point MTT and real-time IncuCyte assays.

Same as the experimental configuration of the MTT assay, a total of four drug combinations
were investigated: i) IRN-PTV-DSF-CoGlu ii) IRN-CAP-CXB-ITZ iii) IRN-CAP-DSF iv) IRN-
PTV-CAP-TCL. For each sample, a cytotoxicity graph was plotted and LogICs, values
calculated. Drug effectiveness was ranked into four distinctive categories; high (LogICs0o= 0-3
nM), medium (LogICso= 3-4 nM), low (LogICso= 4-5 nM) and ineffective if no LogICs, value
was achieved, these four categories were chosen arbitrary to reduce ambiguity during data

discussion and simplify comparison between different dataset.
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Additionally, for each therapy cellular confluence measurement and observation of cellular
morphological changes at 0.1 uM, 1 uM and 100 uM dose were performed, over a 3-day
treatment period for the TC and up to 20 days for the BAT. For the BAT data the contrast
phase images were less resolved, as a result cellular shape could not be determined, thus

data evaluation of cellular morphology change will not be discussed for this sample.
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Patient 4 TC

IRN-PTV-DSF-CoGlu, IRN-CAP-CXB-ITZ, IRN-CAP-DSF and IRN-PTV-CAP-TCL

combination drug treatments were all effective against patient 4 TC sample with LogICs,

values of 3.13, 4.59, 4.25 and 4.67 nM, respectively (Figure 3.14). Additionally, high R2 values

(> 0.84) were achieved across all combination drug treatments demonstrating that the cell

viability data is tightly clustered around the cytotoxicity curve, enabling to predict the

LogIC5, values more precisely (Figure 3.14). Compared to other single drug treatments and

the current standard therapy (TMZ) improved logICs, values were achieved (Chapter two,

2.4.3 Cell metabolism assay (MTT)).

LOgIC5o IC50 R2 Drug

g 1507 (nM) (nM) Effectiveness
E ° ° ° € TMZ N/A - 0 Ineffective
£ 100% ° O
g
o
o
o 50
=
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o

0 . T T T

0 2 4

Log Concentration (nM)

< 1507 LogICso ICso Rz Drug
3; (nM) (M) Effectiveness
% 100 ® |IRN-PTV-DSF-CoGlu 3.13 1343 0.98 Medium
8
z ® |RN-CAP-CXB-ITZ 459 38815 0.98 Low
[0
o
o 507 \:\\’\ * |RN-CAP-DSF 4.25 17701 0.89 Low
§ IRN-PTV-CAP-TCL 4.67 46666 0.97 Low

0 . . . r .

0 2 4

Log Concentration (nM)

Figure 3.14: IncuCyte 3-day cytotoxicity assay, LogICs, curves and data table of

combination drug treatments tested against patient 4 TC cells. £ SEM is indicated as error.
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To ensure the accuracy of the drug cytotoxicity data and as a comparison between end-point
MTT and real-time IncuCyte assays, the LogICs, values of both cytotoxicity assays were

compared and the therapeutic dose response data were shown to be comparable (Table 3.1).

Table 3.1: Combination drug treatment LogICs, values comparison between MTT and
IncuCyte assays for the TC samples.

Treatment LogICs5o (nM)
MTT IncuCyte
IRN-PTV-DSF-CoGlu 2.803 3.128
IRN-CAP-CXB-ITZ 4.587 4.589
IRN-CAP-DSF 4.304 4.248
IRN-PTV-CAP-TCL 4.633 4.669
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IRN-PTV-DSF-CoGlu
Both cellular confluence and morphological data confirmed a dose-response relationship for

this combination. Compared to the control, at low dose IRN-PTV-DSF-CoGlu drug

combination was proven to be ineffective with exponential tumour growth over time (Figure

3.15). At medium dose slow tumour growth was observed during the initial 24 hours of

treatment followed by a plateau (Figure 3.15). At high dose, cellular confluence declined, and

morphological changes were observed; cellular structure changed from highly elongated to a

small, ball shaped morphology (Figure 3.15). This data confirms the MTT cytotoxicity results

as most samples responded against treatment at medium dose.

Control- 0 uM Low- 0.1 pM Medium- 1 pM High- 100 uM
...-o'
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Figure 3.15: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with IRN-PTV-DSF-CoGlu drug combination. Drug concentration from left
to right: control, 0.1 uM low, 1 uM medium and 100 uM high.
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IRN-CAP-CXB-ITZ
Both low and medium dose treatments exhibited a similar cellular growth pattern as the

control; exponential tumour growth was observed with cells developing into elongated
shaped interconnected cell culture over time (Figure 3.16). At high dose, no growth was
observed, and cellular confluence remained constant with cells appearing to form a small
irregular shaped structure following a 72 hour treatment (Figure 3.16). This data confirms

our MTT cytotoxicity results as most of the patient samples responded against IRN-CAP-
CXB-ITZ treatment at high dose.

Control- 0 pM Low- 0.1 uM Medium- 1 uM High- 100 uMm

20 1 senvece’ 5
..ooo.-....'c.-o-.o.oooﬂ

0 12 24 36 48 60 72 0 12 24 36 48 60 72 0 12 24 36 48 60 72 0 12 24 36 48 60 72

Time (Hours)

Figure 3.16: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with IRN-CAP-CXB-ITZ drug combination. Drug concentration from left to
right: control, 0.1 uM low, 1 uM medium and 100 pM high.
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IRN-CAP-DSF

At low dose IRN-CAP-DSF drug combination demonstrated no efficacy with exponential

tumour growth over time, while at medium and high dose treatments, tumour growth ceased

and cellular confluence remained relatively constant over the 72 hour treatment period.

Cellular morphology was also effected with cells appearing smaller and less elongated

compared to control (Figure 3.17). Thus, this data validates our IRN-CAP-DSF drug

combination MTT cytotoxicity results as most patient tested samples responded against

treatment at medium or high dose.

Control- 0 uM Low- 0.1 pM Medium- 1 uM High- 100 pM
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Figure 3.17: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with IRN-DSF-CAP drug combination. Drug concentration from left to right:

control, 0.1 uM low, 1 ytM medium and 100 uM high.
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IRN-PTV-CAP-TCL
IRN-PTV-CAP-TCL drug combination cell confluence and morphology data were extremely

similar to the PTV single drug treatment (Chapter two, 2.4.3 Cell metabolism assay (MTT)).
At low dose, exponential tumour growth was observed with cells developing into a large
elongated network of cell culture (Figure 3.18). At medium dose, fast exponential tumour
growth was initially established followed by a plateau, cellular morphology remained as
elongated structure but with an enhanced spherical core (Figure 3.18). Similar but a more
strengthened response was observed at high dose; initially fast exponential tumour growth
was established followed by a decline, cellular morphology changed from highly elongated to

a small ball shaped structure (Figure 3.18).
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Figure 3.18: IncuCyte cell confluence and representative images data of patient 4 derived
TC cells treated with IRN-PTV-CAP-TCL drug combination. Drug concentration from left to
right: control, 0.1 uM low, 1 uM medium and 100 pM high.
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Patient 4 BAT
IRN-CAP-CXB-ITZ, IRN-CAP-DSF and IRN-PTV-CAP-TCL drug combinations were

effective with LogICs, values of 4.71, 4.64 and 4.44 nM, respectively (Figure 3.19), while
IRN-PTV-DSF-CoGlu was ineffective. Compared to other single drug treatments including
the current standard, TMZ improved cytotoxic response were observed (Chapter two, 2.4.3

Cell metabolism assay (MTT)).

150- LogICso ICso R2 Drug
. ® g e ® . (nM) (M) Effectiveness
] i ¢ * TMZ N/A - 0 Ineffective
1008
50
0 T T
0 2 4
Log Concentration (nM)
1501 LOgIC50 IC50 R2 Drug
(nM) (M) Effectiveness
® |IRN-PTV-DSF-CoGlu N/A - 0.84 Ineffective
® |RN-CAP-CXB-ITZ 471 50816 0.94 Low
4 |RN-CAP-DSF 4.64 43251 0.93 Low
IRN-PTV-CAP-TCL 4.44 27416 0.98 Low
C r 1 ’ T

Log Concentration (nM)

Figure 3.19: IncuCyte 3-day cytotoxicity assay, LogICs, curves and data table of
combination drug treatments tested against patient 4 BAT cells. + SEM is indicated as error.
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To ensure the accuracy of the drug cytotoxicity data and as a comparison between end-point
MTT and real-time IncuCyte assays, the LogICs, values of both cytotoxicity assays were
compared and comparable therapeutic response data were obtained for IRN-CAP-DSF and
IRN-PTV-CAP-TCL but variability in therapeutic response were demonstrated for IRN-PTV-

DSF-CoGlu and IRN-CAP-CXB-ITZ (Table 3.2).

Table 3.2: Combination drug treatment LogIC5, values comparison between MTT and
IncuCyte assays for the BAT samples.

Treatment LogICso (nM)
MTT IncuCyte
IRN-PTV-DSF-CoGlu 2.628 ineffective
IRN-CAP-CXB-ITZ ineffective 4.707
IRN-CAP-DSF 4.424 4.636
IRN-PTV-CAP-TCL 4.737 4.438

TMZ
During the initial 3-days of treatment TMZ was proven to be ineffective across all doses with

exponential tumour growth observed over time (Figure 3.20). Beyond this period, at low
dose cellular confluence peaked at 78 % during day 10, this then declined to 65 % by day 20
(Figure 3.20). At medium dose, cellular confluence reached the maximum that the
environment can sustain, 80 % by day 11, this then decreased to 55 % by day 20 (Figure
3.20). At high dose, growth oscillation was observed; initially exponential tumour growth
was demonstrated, this was then followed by a decline at day 8, but by day 13 fast
exponential tumour growth was re-initiated (Figure 3.20). Overall, the data demonstrate that
during the first week of treatment fast exponential tumour growth was observed across all
doses. By week two, tumour growth ceased but for the low and medium dose treatments this
was likely to have occurred because of environmental constrain rather than a drug response,
for the high dose treatment a drug response was demonstrated but by week three tumour re-

occurrence happened. Hence extended period TMZ treatment was proven to be ineffective.
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Figure 3.20: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with TMZ monotherapy. Drug concentration from left to right: control, 0.1
puM low, 1 uM medium and 100 pM high.




IRN-PTV-DSF-CoGlu
During the initial 3 days of assay, only medium and high dose treatments demonstrated a

response against tumour, as compared to control a slower cellular proliferation rate was
observed (Figure 3.21). This does confirm the MTT cytotoxicity assay data as most of the

tested BAT samples required medium dose for a response.

Following day 3, a response was achieved across all doses; at low dose, cellular confluence
reached a 53 % peak at day 9 and then decreased to 49% by day 20 (Figure 3.21). At medium
and high dose, cellular confluence peaked at 39 and 30 %, respectively during the first week
of treatment and then slowly declined to 21 and 29 %, respectively by day 20 (Figure 3.21).
When compared to the control treatment, IRN-PTV-DSF-CoGlu drug combination achieved

good efficacy even at low dose.

3-134



Control- 0 uM Low- 0.1 uM Medium- 1 pM High- 100 uM

Phase Object
Confluence (%)

9 12 15 18 0 3 6 9 12 15 18 0O 3 6 9 12 15 18 9 12 15 18
Time (Days)

w
>
©

=)
)]

E
-

Figur 3.21: ncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with IRN-PTV-DSF-CoGlu drug combination. Drug concentration from left
to right: control, 0.1 uM low, 1 yM medium and 100 uM high.




IRN-CAP-CXB-ITZ
This combinational treatment was only assessed for 9 days due to IncuCyte instrumental

issues that occurred during analysis. Within the initial 3 days of analysis; the low and
medium dose treatments were comparable to control as exponential tumour growth was
observed over the 72-hour treatment period, while at high dose, a reduction in tumour
confluence was detected (Figure 3.22). This confirms the MTT cytotoxicity data as most of
the tested BAT samples were effective at high drug concentration. Beyond day 3, a response
was obtained across all doses; at low and medium dose following accelerated growth cellular

confluence reached a plateau by day 7 and 5 respectively, while at high dose, cellular

confluence continued to decrease until reaching a plateau was reached at day 5 (Figure 3.22).

Therefore IRN-CAP-CXB-ITZ drug combination was proven to be effective against tumour

even at low dose.
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Figure 3.22: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with IRN-CAP-CXB-ITZ drug combination. Drug concentration from left to
right: control, 0.1 uM low, 1 pyM medium and 100 uM high.

IRN-CAP-DSF
At low dose IRN-CAP-DSF combination drug treatment produced no cytotoxic response with

exponential tumour growth over time and cellular confluence reaching 80 %, which was the
maximum confluence that the environment can sustain (Figure 3.23). At medium dose
initially a slow cellular proliferation was observed, but by day 14 growth ceased and cellular
confluence reached a plateau (Figure 3.23). At high dose, during the initial 24 hours of
treatment cellular confluence declined by 20% and then remained constant over the rest of
the treatment period (Figure 3.23). This validates our IRN-CAP-DSF drug combination
cytotoxicity MTT data as most of the patient tested BAT samples were potent at medium or

high dose.
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Figure 3.23: IncuCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with IRN-CAP-DSF drug combination. Drug concentration from left to
right: control, 0.1 uM low, 1 uM medium and 100 pM high.
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IRN-PTV-CAP-TCL
An equivalent therapeutic response was obtained for IRN-CAP-DSF and IRN-PTV-CAP-TCL

drug combinations. At low dose, IRN-PTV-CAP-TCL combination demonstrated no response
against tumour, with cellular confluence reaching 80% by day 20, which was the maximum
confluence that the environment can sustain (Figure 3.24). At medium dose, the cellular
confluence reached a 49 % peak by day 10 and then slowly declined to 31 % by day 20 (Figure
3.24). At high dose, cellular confluence declined to 9 % within the initial 3 days of treatment
and then remained relatively constant throughout the rest of the treatment period (Figure
3.24). This confirms the MTT cytotoxicity data as most of the tested BAT samples were

effective at medium dose.
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Fire3.2: nCyte cell confluence and representative images data of patient 4 derived
BAT cells treated with IRN-PTV-CAP-TCL drug combination. Drug concentration from left
to right: control, 0.1 uM low, 1 uM medium and 100 uM high.




2.4.4 Re-occurrence of residual BAT tumour
Following surgical and chemotherapeutic treatment, reoccurrence in the form of a local

continuous growth develops in almost all glioma patients. Thus, to investigate tumour
resistance against our combination drug treatments an extended cytotoxicity assay was
performed using two separate methods: MTT and IncuCyte. Using MTT assay, each of our
four drug combinations as well as the current standard treatment, TMZ were analysed for up
to two weeks against five patient BAT samples. Whereas for the IncuCyte assay, each therapy

was analysed for up to 20 days against the patient 4 BAT sample.

The MTT cytotoxicity results reveal that across the treatment period all four drug
combinations were more potent than TMZ. Initially all tested treatments demonstrated a
similar therapeutic response progression, whereas at day 6 a significant decrease in the
LogICs, values were obtained followed by a small increase on day 8 (Figure 3.25, a).
Following this, on days 10 and 14 TMZ LogICs, values continued to increase whereas the
IRN-PTV-DSF-CoGlu and IRN-DSF-CAP drug combinations continued to decrease. For the
remaining drug combinations: IRN-PTV-CAP-TCL potency remained relatively stable and
IRN-CAP-CXB-ITZ was slightly more potent on day 14. By day 14, lower LogIC;, values were
obtained across all combination drug treatments than the initial day 3 analysis. Thus,
confirming no tumour re-occurrence as no rapid increase in LogICs, values were detected

following 14 days of treatment (Figure 3.25, a).

Using IncuCyte, only one BAT sample was assessed but for a more prolonged period of 20
days, except for IRN-CAP-CXB-ITZ which was only assessed up to day 9. For TMZ, the data
demonstrates that it was ineffective even after 20 days of analysis (Figure 3.25, b). For the
combination drug treatments, no evidence of tumour relapse was obtained, IRN-PTV-DSF-
CoGlu and IRN-PTV-CAP-TCL drug combinations achieved lower LogICs, values during the
latter days of treatment, while a relatively stable drug response was obtained for IRN-CAP-

DSF and IRN-CAP-CXB-ITZ drug combinations (Figure 3.25, b).
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Figure 3.25: Tumour relapse assessment of current standard treatment, TMZ and four
combination drug treatment; i) IRN-PTV-DSF-CoGlu ii) IRN-CAP-CXB-ITZ iii) IRN-CAP-
DSF iv) IRN-PTV-CAP-TCL tested against residual tumour BAT cells via two distinct
cytotoxicity assay: a) MTT, average LogICs, data of patient 2, 4, 5, 8 and 9 + SEM is
indicated as error bars b) IncuCyte, LogICs, data of patient 4 only.

3.5 Discussion

3.5.1 Patient demographic vs cytotoxicity drug response
The demographic of the glioma patient population for the samples mainly consist of older

patients and high-grade (III and IV) tumours, which often correlate with more highly
resistance tumours (Chapter one, 1.1 Introduction, Figure 1). Cytotoxicity analysis using a
known ‘hard to treat’ sample population provides a more robust therapeutic screening

method for the combination drug treatments.
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3.5.2 Tumour protein expression vs tumour growth and drug response
Within our sample population wildtype IDH1 and ATRX protein expression status were

more prevalent with the higher grade IV tumours, whereas mutant status was more
prevalent for grade III. Hence any variation between tumour grade III and IV cytotoxicity
data can be due to variation in those specified genes, which are known to affect the OSR of
patients (Chapter two, 2.5.2 Patient abrupt protein expression vs tumour growth and drug

response).

Our data demonstrate that although some variation was observed, particularly for IRN-PTV-
DSF-CoGlu and IRN-PTV-CAP-TCL drug combinations, the overall trend of data was
consistent between the two tumour grades (Figure 3.26). To illustrate this, across both grade
IIT and IV patient samples IRN-PTV-DSF-CoGlu drug combination was proven to be the
most potent followed by IRN-CAP-DSF, IRN-CAP-CXB-ITZ and IRN-PTV-CAP-TCL (Figure
3.26). Additionally, there was no evidence of either grade having a superior response with
any particular treatment (Figure 3.26). Those results are comparable to the mono-
therapeutic cytotoxicity data obtained in chapter two, providing additional proof that
wildtype IDH1 and ATRX abrupt protein expressions as well as a lower tumour grade does

not result in a better response to treatment (Figure 3.26).

Although clinically lower tumour grade is associated with a more favourable prognosis [5,
132, 301-303], this could be because of a slower rate of tumour growth rather than enhanced
therapeutic activity against the tumour. Our evidence for this is that during the tissue culture
stage and with all samples grown under the same conditions, it took a significantly longer

incubation period for the grade III cells to achieve a cellular confluence above 70 %.
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Figure 3.26: MTT LogIC;, cytotoxicity data of, grade IV patients 3, 4, 7-11 and grade 111
patients 6 and 12, TC sample population. For ineffective drug treatments predicted
Graphpad Prism LogICs, values were used.

3.5.3 MTT data analysis and visualisation
Many combination drug regimens have previously been proposed to overcome the

heterogenic nature of glioma tumours, with many innovative combinations being tested in
preclinical and clinical trials [234, 357-360]. So far, this idea has been met with limited
success, often due to either high toxicity, inability of the drugs to cross the BBB or rapid
systemic drug degradation [29, 361-363]. A good example of this is DSF and CoGlu
combination, in a study undertaken by Senger DL et al, DSF-CoGlu combination was
screened against patient derived tumour cells, the results showed that the combination can
functionally impairs DNA repair pathways and enhances the effects of DNA alkylating agents
like TMZ [178] . Since this study, the treatment was tested in several clinical trials using
current systemic administration methods without producing any positive results (Chapter
one, 1.4.3 Disulfiram/Copper Gluconate, Table 1.3) [235, 364]. Due to DSF extreme
instability under physiological conditions, DSF is known to rapidly degrades and so orally

administered DSF does not reach the tumour tissue at therapeutic concentrations.
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Here, we assessed four carefully selected drug combinations for their use to enhance
therapeutic outcome via complementary mechanisms of action. If successful, this can reduce
the dose required to obtain a therapeutic response, consequently minimising toxic side
effects and tumour cells developing resistance. Developing those treatments for local
administration would further minimise dosage requirement by limiting the drug at the target

site and minimizing the exposure of total body to the drug [64, 362, 365].

9 TC and 4 BAT glioma samples were used to perform a cytotoxicity screen of the
combination drug treatments via MTT assay. On average IRN-PTV-DSF-CoGlu drug
combination was the most potent, with LogICs, values < 2.8 nM, across a large proportion of
the tested samples (Table 3.3, Figure 3.27). IRN-CAP-CXB-ITZ, IRN-CAP-DSF and IRN-
PTV-CAP-TCL drug combinations were also effective but at higher doses, achieving medium
or low potency values (Table 3.3). In comparison to our mono-therapeutic drug treatment
data from chapter two, at <100 uM dose the combination drug treatments achieved lower

LogICs, values and were effective across more patients’ samples.
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Table 3.3: Colour coded MTT assay logICs, data chart. Listing patients 3-4, 6-12 derived TC and BAT cells treated with IRN-PTV-DSF-CoGlu,

IRN-CAP-CXB-ITZ, IRN-CAP-DSF, IRN-PTV-CAP-TCL.

Drug loglICso
Effectiveness nM

Tumour Core

Patient Sample IRN-PTV-DSF-CoGlu IRN-CAP-CXB-ITZ IRN-CAP-DSF IRN-PTV-CAP-TCL

3

4 High

6 3.55

7 3
8 3.5
9 Medium 4
10

11 Low

12 Ineffective

BAT
Patient Sample TMZ IRN-PTV-DSF-CoGlu IRN-CAP-CXB-ITZ IRN-CAP-DSF IRN-PTV-CAP-TCL

O |00 |
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To assess the difference in therapeutic response due to intra-tumour heterogeneity, two
separate tumour fragments; the TC and BAT were tested against the combination drug
treatment (Figure 3.27). For all four combinations: IRN-PTV-DSF-CoGlu, IRN-CAP-CXB-
ITZ, IRN-CAP-DSF and IRN-PTV-CAP-TCL, a statistical student t-test was performed.
Results show that there was no statistically significant variation in cytotoxic response
between the TC and the BAT samples (p= 0.26, 0.29, 0.37, 0.91) (Figure 3.27). Therefore,
our multi drug therapies have the potential to overcome the issue of intra-tumour
heterogeneity, which is a major cause of treatment failure and recurrence in high grade brain
tumours [146, 314]. Previously within chapter two, IRN, PTV and ITZ mono-therapeutic
treatments were not capable of inducing equivalent cytotoxic response across different
tumour fragments (Chapter two, 2.5.3 MTT Data analysis and visualisation). Hence utilizing
our combination drug treatments in the clinic may yield higher efficacy by targeting a more

diverse population of the cancer cells.
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Figure 3.27: Average LoglIC;, data for 9 TC and 4 BAT samples tested against combination
drug treatments. To plot data for ineffective drug treatments predicted Graphpad Prism
LogICs, values were used. + SD is indicated as error bars

Log IC50 (nM)

3.5.4 IncuCyte data analysis and visualisation
To assess the reliability and accuracy of the drug combinations cytotoxicity data, we

compared end point MTT assay to the real-time IncuCyte assay. Using both assays, patient 4

TC and BAT samples were assessed for their response to IRN-PTV-DSF-CoGlu, IRN-CAP-
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CXB-ITZ, IRN-CAP-DSF and IRN-PTV-CAP-TCL drug combinations. The data
demonstrated that although there appears to be some variation between MTT and IncuCyte
cytotoxicity data, for the vast majority of tested samples, the drug LogICs, data were

equivalent.

As well as the LogIC, data for each drug combination, low (0.1 uM), medium (1 uM) and
high (100 uM) dose evaluation were performed. Cellular confluence measurements and
snapshot images were taken at 24, 48 and 72 hour post treatment; cellular growth curves
were used to determine proliferation rate and cellular images were used to track changes in
cell confluence and morphology. All four drug combinations demonstrated a dose dependant
inhibition pattern against both patient 4 TC and BAT samples. Compared to TMZ, improved
tumour growth inhibition was demonstrated by all four drug combinations. When the
combination drug treatments were evaluated at a dose of 100 uM the tumour growth ceased,
whereas with 100 uM TMZ tumour growth continued. Furthermore, with all combinations
an increase in dose and incubation period induced an alternation in cellular morphology,
with cells appearing smaller in size and possessing a spherical shape compared to the larger,

more elongated shape normally observed with glioma cells [366, 367].

3.5.5 Resistance against multidrug treatment
One of the main reasons for current treatment failure is tumour resistance which develops

during treatment [161, 315]. As an initial preclinical assessment of our combinational drug
treatments an extended cytotoxicity screen was performed using both MTT and IncuCyte

assays.

The MTT assay was performed on five glioma patient BAT samples, providing a good
estimation for the data variability across different patients. Following a 14 day analysis, there
was no evidence of tumour reoccurrence across all tested combination drug treatments with
the initial day 3 LogICs, values for IRN-PTV-DSF-CoGlu, IRN-CAP-CXB-ITZ, IRN-CAP-DSF
and IRN-PTV-CAP-TCL being 3.42, 5.05, 4.29 and 4.04 nM, respectively, while the final 14

day analysis LogIC, values were 2.51, 3.56, 3.29 and 3.45 nM, respectively. For the
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combination drug treatments on average the best LogICs, values were achieved on day 14,
except for IRN-PTV-CAP-TCL combination, which achieved a relatively stable cytotoxic
results between days 6 and 14. TMZ was also assessed and on average it achieved the best
cytotoxicity response on days 6 and 8, with LogICs, values of 4.79 and 4.93 nM respectively,
but it was proven to be ineffective across most patient samples. Additionally, on day 3 and 14
analysis, TMZ was ineffective across all patient samples with LogIC,, values above 5 nM.
Therefore, across a two weeks treatment period at <100 uM dose our drug combinations
were proven to be more potent than the current standard, TMZ. Additionally, no evidence for
tumour resistance was demonstrated for IRN-PTV-DSF-CoGlu, IRN-CAP-CXB-ITZ, IRN-

CAP-DSF and IRN-PTV-CAP-TCL combination drug treatments.

Using IncuCyte assay, only one patient BAT sample was assessed against TMZ and our drug
combinations. IRN-PTV-DSF-CoGlu, IRN-CAP-DSF and IRN-PTV-CAP-TCL were evaluated
for 20 days, while IRN-CAP-CXB-ITZ was assessed for 9 days. All four combination drug
treatments demonstrated either improved or stable therapeutic response during the assay.
TMZ was proven to be ineffective throughout the treatment period with LogICs, values above
5nM. Thus, for up to 20 days of treatment our drug combinations were proven to be more
potent than the current standard, TMZ. In addition, no evidence for tumour resistance
occurred for IRN-PTV-DSF-CoGlu, IRN-CAP-DSF and IRN-PTV-CAP-TCL combination

drug treatments following 20 days of analysis.

3.6 Conclusion
Within this chapter we performed a cytotoxicity screen for IRN-PTV-DSF-CoGlu, IRN-CAP-

CXB-ITZ, IRN-CAP-DSF and IRN-PTV-CAP-TCL combination drug treatments against 10
patient derived glioma samples. Our data demonstrate that compared to the single drug
treatments tested in chapter two, the combinational therapies were potent across more
patients and at lower dose. Furthermore, on average the IRN-PTV-DSF-CoGlu multi drug
treatment was the most potent with IC50 values below 630 nM, demonstrating that this
treatment is far more effective than the current standard treatment TMZ, as its IC50 value is

much higher, usually between 200-900 UM [301-304].
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Furthermore, unlike single drug treatments, our multi drug therapies were less influenced by
intratumour heterogeneity as no significant variation in the LogICs, values were obtained
between the TC and BAT samples. In addition, the extended cytotoxicity assay revealed no
signs of increased cellular proliferation following 20 days of treatment, suggesting that the
cells did not develop resistance to our combinational therapies. This is important as drug

resistance is a major cause of recurrence in brain tumours.

Finally, to ensure the reliability of our cytotoxic data, we compared the MTT assay results
with the IncuCyte results and equivalent drug cytotoxicity values were obtained for the vast
majority of samples. Therefore, our MTT cytotoxicity data is reliable and represents an

accurate measurement of drug efficacy against gliomas.
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4. CHAPTER FOUR: HPLC METHOD DEVELOPMENT AND
VALIDATION

4.1 Abstract
Two reversed-phase high-performance liquid chromatography (RP-HPLC) methods for the

quantification of each individual drug in the IRN-PTV-DSF-DDC_ Cu and IRN-CAP-DSF
combinations were developed and subsequently validated. The analysis was performed using
a Thermo Scientific Syncronis-C18 column (150 x 4.6 mm, 5 um, 16 % carbon loading) with a
mobile phase consisting of a water:acetonitrile:acetic acid mixture (30:70:0.1, v/v/v for IRN-
PTV-DSF-DDC_Cu and 30:70:0.2, v/v/v for IRN-CAP-DSF). The flow rate was 1.0 ml/min,
with an injection volume of 10 uL and UV detection performed at 245 and 270 nm
wavelengths. The column temperature was kept stable at 27 °C (.- 1.5 °C). For both drug
combinations, the method showed linearity (R > 0.997), good precision (RSD% < 10),
recovery (90—110%), limits of detection (< 20 ug/mL) and limits of quantification (< 80

ug/mL). This is the first HPLC method used to separate these drug combinations.

4.2 Introduction
Combination drug therapy is routinely prescribed for GBM, this treatment approach is either

used to combat tumour growing at accelerated speed or unpleasant side effects from the
cancer treatment itself [368]. Few standard single drug regiments are licenced, but in
practice a combination therapies are prescribed for patients via conventional administration
routes. The most recognized example of this is the oral and intravenous administration of
two or three small molecules such as TMZ and the corticosteroid drug dexamethasone
and/or the antiepileptic drug levetiracetam. While such treatments have certainly shown
improved patient outcomes [369-371], the development of more sophisticated drug
combinations that target the different GBM clones is needed to improve survival or be

curative.

Within previous chapters IRN-PTV-DSF-CoGlu and IRN-CAP-DSF drug combinations were
proven to be superior in targeting glioma tumours when compared to any other tested

therapeutic drug regimens. Prescribing those drug combination treatments using current
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systemic administration methods would be unsuitable as most of those drugs either cannot
pass the BBB due to their chemical properties or suffer from high hepatic first pass
metabolism (Chapter one, 1.4 Drugs that may be suitable for repurposing to treat
Glioblastoma). Therefore, high doses would be required for the drugs to reach the tumour

site at therapeutic dosage, increasing the risk of toxic side effects.

Drug delivery systems (DDS) such as Gliadal® implants have been commonly used to deliver
single drugs such as Carmustine, but further development is needed to enable multidrug
delivery. A DDS capable of delivering multiple drugs could be developed to deliver each
active pharmaceutical ingredient (API) independently at a control release rate. Such a device
could concentrate the drug at the tumour location, minimising dosage requirement and
reducing the risk of toxic side effects for patients. Because of cancers heterogeneous nature,
many such as breast and melanoma will require combination drug therapy and could

therefore benefit from DDSs to delivery combination drug treatments [372, 373].

Unfortunately for drug formulation combination drug therapy presents an analytical
challenge. While single-component systems have been routinely analysed using methods
such as spectrometry. Multidrug analysis method development is extremely extensive with
considerable knowledge of analytical techniques required. Nevertheless, to develop IRN-
PTV-DSF-CoGlu and IRN-CAP-DSF drug combinations into a formulation it is important to
be able to analyse them without having to resort to complicated multi analytical methods to
measure each drug individually. High performance liquid chromatography (HPLC) was
selected as it can separate drug components prior to detection, allowing for a single
analytical method to be used. Prior to method development only CoGlu was anticipated to
present a major difficulty because it cannot be detected via UV-Vis based detection methods
due to it having a very broad and weak absorption band between 550 and 1000 nm [374].
Using Refractive Index Detector (RID) was initially trialled but no signal was observed
across all water and acetonitrile based mobile phases. Hence CoGlu was considered to be

unsuitable for HPLC diode-array detector (DAD) and RID based analysis.
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DSF when combined with CoGlu is known to quickly breakdown then react to form bis(N,N-
diethyl dithiocarbamato)copper(1I) (DDC_Cu) complex (Figure 4.1). From previous studies
DDC_ Cu was demonstrated to be a major secondary component obtained from DSF and
CoGlu drug combination [375, 376]. Because of this it is necessary to detect and quantify
DDC_ Cu during our formulation development studies, and unlike CoGlu, DDC_Cu has a

strong UV-Vis absorption band and can be detected by HPLC-DAD [377].
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Figure 4.1: Disulfiram and copper gluconate reaction scheme to form a bis(N,N-diethyl
dithiocarbamato)copper(II) complex.

Within this chapter we describe the development and subsequent validation of two reversed-
phase HPLC methods for simultaneous determination of IRN-PTV-DSF-DDC_Cu and IRN-

CAP-DSF drug combinations.

4.3 Materials and methods

4.3.1 Materials and reagents
Irinotecan hydrochloride, pitavastatin calcium, and bis(N,N-diethyl

dithiocarbamato)copper(II) complex were purchased from Jiangsu Hengrui Medicine Co

Ltd, LGM Pharma and Combi-Blocks respectively. Disulfiram and captopril were purchased
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from Sigma Aldrich, while PLGA and Kolliphor® P188 were purchased from Corbion Purac

and BASF respectively.

Acetonitrile, water, 1M acetic acid and acetone used were of HPLC grade and supplied by
Sigma Aldrich. Dichloromethane (DCM) used for matrix extraction was reagent grade from
Sigma Aldrich.

4.3.2 Placebo extraction procedure

Placebo implants were placed in a glass vial containing 5 mL of DCM to dissolve. The DCM
was then evaporated off in a water bath set at 65°C. Once evaporated, 10 mL of mobile phase
was added to make a matrix solution that was used for spiking drug solutions. Following
spiking, this solution was then filtered using a 0.2 um pore sized syringe filter, which was
then analysed by HPLC to determine the content of each drug.

4.3.3 Instrument and chromatographic condition

For IRN-PTV-DSF-DDC_ Cu drug combination, analyses was performed using a Dionex
Ultimate 3000 LC system (Thermo Scientific, Loughborough, United Kingdom) equipped
with pump, autosampler and a diode array detector — DAD. Data collection and analyses was
performed using Chromeleon software (Thermo Scientific, Loughborough, United

Kingdom).

For IRN-CAP-DSF drug combination, analyses was performed using Agilent LC System
(Agilent Technologies, Santa Clara, California, United States) equipped with pump,
autosampler and a diode array detector — DAD. Data collection and analyses was performed
using Agilent ChemStation software (Agilent Technologies, Santa Clara, California, United

States).

For both drug combinations, the chromatographic column used was Thermo Scientific
Syncronis, C18 (150 mm x 4.6 mm; 5 um, 100 A, 16 % carbon loading). The mobile phase
consisted of water:acetonitrile:acetic acid mixture (30:70:0.1, v/v/v for IRN-PTV-DSF-
DDC_ Cu and 30:70:0.2, v/v/v for IRN-CAP-DSF), with a flow rate of 1 mL/min. The

injection volume was 10 pL and UV detection wavelength was performed at 245 nm for IRN,
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PTV, CAP and DSF, and 270 nm for DDC-Cu. Using IRN-PTV-DSF-DDC_ Cu method’s
mobile phase the retention times of IRN, PTV, DSF and DDC_ Cu were 1.0, 2.4, 6.5 and 14
minutes, respectively. Using IRN-CAP-DSF method’s mobile phase the retention times of
IRN, CAP and DSF were 1.1, 2.5 and 8.0 minutes, respectively. All experiments were
performed at 27 °C and the total peak area was used to quantify each drug. Prior to sample
injection the column was purged and equilibrated with mobile phase for 30 minutes.
4.3.4 Methods development

The methods were optimized by investigating the influence of changing the composition of
the mobile phases, flow rate, column and temperature. From these test conditions, an
adequate peak symmetry (symmetry factor between 0.8 to 1.5) and short run time (< 20

minutes) was achieved.

4.3.5 Preparation of solutions

Drugs stock solution
IRN-PTV-DSF-DDC_Cu

IRN-PTV-DSF combination drug solution was prepared by dissolving 100 mg of each drug
together in 100 mL of mobile phase (Final concentration, 1000 pug/mL). Separately, DDC_Cu
solution was prepared by dissolving accurately weighed 66 mg of the drug in 100 mL of
acetone (Final concentration, 660 pug/ml). The IRN-PTV-DSF and DDC-Cu solutions were
subsequently combined (4:6, v/v) to make a final 400 pg/mL stock solution of IRN-PTV-

DSF-DDC__Cu drug combination.
IRN-CAP-DSF

A stock solution was prepared by dissolving 60 mg of IRN, CAP & DSF together in 100 mL of

mobile phase (Final concentration, 600 pg/mL).

Both stock solutions were stored at 4 °C and protected from light for up to 72 hours. On the
day of analysis, the stock solutions were allowed to accumulate to room temperature,
sonicated at 30°C for 1 minute and fresh working solutions were prepared from the stock

solutions.
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4.3.6 Methods validation
Specificity

Specificity of the assay was investigated by the injection of drug combinations with extracted

placebo to demonstrate the absent of interference.

Each of the combination drug stock solutions were spiked with the matrix (4.3.2 Placebo
extraction procedure) at 25:75 v/v for the IRN-PTV-DSF-DDC-Cu drug combination and
50:50 v/v for the IRN-CAP-DSF combination.

Linearity

For the IRN-PTV-DSF-DDC_ Cu drug combination, standard solutions were prepared at
seven concentrations, covering 20, 40, 60, 80, 100, 200 & 400 % of the target concentration.
For the IRN-CAP-DSF drug combination, standard solutions were prepared at seven
concentrations, covering 27, 33, 66, 100, 133, 166 & 200 % of the target concentration. In
both assays three individually prepared replicates at each concentration were analysed and
the area under the peak was used to quantify each drug. A plot of concentration (x-axis)
versus mean response (y-axis) was used to determine linearity. Additionally, for each drug
the relative standard deviation (RSD %), equation for regression line and R2values were
determined.

Range

The range for both methods was determined from the linearity and accuracy studies.

Accuracy
Spiked placebo solutions were prepared at three concentration levels over the target

concentration range of 60 to 200 % for IRN-PTV-DSF-DDC_Cu and 66 to 133 % for IRN-
CAP-DSF drug combinations. At each concentration, three individually prepared replicates
were analysed, the mean, standard deviation (SD), RSD% and percentage recoveries were

calculated.
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Precision- Repeatability
Chromatographic precision was determined by injecting 10 replicates of the target analyte.

The retention time, peak area and peak height were recorded with the mean, SD and RSD%
calculated.

Precision- Intermediate precision

Intermediate precision was determined by using two HPLC instruments to assess Inter day
precision at three concentration levels. IRN-PTV-DSF-DDC_ Cu drug combination was
evaluated over the range of 60 to 200 % of target concentration and IRN-CAP-DSF was
evaluated over the range of 66 to 133 % of target concentration. The results were expressed
as relative % purity with the mean, SD, RSD% calculated.

Limit of detection and Limit of quantitation

Both the LOD and LOQ were estimated, the lowest concentration in the standard curve was
used as the LOQ value and a slightly lower concentration was used as the LOD. For each test,
6 replicates were injected with the RSD% value for the peak area calculated.

System suitability

System suitability was performed in accordance with the European pharmacopeia (EP)
[378]. Six injections containing analyte at 100% of test concentration was used, the following
parameters were determined: plates, resolution, symmetry and reproducibility (RSD% of

retention time, peak area and height for six replicates).

4.4 Results and discussion
4.4.1 Scope and applicability

The intended scope of both methods is to separate, detect and quantify the concentration of
IRN, PTV, DSF, DDC_Cu and CAP found in and released from a PLGA polymer based
implantable DDS. The predicted average concentration of each drug normally found in
formulated implant is 300 pg/mg, with each implant weighing 6-10 mg, both methods are
appropriate for use to measure implant drug content and dissolution. The methods can also
be extended to measure drug concentrations in any other PLGA polymer based formulation

such as nanoparticles and gels [110, 379-381].
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4.4.2 Method development and optimization
PTV, DSF and DDC__Cu are all hydrophobic with PTV and DDC_ Cu being almost insoluble

in aqueous solutions [382-385]. During the development stage a reverse phase C18 column
was considered due to the hydrophobic nature of the compounds and because it has
previously been utilized to analyse IRN, PTV, CAP, DSF and DDC_Cu compounds
individually [386-390]. Within previous studies the most common reagents used for the
mobile phase were methanol, acetonitrile, water and phosphate buffer, therefore a mixture
of those reagents were initially trialled to separate a IRN and PTV drug mixture, as they were
considered to be the most closely related molecules, being similar in chemical structure and
polarity. The use of phosphate buffer and acetonitrile mobile phase at different ratios
resulted in either poor peak symmetry (< 0.8 or > 1.5) or theoretical plate number (< 2000)
for either of those drugs. Use of a water and methanol mobile phase also resulted in poor
peak symmetry (< 0.8 or > 1.5), resolution (< 1.5) or plate number depending on the v/v
ratio. Finally, the use of water and acetonitrile based mobile phase with 0.1 % acetic acid
resulted in good separation, peak symmetry and theoretical plate number. Both drug
combinations IRN-PTV-DSF-DDC_ Cu and IRN-CAP-DSF were then trialled using this
mobile phase with good separation achieved. Additionally, a UV wavelength absorption scan
was performed for each drug and a wavelength of 245 nM was chosen for IRN, PTV, CAP and
DSF as it achieved a balance of good absorption across all four drugs. Only DDC_Cu was

analysed close to its lambda max value of 270 nM.

IRN-PTV-DSF-DDC_ Cu Drug combination

To optimise the method, different compositions of the mobile phase, flow rates and columns
were trialled. The best drug separation was observed at 30:70:0.1, v/v/v of
water:acetonitrile:acetic acid ratio. Using a column with higher carbon loading content (19%)
resulted in broader peaks. Using a longer column (250 mm) improved the retention time of
IRN (1.7 minutes) but resulted in poor peaks symmetry (> 1.5 for IRN, PTV and DSF).
Reducing the flow rate of the method (0.5 mL/min), again improved IRN retention time (2.0

minutes) but resulted in poor peak symmetry (< 0.8 for IRN, DSF and DDC_Cu) and
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increased the overall analysis length of the method quite considerably (50 minutes).
Therefore, a 150 X 4.6 mm column with a low carbon loading and a mobile phase consisting
of water:acetonitrile:acetic acid (30:70:0.1 v/v/v) achieved the best overall drug separation,
run time, peak symmetry and plate number for IRN-PTV-DSF-DDC_ Cu drug combinations.
Maintaining a stable column temperature also ensured consistent retention times for DSF
and DDC_ Cu (8 and 19 minutes, respectively at 20 °C and 6.5 and 14 minutes, respectively at

27 °C).
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IRN-CAP-DSF
The method developed for IRN-PTV-DSF-DDC_ Cu was initially trialled, and it provided

good drug separation, run time and plate number for the IRN-CAP-DSF combination.
However, it resulted in poor peak symmetry (0.7) for CAP and thus method optimisation was
performed. Initially the acetic acid concentration was increased to 0.2 % v/v, as captopril is
known to be most stable at pH 4 [391], which did improve peak symmetry (0.8) for CAP
while maintaining good peaks for IRN and DSF. To further optimise the method, the column
temperature was adjusted, however, at temperatures below 20 °C the method suffered from
poor precision for CAP as the drug was often presented as multiple peaks. These additional
non-dominant peaks were originally classified as contamination or degradation products but
following a literature review and multiple batch testing they were discovered to be peaks
belonging to stereoisomers of CAP (Figure 4.2) [392]. CAP can exist in four conformational
isomers, in solution CAP can undergo reversible trans-cis isomerism in minutes, which can

occur during chromatographic separation.
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Figure 4.2: Structures of the four captopril stereoisomers (2R,2R, 2S,2R, 2S,2S, and 2R,2S)

Within the literature this was widely recognised to present as either separated peaks, split

peaks or a fronting peak depending on the chromatographic conditions [392, 393]. To
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eliminate poor peak elution and enhance precision for CAP, column temperature was
increased. At temperature above 32 °C the method suffered from poor precision for DSF
(RSD above 15 %). Hence the method was stabilised at 277 °C as this achieved the best
linearity and precision for the IRN-CAP-DSF drug combination. This slight increase above
ambient temperature ensured that CAP eluted as a single peak, which is likely to be all
stereoisomers of CAP eluting as one peak due to frequent isomerisation. Other interpretation
could be that the multiple isomers coalesce into one form at high temperature, but this is less
likely to be the case, though conclusive stereoisomer identification would require other
studies such as NMR. For the purpose of the current study a 277 °C column temperature was
selected as it allowed for the separation, detection and quantification of the IRN-CAP-DSF

drug combination.

4-161



Absorbance

Absorbance

4.4.3 Specificity

The chromatograph for both the IRN-PTV-DSF-DDC-Cu and IRN-CAP-DSF drug

combinations spiked with extracted placebo implant reveal that each drug was well

separated from any potential interfering peaks (Figure 4.3). No interfering peaks were

observed at 245 and 270 nm absorption wavelengths for both IRN-PTV-DSF-DDC_Cu and

IRN-CAP-DSF drug combinations (Figure 4.3).
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Figure 4.3: Chromatograms depicting the specificity of each drug combinations. The top
chromatogram is of IRN-PTV-DSF-DDC_Cu combination measured at 245 and 270 nM
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wavelengths. Whereas the bottom chromatogram shows IRN-CAP-DSF combination
measured at 245 nM wavelength.

4.4.4 Linearity

IRN-PTV-DSF-DDC_Cu

The regression analysis data for the IRN_PTV-DSF-DDC_Cu combination is presented in

Table 4.1. The linear regression R2 values for IRN, PTV, DSF and DDC_ Cu analysis were all >

0.997, confirming a linear relationship between drug concentration and peak area.

Additionally, the average peak area RSD% values for all drugs were > 10% demonstrating

that the data is tightly clustered around the mean.
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Table 4.1: Results of regression analysis for the linearity data of IRN, PTV, DSF and
DDC_Cu.

Irinotecan
Concentration Concentration as % of Peak area (mAU) (mean of Peak area RSD (%)
(ng/mL) analyte target three injection)
20 20 7.85 0.98
40 40 16.48 7.70
60 60 23.39 2.15
80 80 31.23 0.79
100 100 39.21 1.13
200 200 76.47 1.32
400 400 148.72 1.53

Equation for regression line Correlation Coefficient (R?) 0.9998

Y=0.3695x + 1.5386

Pitavastatin

Concentration Concentration as % of Peak area (mAU) (mean of Peak area RSD (%)
(ng/mL) analyte target three injection)
20 20 16.94 1.33
40 40 34.07 1.07
60 60 50.53 1.17
80 80 67.83 0.93
100 100 84.91 1.50
200 200 164.15 0.53
400 400 294.65 0.93
Equation for regression line Correlation Coefficient (R?) 0.9966
Y=0.7307x + 7.9256
Disulfiram
Concentration Concentration as % of Peak area (mAU) (mean of Peak area RSD (%)
(ng/mL) analyte target three injection)
20 20 8.92 0.38
40 40 17.99 1.16
60 60 26.88 0.12
80 80 36.35 1.72
100 100 47.21 8.12
200 200 89.03 0.64
400 400 176.98 0.21
Equation for regression line Correlation Coefficient (R?) 0.9999
Y=0.441x + 0.9166
Bis(N,N-diethyl dithiocarbamato)copper(ll) complex
Concentration Concentration as % of Peak area (mAU) (mean of Peak area RSD (%)
(ng/mL) analyte target three injection)
20 20 15.81 10.00
40 40 30.97 7.60
60 60 46.27 5.97
80 80 63.05 7.90
100 100 79.87 5.86
200 200 159.88 7.99
400 400 320.04 8.04

Equation for regression line Correlation Coefficient (R?) 1

Y=0.8027x - 0.9286
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IRN-CAP-DSF
The regression analysis data for IRN-CAP-DSF is presented in Table 4.2. The linear

regression R2 values for IRN, CAP and DSF analysis were all > 0.997. The average peak area
RSD% values for IRN, CAP and DSF were mostly below 10 %, demonstrating that our IRN-

CAP-DSF data is linear and tightly clustered around the mean.

Table 4.2 Results of regression analysis for the linearity data of IRN, CAP and DSF.

Irinotecan
Concentration (pug/mL) Concentration as % of Peak area (mAU) (mean Peak area RSD (%)
analyte target of three injection)
80 27 2084.76 8.59
100 33 2481.97 0.44
200 66 5005.89 0.10
300 100 7293.82 0.62
400 133 9582.13 0.79
500 166 11474.02 0.27
600 200 13722.17 7.00
Equation for regression line Correlation Coefficient (R?) 0.999
y=22.417x +396.4
Captopril
Concentration (pug/mL) Concentration as % of Peak area (mAU) (mean Peak area RSD (%)
analyte target of three injection)
80 27 117.00 10.0
100 33 149.13 7.10
200 66 425.26 10.95
300 100 684.67 3.67
400 133 975.42 2.05
500 166 1292.80 2.93
600 200 1525.52 16.28
Equation for regression line Correlation Coefficient (R?) 0.999
y=2.7647x - 122.47
Disulfiram
Concentration (pug/mL) Concentration as % of Peak area (mAU) (mean Peak area RSD (%)
analyte target of three injection)
80 27 2108.59 8.77
100 33 2499.26 0.43
200 66 4797.45 2.06
300 100 6782.17 1.27
400 133 8629.46 0.32
500 166 10088.90 0.00
600 200 12627.10 8.74
Equation for regression line Correlation Coefficient (R?) 0.997

y =19.715x + 650.46

4.4.5 Range
The recorded range for the IRN-PTV-DSF-DDC_Cu and IRN-CAP-DSF drug combination

HPLC methods were 20-400 and 80-600 pg/mL respectively.
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4.4.6 Accuracy
IRN-PTV-DSF-DDC_Cu

The mean recovery values for each of the individual drugs ranged between 90 to 110 % of the

theoretical value (Table 4.3) indicating that the method is accurate [394].

Table 4.3: Intra-day accuracy measurements of HPLC assay for IRN-PTV-DSF-DDC_Cu

combination.
IRN % of Peak area SD RSD% Amount of standard Recovery
nominal (mAU) (Mean (ng/mL) (%)
Sample of 3 injections) Spiked Found
1 60 24.18 0.11 0.45 60 63.91 106.52
2 100 39.88 0.35 0.88 100 106.39 106.39
3 200 80.50 0.01 0.01 200 216.33 108.16
PTV % of Peak area SD RSD% Amount of standard Recovery
nominal (mAU) (Mean (ng/mL) (%)
Sample of 3 injections) Spiked Found
1 60 48.33 0.18 0.38 60 58.21 97.02
2 100 79.97 0.71 0.89 100 101.51 101.51
3 200 159.79 0.08 0.05 200 210.76 105.38
DSF % of Peak area SD RSD% Amount of standard Recovery
nominal (mAU) (Mean (ng/mL) (%)
Sample of 3 injections) Spiked Found
1 60 27.03 0.07 0.27 60 60.33 100.55
2 100 44,98 0.37 0.83 100 100.95 100.95
3 200 91.24 0.04 0.05 200 205.59 102.79
DDC_Cu % of Peak area SD RSD% Amount of standard Recovery
nominal (mAU) (Mean (ng/mL) (%)
Sample of 3 injections) Spiked Found
1 60 48.31 0.12 0.24 60 61.35 102.24
2 100 79.50 0.08 0.10 100 100.20 100.20
3 200 154.40 0.92 0.59 200 193.51 96.75
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IRN-CAP-DSF

The mean recovery values for each of the individual drugs ranged between 90 to 110 % of the

theoretical value (Table 4.4) indicating good method accuracy.

Table 4.4 Intra-day accuracy measurements of HPLC assay for IRN-CAP-DSF combination.

IRN % of Peak area SD RSD% Amount of standard Recovery
nominal (mAU) (Mean (ng/mL) (%)
Sample of 3 injections) Spiked Found
1 66 4777.38 12.86 0.27 200 195.43 97.72
2 100 7150.36 220.63 3.09 300 301.29 100.43
3 133 9224.47 43.30 0.47 400 393.81 98.45
CAP % of Peak area SD RSD% Amount of standard Recovery
nominal (mAU) (Mean (ng/mL) (%)
Sample of 3 injections) Spiked Found
1 66 455.62 37.17 8.16 200 209.10 104.55
2 100 717.94 29.69 4.14 300 303.98 101.33
3 133 1016.52 50.50 12.04 400 411.98 102.99
DSF % of Peak area SD RSD% Amount of standard Recovery
nominal (mAU) (Mean (ng/mL) (%)
Sample of 3 injections) Spiked Found
1 66 4350.39 85.97 1.98 200 187.67 93.84
2 100 6235.46 56.20 0.90 300 283.29 94.43
3 133 9305.10 291.26 3.00 400 438.99 109.75
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4.4.7 Precision- Repeatability

IRN-PTV-DSF-DDC_Cu
The RSD% values for the retention time, peak area and peak height for IRN, PTV, DSF and

DDC_ Cu were all < 3.8 % indicating that the method is precise (Table 4.5).

Table 4.5 Intra-day precision of HPLC assay for IRN-PTV-DSF-DDC_ Cu combination.

Irinotecan 100 pug/mL

Injection no RT (min) Peak area (mAU) Peak height
1 1.15 39.02 688.19
2 1.15 38.94 675.34
3 1.15 39.23 688.93
4 1.15 39.00 666.35
5 1.15 38.78 679.68
6 1.15 38.90 670.74
7 1.15 39.09 680.27
8 1.15 39.10 689.74
9 1.15 38.92 689.26
10 1.15 39.06 687.27
Mean 1.1524 39.0031 681.5769
SD 0.001264911 0.127142 8.496273
RSD% 0.109763195 0.325978 1.246561
Pitavastatin 100 pg/mL
Injection no RT (min) Peak area (mAU) Peak height
1 2.72 85.70 1167.74
2 2.72 85.53 1163.60
3 2.72 86.25 1170.30
4 2.72 85.64 1161.31
5 2.72 84.85 1152.56
6 2.72 85.45 1161.45
7 2.72 85.64 1162.58
8 2.72 85.81 1164.78
9 2.72 85.35 1161.77
10 2.72 85.76 1163.12
Mean 2.7188 85.5982 1162.92
SD 0.001549193 0.358977 4.655917
RSD% 0.056980776 0.419374 0.400364
Disulfiram 100 pg/mL
Injection no RT (min) Peak area (mAU) Peak height
1 8.07 45.56 285.12
2 8.07 45.45 283.99
3 8.08 45.82 286.21
4 8.09 45.47 284.27
5 8.09 44.83 280.32
6 8.07 45.35 283.30
7 8.09 45.27 282.53
8 8.08 45.47 284.30
9 8.07 45.13 282.28
10 8.09 45.43 283.21
Mean 8.0788 45.3765 283.5533
SD 0.009053 0.264777 1.635595
RSD% 0.112058 0.583512 0.576821
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Bis(N,N-diethyl dithiocarbamato)copper(ll) complex 100 pg/mL

Injection no RT (min) Peak area (mAU) Peak height

1 13.80 76.56 195.97

2 13.62 79.06 210.57

3 13.63 84.91 224.57

4 13.63 78.17 200.64

5 13.63 79.68 211.44

6 13.65 79.20 210.92

7 13.66 81.91 213.97

8 13.67 81.76 205.98

9 13.67 82.10 215.46

10 13.68 79.10 212.66

Mean 13.6640 80.2446 210.2172
SD 0.05096622 2.409639685 7.94616806
RSD% 0.372996339 3.002867868 3.779979973
IRN-CAP-DSF

The RSD% values for retention time, peak area and peak height for IRN, CAP and DSF were

all < 4.5 % indicating that the method is precise (Table 4.6).

Table 4.6: Intra-day precision of HPLC assay for IRN-CAP-DSF combination.

Irinotecan 300 pug/mL

Injection no RT (min) Peak area (mAU) Peak height

1 1.20 7363.58 1600.94

2 1.18 7189.96 1550.79

3 1.20 7201.81 1564.51

4 1.21 7370.53 1672.10

5 1.23 7405.55 1608.64

6 1.25 7188.49 1563.16

7 1.25 7236.19 1571.93

8 1.17 7229.44 1551.92

9 1.17 7301.70 1592.01

10 1.19 7262.95 1572.26
Mean 1.205 7279.682577 1584.202451
SD 0.027313001 78.05188809 34.62071672
RSD% 2.266639051 1.07218807 2.185371995

Captopril 300 pg/mL

Injection no RT (min) Peak area (mAU) Peak height

1 2.55 742.08 116.70

2 2.52 697.40 108.93

3 2.51 694.94 107.61

4 2.50 709.84 110.37

5 2.50 742.63 115.67

6 2.51 758.37 121.28

7 2.50 726.65 113.19

8 2.50 771.53 120.54

9 2.50 697.78 108.20

10 2.50 722.64 107.41
Mean 2.506181818 726.2977996 112.9528536
SD 0.014455575 25.50832597 5.034380568
RSD% 0.576796722 3.512102885 4.457063642
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Disulfiram 300 pg/mL

Injection no RT (min) Peak area (mAU) Peak height

1 7.96 6738.55 680.70

2 7.87 6627.78 669.04

3 7.87 6656.41 670.49

4 7.83 7155.86 720.38

5 7.81 6813.37 686.91

6 7.83 6543.37 658.34

7 7.83 6648.54 669.16

8 7.82 6304.52 633.34

9 7.82 6764.43 675.78

10 7.80 6815.57 683.69
Mean 7.838545455 6712.263202 674.6835022
SD 0.046759734 208.1164756 21.00808497
RSD% 0.596535854 3.100541045 3.113768887

4.4.8 Precision- Intermediate precision
IRN-PTV-DSF-DDC_Cu

The RSD% values obtained using two different instruments on two different days were all <
3.6 % demonstrating good intermediate precision and that the method can be replicated

across different instruments and days. (Table 4.7)
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Table 4.7: Intermediate precision of HPLC assay for IRN-PTV-DSF-DDC_Cu combination.
Instrument 1 was Dionex Ultimate 3000 LC system and instrument 2 was Agilent LC system.

Irinotecan

Relative % purity (% area)

Instrument 1

Instrument 2

Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
60% 100 % 200 % 60% 100 % 200 %
Operator 1. Day 1 104.62 102.44 101.16 103.50 101.69 101.99
Operator 1, day 2 106.61 104.75 101.10 101.68 105.16 102.14
Mean Interday 105.615 103.595 101.13 102.59 103.425 102.065
RSD % Interday 1.33233205 1.576733 0.041952  1.25444424 2.372406 0.10392
Mean (Instrument) 104.1025 103.51 101.5975
RSD % (Instrument) 1.98317219 1.646837 0.535285
Pitavastatin
Relative % purity (% area)
Instrument 1 Instrument 2
Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
60% 100 % 200 % 60% 100 % 200 %
Operator 1. Day 1 99.76 99.86 99.93 99.15 99.64 100.22
Operator 1, day 2 99.76 99.86 99.93 98.49 99.43 100.15
Mean Interday 99.76 99.86 99.93 98.82 99.535 100.185
RSD % Interday 0 0 0 0.47226318 0.149186 0.049406
Mean (Instrument) 99.29 99.6975 100.0575
RSD % (Instrument)  0.61024805 0.206923 0.149886
Disulfiram
Relative % purity (% area)
Instrument 1 Instrument 2
Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
60% 100 % 200 % 60% 100 % 200 %
Operator 1. Day 1 93.54 95.97 98.01 99.86 98.60 99.64
Operator 1, day 2 93.23 95.98 97.97 98.64 97.99 99.65
Mean Interday 93.385 95.975 97.99 99.25 98.295 99.645
RSD % Interday 0.23473053  0.007368 0.028864 0.86918919 0.438817 0.007096
Mean (Instrument) 96.3175 97.135 98.8175
RSD % (Instrument)  3.55587704  1.402596 0.967099
Bis(N,N-diethyl dithiocarbamato)copper(ll) complex
Relative % purity (% area)
Instrument 1 Instrument 2
Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
60% 100 % 200 % 60% 100 % 200 %
Operator 1. Day 1 102.45 101.47 100.75 99.46 100.47 101.21
Operator 1, day 2 102.49 101.46 100.75 99.47 100.50 100.98
Mean Interday 102.47 101.465 100.75 99.465 100.485 101.095
RSD % Interday 0.02760249  0.006969 0 0.0071091 0.021111 0.160873
Mean (Instrument) 100.9675 100.975 100.9225
RSD % (Instrument) 1.71839375 0.560486 0.218195
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IRN-CAP-DSF

The RSD% values obtained by two different instruments on two different days were all < 6.4
% demonstrating good intermediate precision so the method can be replicated across

different instruments and days (Table 4.8)

Table 4.8: Intermediate precision of HPLC assay for IRN-CAP-DSF combination.
Instrument 1 was Agilent LC system and instrument 2 was Dionex Ultimate 3000 LC system.

Irinotecan
Relative % purity (% area)
Instrument 1 Instrument 2
Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
66% 100 % 133 % 66% 100 % 133 %
Operator 1. Day 110.4636 110.8638 110.0815 105.20 103.59 110.99
1
Operator 1, day 110.7691 111.7299 109.489 101.78 109.15 108.14
2
Mean Interday 110.61635 111.29685 109.7853 103.49 106.37 109.565
RSD % Interday  0.216021122 0.61242518 0.418961  2.418305192 3.9315137 2.015254
Mean 107.053175 108.833425 109.6751
(Instrument)
RSD % 4.346635843 3.65630576 1.195169
(Instrument)
Captopril
Relative % purity (% area)
Instrument 1 Instrument 2
Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
66% 100 % 133 % 66% 100 % 133 %
Operator 1. Day 107.3231 109.4782 109.0618 101.52 108.50 105.70
1
Operator 1, day 103.5564 100.3922 100.094 107.89 106.43 110.15
2
Mean Interday 105.43975 104.9352 104.5779 104.705 107.465 107.925
RSD % Interday 2.663459113 6.424772214 6.341192 4.50427 1.463711 3.146625
Mean 105.072375 106.2001 106.2515
(Instrument)
RSD % 3.050809838 4.075129284 4.520879
(Instrument)
Disulfiram
Relative % purity (% area)
Instrument 1 Instrument 2
Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3
66% 100 % 133 % 66% 100 % 133 %
Operator 1. Day 108.0299 104.3328 98.02026 107.29 97.40 102.45
1
Operator 1, day 107.8083 103.0763 98.54229 109.45 99.99 101.52
2
Mean Interday 107.9191 103.7046 98.28128 108.37 98.695 101.985
RSD % Interday 0.156695 0.88848 0.369131 1.527351 1.831407 0.657609
Mean 108.1446 101.1998 100.1331
(Instrument)
RSD % 0.92388 3.121914 2.182223

(Instrument)

4-171



4.4.9 Limit of detection and quantitation

IRN-PTV-DSF-DDC_Cu
The LOD and LOQ were set at 10 and 20 pg/mL, respectively with both achieving RSD%

values of < 2.5 % (Table 4.9).

Table 4.9 LOD and LOQ data of HPLC assay for IRN-PTV-DSF-DDC_ Cu combination.

LOD: 10 pg/mL

Sample IRN Peak area PTV Peak area DSF peak area DDC_Cu peak area (mAU)
(mAU) (mAU) (mAU)
1 4.309 8.429 4.7034 6.4399
2 4.2853 8.3976 4.6879 6.8741
3 4.3051 8.4227 4.6899 6.8915
4 4.3 8.4327 4.7156 6.7826
5 4.3263 8.4498 4.694 6.7358
6 4.3072 8.4201 4.7016 6.8641
RSD % 0.31 0.20 0.22 2.51
LOQ=20 pg/mL
Sample IRN Peak area PTV Peak area DSF peak area DDC_Cu peak area (mAU)
(mAU) (mAU) (mAU)
1 7.869 16.2112 8.99 15.131
2 7.836 16.1083 9.011 15.140
3 8.164 16.2332 9.052 15.110
4 8.182 16.2436 9.018 15.114
5 8.15 16.2057 9.013 15.107
6 8.163 16.2233 9.027 15.100
RSD % 2.01 0.30 0.23 0.10
IRN-CAP-DSF

The LOD and LOQ were set at 20 and 80 pg/mL, respectively with both achieving RSD%

values of < 1.5 % (Table 4.10).

Table 4.10: LOD and LOQ data of HPLC assay for IRN-CAP-DSF combination.

LOD: 20 pg/mL

Sample IRN Peak area (mAU) CAP Peak area (mAU) DSF peak area (mAU)
1 475.50 26.18 441.46
2 470.35 26.79 441.88
3 473.05 26.87 438.97
4 479.31 26.88 441.76
5 477.77 26.81 442.70
6 470.07 25.97 440.01

RSD % 0.808996513 1.507646 0.311701

LOQ: 80 pg/mL

Sample IRN Peak area (mAU) CAP Peak area (mAU) DSF peak area (mAU)
1 2217.41 127.88 1970.26
2 1876.08 98.58 1946.70
3 1880.06 124.55 1918.91
4 1977.07 105.03 2320.66
5 1956.20 105.85 2023.73
6 1952.27 116.87 1981.37

RSD % 0.000633618 0.001040148 0.000730701
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4.4.10 System suitability

For both the IRN-PTV-DSF-DDC_ Cu and IRN-CAP-DSF chromatographic methods all

peaks were proven to be well resolved, symmetrical and sharp with resolution values, peak

symmetry and plate numbers all within the acceptable criteria (Table 4.11 & Table 4.12).

Reproducibility of the method was also evaluated via injecting the target level of analyte 6

times, the RSD% values for retention time, peak area and peak height were calculated (Table

4.11 & Table 4.12). Only peak area was proven to be reproducible for both method across all

drugs. Variations in retention times and peak height were obtained but as the resolution and

peak area reproducibility were unaffected by this, it does not cause any potential

disadvantage concerning the applicability of method.

Table 4.11 system suitability data of HPLC assay for IRN-PTV-DSF-DDC_Cu combination.

Irinotecan
System suitability parameters Acceptance criteria Results Criteria Met/Not
(EP) HPLC 1 HPLC 2 met
Precision for retention time RSD<1% 0.004 2.6 Not met
(n=6)
Precision for peak area (n=6) RSD<1% 0.1621 0.021 Met
Precision for peak height (n=6) RSD<1% 5.83 0.81 Not met
Resolution (n=6) >1.5 19.12 na Met
Symmetry (n=6) 0.8 to 1.5 1.21 0.99 Met
Plates (n=6) > 2000 5979 2008 Met
Pitavastatin
System suitability parameters Acceptance criteria Results Criteria Met/Not
(EP) HPLC 1 HPLC 2 met
Precision for retention time RSD<1% 0.003 2.1 Not met
(n=6)
Precision for peak area (n=6) RSD<1% 0.049 0.01 Met
Precision for peak height (n=6) RSD<1% 0.86 5.8 Not met
Resolution (n=6) >1.5 30.88 13.6 Met
Symmetry (n=6) 0.8 to 1.5 0.97 1.5 Met
Plates (n=6) > 2000 10056 5251 Met
Disulfiram
System suitability parameters Acceptance criteria Results Criteria Met/Not
(EP) HPLC 1 HPLC 2 met
Precision for retention time RSD<1% 0.01 0.74 Met
(n=6)
Precision for peak area (n=6) RSD<1% 0.0206 0.001 Met
Precision for peak height (n=6) RSD<1% 0.1 0.001 Met
Resolution (n=6) >1.5 17.64 27 Met
Symmetry (n=6) 0.8to 1.5 0.99 1.0 Met
Plates (n=6) > 2000 16537 14000 Met
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Bis(N,N-diethyl dithiocarbamato)copper(ll) complex

System suitability parameters Acceptance criteria Results Criteria Met/Not
(EP) HPLC 1 HPLC 2 met

Precision for retention time RSD<1% 0.025 0.17 Met

(n=6)

Precision for peak area (n=6) RSD<1% 0.0998 0.001 Met

Precision for peak height (n=6) RSD<1% 0.19 2.56 Not met

Resolution (n=6) >1.5 n.a 30 Met

Symmetry (n=6) 0.8t0 1.5 0.98 1.0 Met

Plates (n=6) > 2000 16524 8000 Met

Table 4.12 system suitability data of HPLC assay for IRN-CAP-DSF combination.

Irinotecan
System suitability parameters Acceptance criteria Results Criteria Met/Not
(EP) HPLC1 HPLC 2 met
Precision for retention time RSD<1% 2.2 0.003 Not met
(n=6)
Precision for peak area (n=6) RSD<1% 0.001 0.14 Met
Precision for peak height (n=6) RSD<1% 0.002 5.00 Not met
Resolution (n=6) >1.5 Na 12.31 Met
Symmetry (n=6) 0.8to 1.5 1.2 1.13 Met
Plates (n=6) > 2000 2230 2050 Met
Captopril
System suitability parameters Acceptance criteria Results Criteria Met/Not
(EP) HPLC1 HPLC 2 met
Precision for retention time RSD<1% 0.02 0.002 Met
(n=6)
Precision for peak area (n=6) RSD<1% 0.00 0.18 Met
Precision for peak height (n=6) RSD<1% 0.01 1.77 Not met
Resolution (n=6) >1.5 5.3 28.48 Met
Symmetry (n=6) 0.8 to 1.5 1.5 0.79 Met
Plates (n=6) 22000 3900 5500 Met
Disulfiram
System suitability parameters Acceptance criteria Results Criteria Met/Not
(EP) HPLC 1 HPLC 2 met
Precision for retention time RSD<1% 0.15 0.009 Met
(n=6)
Precision for peak area (n=6) RSD<1% 0.06 0.27 Met
Precision for peak height (n=6) RSD<1% 0.09 1.65 Not met
Resolution (n=6) 215 18.50 12.31 Met
Symmetry (n=6) 0.8t0 1.5 0.99 1.04 Met
Plates (n=6) 22000 14925 15899 Met

4.5 Conclusion

Two rapid, specific reverse-phase HPLC-DAD methods were developed for the

determination of IRN-PTV-DSF-DDC_Cu and IRN-CAP-DSF drug combinations. The

methods were validated and shown to be specific, linear, accurate, precise, and robust. Both
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methods use a simple mobile phase composition, which is easy to prepare with little or no
variation. With run time < 25 minutes large number of samples can be analysed with less
mobile phase for a more eco-friendly and less time consuming analysis. Hence, this HPLC-

DAD method can be used for routine analysis.
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5. CHAPTER FIVE: FORMULATION AND DEVELOPMENT
OF A MULT-DRUG IMPLANTABLE DRUG DELIVERY
DEVICE

5.1 Abstract
The objective of this study was to formulate our previously selected drug combinations: IRN-

PTV-DSF-CoGlu and IRN-CAP-DSF into an implantable drug delivery device. This was
achieved in three stages 1) selection of excipients 2) profiling of drug and excipients thermal

stability 3) characterisation of formulated implant.

Swelling and rheology tests were initially performed to select excipients that were both
physically stable in in-vitro test conditions and had suitable melt-viscosity parameters for
use in extrusion manufacture process. Stability of each drug at manufacture temperature was
then investigated using HPLC and differential scanning calorimetry (DSC) analysis. Finally,
the formulated implants were characterised for uniformity of mass, size and drug content, as

well as drug release.

Our results demonstrate that a 50/50 PLGA polymer with a molecular weight of less than 20
kDa had melt-viscosity profile that is appropriate for use in low temperature (<120 °C)
extrusion process. Furthermore, the inclusion of a plasticiser can lower the melt viscosity of
polymer to eliminate some of the manufacturing problems associated with either injection
moulding or extrusion manufacture process of the implantable device. To maintain the
physical stability of implant in release media, swelling study was performed and P188
plasticiser was demonstrated to be the most suitable for use in formulation. Finally, DSC and
thermal stability analysis demonstrated that all drugs and excipients were stable at the
processing temperatures. Both IRN-PTV-DSF-CoGlu and IRN-CAP-DSF multidrug
implantable device were formulated via a manual micro-extrusion process with data
revealing good uniformity of size (+ 10%), weight (+ 10%) and drug content (20 %RSD).
Sustained drug release of IRN, PTV, DSF and CAP treatments was also obtained under both

bio relevant and sink in-vitro test conditions.
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5.2 Introduction
Within any drug development procedure, it is important to develop a pharmaceutical

formulation process ahead of clinical trials to ensure that the drug delivery device comply
with good manufacturing practice (GMP). This may include but not limited to ensuring that
the device is of high quality (e.g has good uniformity of weight, size, content), safe (e.g free
from impurity and degradation products) and efficacious (e.g predict bioavailability due to
known drug release profile) [395]. Implantable devices such as drug loaded polymeric
implants are often composed of a therapeutic agent incorporated homogenously within
either a polymer or polymer plus additives matrix. During the development procedure two
main design processes are involved, first a formulation of drug into a pharmaceutical
product with known stability and drug release characteristic followed by a scale-up
manufacturing process. During the formulation phase, a polymer with known desired
chemical and mechanical properties for its intended use is selected. For example, if long
term drug delivery is required, then a polymer with a slow drug release profile can be
selected. Additional additives, such as plasticisers, stabilisers and fillers can be included to
enhance the implant’s mechanical properties and reduce manufacturing costs. Currently a
wide range of polymers are in use for pharmaceutical implants such as Ethylene-vinyl acetate
(EVA), poly(lactic-co-glycolic acid) (PLGA), silicon elastomers and Polycaprolactone (PCL).
Here we have selected PLGA for use to formulate a multi-drug delivery system because it is
FDA approved and known to be safe, biodegradable in physiological environment without
inducing adverse reactions and can be easily manufactured by a variety of techniques, such
as extrusion, compression moulding, 3D printing and electrospinning [162, 163].
Additionally, the formulation of PLGA drug loaded implant into a defined geometric shape
can result in a predictable and reproducible drug release and degradation profile [162]. All of

this would contribute to ease in translating an implantable device from the lab into the clinic.

For this study instead of individual drug delivery devices, a composite product was formed to
ensure even drug distribution in the cavity and to make it easier for surgeons to implant. To

develop the implantable drug delivery device a target product profile was prepared and
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delivered in three study stages: 1) selection of excipients 2) thermal stability during

manufacture for drug and excipients 3) characterisation of formulated implant (Table 5.1).

Table 5.1 Studies performed for drug delivery device development with target product

profile.
Element Study Instrument Target product
measured profile
with
At <120 °C, the
Rheological assessment of Rh formulation viscosity
. eometer i
polymer and plasticisers range within
Selection of 103-104 Pa.s
excipients Influence of the plasticiser
type and loading on the Digital Caliper To eliminate or
swelling of implants minimise
(n=4)
Drug stability at Drug recovery within
manufacture temperature HPLC +2 % deviation
(n=4)
Thermal Understand the
stability during amorphous and
manufacture Crystallinity profile of DSC crystalline
formulation behaviour of drug +
excipients following
manufacture
Uniformity of mass (n=20)  Digital Caliper Within +10 %
deviation
Uniformity of size Digital Caliper Within +10 %
(diameter x length) (n=20) deviation
Characterisation + 20 % from
Uniformity of drug Content HPLC theoretical content
of Implant R
(n=8)
Controlled
Dissolution test (n=4) HPLC simultaneous drug

release over the
course of 1-4 weeks.

5.2.1 Selection of excipients

Rheology

Rheology is the science of the flow of materials [396]. A solid material, such as a rigid

polymer, may behave more like a fluid with an increase in thermal and kinetic energy. When

a polymer with viscoelastic properties such as PLGA is subjected to an applied stress, the

response of that material would be composed of elastic deformation (which stores energy)
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and viscous flow (which dissipates energy) [397]. In a pharmaceutical process such as
extrusion or injection moulding applied heat, screw speed and pressure used to force a
material through a shaping die all increase the applied thermal energy and shear rate onto
the processed material, enhancing its flow properties. Since rheology studies can measure
the flow of material when subjected to an applied shear, it can be utilized to predict the
manufacturing processing parameters for a chosen material. For instance, in extrusion the
viscosity of a material under applied force is useful to know since most polymers are only
extrudable at viscosities between 102 and 105 Pa.s [398]. The viscosity measurement

represents the resistance of material to flow and it is proportional to shear stress (Equation

5.1) [398, 399].

T (Shear Stress)
v (Shear Rate)

n (Viscosity) =

Equation: 5.1

Additionally, the shear stress and shear rate applied may influence the overall mechanical
properties and quality of extruded material. For a shear thinning material such as PLGA an
increase in shear rate (i.e extrude faster through a die) reduces the viscosity, it also prevents
potential hang-ups of the molten material. An increase in shear stress (applied torque),
particularly above 0.14 MPa increases the chance of physical deformation of extruded

material (e.g sharkskin and melt fracture) [398-400].

Hence rheology can provide information on the physical properties of material, enabling us
to define the manufacturing processing parameters and develop a formulation that is capable

of being manufactured by common techniques, such as extrusion.

Swelling of drug delivery device

The swelling of pharmaceutical systems containing a drug and a polymer in the brain can be
predicted by measuring implant volume increase in release media overtime. Swelling occurs
due to the absorbance of the cerebral spinal fluid (CSF) found in the brain [401, 402]. The

entrapment of access CSF around the brain can lead to cerebral oedema which brain tumour

patients are commonly susceptible to [403, 404]. Patients under localised Gliadel® wafer
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treatment are commonly diagnosed with cerebral oedema, and although no study assessing
the swelling of Gliadel® implant was found, one probable contributing factor to this could be
because of its swelling as well as the relatively large size of Gliadel®, both contributing to a
slight increase in entrapped CNS fluid volume (Figure 5.1) [403, 405]. Therefore, to ensure
the safety of our drug delivery system (DDS), it is important to minimise fluid entrapment
and swelling of the pharmaceutical formulation. Delivering a smaller sized implant should
minimise the volume of CSF entrapped, while a swelling study ensure that the developed

implant doesn’t swell reducing the possibility of peritumoral brain oedema.

Diameter Height

P -\_\

Gliadel® |  Gliadel® |

wafer |
\ wafer .

Developed 4-layer

multi drug .
delivery device

B

2mm

Figure 5.1: Dimensions (diameter x height) of Gliadel® wafer implant compared to our 4-
layer multi-drug delivery device.

5.2.2 Thermal stability and interaction

Drug stability at manufacture temperature
In order to ensure safety and efficacy of a pharmaceutical product, it is important to

determine any stability issues at an early stage of the product development process [406,
407]. Forced degradation of the drug at elevated temperatures can be performed to
determine their thermal stability, ensuring that the manufactured product content is

accurate, and more importantly safe to give to patients [408]. HPLC-UV analysis can be used
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to determine drug degradation when compared to standard analyte of known purity by the
by appearance, disappearance or sudden change in peak area and/or shape (e.g peak tailing,
fronting, splitting, shouldering, etc.)

Differential scanning calorimetry (DSC)

DSC is an analytical technique were the sample is subjected to heating or cooling and the
relative Gibbs free energy is calculated as a function of temperature [409, 410]. In
pharmaceutical product development DSC can be a useful tool to assess drug degradation
and interactions between the drug and excipients. A drug degradation or interaction often
result in appearance, disappearance or shift of endothermic or exothermic peaks [411]. This
allows for the characterisation of the physicochemical properties of the drug compound and
to define the manufacturing processing parameters. For instance, if it is needed to deliver a
stable pharmaceutical product in the amorphous form then it could be necessary to process

the formulation at temperatures below those at which interactions and crystallization occur.

5.2.3 Drug release characteristics
Dissolution testing is a widely used technique for evaluating the drug release of

pharmaceutical products [412]. The drug release profile of a dosage form can be used to
predict its bioavailability and therapeutic effectiveness. Developing a drug delivery device
with a predictable drug release profile is crucial to ensure that the device is safe and suitable
for its intended use. During product development, dissolution can be performed under both
biologically relevant and sink conditions. For biologically-relevant dissolution, water can be
used, but for poorly water soluble drugs, dissolution under sink conditions must also be
performed to assess how the device or formulation influences release by removing the issue
of drug solubility [413]. To achieve sink conditions a media that is capable of dissolving 3x
the drug concentration should be tested, this can be achieved by the addition of a suitable
surfactant or co-solvent in the dissolution medium to enhance drug solubility [413]. If sink

conditions are not met, then the rate of drug release will slow as the API nears saturation.

For an implantable device consisting of therapeutic agent incorporated homogenously within

either a polymer or polymer + additives matrix, the kinetics for drug release is highly
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influenced by a number of factors such as implant geometry, loading ratio, implant
microstructure, contact with the body fluid, implant location within the body, temperature,
motion, molecular weight of components, the crystallinity of components and formulation.
For biodegradable drug-loaded implants, the degradation rate of the implant must remain at
a consistent rate to sustain a stable drug release profile. Two biodegradable drug delivery
systems can be considered for drug release: i) a reservoir system, where drug release occurs
prior to implant structure degradation. For this system the drug is released via diffusion
through the implant matrix. Depending on the drug diffusion rate through the implant
structure, the drug release profile will initially be a rapid release (burst effect) followed by
either zero or first order release kinetic [414]. ii) Surface eroding system, where system
degradation is proportional to drug release. This systems drug release profile will again
initially be a rapid drug release (burst effect) followed by first order release kinetic [415, 416]

(Figure 5.2).

Therefore, to predict the bioavailability and effectiveness of the IRN-PTV-DSF-Cu and IRN-

CAP-DSF combinations therapy it is important to profile and understand their release from

the drug delivery device.
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aob ;,'I.“-":"'a:.: -
'I_
= e Implant Degradation
= Diffusion of Drug +
= Drug Release
© 60 ., ~ et e .
k4 o SRy Y IR}
@ Coli wuw et " Y - e P
2 N . 4
©  Aselitels ,bm_;
o 40 . TSt s A pelm ,
3 . . . .. .
5 gum— Drug Fully Drug Fully Released
Released + Biodegradation of Implant
L ee s N7 . .
20} A TR et e
o’ LR - ®
. : RN
. e Tt et
. R .e .
0

Time after implantation

Biodegradation of Implant

Figure 5.2: Drug release profile of reservoir and surface eroding biodegradable implants.
With permission from [162].
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5.3 Materials and methods

5.3.1 Materials and Reagents
Irinotecan hydrochloride and pitavastatin calcium were purchased from LGM Pharma

respectively. Disulfiram, captopril, copper gluconate and sodium dodecyl sulphate (SDS)
were from Sigma Aldrich. Polymers (PLGA 5002/5004/5010) and plasticisers (Kolliphor®

P188, P237 and RH40) were purchased from Corbion purac and BASF, respectively.

Acetonitrile, acetic acid and acetone were of HPLC grade and from Sigma Aldrich.
Dichloromethane (DCM) was reagent grade and purchased from Sigma Aldrich.

5.3.2 Rheology

Rheological evaluation was performed using a TA instrument Discovery hybrid parallel plate

rheometer with a 40 mm cross-hatch steel plate and a 500 um gap height.

Linear Viscoelastic region

Initially an oscillation amplitude assessment was performed for each sample to determine
the linear viscoelastic region. Each test was performed at a constant frequency (5 rad/s) with
stress between 1x10-3 and 1x104 Pa and five temperature measurements (80, 100, 120, 140

and 180 °C).

Viscosity

Flow temperature ramp assessments were run over the temperature range of 80-180 °C, at

constant stress within the viscoelastic region.

5.3.3 Thermal stability

Drug stability at manufacture temperature
The thermal stability of IRN, PTV, CAP and DSF were determined by individually weighing

10 mg of each drug into a glass vial, which were then placed in an oven at 80 °C for DSF and
120 °C for IRN, PTV and CAP, with vials (n=4) removed at 10, 30, 60, and 120 minutes. The
content of each vial was subsequently analysed by dissolving the drug in 10 mL of HPLC

mobile phase and analysing using the appropriate HPLC method (section 5.3.4 HPLC).
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Crystallinity profile of formulation using DSC
The thermal behaviour of the polymer, drug, and formulated drug and excipient mixture

were analysed using a TA instruments Q200 DSC. 5-10 mg of sample was weighed into an
aluminium pan and analysed, with an empty aluminium pan was used as a reference. All
calorimetric scans were subjected to four consecutive steps; 1) 5-minutes isothermal at 25 °C,
2) heating ramp at 5 °C/min, to 200 °C, 3) end temperature 1-minute isothermal, 4) cooling
ramp at 5 °C/min, down to 25 °C.

5.3.4 HPLC

For both IRN-PTV-DSF-CoGlu and IRN-CAP-DSF drug combinations, the chromatographic
column used was Thermo Scientific Syncronis, C18 (150 mm x 4.6 mm; 5 pm, 100 &, 16 %
carbon loading). The mobile phase consisted of water:acetonitrile:acetic acid mixture
(30:70:0.1, v/v/v for IRN-PTV-DSF-DDC_Cu and 30:70:0.2, v/v/v for IRN-CAP-DSF),
being pumped at a flow rate of 1 mL/min. Injection volume was 10 uL and detection
wavelength was 245 nm. All experiments were performed at 277 °C and the total peak area
was used to quantify each drug. Prior to sample injection the column was purged and
equilibrated for 30 minutes using the mobile phase.

5.3.5 Swelling study

To investigate the swelling behaviour of different plasticisers, for each IRN-PTV-DSF-CoGlu
and IRN-CAP-DSF multidrug treatments, three different formulations were made using

three different plasticisers; RH40, P188 and P237, as per the manufacturing method (section

5.3.6).

For each formulation completely dry implants (n=4), with length and diameter dimensions
pre-measured were fully immersed in 10mL of sink (2% SDS) and bio (H.O) release medium.
The samples were then transferred to an orbital shaking incubator set at 37 °C 60 rpm.
Dimensions of each implant was then measured at 6, 24, 48 and 120 hours. Percentage

swelling over time was then calculated and a graph plotted.
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5.3.6 Micro extrusion
Preparation of raw material

In order to ensure the homogeneity of the final implant the particle size of the initial starting
materials were reduced to similar sizes. Granules of PLGA (5002 and 5004) and P188 were
cooled to -80 °C, in order to increase their brittleness and then subsequently crushed to a

fine powder using an electric grinder. The drugs were supplied as fine powders.

Manufacturing of implantable drug delivery devices

Components ratio and processing temperature for each formulation are listed in Table 5.2. A
500 mg mixture consisting of drug, polymer and plasticiser were manually mixed in a 5mL
beaker for 20 minutes. Once mixed, the content was transferred to a 1 mL plastic syringe
with a piece of 2mm dimeter silicon tubing attached. The syringe was then placed into an
oven set at the processing temperature for 40 min. Once complete, the content of the syringe
was then extruded out into the attached silicon tubing. Once cooled to room temperature,
each formulation was then cut to dimension (2mmx2mm) to produce individual drug-loaded
layers. To make the IRN-PTV-DSF-CoGlu and IRN-CAP-DSF multi drug implants, individual
layers containing each drug were glued together using surgical glue to produce a 3 or 4 drug

combination implant.

Table 5.2: Components ratio and processing temperature for each drug formulation. Each
drug was either formulated using PLGA 5004 or 5002.

Formulation Loading ratio (%) Processing temperature
Drug:Polymer:Plasticiser Drug:Polymer:Plasticiser (C[))
IRN:PLGA5004:P188 30:50:20 110
PTV:PLGA5004:P188 30:50:20 120
DSF:PLGA5004:P188 30:50:20 70
CAP:PLGA5004:P188 30:60:10 120
CoGlu:PLGA5004:P188 30:50:20 110
IRN:PLGA5002 30:70 120
PTV:PLGA5002 30:70 120
DSF:PLGA5002 30:70 8o
CAP:PLGA5002 30:70 120
CoGlu:PLGA5002 30:70 120
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5.3.7 Implant drug content
Each pre-weighed implant (n=8) was placed in a glass vial containing 5 mL of DCM and

dissolved. The DCM was then evaporated off in a water bath set at 65°C. Once evaporated, 10
mL of HPLC mobile phase was added allowing the drug to re-dissolve into solution whilst the
plasticiser and PLGA precipitated out. This solution was then filtered using a 0.25 um
syringe filter and analysed by HPLC to determine drug content. The results were then
compared against the theoretical content calculated from the total mass of the implant to
determine the reliability of the manufacturing process. A limit of + 10% of the theoretical
content was deemed acceptable

5.3.8 Dissolution test, in-vitro drug release

Each individual implant (n=4) was placed into a glass vial and the release media added. For
bio release, 3 mL of HPLC-grade water was used, while for sink release, 5 mL of 2 % SDS
solution was used. The vials were then placed in an orbital shaking incubator set at 37 °C and
60 RPM. Samples were taken at 1, 2.5, 6 and 24 hours followed by 3, 5, 7, 9, 11, 14, 16, 21 and
28 days, with complete media replacement at each sampling point. The release media was

subsequently analysed using the appropriate HPLC method.

5.4 Results and discussion

5.4.1 Rheological assessment of polymer and plasticisers
Due to the large variation in the physicochemical properties ( molecular size, hydrophilicity,

melting point and charge) of IRN, PTV, CAP, DSF and CoGlu, (Chapter one, 1.4 Drugs that
may be suitable for repurposing to treat Glioblastoma, Table 1.2) the mechanism for drug
release is expected to vary between the drugs with some releasing primarily via diffusion and
others via the erosion of matrix system. 50/50 PLGA polymers were selected because of their
relatively fast degradation rate (1-2 months) to enable any drugs with extremely slow
diffusion rate to release, eliminating the potential for large variation in drug release between

the drugs [162].

Initially the melt rheology of low, medium and high molecular weight 50/50 PLGA polymers

were studied; 5002a (~ 10 kDa), 5004 (~ 20 kDa) and 5010 (~ 90 kDa) [417]. In order to
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model each polymer extrusion profile and its manufacturing processing parameters a
viscosity temperature sweep was performed on each polymer. For all three polymers
viscosity decreased with an increase in temperature (Figure 5.3). The melt viscosity profile
was influenced by the molecular weight, with a higher molecular weight resulting in a higher
viscosity profile. For a small scale pharmaceutical extruder the optimum viscosity range is
between 103-104 Pa.s, since higher viscosity would require unattainable amount of torque
and lower viscosity would result in an extrudate that is too fluid and would therefore not take
the form of the die [398, 418]. All three polymers were demonstrated to be extrudable but at
different temperatures. Low and medium molecular weight polymers 5002a and 5004 had a
viscosity between 103-104 Pa.s at 80-95 and 97-123 °C, respectively, while the high molecular

weight polymer 5010 had a 104 Pa.s viscosity at 150 °C (Figure 5.3).

106
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104;\\.
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Figure 5.3: Temperature sweep data between 80 to 180 °C for PLGA 5002, 5004 and 5010.
Optimum viscosity range for extrusion (103-104 Pa.s) is represent by red lines.

Unfortunately for heat sensitive drugs such as DSF an increase in processing temperature
above 80 °C may lead to decomposition [419]. Hence for 5004 and 5010 polymers the
addition of a plasticiser maybe required to reduce their melt viscosity. To confirm this, the
melt rheology of drug mixed with low (5002), medium (5004) and high (5010) molecular
weight PLGA polymers, at 30:70 drug-polymer ratio, were investigated. For the 5002, the

melt viscosity of polymer mixed with CAP and DSF were noticeably lower than IRN, PTV and
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CoGlu (Figure 5.4). This was also observed with 5004 but only at temperatures above 110 °C
(Figure 5.4). Additionally, all 5002 and 5004 drug-polymer mixtures were demonstrated to
be temperature dependant, with the exception for IRN-5004 drug-polymer mixture as the
viscosity remained consistent at 104 Pa.s between 140 to 180 °C (Figure 5.4). For the 5010
polymer, extremely high viscosities >10° Pa.s were demonstrated during initial viscosity
readings at the start of the rheology run across all of the samples. Due to this high viscosity,
most runs were terminated prematurely by the equipment, higher starting temperatures

(110, 140 and 160 °C) were trialled but with similar outcome.

For the 5002 polymer, IRN, PTV and CoGlu reached the 103-104 Pa.s viscosity range at 80-95
°C, while for CAP and DSF much lower melt viscosities were observed, and according to their
extrapolated melt viscosity curves it is anticipated that they would require extrusion
processing temperatures of 60-75 oC (Figure 5.4). Higher melt viscosities were observed for
the 5004 drug-polymer mixtures with a 104 Pa.s melt viscosity achieved at temperatures of

130, 127, 110, 107 and 90 °C, for IRN, PTV, CoGlu, CAP and DSF respectively (Figure 5.4).

Therefore, with anticipated processing temperatures below 95 °C for PLGA 5002, the drug-
polymer mixture possesses the appropriate melt viscosity properties for use in a low
temperature extrusion process and thus does not require the addition of a plasticiser.
However, much higher processing temperatures would be needed for PLGA 5004 and 5010
(90-130 °C for 5004 and < 180 °C for 5010) and thus the addition of a plasticiser is required

to reduce their melt viscosity and provide acceptable processing temperatures.
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Figure 5.4: Temperature sweep data for the drug-polymer mixture at 30:70 % ratio. Drugs
investigated were IRN, PTV, DSF, CAP and CoGlu, and polymers were PLGA 5002a and
5004. For the 5002 polymer the temperature sweep was performed at 80-170 °C, slightly
higher temperature range, 90-180 °C, was selected for the 5004 polymer due its higher
viscosity. Optimum viscosity range for extrusion (103-104 Pa.s) is represent by red lines.

Both 5004 and 5010 melt viscosities were investigated with the addition of plasticisers
(Figure 5.5). Three plasticisers were trialled: RH40, P188 and p237 at either 10 or 30 %
(w/w) and all three were proven to be sufficient at lowering the melt viscosity of 5004 and
5010 polymers with RH40 having the greatest influence. For 5004, the addition of 10% w/w
plasticiser was sufficient at achieving 103-104 Pa.s viscosity within a relatively low
temperature range of 90-120 °C (Figure 5.5). However, the addition of 10 % w/w plasticiser
(w/w) to the 5010 polymer did not achieved this and at 104 Pa.s viscosity the corresponding
temperatures were 120, 147 and 153 °C for RH40, P237 and P188, respectively (Figure 5.5).
Increasing the plasticiser loading to 30% w/w improved the melt viscosity curves for the
5010 polymer, but still did not achieve the required melt viscosities for low temperature
extrusion, with a 104 Pa.s viscosity achieved at temperatures of 105, 133 and 147 °C for

RH40, P237 and P188, respectively (Figure 5.5).
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Figure 5.5: Temperature sweep data for the polymer-plasticiser mixture at different ratios.
Plasticisers investigated were RH40, P188 and P237, and polymers were PLGA 5004 and
5010. For the 5004:plasticiser (90:10) and 5010:plasticser (70:30) ratio the temperature
sweep was performed at 90-180 °C, slightly higher initial temperature was selected for
5010:plasticiser (90:10) due to its higher viscosity. Optimum viscosity range for extrusion
(103-104 Pa.s) is represent by red lines.

In order to achieve an acceptable melt viscosity within a reasonable temperature range for
the 5010 polymer plasticiser loadings of >30% would be required. Such loadings may greatly
affect the biocompatibility and drug release profile of an implantable device, and would thus
require a more rigid safety testing to be accepted for use in a pharmaceutical product by the
regulatory authority [420]. Because of this the 5010 polymer was phased out from any

further development. Additionally, the melt viscosity data has shown that all three

180
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plasticisers, RH40, P237 and P188 were suitable for lowering the melt viscosity profile of
50/50 PLGA polymers.

5.4.2 Influence of plasticiser type and loading on the swelling of the implants
The use of plasticisers within a drug delivery device have previously been linked to increased
swelling and for brain tumour this may contribute to cerebral oedema [421-423]. Therefore,
to ensure that the developed drug delivery device is safe, a swelling study was performed
where the IRN-CAP-DSF and IRN-PTV-DSF-CoGlu combination implants were placed in
release media and their dimensions recorded over a 5 day incubation period (120 hours).
Following 5 days of incubation both the IRN-CAP-DSF and IRN-PTV-DSF-CoGlu
combination implants containing the RH40 plasticiser increased in length and diameter by
50% and 20 %, respectively (Figure 5.6). For P188 plasticiser, the implants size increased by
7 and 28 % in diameter and length, respectively, whilst for the P237 implants the size

increased by 9 and 40 %, respectively (Figure 5.6).

Therefore, although the swelling of implants is inevitable and was observed across all
formulations, the implants produced from p188 plasticiser demonstrated the least swelling
as only a small change in size was recorded following a 5 day incubation period. Hence P188

plasticiser was selected for use in the implants.
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Figure 5.6: Swelling profile of IRN-PTV-DSF-CoGlu and IRN-CAP-DSF drug combination
implants made from 5004 polymer and either RH40, P188 or P237 plasticiser.
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5.4.3 Thermal stability during manufacture

Drug stability at manufacture temperature
A thermal stability HPLC analysis was performed to assess the effects of high processing

temperatures on the stability of IRN, PTV, CAP and DSF at 120, 120, 120 and 80 °C
respectively. HPLC analysis revealed no change in mass, with the recovery data for all drugs

at 100% + 3 % RSD (Figure 5.7).
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Figure 5.7: Thermal stability % recovery data for IRN, PTV, DSF and CAP. n=4, + %RSD is
indicated as error bars.
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Crystallinity profile of formulation using DSC
To determine the appropriate processing temperature range a DSC study was performed on

each drug and excipients individually as well as in combination to ensure that there are no
interactions between the drug and excipients. Peak shifts were used as a measure for drug-
excipient interactions. Peak intensity was not assessed due to the likely variation in
homogeneity, as although a larger 500 mg drug-excipient batch mixture was produced to
minimise this variation, the polymer powder used was coarse and led to immediate loss of

homogeneity during the re-weighting of the small amount required for assay (5-10 mg).

Both PLGA 5002A and 5004 thermograms exhibited an endothermic glass transition peak at
42 oC (Figure 5.8, A). No other peaks were observed during both the heating and cooling
runs. Therefore, both samples were demonstrated to be completely amorphous as no
crystallisation and melting peaks were observed. The P188 therogram has an endothermic
melting peak at 55 °C during heating, while during the cooling run, an exothermic
crystallisation peak is observed at 30 °C, demonstrating that there was sufficient time for the

material to crystallise (Figure 5.8, A). For IRN a broad endothermic peak was observed at
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123 °C corresponding to its crystal form phase transition (Figure 5.8, B). However, with the
physical mixture of IRN and excipients this peak has shifted to 86 and 73 °C for IRN-5004-
P188 and IRN-5002a mixtures, respectively (Figure 5.8, B). This is attributed to the solid
state interaction of IRN with PLGA during the heating process, transitioning IRN from the
crystal state to amorphous state. To evaluate this further, the DSC of formulated IRN
implants were also analysed and this peak was not detected in the thermogram indicating the
complete disappearance of the IRN crystal form. A similar outcome has previously been
reported with irinotecan’s metabolic product, SN-38 demonstrating that when mixed with
PLGA a phase transition from the crystal to amorphous form occurs [424]. Additionally,
within the IRN-excipients mixtures both of the PLGA glass transition peaks and the P188
melting peak were detected at the exact same temperature positions (Figure 5.8, B). If there
was an interaction between IRN and either PLGA or P188, these peaks would also have
shifted. The thermogram of PTV pure drug revealed no phase transition peaks
demonstrating that the drug is in its amorphous form (Figure 5.8, B). The thermograms of
PTV and excipient mixtures shows only PLGA and P188 endothermic phase transition peaks,
demonstrating that the drug has not lost its properties and does not show any type of
interactions with the excipients. For the other drugs; DSF, CAP and CoGlu, the thermograms
of pure drugs all show a phase transition melting peak at 74, 108 and 172 °C, respectively,
which are all in line with their melting points from the literature (Figure 5.8, B) [171, 179,
181]. When mixed with the excipients, the aforementioned phase transition peaks were
detected for each drug, with no peak shifts observed, confirming that there were no

interactions with the excipients (Figure 5.8, B).

To conclude only IRN was shown to have a peak shift. This is due to it dissolving in the
PLGA as a result of the PLGA melting and thus forming an amorphous solid solution. This
type of scenario is quite prevalent for drug and polymer molecular mixtures [425]. The
formation of a solid solution is likely to result in a faster dissolution rate of IRN, which can

be controlled, if need be, via adjusting drug-loading in the formulation [426]. Furthermore,
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amorphous drug forms are high energy solids and tend to recrystallize, which can be

assessed via an accelerated stability study.
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Figure 5.8: DSC diagram of (A) All excipients tested individually: PLGA 5002A, PLGA 5004 and P188 Plasticisers (B) Drug product tested
three times; as pure compound (100% drug), drug in combination with p188 and PLGA 5004 (Drug:P188:PLGA 5004, 30:20:50%) and drug in
combination with PLGA 5002 (Drug:5002A 30:70%).
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5.4.4 Micro-extrusion and characterisation of implants

Uniformity of size and mass
IRN-PTV-DSF-CoGlu and IRN-CAP-DSF drug combination delivery devices were

manufactured from two different formulations, either with PLGA5002a or PLGA5004+P188.

To assess the reliability of the manufacturing process, size, weight and content analysis were
performed. Uniformity of size measurements (diameter and length) for the individual drug-
loaded layers reveals that they were consistent in size with a +10 % deviation. The weight of
the individual layers is also shown to be consistent with PTV:PLGA5002a showing the

highest degree of variation, with a %RSD value of 14 % (Table 5.3).

Table 5.3: Mass distribution data for the individual drug 2x2mm implants

30:70 Drug:PLGA5004+P188

IRN PTV DSF CoGlu CAP
Average (n=20) 8.36 7.95 7.47 9.23 7.66
2x2mm implant
mass (mg)
RSD 0.83 0.49 0.65 0.81 0.87
% RSD 9.95 6.16 8.75 8.78 11.41

30:70 Drug:PLGA5002

IRN PTV DSF CoGlu CAP
Average (n=20) 9.56 8.45 8.27 9.09 9.23
2x2mm implant
mass (mg)
RSD 1.18 1.20 0.81 0.83 0.58
% RSD 12.36 14.19 9.75 9.11 6.33

Uniformity of drug content
Four of the drugs, IRN, PTV, DSF and CAP, were measured for content uniformity within

both the IRN-PTV-DSF-CoGlu and IRN-CAP-DSF implants. The content of CoGlu wasn’t

investigated as it cannot be detected via DAD/HPLC assay.

Both IRN-PTV-DSF-CoGlu implants demonstrated good content uniformity for IRN and
PTV, with results between 94-112 % and % RSD values below 20 % across (Table 5.4).
However, for DSF the content was poor, measuring less than 35 % and for the
PLGA5004+P188 formulation, the % RSD value was 60 %, demonstrating poor content

uniformity between the different implants (Table 5.4). This low DSF content was predictable,
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as it undergoes a known chelation reaction with CoGlu to form the DDC_Cu complex, this
reaction is relatively quick and occur in solution during drug extraction [233]. This was
confirmed during HPLC analysis of DSF, with 0.1-0.4 mg of DDC_ Cu detected. Moreover,
the content analysis for single DSF implants produced from the same batch were performed
and results show significantly higher DSF drug content, > 90 % with % RSD values below 25

% for both formulations (Table 5.4).

For both IRN-CAP-DSF implants content uniformity was good, with contents between 80-
120 % and % RSD values below 25 % across, except for CAP:PLGA5002a where the % RSD

value was high, measuring at 50 %, demonstrating poor content uniformity (Table 5.4).

Table 5.4: Drug content, RSD and % RSD values for each drug within IRN-PTV-DSF-
CoGlu, IRN-CAP-DSF and DSF only drug delivery devices.

IRN-PTV-DSF-CoGlu combination

30:70 Drug:PLGA5004+P188 30:70 Drug:PLGA5002a
IRN PTV DSF IRN PTV DSF
Drug Content (%) (n=6) 112.38 93.56 19.60 110.23 94.13 34.93
RSD 17.80 13.48 11.73 4.94 15.16 3.90
% RSD 15.84 14.41 59.87 4.49 16.10 11.16

IRN-CAP-DSF combination
30:70 Drug:PLGA5004+P188 30:70 Drug:PLGA5002a

IRN CAP DSF IRN CAP DSF
Drug Content (%) (n=6) 119.93 93.27 80.70 106.14  94.16 80.54
RSD 13.97 17.29 9.25 8.45 46.90 18.82
% RSD 11.65 18.53 11.60 7.96 49.81 23.66
DSF Single drug
30:70 Drug:PLGA5004+P188 30:70 Drug:PLGA5002a
DSF DSF
Drug Content (%) (n=6) 94.99 94.13
RSD 12.48 22.68
% RSD 13.14 24.10

Overall the uniformity of size and mass was acceptable across all individual drug implants.
The content uniformity for the implants varied depending of the formulation. IRN and PTV
had good content uniformity across both combinations and formulations. For DSF the data
was varied, within the IRN-PTV-DSF-CoGlu implant, the content uniformity for DSF was

poor due its interactions with CoGlu, whereas when DSF was measured within IRN-CAP-
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DSF combination or as a single drug layer the content uniformity was good. Finally, with
CAP good content values were measured, but the content uniformity within the 5002a

formulation was poor with a % RSD value above 50 %.

In-vitro drug release
The dissolution profile of IRN-CAP-DSF and IRN-PTV-DSF-CoGlu drug combination

implants, formulated using two different PLGA polymers; 5004 and 5002a were assessed.
Figure 5.9 shows the release profiles of IRN, PTV, CAP and DSF from both the 3 layer and 4
layer implants with two different PLGAs and into two different (biorelevant and sink
conditioned) dissolution medias. For the IRN released from the 5004 formulation, an initial
burst release was obtained and by day one 80 % of IRN was released under both sink and
biorelevant release conditions. In comparison the IRN form the 5002a formulation
demonstrated a more sustained release with a plateau reached by week 2 and 4 for both sink
and biorelevant release, respectively. CAP demonstrated a controlled release across both
formulations and dissolution media. However, under biorelevant conditions the rate of
release varied between the two formulations, as following 35 days of dissolution, the 5004
formulation attained 90 % release whereas only 23 % was released from the 5002a. Under
sink condition there was no variation in CAP release between the two formulations with both
reaching a plateau at beteween 50-55 %. For DSF, little or no release was demonstrated
under biorelevant condition, with the exception for the four layer 5002a implant which
released 38 %. Additionally, for the four layer drug implant under biorelevant condition, less
than 6x103 mg of DDC_Cu was formed, demonstrating almost no DSF+ CoGlu reaction
taking place which is likely because DSF was not releasing and dissolving in the biorelevant
media. However, under sink condition, DSF demonstrated a controlled and steady release
across both formulations with the 5004 achieving 82 and 62 % of DSF release for the three
and four layer combination implant, respectively. While for the 5002a, 21-22 % of DSF was
released across both drug combinations. Additionally, for the four layer drug combination,
0.05 and 0.5 mg of DDC_ Cu was released alongside DSF for the 5004 and 5002a

formulations, respectively. PTV achieved fast drug release for the 5004 formulation reaching

5-199



a plateau following 1 and 7 days for both the sink and biorelevant conditions, respectively. A
much slower PTV release was achieved with the 5002a formulation, with a plateau reached

following 3 weeks.

Overall the implants produced using the 5004 PLGA polymer achieved much faster drug
release rates than 5002a. As an initial dissolution study, this data clearly demonstrates that
the release rate of each drug can be optimised to the desired profile via adjusting the polymer
matrix. For instance, for the three layer drug implant, if a simultaneous release of IRN, CAP
and DSF over the course of 3 weeks is desired then to achieve this IRN can be formulated

with PLGA 5002a, whereas DSF and CAP would be formulated using the 5004 PLGA.
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Figure 5.9: Simultaneous drug dissolution profiles of IRN, PTV, CAP and DSF within three
(IRN-CAP-DSF) or four (IRN-PTV-DSF-CoGlu) layer combination drug implant. The
dissolution profiles of two distinct formulations: 5004 and 5002 were tested under both sink

and biorelevant conditions.

5.6 Conclusion

In this study, the selection of formulation composition and implant manufacturing processes

were evaluated. Based on rheology, swelling and thermal stability data, two formulations for

IRN-PTV-DSF-CoGlu and IRN-CAP-DSF combination implants were evaluated. Each

implant was characterised for drug content and in vitro release with the data revealing good
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content uniformity (+/- 20 %) and sustained drug release. More importantly this data
provides a good starting point for the development of an implantable device capable of the
delivery of multiple drugs at independent release rates. Furthermore, the release of each

drug can be tailored based on the choice of PLGA.
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6. CHAPTER SIX: CONCLUSION

Detailed conclusions were written at the end of each chapter. This conclusion chapter

presents the overall outcome of the thesis and future progress ideas.

Starting from chapter two, the work initially explored whether currently FDA approved
drugs used for the treatment of other diseases would be effective against glioma tumours.
Eight mono-therapeutic drug treatments were tested against human derived tumour cells:
IRN, PTV, DSF, CoGlu, CAP, CXB, TCL, ITZ. At < 100 uM dose most of those drugs were
proven to be more effective than the current chemotherapeutic treatment, TMZ. We then
questioned if the same repurposed drugs in combination would be even more effective
against glioma cancer, by targeting multiple cancer growth promoting pathways
simultaneously. The data from chapter three testing this theory was very positive, with two of
the tested combination drug treatments, IRN-PTV-DSF-CoGlu and IRN-CAP-DSF proven to
be highly effective across most patients samples and at low dose (630 nM). The work
presented in this thesis then followed to develop those two combination drug treatments into
an implantable drug delivery device. In chapter four two analytical HPLC techniques capable
of separating, detecting and quantifying IRN-PTV-DSF-DDC_Cu and IRN-CAP-DSF drug
combinations were developed and validated. These methods were then used in part to
develop IRN-PTV-DSF-CoGlu and IRN-CAP-DSF combination drug treatments into a
suitable formulation. In chapter five an implantable drug delivery device was developed from
material that is: FDA approved, biodegradable in physiological environment without
inducing adverse reactions, can be easily manufactured by common techniques (such as
extrusion) and capable of delivering the combination drug treatment at sustained-release
rate. The drug delivery device composed of multilayer segments with each segment
composed of therapeutic agent incorporated homogenously within either a 5002a PLGA

polymer or 5004 PLGA polymer plus p188 plasticiser matrix.
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For the future translation of this novel combination drug delivery device from the laboratory

to the clinic we will describe some of the work done so far which can either be optimised or

advanced further:

1-

In this study equal molar ratios of the IRN-PTV-DSF-CoGlu and IRN-CAP-DSF
combination drug treatments were investigated against human derived glioma cells. A
future dose profiling of the combinations using box-behnken design of experiment
approach could investigate if there is an optimum therapeutic molar ratio. This study
could lead to further reduction in dosage requirement for some drugs.

To investigate the formulated multidrug delivery device effectiveness against glioma, 3D
in-vitro cell culture as well as in-vivo patient derived xenograft (PDX) mouse models
could be utilised to replicate the complex biology and heterogeneity of glioma. Allowing
to evaluate the multidrug delivery device for safety and efficacy in a highly representative
clinical model.

Two HPLC analytical techniques for IRN-PTV-DSF-DDC_ Cu and IRN-CAP-DSF drug
combinations were developed. While the single injection analytical method is very good
as it is, it could benefit from testing whether lower acetic acid mobile phase content could
achieve equivalent specificity, linearity, accuracy, precision data. This is because DSF
molecule is known to be more stable at intermediate pH values so it could be worthwhile
to refine the method slightly particularly for use in future forced degradation and long-
term stability testing of drug delivery device [427]. Furthermore, the developed HPLC
method could not detect CoGlu, hence a second highly selective analytical method such
as atomic absorption spectrometry (AAS) or titration could be developed to quantify
CoGlu within the drug delivery device.

During the in-vitro drug release study for IRN-PTV-DSF-CoGlu combination drug
delivery device, small amount of DDC_Cu was detected due to DSF and CoGlu reacting
together to form DDC_Cu. Future reaction kinetic study assessing DSF and CoGlu
reaction rate under in-vitro test conditions could be useful to predict the maximum

DDC_ Cu dose reached in-vivo. Since both reactants and products may possess some
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clinical activity, the potency and clinical effectiveness of each may vary depending on the
speed at which the DSF and CoGlu reaction proceeds. To illustrate if the speed at which
reactants are converted into products is slow, then the efficacy of treatment would mainly
be from the DSF and CoGlu drug treatment, whereas if the reaction is quick, then the
reaction process as well as DDC_Cu concentration could be the main reason for response
to treatment.

In-vitro drug release testing was so far only performed at 30% drug loading, to further
explore the pharmaceutical efficacy of treatment drug release testing at different drug
loadings (e.g 10, 20, 30 and 40 %) could be evaluated.

A forced degradation study for each drug is needed to generate a degradation profile that
mimics what would be observed in a stability study under ICH conditions.

For the formulated implantable drug delivery device accelerated stability testing (at
relatively high temperatures and/or humidity) could be performed to determine the type
of degradation products which may be found after long-term storage. This study could
also determine the appropriate storage conditions for the drug delivery device.

A product sterilisation method such as applying gamma radiation to eliminate, remove,
kills, or deactivates all forms of life (such as fungi, bacteria, viruses, spores, unicellular
eukaryotic organisms such as Plasmodium, etc.) and other biological agents like prions
must be developed. Additionally, radiation impact on drug stability and release
characteristics must be evaluated.

So far, we have only formulated our multi-drug delivery device using a piloted small-
scale manual micro-extrusion method, to properly evaluate our full product performance
(e.g drug release, content uniformity and drug stability) future formulation of product

using a pharmaceutical extruder is needed.
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Appendix A

Pathology results, previous treatment and MTT LogIC,, data summary for single drug treatments.

Mutation LogICso (nM)
Tumour ATRX MGMT Previous Tumour
Grade ild- e Un- treatments Fragment
Mutant Methylate methylated
1 N/A N/A N/A N/A N/A TC >5 = = = = = = 4.2 =
TC >5 - - - - - - 3.4 -
2 \Y v v v Dexamethasone
BAT >5 >5 >5 >5 >5 >5 5.0 >5 >5
3 v v v v Steroids TC >5 >5 >5 >5 >5 48 38 46 33
Low level TC >5 >5 4.7 >5 >5 >5 4.2 4.5 2.3
4 WY v 4 ) None
methylation BAT >5 >5 >5 >5 5.0 >5 4.8 4.0 >5
2X r'esection TC - - - - - - ) ) )
5 " v v v Radli’:\:irapy
BAT >5 >5 >5 >5 >5 >5 4.8 3.4 >5
Levetiracetam
Radiotherapy
6 [} v v v T™Z TC >5 >5 4.5 5.0 >5 4.8 4.4 4.3 2.5
Lomustine
Dexamethasone
7 \% N/A v v Lansoprazole TC >5 >5 4.9 >5 >5 41 36 40 23
Levetiracetam
TC >5 4.8 >5 >5 >5 40 4.0 3.5 3.0
8 1Y v v N/A Dexamethasone
BAT 2.8 >5 >5 >5 >5 >5 4.5 >5 3.0
TC >5 3.4 >5 >5 >5 >5 5.0 >5 >5
9 " v % Low Iev?I N/A
methylation BAT >5 2.8 >5 >5 >5 >5 3.0 2.4 2.8
\% v N/A v 3x resection >5 >5 5.0 >5 >5 >5 43 44 24
\% v 4 v Steroids >5 >5 >5 >5 >5 >5 >5 3.3 20
R ti
12 1 N/A v 7 esection >5 50 48 50 >5 43 43 45 >5
Levetiracetam

List of abbreviations: IDH,, isocitrate dehydrogenase 1; ATRX, alpha-thalassemia/mental retardation X-linked; MGMT, O-6-methylguanine-
DNA methyltransferase; TC, tumour core; BAT, brain around tumour; TMZ, temozolomide; IRN, irinotecan; PTV, pitavastatin; DSF,
disulfiram; CoGlu, copper Gluconate; CAP, captopril; CXB, celecoxib; ITZ, itraconazole; TCL, ticlopidine. n/a indicates that the data could not
be determined.
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Appendix B

Pathology results, previous treatment and MTT LogIC,, data summary for combination drug treatments.

- Mutation LogICs0 (NM)
.§ Tumour IDH, ATRX MGMT Previous Tumour Drug Combination
E Grade Wild- Mutant Wild- Mutant Methvlated Un- treatments Fragment TMZ IRN-PTV- IRN-CAP- IRN-CAP- IRN-PTV-
type type Y methylated DSF-CoGlu CXB-ITZ DSF CAP-TCL
TC >5 - - - -
v v %
2 v Dexamethasone TIC - 28 = = =
3 v v v v Steroids TC >5 4.0 4.3 3.2 4.9
Low level TC >5 2.8 4.6 3.5 4.0
v v
4 v methylation None TIC >5 2.3 4.3 3.9 4.8
2x resection - - - - -
. TC
5 I v v v Radiotherapy
TMZ TIC > 2 1 2
Levetiracetam 5 D 4-3 3 4
Radiotherapy
6 111 v 4 v TMZ TC >5 2.4 4.0 3.3 4.7
Lomustine
Dexamethasone
7 v N/A v v Lansoprazole TC >5 2.1 4.6 4.0 2.4
Levetiracetam
TC >5 2.4 4.3 4.0 4.2
v v
8 v N/A Dexamethasone TIC 28 By yE o 26
Low level TC >5 2.8 4.6 3.6 4.0
v v
9 v methylation N/A TIC >5 3.0 3.9 3.3 2.9
10 v v N/A v 3x resection TC >5 2.3 3.8 3.7 2.5
11 v v v v Steroids I\ >5 2.5 3.8 3.5 3.0

Resection
v v

List of abbreviations: IDH,, isocitrate dehydrogenase 1; ATRX, alpha-thalassemia/mental retardation X-linked; MGMT, O-6-methylguanine-
DNA methyltransferase; TC, tumour core; BAT, brain around tumour; TMZ, temozolomide; IRN, irinotecan; PTV, pitavastatin; DSF,
disulfiram; CoGlu, copper Gluconate; CAP, captopril; CXB, celecoxib; ITZ, itraconazole; TCL, ticlopidine. n/a indicates that the data could not
be determined.
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