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Abstract
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Glioblastoma (GBM) is the most common aggressive primary brain tumour in adults.
Despite various recent treatment advances, prognosis and survival rates remain dismal.
A potential explanation for such poor outcomes is the high invasive nature of glioma
cells, which enable them to invade areas of the brain where the blood-brain barrier
may still be intact. This could explain the frequently encountered tumour recurrences
that occur at the edges of the original tumour or at the surgical resection margins.
Another potential explanation for such poor outcomes is the blood-brain barrier
(BBB), which prevents delivery of effective chemotherapy into the brain. Furthermore,
efflux transporters at the BBB can also restrict drug delivery. P-glycoprotein (P-gp)
and breast cancer resistance protein (BCRP) are two efflux transporters that work
closely together as efflux pumps for a variety of anticancer drugs. Temozolomide
(TMZ) is the central chemotherapy agent used in the treatment of malignant brain
tumours but interestingly, its relationship with P-gp and BCRP remains poorly
understood. The ultimate aim of this thesis is to develop an imaging method for
measuring the effects of strategies modifying Temozolomide (TMZ) delivery into the
brain and brain tumours.

An in-vitro BBB model was developed and validated. This was then used to conduct
TMZ transport studies, which showed a trend for TMZ to be transported by P-gp and
BCREP at clinically relevant concentrations.

In order to confirm these results, dynamic small animal positron emission tomography
(PET) with [''C]TMZ was also performed in wild-type and in mice lacking P-gp,
BCRP or both transporters as well as in wild-type mice treated with the efflux
transporter inhibitor Tariquidar (TQD). Scans confirmed higher delivery of [''C]TMZ
in mice lacking P-gp, BCRP and both transporters. Similar results were noted in wild
type mice following the pharmacological inhibition of P-gp and BCRP.

A human glioma model in mice was derived by intracranial injection of human U87
glioma cells in thirty-five athymic female mice. Animals were treated with TMZ alone,
TQD alone or combination therapy (TMZ and TQD). Response to treatment was
evaluated by performing volumetric tumour measurement using MRI. Combination
therapy was shown to be superior achieving significant early and sustained response in
tumours when compared with TMZ alone treatment.

Finally, PET imaging was used with the known P-gp substrate (R)-[''C]verapamil to
demonstrate the functional activity of P-gp in five high-grade glioma patients. This
approach was shown to be a suitable non-invasive imaging method for visualising P-gp
function in patients with brain tumours and highlighted the heterogeneity of the
functional activity of P-gp in these patients.
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Chapter 1  The Alternative Format Thesis

1.1. Overview

This thesis is presented in the alternative format. This allows a postgraduate doctoral
or MPhil student to incorporate sections, which are in a format suitable for submission
for publication in a peer-reviewed journal. Apart from the inclusion of such materials,
the alternative format thesis must confer to the same standards expected for a standard

thesis.

1.2.  Aims and objectives

The aim of this thesis is to develop an imaging method for measuring the effects of
strategies modifying Temozolomide (TMZ) delivery into the brain and brain tumours.
In order to achieve this goal, a number of specific objectives were generated and

tested:

1. Investigate the effects of P-glycoprotein (P-gp) and Breast cancer resistance protein
(BCRP) inhibition on the transport of TMZ in-vitro.

An in-vitro blood-brain barrier (BBB) model that poses excellent barrier properties and
expresses P-gp and BCRP was employed to conduct in-vitro transport studies, directly

evaluating TMZ transport by P-gp and BCRP.

2. Evaluate the role of the P-gp and BCRP efflux transporters in the efflux of TMZ at
the mouse BBB.

Small animal positron emission tomography (PET) scans were performed using
radiolabelled [//C]TMZ in wild type and genetic transporter knockout mice, as well as

by using chemical inhibition of P-gp and BCRP.

3. Investigate the role of the P-gp and BCRP efflux transporters in limiting TMZ
efficacy in brain tumours.
Glioblastoma (GBM) xenograft models were implanted into mice to evaluate how

chemical inhibition of P-gp and BCRP mediated efflux affects the efficacy of TMZ.
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4. Investigate the functional activity of P-gp in high-grade glioma patients.
PET imaging and (R)-[''C]verapamil were utilised to non-invasively demonstrate the

functional activity of P-gp in five patients with high-grade gliomas.

1.3.  Organisation and structure of the thesis

Four experimental chapters are presented in scientific paper format. At the beginning
of each experimental chapter, a brief abstract of the paper is provided. All
experimental chapters have been written by the candidate with co-authors providing
input on the draft versions that were incorporated in this thesis. The first two
introductory chapters provide an overview of glioma tumours and the BBB to help

establish the context and rationale for the research.

Chapter 2: Glioma: An Overview. This chapter provides a brief overview of glioma
tumours and the current state of knowledge of the imaging techniques used in

evaluating patients with brain tumours.

Chapter 3: Blood-Brain Barrier: An Overview. This chapter describes the role of the
BBB and the role of the efflux transporters. Particular emphasis is placed on the role of

P-gp and BCRP in limiting delivery of effective chemotherapy.

Chapter 4: In-vitro studies: Temozolomide transport studies in a validated in-vitro
blood-brain barrier model. This is the first experimental chapter that investigates the
relationship between TMZ and the efflux transporters P-gp and BCRP. In an effort to
replicate the clinical settings, TMZ transport studies were conducted in a validated
BBB model with high trans-endothelial electrical resistance (TEER) and proven
functionally active P-gp and BCRP This experimental chapter provides the first direct
evidence of active TMZ transport by both P-gp and BCRP.

Chapter S: Preclinical in-vivo study: Temozolomide is transported by P-glycoprotein

and Breast Cancer Resistance Protein Efflux transporters at the mouse blood-brain

barrier. 1In this experimental chapter small animal PET imaging was used with
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radiolabelled TMZ in groups of wild type and transporter knockout mice (P-gp, BCRP
and dual transporter knockout) and in wild type mice that underwent efflux
transporters inhibition with TQD. Brain uptake of the radiolabelled TMZ was
determined by direct radioactivity concentration measurements using a gamma counter
as well as PET imaging. The results of this chapter confirm that TMZ is transported by
both P-gp and BCRP efflux transporters at the BBB of the mouse.

Chapter 6: Preclinical in-vivo study: P-glycoprotein and Breast Cancer Resistance
Protein inhibition enhances Temozolomide efficacy in a glioma model in mice. After
demonstrating that TMZ is transported by P-gp and BCRP, this chapter consisted of an
efficacy study designed to investigate the effects of combination therapy of TMZ with
P-gp and BCRP inhibition in an orthotopic glioma model in mice. Magnetic resonance
(MR) imaging was used to assess tumour volume as a surrogate for tumour response.
Combination therapy resulted in a quicker and more sustained tumour shrinkage when
compared with TMZ alone therapy. Finally, several steps were taken in attempt to

establish the mechanism for this response.

Chapter 7: Clinical study: Imaging P-glycoprotein function in patients with high-
grade gliomas. The final experimental chapter describes a PET imaging study
evaluating the functional activity of P-gp in patients with high-grade glioma tumours
and comparing them to healthy volunteers. Heterogeneous P-gp functional activity was
demonstrated amongst patients and within the different regions of individual tumours.
This study also highlighted the importance of measuring cerebral perfusion to

accurately measure P-gp function.

Chapter 8: Summary and future work. This chapter summarises the findings of the

experimental chapters and discusses potential future work.
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1.4.  Research questions

The principle research question of the thesis is:

Can we develop a non-invasive imaging method for measuring and modifying TMZ

delivery in patients with brain tumours?

Secondary questions arising from the primary question are:

1. What is the relationship between TMZ and the efflux transporter P-gp and BCRP?

2. Is efflux transporter inhibition in combination with TMZ treatment a suitable
strategy for enhancing TMZ efficacy?

3. Is it possible to image the functional activity of P-gp in patients with high-grade

glioma tumours?
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Chapter 2 Brain Tumours: An Overview

2.1. Introduction

Brain tumours and other central nervous system (CNS) tumours are the eighth most
common cancer in the United Kingdom (UK), responsible for approximately 3% of all
cancer deaths. A significant proportion of these tumours are highly malignant, with
GBM being the most common primary malignant tumour in adults, having a limited
median survival time in England of only six months (Brodbelt et al., 2015).

This chapter will provide a brief overview of the clinical features, classification and
biology of brain tumours, with a particular focus on the high-grade glioma tumours

studied in this thesis.

2.2.  Clinical features

Clinical manifestations of brain tumours are the result of multiple mechanisms, which
include: raised intracranial pressure and direct brain tissue irritation or invasion.
Raised intracranial pressure is usually the indirect consequence of a tumour mass,
oedema or hydrocephalus. Brain tumours can cause hydrocephalus via either
cerebrospinal fluid (CSF) overproduction or impairment of its circulation and
resorption. The most commonly encountered manifestations of brain tumours include
headache, nausea, vomiting, visual symptoms and altered mental status.

As with all neurological diseases of the brain, the clinical manifestations of brain
tumours are directly related to the specific brain area that has been affected. Such local
manifestations can be the result of direct irritation of the tumour-adjacent brain tissue
via the mass effect or other metabolic processes (Tatter, 1999). Symptoms include
seizures, altered sensation and progressive loss of function of the affected brain tissue.
The rate of tumour growth is another important factor. For example, a slow-growing,
low-grade, infiltrative glioma can reach a late-stage size before causing symptoms. In
contrast, rapidly-growing, high-grade tumours are more likely to become symptomatic

and declare themselves earlier (Buckner, 2017).
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2.3.  World Health Organisation (WHO) classification of central nervous system
fumours

The 2007 WHO classification of CNS tumours was recently revised in 2016 (Louis et
al., 2016). The 2007 classification was based on the histological characteristics of the
tumour’s main cells of origin as well as their anatomical location (Louis et al., 2007).
The 2016 update incorporates molecular markers such as a mutation in isocitrate
dehydrogenase (IDH), integrating phenotypic (microscopic) and genotypic parameters
for the clinical classification of brain tumours and making them more relevant to
current clinical practice. Increased emphasis is placed on the genotype as the primary
tool for determining a diagnosis, even in cases where there exists discordance between
phenotypic and genotypic features. The classification also introduced the term “not
otherwise specified - NOS” to allow for cases in which the molecular markers are not
available or have not been identified.

Another important change in the new classification is the grouping of diffusely
infiltrating gliomas, including tumours of both astrocytic and oligodendroglial cell
origin. This grouping is based on the shared mutations in the /DH1 and IDH?2 genes as
well as their shared prognostic markers. Furthermore, both diffuse astrocytoma and
anaplastic astrocytoma have been further divided into three categories: IDH-mutant,
IDH-wildtype and NOS.

Oligodendroglioma and anapaestic oligodendroglioma tumours can only be diagnosed
when both of the following genetic markers have been identified: IDH gene mutation
and dual whole-arm losses of 1p and 19q (1p/19q co-deletion). For example, if a
tumour has histological characteristics of an oligodendroglioma but lacks the
molecular marker of 1p/19q co-deletion, it no longer can be diagnosed as an
oligodendroglioma.

Finally, glioblastomas, the most aggressive form of tumour, have been divided into
three categories: IDH-wildtype, IDH-mutant and NOS. IDH-wildtype represent the
majority of the cases and is characterised as a primary glioblastoma (Yan et al 2009)
(Cohen et al., 2013).

Histological grading is another tool that is used in the WHO classification. Tumours
are assigned a grade from I to IV on the basis of their malignant features, such as
nuclear atypia, mitotic activity, endothelial cell proliferation, cellularity and necrosis.

This grading facilitates the prediction of biological behaviour and prognosis, and helps
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guide clinical management. WHO grade I and II tumours constitute low-grade
tumours, whilst grades III and IV represent high-grade tumours. Grade I and II
tumours have relatively low cellular proliferative rates, but grade Il tumours tend to be
more infiltrative and have the potential to progress into higher grade tumours. Grade
IV tumours represent the most malignant group, with the highest mitotic activity and
necrosis and most aggressive infiltrative growth pattern (Louis et al., 2007). A

summary of the updated WHO classification system is presented in Table 2.1.
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Table 2. 1: Summary of the WHO classification for brain tumours.

1. Diffuse astrocytic and oligodendroglial tumours

=  WHO grade Il

¢ Diffuse astrocytoma
o IDH-mutant
o IDH-wildtype
o NOS

¢ Oligoastrocytoma NOS

e Oligodendroglioma
o IDH mutant and 1p19q co-deleted
o NOS

=  WHO grade Il
¢ Anaplastic astrocytoma
o IDH-mutant
o IDH-wildtype
o NOS

¢ Anaplastic oligoastrocytoma, NOS

¢ Anaplastic oligodendroglioma
o IDH mutant and 1p19q co-deleted
o NOS

=  WHO grade IV

e Glioblastoma
o IDH-Wildtype
o Giant cell glioblastoma
o Gliosacroma
o Epithelioid glioblastoma
o IDH-mutant
o NOS

¢ Diffuse midline glioma, H3K27M-mutant

Other astrocytic tumours

Ependymal tumours

Other gliomas

Choroid plexus tumours

Neuronal and mixed neuro-glial tumours
Tumours of the pineal region

Embryonal tumours

9. Tumours of the cranial and paraspinal nerves
10. Meningiomas

11. Mesenchymal, non-meningothelial tumours
12. Melanocytic tumours

13. Lymphoma

14. Histiocytic tumours

15. Germ cell tumours

16. Tumours of the sellar region

17. Metastatic tumours

® N Ok WD

Adapted from (Louis et al., 2016). Tumours encountered as part of this thesis research
belong to the first category; as such, detailed classification is provided.
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2.4 Glioma biology overview

The Cancer Genome Atlas (TCGA) identified three main molecular pathways that are
affected in a large number of GBM tumours. These include: (1) growth factor
dysregulation, which can be achieved by activation of receptor tyrosine kinase (RTK)
genes. (2) Activation of the phosphatidyl inositol-3- kinase (PI3K) pathway and finally
(3) Cell apoptosis regulation via inactivation of the p53 and retinoblastoma-1 tumour
suppressor pathways (TCGA, 2008). These findings shed some light on the complex
biology of GBM and the various molecular pathways that are implicated in the growth

of these tumours.

Another important molecular pathway in the development of GBM is IDH1 mutation,
which has been first identified by a multi-group collaboration in 2008 (Parson et al.,
2008). Mutations in the IDHI and IDH2 genes have been commonly linked to the
development of secondary GBM (Louis et al., 2016). The mutation appears to be a
single amino acid missense mutation at the arginine 132. 2-hydroxyglutrate is the by-
product of this mutation. Some authors suggested that IDH is an oncogene with 2-
hydroxyglutrate being an oncometabolite. Furthermore, the TCGA initiative pointed to
an association between IDH mutation and increased promoter methylation (G-CIMP).
A main differentiating characteristic of GBMs 1is their high microvascular
proliferation, which is an essential requirement in facilitating the tumour growth
(Fischer et al., 2005). Once the tumour size surpasses 1-2 mm, it starts to outgrow its
blood supply, leading to necrosis and hypoxia. The tumour must then rely on
angiogenesis to meet its increasing demands for nutrients and oxygen. This complex
process is governed by multiple pro-angiogenic factors and begins with the expression
of hypoxia-inducible factor 1o (HIF-1a). 2-hydroxyglutarate produced by mutant IDH
can alter proline hydroxylation, which in turn, inhibits the degradation of HIF-1a. Thus
IDH mutation can result in a microenvironment where HIF-1a protein levels are high
(consistent with hypoxia) while oxygen tension is normal (Cohen et al., 2013). This
has been referred to as “pseudo-hypoxia” and may play an important role in the
biology of GBM tumours.

Furthermore, HIF-1a, in combination with stabilising genetic factors, facilitates the
production of various pro-angiogenic factors, vascular endothelial growth factor

(VEGF) being the main one (Folkman, 1992) (Plate et al., 1992). VEGF in turn

33



promotes the formation of immature blood vessels with increased endothelial
permeability (Waggener and Beggs, 1976). The end result is the formation of a
complex and highly heterogeneous vascular microenvironment in the tumour and
around its growing edges.

A common feature of GBM is acidosis caused by hypoxia (low oxygen tension).
Hypoxia essentially alters the cellular metabolism by shifting from oxidative
phosphorylation to glycolytic metabolism generating a high acid load in the tumour
microenvironment. As discussed previously, hypoxia induces the production of HIF-
la, which induces the expression of various intracellular pH-regulating mechanisms.
The end result of this is tumour cells that are adapted and resistant to the toxic

environment of acidosis.

The invasive nature of GBM is another hallmark of this tumour and a key reason
preventing curative surgical resection. Scherer described the glioma invasion pathway,
which occurs along the white matter tracts, neuronal tracts and vasculature (Scherer,
1940). Additionally, the tumour’s aggressive invasive growth pattern appears to be
directly linked to hypoxia, which drives the release of angiogenic factors at the tumour
edges and in the adjacent brain tissue facilitating tumour growth and invasion (Zagzag
et al., 2008). In fact, at the time of GBM diagnosis, it is accepted that tumoural cells
have likely already spread to various areas of the brain, which may even appear

macroscopically normal using conventional imaging techniques (Giese et al., 2003).

Finally, it is important to remember that tumoural heterogeneity is not limited to the
vascular microenvironment but can also be seen in the tumours’ genetic profiles as
well as other biological factors such as cellular proliferation and metabolic activity.
Heterogeneity can also be seen in different components of an individual tumour and is
probably a major factor in the frequently observed differential response of these
tumours to treatment. For example, hypoxic areas of the brain with low blood supply
are likely to receive different concentrations of chemotherapy than the more solid

portion of a tumour, hence showing a different response (Winkler et al., 2004).
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2.5  Imaging

Imaging is integral to the management of patients with brain tumours, but its exact role
is dependent on specific clinical indications (Ricci, 1999). Broadly speaking, the aims
of imaging in patients with a brain tumour can be divided into four major categories:
(1) establishing an underlying abnormality, (2) characterising the abnormality, (3)
assisting in treatment planning, and finally (4) post-treatment evaluation.

The most commonly used imaging modalities for the assessment of neurologic
disorders are computed tomography (CT) and magnetic resonance imaging (MRI). CT
is mostly limited to hyper-acute clinical settings due to its low cost, wide availability,
short imaging times and excellent ability to detect acute haemorrhage. MRI, on the
other hand, offers improved anatomic delineation, increased sensitivity and access to a
number of advanced imaging processes such as diffusion-weighted imaging. It is thus
the modality of choice for the evaluation of brain tumours. In recent years, despite its
complexity, expense and limited availability, PET use has been increasing, as it can

provide unique additional information in specific clinical situations.

2.5.1. Conventional MRI imaging in glioma

Conventional MRI imaging protocols for use in cerebral malignancy include T1W,
T2W, fluid attenuated inversion recovery (FLAIR), diffusion weighted imaging
(DWI), T2*W gradient echo and post contrast TIW images. Despite the various
advances in MRI imaging, conventional MRI still plays a dominant role in clinical
practice and remains the mainstay of radiologic assessment of glial tumours. However,
although conventional imaging protocols provide exquisite anatomic detail, it is
important to note that, in many cases, they are not able to accurately identify the
glioma’s grade or cellular subtype. This is particularly important because these
features have a major impact on treatment planning. For example, contrast
enhancement, as well as certain morphologic features such as mass effect, necrosis and
haemorrhage, are regarded as indicators of an aggressive, high-grade glioma. Contrast

enhancement in particular has been suggested to correlate reliably with malignancy
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(Pierallini et al., 1997). However, although a common feature of high-grade glioma,
contrast enhancement remains nonspecific. For example, Scott et al. found that almost
a third of high-grade glioma tumours showed no contrast enhancement, while White et
al. noted that almost 50% of low-grade oligodendroglioma tumours demonstrated
some enhancement (Scott et al., 2002) (White et al., 2005). Currently, no conventional
MRI imaging features exist that can be reliably used to differentiate between the
different glioma subtypes, such as grade II astrocytoma and oligodendroglioma

(Upahday, 2011).

2.5.2. Advanced MRI imaging techniques

Conventional MRI imaging enables structural evaluation of tumour size, anatomic
position and contrast enhancement patterns, but is limited in its use for evaluating
pathophysiologic properties such as microscopic tumoural infiltration, microvascular
characteristics, early response changes or the relationship of the tumour to eloquent
cortical areas. The attempt to address these limitations led to the development of
advanced MR imaging techniques able to evaluate the cellular, haemodynamic,
metabolic and functional properties of gliomas.

The advanced MRI imaging techniques that are increasingly being employed in
clinical practice include diffusion weighted imaging (DWI), diffusion tensor imaging
(DTI), perfusion weighted imaging (PWI) including dynamic susceptibility contrast
(DSC-MRI) and dynamic contrast enhanced (DCE-MRI) techniques, MR spectroscopy
(MRS) and functional MRI (f-MRI). A summary of the most commonly utilised
advanced MR imaging techniques and their derived imaging biomarkers is presented

in Table 2.2.
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Table 2. 2: Summary of the most commonly derived MR imaging biomarkers in

gliomas.
Technique Biomarker Correlation
DWI Apparent diffusion coefficient Cellular density
DSC-MRI Relative cerebral blood volume Vascular proliferation
Relative cerebral blood flow
Mean transient time
DCE-MRI Relative cerebral blood volume Vascular proliferation
Relative cerebral blood flow
Contrast Transfer Coefficient (Ktrans) Vascular permeability
ASL Cerebral blood flow Vascular proliferation
MRS Various metabolites including Choline, Surrogates for various
Creatine, Lactate, Lipids and NAA physiological process
DTI Fractional anisotropy of water molecules White matter tracts
fMRI Changes in deoxyhaemoglobin concentration | Surrogate for cortical activation

Abbreviations: DWI: diffusion weight imaging, DSC-MRI: dynamic susceptibility
contrast MRI, DCE-MRI: dynamic contrast enhanced MRI, ASL: arterial spin
labelling, DTI: diffusion tensor imaging, fMRI: functional MRI.

2.5.2.1 MRI Perfusion

As tumours grow they stimulate the development of new blood vessels, a process
known as angiogenesis (Hanahan and Weinberg, 2000). These new vessels are
characterised by a defective, permeable, blood brain barrier due to incomplete closure
of endothelial tight junctions. In slowly growing tumours the process may result in
regular, well-perfused, vascular beds with normal arterial, capillary and venous
organisation. Where tumour growth outstrips the angiogenic process then tumour
vasculature will be irregular with multiple blind ending vessels, arteriovenous shunts
and areas of hypoperfusion and necrosis. The use of imaging biomarkers to quantify
and characterise this abnormal microvascular environment provides a powerful tool in

understanding individual variations in tumour biology.

There are two major groups of imaging techniques, which are used to derive quantified
biomarkers that describe the tumour microvascular environment. The first, and most
commonly used utilise dynamic imaging of the passage of a contrast agent (dynamic
contrast enhanced imaging techniques), the second, arterial spin labelling (ASL) uses
magnetic labeling of endogenous protons in blood to assess blood volume flow and

flow rate.
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Dynamic Contrast Enhanced Imaging Techniques

Dynamic contrast enhanced imaging techniques use a bolus injection of contrast agent
(CA) and study its passage through the cerebral and tumoural vasculature in order to
derive quantified metrics which describe the microvascular environment. This generic
approach can be applied using dynamic CT or MR, and dynamic MR imaging can be
performed using either T1 weighted or T2* weighted imaging.

Dynamic Susceptibility Contrast Enhanced-MRI (DSCE-MRI)

DSCE-MRI is widely used in clinical practice due to its relative ease and its
contribution to diagnosis and therapy planning. A dynamic series of T2* weighted
images 1s acquired, with a high temporal resolution, usually in the region of 4 to 5
seconds. During the dynamic acquisition bolus injection of paramagnetic contrast
agent is administered via a peripheral vein using a power injector. The bolus retains
integrity as it passes through the brain producing a relatively short-lived decrease in
signal intensity reflecting intravascular contrast concentration. The signal change can,
relatively simply, be transformed into a measure of contrast concentration allowing the
generation of contrast concentration time course curves (CC-TCC). These dynamic
images can be analysed using a number of algorithmic approaches. The area under the
CC-TCC will be directly proportional to the regional percentage blood volume
(rCBV). Absolute measurements of CBV can then be obtained by normalising rCBV
to vascular values observed in large veins or normal white matter. In practice,
estimation of CBF is complicated by broadening of the contrast bolus and regional
delays in arrival due to vascular transit time. In addition, the contrast bolus will vary
between subjects making it necessary to direct the estimate the size and shape of the
bolus in the feeding arteries. The use of various mathematic deconvolution techniques
to correct for variation in arterial bolus shape combined with approaches which correct
for arrival time delay allows effective estimation of cerebral blood flow in normal
vascular trees. Unfortunately, in tumoural vessels, characterised by tortuousity and
abnormal flow patterns, the underlying assumptions of this model do not hold and

estimates of CBF are likely to have significant inaccuracies.

Another limitation of DSCE-MRI is an assumption that CA remains intravascular with
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no leakage into the extravascular extracellular space (EES). This assumption is, of
course, incorrect where there is BBB breakdown. Such contrast leakage produces a
strong and competing T1 contrast effect, also known as the “T1-shine through effect”,
which causes under estimation of CBV measurements. T1-shine through effects can be
minimised by preloading the patient with a dose of contrast before acquiring the
dynamic data (Jackson et al., 2002) (Boxerman et al., 2006). Other methods include
the use of a low flip angle sequences and algorithmic correction of the individual CC-
TCC curves (Cha et al., 2002) although the former has become unpopular due to the

resulting decrease in signal-noise ratio.

Dynamic contrast enhanced MRI (DCE-MRI)

DCE-MRI uses dynamic T1 weighted sequences to measure changes in signal intensity
during CA passage. The resulting changes in signal from intravascular and
extravascular CA leakage are additive, which allows direct estimation of CA leakage
and BBB permeability. In many clinical applications semi-quantitative analytic
methods are applied, usually attempting to quantify the rate of change or degree of
change of signal intensity relative to baseline (Jackson et al., 2014). These metrics are
simple to measure and have been widely applied in many tumour types. However, in
many applications, particularly in the brain, there has been a focus on the application
of quantitative pharmacokinetic analytic algorithms that allow calculation of
biomarkers that are believed to give greater physiologic specificity (Jackson, 2004).
The use of pharmacokinetic analysis techniques requires generation of CC-TCC from
observed signal changes. For TIW data this requires accurate measurement of
baseline T1 values prior to contrast passage. In most cases this is done using a
gradient echo sequence with multiple flip angles. From the resulting dynamic images,
CC-TCC can be derived for the feeding artery (arterial input function; AIF) and for
each voxel in the tumour and normal tissues.

The most widely used analytic approach is a modified version of Tofts
pharmacokinetic model which yields three main imaging biomarkers: estimates of the
vascular fraction (vp), extravascular extracellular space fraction (ve) and the transfer
contrast coefficient (K™ ) (Tofts and Kermode, 1991). K™ derived using this model
will be affected by both regional blood flow and the product of capillary endothelial
permeability and surface area (PS). Where flow is low relative to leakage, K™ will

principally reflect flow whereas if leakage is low relative to blood flow then it will
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principally reflect permeability (Tofts et al., 1999).

More complex analytic models can be implemented; however, these may be more
sensitive to noise and require superior image acquisition strategies. Choosing the
appropriate pharmacokinetic model is dictated by the requirements of the individual
study as well as the available post processing hardware and local expertise (Tofts et al.,
1999).

Differences between DSC-MRI and DCE-MRI are presented in table 2.3.

Table 2.3: Clinical differences between DSC-MRI and DCE-MRI.

DSC-MRI DCE-MRI
Advantages Widely available in clinical practice Most reliable
Quick Less artefact
Limitations  Susceptibility artefact Requires complex modelling and post
processing
Permeability is not measured Longer acquisition times
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2.5.3. Clinical applications of MRI

Over the past 20 years, considerable research has been done on the use of advanced
MRI for the characterisation of cerebral tumours. A number of specific clinical
applications have emerged that will be discussed in this section. These applications
include 1) grading of gliomas and identification of histologic subtypes, 2)
identification of higher-grade transformation, 3) treatment planning and guidance, 4)

assessment of treatment response, and 5) molecular characterisation.

2.5.3.1. Grading of gliomas and identification of histologic subtypes

Treatment strategies for gliomas differ greatly between low-grade gliomas (WHO
grade I and II) and high-grade gliomas (WHO grade III and IV). High-grade glioma
tumours such as GBM are classically treated with maximum surgical resection,
followed by a combination of chemotherapy and radiotherapy (Stupp 2005). Low-
grade tumour treatment strategies on the other hand vary greatly and may include:
regular surveillance with imaging, surgical resection, chemotherapy or a combination
of these approaches (Buckner, 2017).

Histologic grading remains the clinical gold standard, but in practice it is limited by
sampling error, which can result in under-grading. In addition, cerebral tumours do not
remain constant but evolve over time so that a biopsy showing a low-grade glioma
may be under-graded or may simply dedifferentiate into a high-grade glioma following
biopsy. In contrast, imaging is non-invasive, allows examination of the entire tumour
and can be repeated to monitor tumour behaviour over time. Despite these limitations
and in the absence of reliable imaging biomarkers, it is unlikely that imaging will
replace histological assessment in current clinical practice.

A number of imaging biomarkers that quantify grade-related features of glioma
biology have been described. High-grade glioma tumours are characterised by more
rapid growth, higher proliferation, areas of hypoxia and necrosis and, consequently,
higher angiogenic drive. High-grade glioma tumours are therefore characterised by a
vascular microenvironment featuring high vessel density, disorganised vessel structure

and abnormal capillary endothelial permeability. Several studies have reported a strong

41



positive correlation between tumour relative cerebral blood volume (rCBV) and grade
(Law et al., 2004) (Maia et al., 2005) (Fan et al., 2006) (Yoon et al., 2014). Similarly
K™, an imaging biomarker that reflects blood flow and endothelial permeability, is
also independently related to tumour grade (Roberts et al., 2001) (Patankar et al.,
2005) (Cha et al., 2006). However, perfusion-weighted imaging techniques are not
without their limitations. For example, in an oligodendroglioma, rCBV can be elevated
even in low-grade tumours (Cha et al., 2005). Furthermore, both DSC and DCE-MRI
fail to reliably differentiate between grade III and IV tumours, presenting significant
treatment implications.

Multiple studies have demonstrated that high-grade glioma tumours are associated
with restricted diffusion, reflecting increased cellular density (Sugahara et al., 1999)
(Kono et al., 2001) (Kitis et al., 2005). However, a significant overlap in apparent
diffusion coefficient (ADC) values, a measure of magnitude of diffusion within
tissues, exists between low-grade and high-grade glioma tumours, so that other
researchers have been unsuccessful at applying ADC measurements to the prediction
of grade (Lam et al., 2002). In practice, ADC is affected by a number of factors in
addition to cellular packing. In particular, the presence of necrosis, which is a hallmark
of GBM, is associated with very high ADC values. The summary metric mean ADC is
therefore inappropriate to use as a measure of cellular density, since it will mask
significant heterogeneity in ADC across the tumour. Despite these limitations, it is
reasonable to view areas of restricted diffusion (low ADC) in a solid glial tumour as
raising suspicion of higher histologic grade.

Low-grade and high-grade glioma tumours also show differences in metabolic profile
that can evaluated by MRS. Measurement of a number of metabolite concentrations
and metabolite ratios has been reported as useful for distinguishing between low- and
high-grade tumours (Hourani et al., 2008). Many studies have demonstrated that high-
grade glioma tumours are associated with an elevated Choline:Creatine (Cho:Cr) ratio
(McBride et al., 1995) (Yang et al., 2002) (Sijens and Oudkerk, 2002) (Zeng et al.,
2011). Similarly, low levels of N-acetylaspartate (NAA) and increased lactate have
also been suggested as markers of higher-grade tumours (Negendank et al., 1996)
(Murphy et al., 2002) (Howe et al., 2003) (Stadlbauer et al., 2006).

It is worth noting that combining different biomarkers improves the accuracy of
predicting glioma grade. This has been demonstrated by multiple studies using

combinations of DSCE-MRI, MRS and DWI (Bulakbasi et al., 2003) (Law et al.,

42



2003) (D1 Costanzo et al., 2006) (Zonari et al., 2007).

The improved sensitivity of low-grade oligodendrogliomas to chemotherapy in
comparison to low-grade astrocytomas makes the identification of these tumours a
clinical priority. Low-grade oligodendrogliomas demonstrate lower ADC values
(Tozer et al., 2007) and higher rCBV (Cha et al., 2005) compared with low-grade
astrocytomas. However, these findings are non-specific, since they may also represent

high-grade transformation occurring in low-grade astrocytomas.

2.5.3.2. Identifying malignant transformation in low-grade gliomas

Approximately two-thirds of low-grade glioma tumours will progress to high-grade by
4 to 5 years from onset. However, such malignant progression cannot be accurately
predicted (Walker and Kaye, 2003) (Gudinaviciene et al., 2004) (Ohgaki and Kleihues,
2005), although imaging of tumour blood volume changes can identify an increased
risk of malignant transformation. The disease follows a fatal course in virtually in all
patients with malignant gliomas (Omuro et al., 2007). Prediction and early
identification of malignant transformation are among the most important clinical goals
in the management of low-grade gliomas, and current therapeutic strategies are largely
based around active monitoring of disease progression using serial contrast-enhanced
MRI. In conventional MRI, malignant transformation is suspected when a rapid
increase in tumour size is seen or when new areas of contrast enhancement develop.
Malignant dedifferentiation is associated with local foci of increased proliferation,
with secondary increases in angiogenic activity, leading to increased vessel density and
local blood brain barrier breakdown. DSC-MRI shows heterogeneous increases in
rCBYV, which appear to be an early marker of malignant transformation occurring 6-12
months before clear evidence of contrast agent leakage (Danchaivijitr et al., 2008)

(Law et al., 2008).

2.5.33. Surgical treatment planning

Accurate surgical treatment planning can be aided by the correct identification of (1)
tumour extent, (2) localisation of the aggressive component of the tumour, and (3)

careful evaluation of the tumour’s relationship to the surrounding eloquent brain cortex
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and major white matter tracts.

Advanced MRI has become increasingly important in surgical planning, particularly
for identification of optimal biopsy sites, as it provides improved demonstration of
tumour extent and clearer demonstration of the relationship between the tumour and
major white matter tracts and eloquent cortex.

Histology remains the gold standard for glioma grading, although the heterogeneity of
glial cell tumours results in a significant risk of under-grading, particularly where
tissue sampling is from biopsy. Identifying areas of high-grade dedifferentiation using
DCE-MRI maps of CBV is now routinely done at many centres, and the use of
spectroscopic imaging has also been shown to improve biopsy guidance (McKnight et
al., 2007).

Another benefit of advanced MRI techniques is their ability to improve delineation of
glioma margins and the extent of tumour invasion. This is important, as tumour cells
frequently extend beyond the radiologic abnormality demonstrated by conventional
MRI. A number of studies have shown that PWI, DWI and MRS can all provide
clinically useful information regarding tumour infiltration and help to distinguish
invasion from peripheral vasogenic oedema with an accuracy approaching 90% (Di
Costanzo et al., 2006).

The relationship between the tumour and major white matter tracts can be
demonstrated using diffusion tractography (Jellison et al., 2004) as well as assessing
the degree of tumoural infiltration or displacement (Witwer et al., 2002) (Clark et al.,
2003).

In recent years, fMRI has made the transition from the research setting to become an
essential clinical tool. This was driven by the need to identify areas of the eloquent
cortex and their relationship to the tumour and planned areas of resection. The clinical
translation of fMRI was enabled by rapid technologic advances and the development
and validation of multiple paradigms for mapping motor, language and visual areas. In
clinical practice, mapping motor function is very reliable, showing excellent spatial
correlation with intraoperative cortical stimulation. Conversely, language mapping has
proved less reliable (Achten et al., 1999) (Fandino et al., 1999) (Roux et al., 2003).
The impact of fMRI is reflected in various clinical, studies where it has been shown to
facilitate surgical planning and to alter decision making (Lee et al., 1999), often
enabling a more aggressive surgical approach and reducing operating times (Petrella et

al., 2006) (Stippich et al., 2007).
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2.5.34. Measuring and Predicting Therapeutic Response

2.5.34.1. Response assessment criteria

The WHO oncology response criteria, introduced in the 1980s, were designed to
standardise clinical response assessment for research and clinical purposes (Miller et
al., 1981). The criteria were designed for non-CNS tumours and in 1990, the
Macdonald criteria for response assessment in gliomas were introduced (Macdonald et
al., 1990). The current standard criteria for glioma response assessment are the RANO
(Response Assessment in Neuro-Oncology) criteria, introduced in 2010. The RANO
criteria allow for identification of target lesions (enhancing, greater than 10 mm
diameter) and non-target lesions, which include FLAIR and T2 signal abnormalities
indicative of a non-enhancing tumour. Clinical indicators, including changes in
performance status and steroid usage, also are included (Wen et al., 2010).

Despite the development of revised response criteria, newer treatments can produce
imaging changes that may be misleading. For example, following radiotherapy and
TMZ, many patients with GBM demonstrate an increase in enhancement and
progressive T2 signal abnormality. Follow-up scans, with no interval treatment,
demonstrate improvement. This “pseudoprogression” which is seen in approximately
20% of patients two to six months after the start of therapy, is actually associated with
a prolonged response. There appears to be a correlation between MGMT methylation
status and pseudoprogression (Brandes, 2008). Both radiation necrosis, which typically
occurs many months after the completion of radiation treatment, and
pseudoprogression can be grouped under the umbrella term “treatment effect” to
distinguish the associated enhancement from tumour-induced BBB breakdown. The
clinical diagnosis of “pseudoprogression” is challenging and relies on accurate
assessment of the clinical status as well as the radiological appearances.

Both radiation necrosis, which typically occurs many months after the completion of
radiation treatment, and pseudoprogression can be grouped under the umbrella term
“treatment effect” to distinguish the associated enhancement from tumour-induced

BBB breakdown.
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2.5.3.4.2. Differentiating true progression from pseudoprogression

Various advanced MR imaging techniques have been employed to achieve accurate
identification of true tumour progression. DWI studies indicate that restricted diffusion
favours increased cellularity, and therefore tumour progression, with authors
suggesting various ADC cut-off values as a marker for progression (Matsusue et al.,
2010) (Lee et al., 2012). Pseudoprogression also appears to be associated with lower
rCBYV values when compared with true progression. In a study by Larsen et al., lesions
that regressed demonstrated a low CBV (less than 1.7 mL/100 g) and generally
corresponded to a region of metabolic inactivity in 2-fluoro-2-deoxy-D-glucose-PET
(FDG-PET) consistent with a treatment effect. Lesions that progressed demonstrated a
high CBV (greater than 2.2 mL/100 g) and generally corresponded to a region of
increased metabolic activity in FDG-PET compatible with tumour recurrence. The
authors concluded that an absolute CBV threshold of 2.0 mL/100 g could be used to
assess the regression or progression of a lesion, with a reported sensitivity and
specificity of 100% (Larsen et al., 2013). Mangla et al. similarly evaluated rCBV
values in patients with GBM before and 1 month after treatment. In patients with
pseudoprogression, there was a 41% mean decrease in rCBV, while cases of true
tumour progression showed a 12% increase in rCBV. ROC analysis revealed 76.9%
sensitivity and 85.7% specificity (Mangla et al., 2010).

MRS may also be helpful in differentiating true progression from pseudoprogression.
Despite the low number of participants in such studies, early results indicate that
recurrent tumours are associated with elevated Cho-Cr and Cho-NAA ratios

(Weybright et al., 2005) (Smith et al., 2009).

2.5.3.4.3. Identifying pseudoresponse and detection of non-enhancing tumours

Treatment regimes, including anti-angiogenic agents for glioblastoma patients,
improve progression-free survival (PFS) but do not substantially affect overall survival
(OS) (Gilbert et al., 2014). Anti-angiogenic therapy causes a rapid decrease in
capillary endothelial permeability and consequent reduction in tumour enhancement,
which has been described as a “pseudoresponse.” Early identification of

pseudoresponse is therefore important and relies on accurate identification of non-
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enhancing tumours.

A non-enhancing tumour can be detected using conventional MRI sequences such as
FLAIR. However, other pathologies such as gliosis and vasogenic oedema can induce
similar imaging changes, and cannot be reliably differentiated from non-enhancing
tumours. Conventional MRI alone is therefore limited in its ability to detect non-
enhancing tumours.

Advanced MRI techniques such as DSC-MRI and DWI can play a complimentary role
to conventional MRI in the assessment of pseudoresponse. In the ACRIN 6677 trial
(Boxerman et al., 2013), development of progressive enhancement whilst receiving
anti-angiogenic therapy was associated with poorer OS. However, when evaluating
patients with improved or stable contrast enhancement, no differences in OS were
detected. This unexpected observation may be due to the inability to differentiate true
responses from pseudoresponses and highlights the limitations of conventional MRI.

In the same trial, DSC-MRI was superior to conventional MRI in the assessment of
patients who demonstrated improved or stable enhancement. DSC-MRI demonstrated
that decreased rCBV at two weeks after initiation of therapy was associated with
longer OS (Boxerman et al., 2013); these findings were confirmed in a subsequent
study (Schmainda et al., 2015).

Both DCE-MRI and DSC-MRI appear to be helpful for identifying areas of tumour
infiltration, which is associated with higher perfusion parameters, in contrast to
vasogenic oedema (Artzi et al., 2014) (Artzi et al., 2015).

DWI has also been investigated in patients receiving anti-angiogenic treatment. DWI
exploits the theory that tumoural infiltration is associated with higher cellularity and
therefore restricted diffusion (Gerstner et al., 2010), whilst free diffusion is the norm
for simple vasogenic oedema. This is supported by a recent study from Lutz et al, in
which the development of new areas of tumoural enhancement were associated with
restricted diffusion (Lutz et al, 2014), which precedes the development of
enhancement in some patients (Gupta et al., 2011).

It is important to note that DWI assessment is also limited by other factors. For
instance, anti-angiogenic therapy may lead to the development of new areas of
persistent restricted diffusion (Mong et al., 2012) (Rieger et al., 2010) (Farid et al.,
2013) (Hesselink et al., 2014) as well as stroke-like lesions that can mimic non-
enhancing tumours. Such limitations dictate the need for careful interpretation of DWI

images in glioma patients receiving anti-angiogenic therapy.
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2.5.3.4.4. Response prediction and early response detection

There is increasing interest in the identification of early response markers, which could
be used to support personalised approaches to therapy by predicting poor response at
baseline or very early in the therapy. One recent study evaluated the prognostic value
of DWI by measuring ADC values in the enhancing portion of the tumour and found
that tumours with low ADC values were more likely to progress at 6 months when
compared to tumours with high ADC values (Pope et al., 2011). This finding was only
true in patients who underwent treatment with an anti-angiogenic agent, illustrating the
predictive, as opposed to prognostic, nature of this marker. Several studies also
indicate a role for PWI in predicting response to anti-angiogenic agents (Hirai et al.,
2008) (Sawlani et al., 2010). These studies indicate that perfusion-derived imaging
biomarkers such as rCBV and rCBF partially predict the response to treatment. In
another study, the authors introduced a novel biomarker (vascular normalisation
index), which combines the DCE-MRI derived biomarker (K"™") with microvessel
volume and circulating collagen IV (serum biomarker), and found it to be predictive of
overall and progression-free survival in the setting of anti-angiogenic therapy
(Sorensen et al., 2009).

The functional parametric map (fPM), discussed above, is a relatively new concept that
relies on measuring changes in single voxel values of measured parameters occurring
over a short period during the early stages of treatment (Moffat et al., 2006) (Hamstra
et al., 2008). Using careful coregistration of the tumours, measurement of the changes
in single voxel parametric values can be acquired. Patterns of change in CBV and
ADC have both been shown to have strong predictive value for response to treatment
at a time when changes in mean/median values have not yet occurred (Hamstra et al.,

2005) (Hirai et al., 2008) (Ellingson et al., 2010) (Sawlani et al., 2010).
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2.5.3.5. Molecular characterisation with MRI

Recently there has been increasing emphasis on identifying the molecular and genetic
features of glial tumours and incorporating them into tumour classification. This is
becoming increasingly important, as specific mutations are increasingly being
identified as independent prognostic factors capable of predicting treatment outcomes.

A few conventional MRI features, such as enhancement, necrosis and oedema, are
known to be associated with poor outcome (Pope et al., 2005). Recently, there has
been considerable interest in attempting to correlate these and other MR imaging
features with relevant molecular and genetic features (Pope et al., 2008). In clinical
practice, the most relevant mutations include 1p/19q co-deletion in oligodendroglioma
tumours and the /DH mutation and MGMT promoter methylation in GBM.

The co-deletion of 1p/19q in oligodendrogliomas is associated with improved response
to chemoradiotherapy and improved outcome (Felsberg et al., 2004) (Walker et al.,
2005). Certain conventional MRI features have been associated with 1p/19q co-
deletion, including indistinct tumour borders on TIW and T2W images and
heterogeneous signal intensity on T2 (Jenkinson et al., 2006a).

Texture analysis is an emerging imaging analysis approach that has been gaining
increasing interest in recent years. It involves applying a post-processing step, which
can be performed on MR images, in order to extract textural features of an image.
Currently, the use of texture analysis remains largely limited to the research settings.

A study demonstrated that textural analysis of the T2 signal can predict co-deletion of
1p/19q with a sensitivity of 93% and specificity of 96% (Brown et al., 2008).
Advanced MRI techniques such as PWI have also been used in similar studies, and co-
deletion of 1p/19q is associated with higher rCBV as measured by DSC-MRI
(Jenkinson et al., 2006b). Other advanced MRI imaging techniques such as MR
spectroscopy have proven less promising in isolation but can be helpful if combined
with perfusion imaging (Chawla et al., 2013).

An important gene mutation occurs at the active site of isocitrate dehdrogenase-1

(IDH1I); this mutation has been implicated in gliomagenesis and is a feature of
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secondary but not primary GBM (De Carli et al., 2009) (Nobusawa et al., 2009).
Furthermore, a mutation in the IDH1 gene in patients with GBM and anaplastic
astrocytoma is associated with improved survival (Yan et al., 2009). Conventional MR
features may help in predicting /DHI mutational status. One study showed that GBM
tumours harbouring the /DHI mutation are more likely to be located in the frontal lobe
and to have a significant non-enhancing tumour volume (Carrillo et al., 2012).
Similarly, grade II and III glioma tumours harbouring the /DH1 mutation were found
to be more likely to be located in a single lobe and to have less contrast enhancement
(Q1 et al., 2014). Low-grade gliomas that lack the /DH mutation tend to be larger in
volume and demonstrate more infiltrative behaviour when compared with tumours
having the /DH mutation (Metellus et al., 2010).

IDHI mutations are associated with the production of 2-hydroxyglutarate (2-HG),
which can serve as potential biomarker for differentiating between primary and
secondary GBM as well as for monitoring treatment response. Unfortunately, serum
levels of 2-HG are very low and cannot be detected clinically. Multiple researchers,
however, have successfully employed 3T MR spectroscopy to detect 2-HG in glioma
patients (Andronesi et al., 2012) (Pope et al., 2012). Whether 2-HG levels correlate
with treatment response, tumour aggressiveness, or other correlates of malignancy
remains to be determined.

Methylation of the MGMT repair enzyme is another important molecular feature of
GBM; it is associated with improved response to TMZ therapy and improved survival
(Hegi et al., 2004). A number of attempts to correlate MRI features with the status of
the MGMT gene have been made. Several studies have reported that the pattern of
enhancement in a tumour could reflect the underlying genetic status, with ring
enhancement favouring an unmethylated MGMT promoter (Drabycz et al., 2010). It
was also suggested that limited oedema is associated with improved prognosis in
tumours with MGMT methylation (Carrillo et al., 2012). The results regarding tumour
location are less convincing, with different studies suggesting different lobar
predilection (Eoli et al., 2007) (Drabycz et al., 2010) (Ellingson et al., 2012).
Advanced MR imaging techniques have also been used in attempt to predict the
MGMT promoter status of GBM tumours, but the results appear to be inconsistent. For
instance, by using DWI and performing a 2-Gaussian curve fit of the histogram data
from the enhancing component of GBM, a low median ADC of the lower curve that

appeared to be associated with MGMT promoter methylation and better outcomes was
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reported. However, this finding was not replicated in other studies using more
clinically available analysis techniques based on the overall median ADC value (Moon
et al., 2012) (Gupta et al., 2013) (Ahn et al., 2014). Similarly, rCBV measurements
using DSC-MRI have yielded contradicting results, with some studies suggesting that
MGMT methylated tumours have higher rCBV (Ryoo et al., 2013), and others not
reproducing this finding (Moon et al., 2012). A recent study using DCE-MRI
suggested that higher permeability, as measured by K™, is associated with MGMT
methylated tumours (Ahn et al., 2014).

Although most of these studies were retrospective and looked at a relatively small
number of patients, they highlight the potential role of novel non-invasive imaging
biomarkers in predicting the molecular and genetic profile of glioma tumours. It is
clear that further studies using larger cohorts are required before results can be

translated into routine clinical practice.
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2.5.4. Positron emission tomography for gliomas

2.54.1. Principles of positron emission tomography

PET is a molecular imaging technique that requires intravenous administration of a
chemical in tracer amounts and its accumulation in the body is detected and quantified.
Chemical tracers that bind to specific structures (receptors) or specific physiological
process are usually preferred and referred to a ligand. The tracer or ligand is then
labelled with a positron-emitting radioisotope to generate radiotracers and radiligands,
for example ''C, which has a t,,, of approximately 20 minutes. Other radioisotope with
longer t, such radiolabelled Zicronium (*Zr) that has a ti» of 78.41 hours, are

available but their clinical applications remain limited.

As the isotope decays, the positrons emitted collide with nearby electrons leading to
the annihilation of both particles and the release of a pair of photons that travel in
almost anti-parallel directions (Figure 2.1). The coincident detection of this photon
pair by y-detectors placed on opposite sides of a test subject allows the annihilation
event to be recorded, and thus the spatial distribution of the radio-ligand to be

reconstructed.

Photon (Gamma ray)
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E:Electron
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Figure 2. 1: Illustration of positron decay using ''C as an example.
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The introduction of tomographic techniques and PET scanners with a ring of detectors
further improved the detection of photon emission. Furthermore, PET images can be
co-registered with anatomical structural images obtained from a different imaging
technique (MRI or CT), enabling the direct registration of the spatial distribution
detected by PET onto the relevant structural anatomy. PET is now a well established
clinical and research tool that can be utilised to investigate physiological functions,

and not just as structural imaging tool.

2.5.4.2. Role of positron emission tomography in the management of gliomas

Over the last decade, there has been a substantial increase in studies reporting the
utility of PET in the management of gliomas. PET imaging techniques can provide
insight into a specific metabolic or molecular process by using designated radiotracers
to target certain oncogenic pathways. In keeping with the advanced MRI techniques,
PET has been evaluated for grade assessment, treatment planning, response prediction
and treatment assessment.

Radiolabelled amino acids demonstrate high uptake in biologic active tumour tissue
and low uptake in normal brain and have been of particular interest for the
identification of brain tumour extent. The radiolabelled amino acids commonly used in
clinical studies are methyl-''C-L-methionine (MET), 3,4-dihydroxy-6-['*F]-fluoro-L-
phenylalanine (FDOPA) and '*F-fluoroethyltyrosine (FET). Although it was originally
postulated that amino acid uptake was related to increased proliferative activity in
tumour cells, detailed pharmacokinetic analysis using L-2-"*F-fluorotyrosine showed
that increased uptake in gliomas is caused by an increase in transport at the blood brain
barrier (Wienhard et al., 1991). Increased uptake is present in most LGGs, despite
apparently intact blood brain barriers. In high-grade glioma tumours, passive diffusion
also contributes to amino acid uptake (Roelcke et al., 1996). Recent work has
demonstrated that methionine uptake correlates closely with cell density. Despite this,
there is clear evidence that methionine uptake can be low, even in the presence of
significant tumour cell burden (Arita et al., 2012). MET-PET has been extensively
studied as a diagnostic modality, grading tool, prognostic indicator and indicator of
tumour extent for RT planning (Glaudemans et al., 2013). With tumour delineation

using MET-PET, tumour volume definition was improved in 88% of low-grade and
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78% of high-grade tumours (Sato et al., 1999) and the spatial extent of increased
uptake was larger than seen with MRI in approximately 70% of cases and equal in the

remaining 30% (Voges et al., 1997).

The use of '"*F-FET has gained significant popularity for clinical applications because
of the longer half-life of the 8F label. FET-PET, combined with MRI, improves the
therapeutic assessment of patients with gliomas for both neurosurgery and RT
planning. In histologic correlation studies comparing stereotactic brain biopsies to
MRI and FET-PET, MRI had a sensitivity of 96% for detecting tumour tissue but a
specificity of only 53%, while the combination of MRI and FET-PET yielded a
sensitivity of 93% and a specificity of 94% (Pauleit et al., 2005). FET-PET has been
studied as an indicator of post-surgical residual tumour volume and was found to have
a strong prognostic impact on both overall survival and disease-free survival that was
not demonstrated by tumour volume assessed using gadolinium-enhanced MRI (Piroth
et al., 2011). However, a combination of MR and FET-PET adapted dose escalation in
GBM, with a total dose of 72 Gray based on FET-PET, did not lead to any survival
benefit, although no increase in acute or late toxicity was identified (Piroth et al.,
2012). The exact cause for the failure of this approach is not clear. Interestingly,
tumour recurrence patterns were very similar to a second prospective study that
utilised FET-PET for treatment planning and showed improved outcome although it
included lower numbers. A potential explanation is that a small volume of tumour
cells, not reliably detected with PET, could have microscopically invaded beyond the
detected radiological abnormality, and therefore was not included in the planned
treatment field. Further studies are early needed before a definite conclusion can be
made.

More recently, Kinoshita et al. developed a novel image analysis method using '"°F-
FDG and MET-PET scans that allows for detection of tumour cell densities greater
than 1,000/mm?, with a sensitivity and specificity of 93.5% and 87.5%, respectively
(Kinoshita et al., 2012).

FDOPA PET has been used to distinguish true progression from pseudoprogression. In
a study looking at 110 glioblastoma patients, FDOPA PET achieved a diagnostic
accuracy of 82% for this purpose (Herrmann et al., 2014). FDOPA PET also shows
utility for identifying bevacizumab treatment failure prior to MRI-based RANO

criteria and for predicting a favourable outcome following bevacizumab treatment
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(Schwarzenberg et al., 2014). FDOPA PET also appears to be superior to FDG PET
for assessing low-grade tumours for recurrence and distinguishing a tumour from
radiation necrosis (Chen et al., 2006).

A high rate of cellular proliferation is a key feature of gliomas and other malignant
tumours. Use of a thymidine analogue (3Ldeoxy-3L-'*F-fluorothymidine; FLT)
provides high tumour-to-brain uptake ratios. FLT is a tracer that does not cross the
BBB efficiently (Dohman et al., 2000) (Bendaly et al., 2002) but its uptake in gliomas
has been shown to correlate closely with tumour grade and also provides significant
prognostic information (Harris et al., 2012), with tumours that demonstrate higher
proliferation resulting in shorter overall survival. FLT is a thymidine analogue, which
reflects the activity of thymidine kinase-1. When FLT is phosphorylated by thymidine
kinase-1 it leads to the intracellular entrapment of radioactivity; this process which is

independent of the BBB.

2.6.  Drug resistance in glioma tumours

Prognosis remains poor for patients with high-grade brain tumours despite the
increasing list of chemotherapy agents used in the their treatment. The high failure
rates encountered with chemotherapy have been largely attributed to the development
of chemoresistance and the BBB. The development of chemoresistance is
multifactorial and characterised by various complex molecular mechanisms, which
enables tumour cells to develop a drug resistance phenotype. A summary of some of

these mechanisms and some of the drugs involved is provided in Table 2.3.

Furthermore, brain tumours represent a unique challenge due to the presence of the
BBB, as opposed to other systemic tumours, which prevents the delivery of effective
chemotherapy. Efflux transporters are expressed by the BBB as well as glioma cells

and as such have been implicated in limiting drug delivery as well as chemoresistance.
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Table 2. 4: Some of the commonly implicated molecules in the development of drug
resistance in patients with brain tumours.

Molecules Drugs
MGMT Temozolomide, Procarbazine,
Dacarbazine, Nimustine, Carmustine,
lomustine,fotemustine,
PKC Vincristine, Etoposide, Teniposide,
Carboplatne, Cisplatin, Nimustine,
Carmustine, lomustine,

GSH/GST Carboplatne, Cisplatin,
Cyclophosphamide, Ifosfamide,
Carmustine,

Efflux transporters MRP and P-gp Vincristine, Etoposide, Teniposide

Abbreviations: MGMT: O6-methylguanine-DNA methyltransferase. PKC: protein
kinase C, GSH/GST: reduced glutathione/glutathione-S-transferase. MRP: multidrug-
resistance associated protein.

Imaging is the main modality used in the evaluating disease progression and response
to a therapeutical intervention. As detailed previously, imaging relies on various
imaging biomarkers that can be employed as secondary surrogate markers for the
determining the success or failure of a particular treatment approach. None of the
currently used imaging modalities in clinical practice allow for direct visualisation of
drug delivery into the CNS and tumour microenvironment. Saleem et al successfully
employed PET imaging to demonstrate in-vivo activation of TMZ in patients with
brain tumours (Saleem 2003). Such imaging methods that can non-invasively
demonstrate drug delivery and any changes in it, are clearly appealing and of

paramount clinical importance.

2.7. Conclusions

The indications for, and utility of, imaging in the management of patients with brain

tumours continues to expand. The combination of imaging and genetic markers has
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furthered our understanding of tumour biology and behaviour, linking the microscopic
and macroscopic levels. Quantitative and physiologic markers from advanced MRI
have been increasingly validated as problem solving tools for identifying
pseudoprogression, pseudoresponse and non-enhancing tumours. The integration of
non-FDG PET with advanced MRI will improve our ability to accurately assess
disease burden. Predictive and early response markers predicated on these techniques
are areas where imaging may have a substantial impact on drug selection and other

aspects of patient treatment, thereby improving patient outcomes.

57



Chapter 3  Blood-brain barrier: an overview

3.1.  Introduction

Malignant brain tumours are one of the most devastating diagnoses in clinical practice,
contributing to 2% of all cancer deaths. GBM represents the most aggressive subtype
and is characterised by extensive mitosis, diffuse infiltration, neo-vascularisation and
necrosis (Kleihues et al., 1993). Despite aggressive treatment approaches using a
combination of surgery, radiation and chemotherapy, these tumours carry an extremely
poor prognosis (Brodbelt et al., 2015). Furthermore, it is now known that all GBM
tumours recur regardless of treatment approach, ultimately leading to patient demise

(Wen and Kesari, 2008).

A possible contributing factor to the poor treatment outcome of GBM could be the
BBB, which has been implicated as one of the major obstacles to effective
chemotherapy delivery (Pardridge, 2005). In the last few decades, excellent progress
has been made in understanding the structure and function of the BBB in both health
and disease. This, in turn, should enable the enhancement of therapeutic strategies that
target and modulate certain features of the BBB, leading to improved clinical

outcomes.

3.2 Historical aspects

The first discovery relating to the BBB dates back to the late 19" century, around 1885,
when German scientist Professor Paul Ehrlich first described the lack of brain staining
following injection of dye into the peripheral vasculature, in contrast to the rest of the
bodily organs. Ehrlich himself attributed this to an inherently low affinity of the brain

for various dyes (Saunders et al., 2014).

The BBB concept and term as we know is believed to have been first introduced in
1900, when Lewandowsky observed that a lethal level of cocaine in animals can be
achieved at much smaller levels when administered directly via the cerebrospinal fluid

(CSF) rather than the systemic route (Saunders et al., 2014). This was shortly followed
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by a further discovery in 1913, when Edwin Goldmann, a student of Paul Ehrlich,
observed that the brain (with the exception of the choroid plexuses) was not stained
following intravenous injections of Trypan blue. However, when the dye was injected

directly into the CSF, it resulted in homogenous brain staining (Saunders et al., 2014).

Later, with the introduction of electron microscopy in the 1950s, Reese and Karnovsky
localised the tight junctions (TJ) at the endothelium of the brain microvasculature
(Reese and Karnovsky, 1967). They demonstrated that systematically administered
horseradish peroxidase, a small enzymatic tracer, could not pass beyond the clefts of
neighbouring endothelial cells. They also postulated the presence of metabolic pumps
at the tight endothelial junctions that could allow for nutrients to enter the brain. This
was probably one of the earliest descriptions that changed the perception of the BBB

from a rigid structural barrier to its more dynamic and active reality.

3.3.  Anatomy of the blood-brain barrier

The BBB is mainly composed of brain endothelial cells, astrocytes, pericytes and the
basement membrane. The neurovascular unit (NVU) is a term used to reflect the
intimate anatomic and functional relationship between these structures, which allows
the BBB to carry out its functions (Figure 3.1) (Abbott, 2002) (Hawkins and Davis,
2005) (McCarty, 2009).
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Figure 3. 1: Cellular components of the neurovascular unit. Adapted from (Abbott,
2002).

Brain endothelial cells (BECs) are considered the main contributor to the diffusion
barrier properties of the BBB. BECs have specific structural and functional features
that differ from the capillary endothelial cells present elsewhere in the body. They
exhibit an increased number of mitochondria (Oldendorf et al., 1977) and TJ
(Brightman and Kadota, 1992) and a scarce number of vesicles, resulting in a reduced

rate of transcytotic activity (Nico and Ribatti, 2012).

Astrocytes are glial cells that are intimately associated with the endothelial cells; their
astrocytic end feet cover more than 90% of the endothelial cell surface area (Hawkins
and Davis, 2005). However, the exact mechanisms by which astrocytes help maintain
BBB function remain a matter of debate. Extensive in-vifro and in-vivo studies have
demonstrated the importance of astrocytes in maintaining BBB characteristics such as
the induction of TJ formation in non-brain endothelia and their ability to decrease the
permeability of endothelial cell monolayers in-vitro (Janzer and Raff, 1987)
(Siddharthan et al., 2007). On the other hand, other studies have suggested that
astrocytes are not essential for the maintenance of BBB function (Willis et al., 2004a)
(Willis et al., 2004b). These conflicting findings have led some authors to suggest that
astrocytes may well be implicated in inducing and maintaining the BBB’s phenotypic

features but that their exact role remains less well understood.

60



Pericytes are an integral component of the BBB, maintaining an intimate anatomical
and functional relationship with the other cellular components of the neurovascular
unit (Allt and Lawrenson, 2001). Multiple studies point to the role of pericytes in
establishing the BBB’s function, including the provision of mechanical support and

role in modulation of transport (Nico and Ribatti, 2012).

The basement membrane, an important part of the NVU, comprises a heterogeneous
mixture of proteins organised in a three-layer configuration. These proteins include
structural proteins (mainly collagen type 4 and elastin), specialised proteins
(fibronectin and laminin) and proteoglycans (Wolburg and Lippoldt, 2002). The
adjacent endothelial cells, neurons and glial cells express complex matrix adhesion
receptors and cell adhesion molecules (CAMs), which allow for extensive interaction
with the basement membrane (Del Zoppo et al., 2006). Many diseases affecting the
basement membrane, including glioblastoma tumours, result in increased BBB

permeability (Rascher et al., 2002).

The role of neurons in maintaining the functional properties of the BBB is not
completely understood. Recent studies have demonstrated the ability of neurons to
alter BBB function. For example, Persidsky showed that neurons help regulate the
blood supply to the neurovascular unit in response to metabolic changes in the
endothelial cells (Persidsky et al., 2006). More recently, Minami demonstrated
improved transendothelial electrical resistance (TEER) and barrier function when
neurons where included in in-vitro BBB models, with co-culture resulting in increased

TEER and barrier function (Minami, 2011).

Furthermore, it is now clear that close interaction and cross talk between the
endothelial cells and the different elements of the neurovascular unit help modulate

and maintain the barrier function (Abbott, 2002).

3.4  Functions of the blood-brain barrier

The function of the blood brain barrier is to control exchange between the brain and

the cerebral circulation. Specific functions include:

1. Maintenance of brain homeostasis by regulating central nervous system

composition, restricting access of most macromolecules to the brain (Wolburg and
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Lippoldt, 2002).

2. Regulating the supply of nutrients via a variety of specific transport mechanisms

(Persidsky et al., 2006).

3. Protection of the brain from harmful neurotoxins, including endogenous metabolites

present in the systemic circulation (Weiss et al., 2009).

Our understanding of the BBB has evolved and it is now regarded as an ultra-dynamic
interface between the brain parenchyma and the surrounding cerebral circulation, with
highly specialised structural and functional properties that regulate the neural

microenvironment.

34.1. Structural barrier proprieties

Junctional complexes between adjacent endothelial cells of the BBB are formed by TJs
and adherens junctions (AJs). TJs form the main components of the BBB; these limit
the passive diffusion between endothelial cells and through capillaries. Freeze-fracture
studies have revealed TJs to be areas of apparent fusion on the luminal aspect of
endothelial cells (Brightman and Reese, 1969), with highly complex transmembrane
and cytoplasmic protein strands (Wolburg and Lippoldt, 2002). These complex
features of TJs appear to be responsible for the high TEER and reduced vascular
permeability associated with the BBB (Wolburg et al., 1994).

3.4.2. Transport mechanisms in the blood-brain barrier

The more dynamic and metabolically active aspect of the BBB relies on dedicated
polarised transport mechanisms present on the luminal and abluminal sides of brain
endothelial cells. Various transport mechanisms are responsible for allowing the entry
of nutrients, while others restrict the access of harmful compounds. The list of
transporters in the BBB 1is extensive, but can be broadly divided into two main
categories: solute carriers and non-solute carriers, which include the ATP binding

cassette (ABC) transporters and ion pumps (Shen and Zhang, 2010).
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3.4.2.1. Drug efflux and ATP binding cassette (ABC) transporters

Some members of the ABC superfamily of efflux transporters appear to play a major
role in excluding drugs from the brain parenchyma (Borst and Elferink, 2002)
(Schinkel and Jonker, 2003) (Nies, 2007). Currently, 49 transporters have been
identified and are grouped into 7 different subfamilies referred to as A, B, C, D, E, F
and G. These transporters transport an array of drug substrates via an ATP-dependent
mechanism (Dean et al., 2001) (Borst and Elferink, 2002). It is now recognised that
expression of different transporters also varies widely between species (Warren et al.,

2009).

In clinical practice and in the management of brain tumours, the transporters most
commonly implicated in reducing drug efficacy are P-glycoprotein (P-gp, ABCBI1 or
MDR]), breast cancer resistance protein (BCRP or ABCG2) and multidrug-resistance-
associated proteins (MRPs, ABCCs) (Agarwal 2013).

This thesis will focus on the P-gp and BCRP transporters.

3.4.2.2. P-glycoprotein (MDR1 or ABCB1)

Juliano and Ling first discovered P-gp in a Chinese hamster ovary cell line (Juliano
and Ling, 1976). This finding was later followed by the discovery of P-gp in the BBB
(Cordon-Cardo et al., 1989). A wide range of compounds are reported to be P-gp
substrates; they are not necessarily chemically related to one another and include a
large number of chemotherapy agents such as doxorubicin and vincristine, explaining
these drugs’ limited use in the treatment of brain tumours (Tsuji, 1998). P-gp is mainly
expressed on the luminal side of endothelial cells (Figure 3.2) but is also located on the
astrocytic foot processes and the abluminal surface of the endothelial cells, albeit in
very small numbers (Golden and Pardridge, 1999) (Abbott et al., 2010). This
arrangement facilitates the efflux of compounds from the cytoplasm into the

circulation, thus reducing access to the brain parenchyma.
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3.4.2.3. Breast cancer resistance protein (BCRP, ABCG2)

Since its discovery in 1998 (Doyle et al., 1998), BCRP has been one of the most
extensively studied transporters. Similar to all the G-subfamily of ABC transporters,
and in contrast to P-gp, BCRP is regarded as a “half-transporter,” possessing one
transmembrane domain and one nucleotide-binding domain (Schinkel and Jonker,
2003). Like P-gp, BCRP is expressed on the luminal domain of cerebromicrovascular
endothelial cells in the human BBB, facilitating the drug efflux function (Cooray et al.,
2002). It also has broad substrate specificity, overlapping with P-gp; substrates include
anticancer drugs used in the treatment of brain neoplasms, such as erlotinib (Shen and
Zhang, 2010). These features suggest a close functional relationship between P-gp and
BCRP in mediating drug efflux (Breedveld et al., 2006).

The locations of the P-gp and BCRP efflux transporters in the brain endothelial cells

are shown in Figure 3.2.
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Figure 3. 2: Location of P-glycoprotein (PGP) and breast cancer resistance protein
(BCRP) efflux transporters in the brain endothelial cell. Adapted from (Ribatti et al.,
2006).
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3.5.  Blood-brain barrier status in high-grade gliomas

3.5.1. The blood-tumour barrier

Differences exist between the blood-tumour barrier (BTB) and the normal BBB. The
BTB in high-grade gliomas such as GBM has been described as leaky, broken-down
and even absent, with the morphological features of such tumoural vasculature
described as early as 1970 (Long, 1970). These features include breakdown of the TJs
with increased fenestration, increased numbers of mitochondria and increased
thickness of the basal membrane accompanied by enlargement of the perivascular
space (Long, 1970) (Hirano and Matsui, 1975). The end result of these changes is
increased permeability corresponding to the contrast enhancement frequently seen in
imaging (Steinhoff et al., 1978). In addition, there is a clear and direct association
between the presence of those features, the grade of the tumour and BBB dysfunction.
The higher the grade, the more apparent the morphological changes and the more
severe the BBB dysfunction (Larsson et al., 1990). Such changes in permeability are
variable and differ between the various tumour components, accounting for the

heterogeneous enhancement patterns frequently encountered in clinical practice.

While the morphological changes affecting the BBB are well documented, the
molecular changes responsible for this altered morphology are less clearly understood.
Since TJs represent the main anatomic site for the physical properties of the BBB,
researchers have tried to explore the molecular alterations that take place at this level

(Liebner et al., 2000).

Other studies have focused on changes affecting the extracellular matrix (ECM) and its
relation to the molecular components of TJs (Forsyth et al., 1999) (Groft et al., 2001)
(Noell et al., 2012). More recently, another molecular component has been implicated
in BBB dysfunction. Aquaporins are water channels present in astrocytes, with
aquaporin-4 (AQP-4) being the most important (Papadopoulos et al., 2002) (Warth et
al., 2004). In GBM and at the astrocyte end-feet contacting the basal lamina, increased
expression of AQP-4 is found (Papadopoulos et al., 2001), although the full molecular

mechanisms linking this finding with BBB dysfunction remain unclear.
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3.5.2. P-glycoprotein and breast cancer resistance protein efflux
transporter status in brain tumours

Many studies have examined ABC transporter expression in brain tumours, with the P-
gp efflux transporter being the most widely investigated. For example, Toth et al.
showed that P-gp was expressed by the new tumour-associated endothelial vasculature
but not by the tumour cells themselves (Toth et al., 1996). Subsequently, Fattori et al.
demonstrated increased P-gp expression in the tumour vasculature as well as in glioma
cells (Fattori et al., 2007). These findings have been supported by others (Nabors et al.,
1991) (von Bossanyi et al., 1997) (Demeule et al., 2001). Interestingly, numerous
studies have failed to show any increase in P-gp expression in tumour cells (Spiegl-
Kreinecker et al., 2002) (Decleves et al., 2002) (Fruehauf et al., 2006). Currently and
despite these contradictory reports, the recent literature supports increased P-gp
expression in glioma cells (Agarwal et al., 2011b). A possible explanation of the
observed discrepancy in these studies is a heterogeneous expression of P-gp in brain
tumours, which was observed in a study that contained small number of patients
(Demeule et al., 2001).

The expression of P-gp as well as other proteins is collectively contributed to what is
known as the multi-drug resistance (MDR) phenotype, which is one of the main
mechanisms implicated in complex multi-drug chemoresistance (Loscher and

Potschka, 2005b).

The BCRP efflux transporter has also gained increasing interest over the last few
years. BCRP transporters have been linked directly to a side population of glioma
cells, known as cancer stem cells, which are characterised by chemoresistance and
increased BCRP expression (Dean et al., 2005). Using Hoechst, a high affinity BCRP
substrate, Bleau et al. identified this side population of glioma cells and found
increased ABCG2 expression on their plasma membranes (Bleau et al., 2009). Doyle
and Zhou also reported similar results of increased BCRP expression in tumours (Zhou
et al., 2001) (Doyle and Ross, 2003). Additionally, Zhang et al. demonstrated
upregulation of BCRP expression in GBM vessels and adjacent parenchymal brain

tissues (Zhang et al., 2003).

These studies suggest an apparent differential expression of both P-gp and BCRP
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efflux transporters in brain tumours. However, the clinical impact of such expression

patterns remains unclear.

Changes affecting the BBB in brain tumours are illustrated in Figure 3.3.
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Figure 3. 3: The normal blood-brain barrier and the blood-brain barrier status in high-
grade brain tumours. Adapted from (Agarwal et al., 2011a).

3.6.  Chemotherapy and brain tumours

3.6.1. Chemotherapy and brain tumours

The BBB in the presence of a high-grade glioma is known to be dysfunctional. An
important reflection of this compromised state is the concentrations of systematically
administered drugs achieved within tumour tissues. A recent review article by Pitz et
al. identified 18 studies that measured the concentrations of anticancer drugs in high-
grade gliomas using surgical tissue sampling and microdialysis. These studies indicate
that systematically administered anticancer drugs reach higher concentrations in the
tumour core when compared to the tumour periphery (Pitz et al., 2011). These findings
reflect the complex angiogenic process taking place in the tumour core, creating a
leaky BBB (Jain et al., 2007), and the relatively more preserved barrier function at the
growing edge of the tumour (Gilbertson and Rich, 2007). This is illustrated in Figure
3.4.
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Figure 3. 4: Hypothetical demonstration of chemotherapy delivery in brain tumours.
: Tumour core usually resected surgically. Region 2: Boundary of surgical

resection. Region 3: Tissue surrounding the tumour core including normal brain tissue,
which is not amenable to surgical resection and where tumour cells could reside.

High-grade glioma tumours such as GBM are characterised by invasive spread, which
is a major factor preventing curative surgical resection. This invasive nature has
resulted in acceptance of the fact that, at the time of GBM diagnosis, tumoural cells
have likely already spread to various areas of the brain, which may even appear

macroscopically normal via conventional imaging techniques (Giese et al., 2003).

TMZ became the main chemotherapeutic agent used in the treatment of newly
diagnosed GBM following the introduction of Stupp therapy. Stupp et al. demonstrated
an improved median survival time of 14.6 months using combined radiotherapy and

TMZ versus a 12.2-month survival time with isolated radiotherapy (Stupp et al., 2005).
TMZ is an orally administered DNA alkylating agent of the imidazotetrazine family.

TMZ has excellent features such as high oral bioavailability due to stability in acidic
conditions with rapid absorption achieving peak plasma concentrations in less than two
hours (Baker 1999). It has also been shown to effectively penetrate the BBB (Baker
1999) (Saleem 2003). Despite this, it is important to remember that TMZ can only
reach the CNS microenvironment in limited concentrations with previous

neuropharmacokinetics studies showing a mean brain TMZ to plasma AUC ratio of
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approximately 20%. This was seen in patients whom underwent microdialysis from
peri-tumoural regions as well as CSF sampling (Ostermann 2004) (Synold 2009).

TMZ is a prodrug that is stable at acidic pH but when at alkaline pH spontaneously
hydrolyses into the active component monomethyl triazene 5-(3-methyltriazen-1-y1)-
imidazole-4-carboxamide (MTIC) (Denny et al., 1994). This is a particularly
favourable feature, as brain tumours appear to have a higher pH than the surrounding
normal tissue at the intracellular level (Rottenberg et al., 1984) (Vaupel et al., 1989).
MTIC breaks down further into the inactive compound S5-aminoimidazole-4-
carboxamide (AIC) and the active methyldiazonium cation responsible for cytotoxicity
(Zhang et al., 2012). The active methyldiazonium cation methylates DNA at the N7
guanine, N3 adenine and O6 guanine positions to variable degrees (Tisdale, 1987)
(Denny et al., 1994). There are multiple well-documented DNA repair mechanisms
contributing to TMZ resistance; these include direct repair via the enzyme
methylguanine-DNA methyltransferase (MGMT), DNA mismatch repair and base
excision repair (Zhang et al., 2010) (Zhang et al., 2012). TMZ breakdown is depicted
in Figure 3.5.
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Figure 3. 5: Mechanism of temozolomide breakdown. Reproduced from (Villano et
al., 2009).

3.6.2. Strategies for enhancing drug delivery

Oral and intravenous administrations are the classical routes for delivering therapeutic

drugs when treating CNS pathologies. TMZ is a small lipophilic molecule and it
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thought to cross the BBB (Newlands et al., 1997), many other chemotherapeutic agents
lack the characteristics of TMZ, and therefore exhibit limited penetration into the CNS.
As such, different strategies have been employed in an effort to circumvent the BBB
and enhance the delivery of these agents. Some of the most commonly used methods

are reviewed here.

3.6.2.1. Intra-arterial administration

The main concept behind intra-arterial administration of chemotherapy is that higher
concentrations of the drug can be delivered directly to the tumour when compared with
the intravenous route. This enables the use of lower doses to achieve similar local drug
concentrations, which in turn reduces the systematic side effects (Yamada et al., 1987).
The use of this approach has been evaluated in clinical studies (Fine et al., 1993)
(Larner et al., 1995). Survival benefit, however, was not observed (Shapiro et al.,
1992), and two further randomised clinical studies showed no significant improvement
in outcome (Kochii et al., 2000) (Imbesi et al., 2006). These studies reported toxicity-
related side effects. Furthermore, intra-arterial delivery requires conventional
angiography to navigate the catheter to the appropriate feeding vessel. This is an
invasive procedure, and as such is associated with risk factors such as stroke, infection

and haemorrhage.

3.6.2.2. Intrathecal administration

Intrathecal administration bypasses the BBB by direct administration into the CSF
space via various apparatuses (Bakhshi and North, 1995). Drugs administered
intrathecally should be in their active form; this is best used in the treatment of
tumours that line the CSF spaces, such as leptomeningeal tumoural seeding seen in
glioblastoma tumours (Dardis et al., 2014), with methotrexate being one of the most
widely used agents (Pinkel and Woo, 1994). One of the main limiting factors is the
need for access to the CSF. Multiple methods have been used to achieve access,
including repeated lumbar punctures and catheter placements (either into the ventricles
or lumbar CSF spaces). All of these procedures are invasive and carry risks, including

infection, haemorrhage and catheter malfunction (Chamberlain et al., 1997). Finally,
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this method of administration has been proven ineffective in the treatment of brain

tumours involving the parenchyma (Siegal and Zylber-Katz, 2002).

3.6.2.3. Direct tumoural delivery

The surgical implantation of biodegradable material containing a chemotherapeutic
agent such as cisplatin and paclitaxel directly into the tumour has also been evaluated
(Sheleg et al., 2002) (Vukelja et al., 2007). An example of such an approach is the use
of Gliadel wafers, which consists of biodegradable materiel containing chemotherapy
agent (carmustine). Brem et al. confirmed the efficacy of Gliadel wafers in a double-
blinded study in 222 patients that showed improved overall survival, approximately 8
weeks, in patients with recurrent GBM whom received Gliadel in comparison to a

placebo (Brem 1995).

Whilst this method avoids the BBB, it is clearly invasive and confers significant
surgical risk. Furthermore, drug administered via this route relies on passive diffusion
to reach the surrounding brain parenchyma, which in turn limits the drug’s ability to
reach tumour cells that are slightly distant from the implant (Strasser et al., 1995). The

use of these devices remains limited in clinical practice.

3.6.2.4. Blood-brain barrier disruption

Mechanical disruption of the BBB has also been used; it is usually achieved by
selective guidance of an intra-arterial catheter into the vessel feeding the tumour,
which is then followed by administration of a hyperosmolar solution and the
chemotherapeutic agent. Mannitol is one of the most widely employed osmotic agents;
it causes disruption of the TJs, leading to increased permeability (Kroll and Neuwelt,
1998) (Zlokovic and Apuzzo, 1998). Enhanced, multiple-fold drug delivery has been
established by this method (Miller, 2002). The major drawbacks of his procedure are
the need for general anaesthesia and the risk associated cerebral angiography, possibly

accounting for its limited use in clinical practice.

Other less invasive methods for disrupting the BBB are also under investigation.
Focused ultrasound has been successfully utilised to cause temporary and reversible
opening of the BBB in various preclinical in-vivo studies (Wang et al., 2009) (Huang

et al., 2016). This method is currently under investigation in a clinical trial.
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It is important to remember that to date, no randomised clinical studies have shown the

BBB disruption approach to be effective.

3.6.3. Methods for measuring drug delivery to the brain

One of the main functions of the BBB is to restrict the entry of neurotoxins, including
therapeutic drugs, into the CNS microenvironment. The consequences of this are well
reflected by the large number of newly developed drugs that do not progress to clinical
practice due to their poor ability to cross the BBB (Banks, 2009). Despite the disrupted
status of the BBB in GBM, it is necessary to establish the ability of systematically
administered therapeutic agents to gain access to the brain and tumours tissues.
Additionally, many glioblastoma patients receive steroid treatments, which can reverse
some of the BBB dysfunction. This partial reversal of dysfunction may well alter the
ability of other drugs to penetrate the BBB (Claes et al., 2008).

Ideally, BBB function would be evaluated by measuring the concentration of a given
drug in the brain and tumour tissues. Variable direct and indirect methods have been
used to measure drug concentration in the brain and tumours in humans. Some of the

most common methods are discussed below.

3.6.3.1 Direct sampling

Surgical sampling, either by biopsy or resection, enables the direct measurement of
drug concentrations in the sampled tissue. Clearly, this is a highly invasive approach
that should only be considered when tissue sampling is indicated clinically. Another
important limiting factor is that these measurements reflect the concentration of a drug
at a certain time point only and fail to provide any insight into the drug concentration

in the adjacent tissues, where most tumour recurrence tends to occur.

An alternative direct method is micro-dialysis, which involves positioning small
catheters into the desired targets. These catheters have semipermeable membranes that
facilitate the sampling (Zhou and Gallo, 2005). This method is superior to surgical
tissue sampling because it allows for sampling at different time points. Additionally,
targets can be chosen to include tumour tissue as well as adjacent brain tissue.

However, this technique remains technically demanding and invasive, requiring
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surgery (Blakeley, 2008).

3.6.3.2 Indirect sampling

Drug levels in the CSF have been used as a surrogate marker for drug concentration in
brain tissue. However, this method is not ideal, as it reflects the function of the blood-
CSF barrier and not the BBB (Collins and Dedrick, 1983) (Pitz et al., 2011).
Furthermore, there are important differences between plasma and CSF, such as lower
pH in the CSF, which may affect drug breakdown, and lower protein concentration in
the CSF, which may affect the amount of free drug (i.e. non-prtoein bound drug)
available to interact at the target site. Finally, while CSF sampling by lumbar or
ventricular access apparatus is safer than a surgical-based approach, it remains an

invasive medical procedure with its own significant risks.

Until recently, imaging has been used as a biomarker to monitor disease response to
therapy. Both conventional and more advanced MR imaging techniques have been
utilised in this field. Such advanced imaging techniques provide useful biomarkers that
are helpful in assessing responses to therapies, which may lead to changes in the BBB
permeability (Provenzale et al., 2005) (Dhermain et al., 2010). Ultimately MR imaging
techniques are well equipped to study the BBB permeability to a contrast agent but fail

to provide any insight into the delivery of a systemically administered agent.

PET has also been successfully implemented for imaging GBM tumours (Bruehlmeier
et al., 2004) (Swanson et al., 2009) (Dhermain et al., 2010). PET’s main advantage
over MRI is its ability to study the uptake of a particular drug by radiolabelling it as
opposed to the secondary information on BBB permeability provided by MRI
(Josserand et al., 2006) (Pike, 2009). For example, various clinical studies have
utilised invasive sampling techniques to demonstrate increased TMZ concentration
within the tumour core in comparison to the surrounding tissues (Pitz et al., 2011).
This was also non-invasively demonstrated by Rosso et al., who used radiolabelled
TMZ and PET to show higher TMZ uptake by the tumour core in comparison to the

adjacent brain tissue (Rosso et al., 2009).

It is also important to remember that PET imaging is not without limitations. PET

requires concurrent blood sampling, typically arterial, in order analyse using kinetic
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models to estimate representative physiological cerebral parameters (Upton, 2007)
(Pike, 2009). Beside other practical issues such as the need for expertise and a
cyclotron on site, the only major scientific disadvantage of PET is its inability to
differentiate between the drug administered and its radiolabelled metabolites (Upton,

2007).

3.6.4. Efflux transporters: a potential solution

For any anticancer drug to be effective in the treatment of glioma, it will need to
achieve therapeutic concentrations in the tumour as well as in the surrounding areas
where the BBB is intact but tumour cells are likely to have infiltrated. P-gp and BCRP
are two efflux transporters that appear to work in tandem to drive efflux of many
chemotherapeutic agents. For example, Polli et al. demonstrated a synergic effect
achieved by dual P-pg and BCRP transporter knockout in mice, which increased brain
uptake of a tyrosine kinase inhibitor (Lapatinib) when compared to both single
transporter knockouts (Polli et al., 2009). De Vries et al. reported similar results for the
anticancer drug topotecan (de Vries et al., 2007). Several studies have confirmed these
findings with various anticancer drugs that are dual P-gp and BCRP substrates. This
compensatory and mutual efflux mechanism of the P-gp and BCRP substrates

probably explains the failure of tyrosine kinase inhibitors in clinical trials.

A summary of some of these studies is presented in Table 3.1. Examples of dual

substrates and the effects of dual transporter inhibition are presented in Table 3.2.

Table 3. 1: Efflux transporters and anticancer drug substrates.

Transporter Anticancer agent

P-glycoprotein Doxorubicin, Epirubicin, Danorubicin,
Docetaxel, Paclitaxel, Vinblastine,
Vincristine, Etoposide, Methotrexate,
Topotecan, Sorafenib, Lapatinib,
Mitoxantrone

Breast Cancer Resistance Protein Imatinib, Eriotinib, Gefitinib,
Methotrexate, Topotecan, Sorafenib,
Lapatinib, Mitoxantrone

Agents highlighted in bold reflects their dual P-gp and BCRP substrate status.
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Table 3. 2: Effects of dual P-glycoprotein and Breast cancer resistance protein
inhibition on the brain uptake of some anticancer drugs

Drug Fold increase with  Fold increase with Fold increase with
P-gp KO BCRP KO Dual KO
Toptecan 1.5 1.5 12
Sorafenib 1 4 12
Lapatinib 4 1 42.5
Mitoxantrone 1.7 1.4 8

Fold increase represent the brain-to-plasma ratio in genetically transporter knockout
(KO) mice in comparison to wild type animals. Adapted from (Agarwal et al., 2011a).

Furthermore, there has been increasing interest in the role of the ABC transporters in
mediating resistance to anticancer drugs in GBM. However, while many studies have
examined the role of P-gp and BCRP in mediating the efflux of a wide variety of
anticancer drugs, very few studies have attempted to evaluate their relationship with

TMZ directly.

For example, Ma et al. established a TMZ-resistant human glioma cell line (SF188-
TR) by employing continuous TMZ exposure over a 6-month period. Subsequently,
the authors found no significant difference between the TMZ-sensitive (SF188) and
TMZ-resistant human glioma cell lines (SF188-TR) in the intracellular accumulation
of TMZ and MRP1 expression. The authors concluded that TMZ resistance is unlikely
to be mediated via efflux transporters, including P-gp (Ma et al., 2002).

Similarly, Luo et al. showed unaltered sensitivity to TMZ with the addition of a P-gp
inhibitor, verapamil, in a melanoma cell line shown to overexpress P-gp (Luo et al.,

2012). These findings suggest that TMZ is not a substrate for P-gp.

More recently, there has been an increase in the number of in-vitro studies attempting
to investigate the relationship between TMZ and P-gp. However, these have focused
on the transporter’s role in the development of chemoresistance and its potential for
enhancing TMZ’s efficacy in-vitro (Zhang et al., 2014) (Munoz et al., 2015a). Munoz
et al demonstrated in an in-vitro study that overexpression of P-gp was accoiated with
increased chemoresistance to TMZ as shown by improved cell viability in two glioma

cell lines by approximately 40% (Munoz et al., 2015b).

Zhang et al on the other hand employed photodynamic therapy in combination with
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TMZ treatment in a preclinical in-vivo study in glioma model in rats. Their study
demonstrated that photodynamic therapy lead to a decrease in P-gp expression, which
was associated with higher TMZ concentration in glioma tissues and enhanced TMZ

efficacy (Zhang 2014).

To date, only one preclinical in-vivo study has shown that TMZ is transported by P-gp
(Goldwirt et al., 2014). The authors of this study administered high doses of TMZ via
intravenous injection and performed pharmacokinetic studies in wild-type mice and
mice lacking the P-gp efflux transporter. They demonstrated a minimal but significant

increase in brain exposure to TMZ in animals lacking the P-gp efflux transporter.

Furthermore, the ability of TMZ to penetrate the BBB has been established in previous
studies as previously discussed. More recently simulation software has been employed
to evaluate the interaction between TMZ and P-gp. 3D modelling predicted that TMZ

binds to P-gp and identified major residues involved in this interaction (Munoz 2015a).

Finally, Schaich et al. identified a single nucleotide polymorphism in the MDRI gene
encoding for P-gp to be an independent predictor of the outcome of TMZ in GBM
patients (Schaich et al., 2009). These findings appear to implicate the P-gp efflux

transporter in the efflux of TMZ and the mediation of chemoresistance.

With regard to BCRP’s affinity for TMZ, the data are even more scant. Chua et al.
demonstrated increased ABCG2 expression in a side population of cells in a glioma
cell line (U87-MQG) following treatment with TMZ (Chua et al., 2008). Subsequently,
Bleau et al. achieved comparable results and demonstrated the ability of TMZ to
induce cell phenotypic changes in the side population of a glioma cell line (U87-MGQG),
including overexpression of BCRP. The authors also performed in-vitro competition
assays, in which TMZ, in contrast to the known BCRP substrate Hoechst, failed to
cause a shift in the intracellular accumulation of mitoxantrone (Bleau et al., 2009).
These two studies suggest that TMZ can induce over-expression of BCRP but do not
shed any light on its substrate status.

PET provides an attractive, non-invasive imaging method that can be used to
investigate the role of the ABC transporters. The most commonly followed approach
to investigate possible transport of a drug by an efflux transporter is to perform a
baseline PET scan following injection of the radiolabelled drug. Subsequently, a

selective efflux transporter is injected, followed by administration of the radiolabelled

76



drug and performance of a second scan to assess for increased uptake (Liow et al.,
2009). Alternatively, genetically modified animals with a transporter knockout are
employed (Lazarova et al., 2008). Quantification in these studies is usually based on
compartmental modelling, by calculating the rate of influx and efflux from one

compartment to another (Kannan et al., 2009).

A wide array of preclinical in-vivo studies have utilised PET to evaluate the effects of
P-gp inhibition in various radiolabelled substrates. For example, using [''C]-verapamil
and a P-gp inhibitor, Kuntner et al. successfully demonstrated increased P-gp activity
in the cerebellum compared to the thalamus in healthy rats (Kuntner et al., 2010). This
effect was also reported by Bankstahl et al. after status epileptics was induced in rats
and a similar increase in P-gp activity was observed using radiolabelled verapamil

(Bankstahl et al., 2011).

PET has also been utilised to evaluate BCRP function. In 2011, Yamasaki et al.
radiolabelled topotecan, an anticancer drug known to be a substrate for both P-gp and
BCRP, in a PET study. The authors used a combination of chemical and genetic P-gp
and BCRP transporter knockout in mice and reported similar levels of increased
topotecan-related radioactivity in the brain using both inhibition methods (Yamasaki et
al., 2011). This study was not able to differentiate between the functions of those two
transporters. In another study, Wanek et al. went a step further and successfully

imaged the function of BCRP in mice (Wanek et al., 2012).

PET is a translational research tool and has been also applied in clinical imaging
studies evaluating P-gp function. Careful interpretation of preclinical ABC transporter
studies is needed prior to extrapolating findings to humans. This is particularly
important due to clear interspecies differences. A study using three different
radiolabelled compounds demonstrated such interspecies (human, primate and rodent)
differences in P-gp’s role in drug transport across the BBB (Syvanen et al., 2009). A
similar conclusion was reached by Bauer et al., who found that humans and rats
demonstrated comparable half-maximum-effect concentrations (EC50) for tariquidar, a
third generation P-gp inhibitor, but significantly different [''C]-verapamil-derived
brain activity uptake. Here, tariquidar resulted in a 2.7-fold increase in humans
compared to an 11-fold increase in rats (Bauer et al., 2012). In humans, the most
abundant efflux transporters are, in order of abundance, BCRP, P-gp and MRP4
(Uchida et al., 2011). This may explain why multiple studies have demonstrated
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greater effects of P-gp inhibition in small rodents in comparison to humans (Hsiao et

al., 2006) (Bauer et al., 2012).

A summary of the radiotracers used in the evaluation of P-gp and BCRP efflux

transporters is presented in Table 3.3.

Table 3. 3: PET radiotracers that have been used to evaluate P-glycoprotein and Breast
Cancer Resistance Protein in the brain.

Tracer Transporter Species
Evaluated

[11C]Erlotinib P-gp and BCRP Mouse

[11C]Gefitinib P-gp and BCRP Mouse

[11C]Elacridar P-gp and BCRP Mouse, rat and human

[11 C]-N-Desmethyl- P-gp Mouse, rat, primate and

loperamide human

(R)[11C]Verapamil P-gp Mouse, rat and human

[11C]Tariquidar P-gp and BCRP Mouse, rat and human

[11C]Verapamil P-gp Mouse, rat, primate and
human

Primate: non-human primate. Table adapted from (Langer, 2016).

Nonetheless, PET has been employed to study the efflux function of P-gp in multiple
human studies (Table 3.3). Four different radiolabelled compounds known to be P-gp
substrates were used, including N-desmethyl-loperamide (Kreisl et al., 2010), (R)-
verapamil (Wagner et al., 2009) (Bauer et al., 2012) (Bauer et al., 2015), verapamil
(Sasongko et al., 2005) (Arakawa et al., 2010) and tariquidar (Bauer et al., 2013a). The
large majority of these studies were conducted in healthy volunteers, except for a small
number of recent studies that evaluated P-gp functional activity in patients with
epilepsy (Feldmann et al., 2013) (Bauer et al., 2014). To date, no clinical PET imaging
studies have evaluated P-gp’s functional activity in glioma patients or assessed the

effect of the P-gp efflux function on a chemotherapeutic agent, including TMZ.

BCRP’s functional activity in humans cannot be reliably assessed due to a lack of

approved BCRP inhibitors.

3.6.5. Research aims
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In summary, the relationship between TMZ and the efflux transporters remains poorly
understood despite body of evidence pointing towards a role of P-gp in the transport
of, or development of chemoresistance to TMZ. However, this relationship has not
been fully evaluated. Additionally, P-gp and BCRP appear to work together as
anticancer efflux transporters, with an overlap in their affinity for multiple anticancer
drugs that are dual transporter substrates. Finally, PET imaging is a well-established
research tool that has been successfully utilised to evaluate efflux transporter function

in various preclinical and clinical settings, but not in the context of brain tumours.

This study is a pilot investigation of the role of P-gp and BCRP in the transport of
TMZ and its role in human gliomas. The ultimate aim of this project was to develop a
non-invasive imaging method to measure TMZ delivery to the brain and concentration
in brain tumours. In order to achieve this goal, a number of specific objectives were

generated and tested:

1. Investigate the effects of P-gp and BCRP inhibition on the transport of TMZ
in-vitro.
An in-vitro BBB model that possesses excellent barrier properties and expresses P-gp

and BCRP was employed to conduct in-vitro transport studies, directly evaluating

TMZ transport by P-gp and BCRP.

2. Evaluate the role of the P-gp and BCRP efflux transporters in the efflux of
TMZ at the mouse BBB.

Small animal PET scans were performed using radiolabelled [//C]TMZ in wild type
and genetic transporter knockout mice, as well as by using chemical inhibition of P-gp

and BCRP.

3. Investigate the role of the P-gp and BCRP efflux transporters in limiting TMZ

efficacy in brain tumours.

GBM xenograft models were implanted into mice to evaluate how chemical inhibition

of P-gp- and BCRP-mediated efflux affects the efficacy of TMZ.
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4. Study the functional activity of P-gp in high-grade glioma patients.

PET imaging and (R)-[''C]verapamil were utilised to non-invasively demonstrate the

functional activity of P-gp in five patients with high-grade gliomas.
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Chapter 4  In-vitro studies: Temozolomide transport studies in a validated in-
vitro blood-brain barrier model.

4.1.  Abstract
Purpose: To investigate the relationship between TMZ and the efflux transporters P-gp

and BCRP.

Methods: An in-vitro BBB model was derived from the co-culture of primary porcine
brain endothelial cells with a rat astrocyte cell line. Key characteristics of the in-vivo
BBB were established such as high trans-endothelial electrical resistance (TEER) and
functionally active P-gp and BCRP efflux transporters.

An HPLC detection method for TMZ was developed. Concentration equilibrium
transport assay were conducted over one hour period at clinically relevant

concentrations of TMZ.

Results: Small but significant TMZ accumulation in the apical compartment of the in-
vitro BBB model was detected (P = 0.015). This effect was not observed in the

presence of P-gp and BCRP inhibitors.
Conclusions: Active TMZ transport indicates a potential role for P-gp and BCRP in the

active efflux of TMZ. However, the limited evidence of active transport after one hour

also suggests that TMZ is unlikely to be a strong substrate for these transporters.
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4.2.  Introduction

GBM is the most common primary brain tumour in adults (Holland, 2000) and is
highly aggressive, leading to extremely dismal prognostic outcomes. The introduction
of Stupp therapy (Stupp et al., 2005), which consists of combination treatment of
TMZ, an orally administered alkylating agent which causes cell death by interfering
with DNA replication (Marchesi et al., 2007), and radiotherapy improved median
survival rates from 12.1 months for radiotherapy alone to 14.6 months for the
combination therapy (Stupp et al., 2005). Since then, TMZ has remained the central
chemotherapeutic agent used in the management of GBM patients.

The BBB represents a major obstacle to the delivery of effective chemotherapy, which
in combination with the highly aggressive nature of GBM tumour cells, and their
ability to develop chemoresistance, accounts for poor treatment outcomes with almost
all tumours recurring (Wen and Kesari, 2008).

The BBB plays an important role in the homeostasis of the brain microenvironment via
different transport mechanisms including the ABC efflux transporters. P-gp and BCRP
are such efflux transporters, which have been implicated in the efflux of a wide range
of chemotherapy agents (Loscher and Potschka, 2005a). Moreover, P-gp and BCRP
appear to play an important role in the development of chemoresistance by limiting the
intercellular accumulation of various chemotherapy agents in tumour cells (Szakacs et
al., 2006) (Kusuhara and Sugiyama, 2007).

Recently, there is an increasing in-vitro body of evidence pointing towards a role for
P-gp in the development of chemoresistance to TMZ (Munoz et al., 2014) (Munoz et
al., 2015a) (Munoz et al.,, 2015b). However, the overall evidence remains poorly
understood with many conflicting reports in the literature (Demeule et al., 2001).
Surprisingly, and despite extensive research work involving TMZ, on one hand and the
efflux transporters P-gp and BCRP on the other, there are no robust published data on
transport studies evaluating the relationship between TMZ and those efflux
transporters. This study attempted to fill in this knowledge gap by employing an in-
vitro BBB model that possesses excellent barrier properties and expresses both P-gp
and BCRP transport proteins, simulating the in-vivo setting. Novel data is provided on

the direct in-vitro transport of TMZ by P-gp and BCRP.
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4.3.  Materials and methods

4.3.1. Materials

Cell culture plasticware was obtained from Greiner Bio-one (Gloucestershire, UK).
Rat-tail collagen type I and human fibronectin were obtained from Becton Dickinson
(Oxford, UK). Dounce homogenisers were obtained from VWR (Lutterworth, UK).
All cell culture reagents were purchased from Life Technologies (Paisley, UK), except
plasma-derived serum (PDS) from First Link (Birmingham, UK). Rabbit anti-human
Occludin, rabbit anti-human zona occludens protein-1(ZO-1) and Fluorescein
isothiocyanate (FITC)-labelled mouse anti-rabbit IgG were obtained from Vector
Laboratories (Peterborough, UK). All other remaining materials were purchased from

Sigma-Aldrich (Poole, UK).

4.3.2. Isolation of porcine brain capillary endothelial cells

Cerebromicrovascular endothelial cell isolation was performed according to the
methods detailed by Skinner et al with some modifications (Skinner et al., 2009). Ten
to twelve porcine cerebral hemispheres were collected from the abattoir and inspected
for lack of bruising, contusions or other obvious pathologies. The hemispheres were
immediately placed in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 1% (v/v) of Penicillin/Streptomycin mixture. The hemispheres were transported
on ice to the laboratory in under 45 minutes.

The hemispheres were washed in ice-cold phosphate-buffered saline (PBS; 8 g sodium
chloride, 0.2 g potassium chloride, 1.4 g sodium phosphate and 0.24 g of potassium
dihydrogen phosphate were dissolved in 800 mL of sterile water. The pH was then
adjusted to 7.4 and the solution was made up to 1 L with double distilled water
containing 1% (v/v) of Penicillin/Streptomycin mixture). A watchmaker’s forceps was
then used to carefully resect the meninges. This was followed by careful resection of
the white matter and the remaining grey matter was cut into small pieces that were
passed through a sterile 50 mL syringe and collected in a sterile container containing
DMEM. The cortical grey matter was then placed in a Dounce tissue grinder and
manually homogenised using a loose-fitting pestle (89 — 127 um clearance) for 17

strokes and a tight-fitting pestle (25 —76 pum clearance) for another 17 strokes. The
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homogenate was filtered by applying negative pressure through a 150um nylon mesh
and subsequently through a 60 um nylon mesh. The 60 um mesh was placed in digest
mix (210 units.ml”" Collagenase, 114 units.mI”’ DNAase type I and 91 units.ml’
Trypsin dissolved in 178 mL of M119 medium and filtered for sterilisation through a
0.22 um filter). Subsequently, 20 mL of foetal bovine serum (FBS) and 2 mL of
Penicillin/Streptomycin antibiotic mixture were added and mixed gently for one hour
at 37°C, and then direct pipetting used to wash off the material that was retained on the
mesh. The digest mix containing the cerebromicrovessels was centrifuged at 22,700 x
g for five minutes in a Hettich Universal 320 Centrifuge (Hettich, Germany). The
supernatant was discarded and the pellet containing the cerebromicrovessels was
resuspended in 10 mL of PBEC growth medium (DMEM low glucose without phenol
red supplemented with 1% (v/v) of Penicillin/Streptomycin mixture, 1% L-glutamine,
(v/v) 10% plasma derived serum and 125 pg.ml™ heparin) and centrifuged again at
22,700 x g for five minutes. The supernatant was carefully aspirated and the resulting
pellet was resuspended in foetal bovine serum:dimethyl sulfoxide (9:1). One-millilitre
aliquots were placed into cryogenic vials and stored at —80°C overnight. Vials were
stored in liquid nitrogen until use. The isolation procedure resulted in approximately
16 — 20 vials.

Confirmation of the isolated PBECs was perfromed by evaluating the morphology and
ultra-structural morphology of these cells using transmission electron microscopy. My
colleague, Dr Pablo Toress, in our laboratory carried out further and more
comprehensive characterisation including immunocytochemical detection of tight

junction.

4.3.3. Coating culture surfaces with collagen and fibronectin

Culture surfaces were treated with collagen and fibronectin prior to culture of cells to
facilitate attachment and proliferation. Each well in a six-well plate was treated with
one mL of 100 pg.ml” rat tail collagen type 1 prepared in acetic acid and the plate
agitated for two hours at room temperature. Subsequently, the collagen solution was
removed and the wells were washed twice with one mL of PBS. The wells were then
treated with one mL of 7.5 pg.ml” human fibronectin prepared in sterile water at 4°C

for 24 hours. The following day, fibronectin was aspirated and well washed twice with
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one mL of PBS. To prevent drying of the collagen and fibronectin coated surfaces, the
final fraction of PBS wash was left in the wells until cells were ready for seeding onto
the surface.

The same method was followed for coating of the 96-well plates and Transwell®
inserts but each well was treated with 32 pLL and 500 pL of collagen and fibronectin

respectively.

4.3.4. Culture of primary porcine brain endothelial cells

Six-well plates were agitated for one hour at room temperature, the fibronectin
solution removed and the wells were washed twice with one mL warm PBS. The
second wash was left in the wells until cell seeding. A single vial of the cryopreserved
porcine brain capillary endothelial cells was thawed and immediately suspended in 10
mL of PBEC growth medium. This was subsequently centrifuged at 22,700 x g for five
minutes and the supernatant carefully discarded. The pellet containing the
cerebromicrovessels was resuspended in 6 mL of PBEC growth medium and one mL
was added to each well. The plate was maintained in a humidified atmosphere for 24
hours at 37°C and 5% CO,.

Twenty-four hours post seeding, the cells were treated for 48 hours with 4 pg.ml”
Puromycin dihydrochloride prepared in PBEC growth medium. Thereafter the
puromycin containing medium was replaced with a 1:1 (v/v) mixture of PBEC growth
medium and DMEM supplemented with 10% (v/v) FBS and 1% (v/v)
Penicillin/Streptomycin antibiotic mixture. Cells were routinely maintained in a

humidified atmosphere at 37°C and 5% CO, until confluent.

4.3.5. Sub-culture of primary porcine brain endothelial cells into 96 well plates

The medium was removed from the 6-well plates and discarded. The wells were then
washed twice with one mL of warm PBS containing 0.2 mg/ml EDTA. Each well was
subsequently treated with 0.3 mL of trypsin and incubated in a humidified atmosphere
at 37°C and 5% CO, for a maximum of ten minutes. The trypsin was then neutralised
with 0.6 mL of 1:1 (v/v) mixture of PBEC growth medium and DMEM supplemented
with 10% (v/v) FBS and 1% (v/v) Penicillin/Streptomycin antibiotic mixture.
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Cells were then detached by continuous pipetting and collected into a universal tube.
The suspension was centrifuged at 22,700 x g for five minutes and the supernatant
carefully discarded. The pellet was resuspended in one mL of the 1:1 (v/v) mixture of
PBEC growth medium and DMEM supplemented with 10% (v/v) FBS and 1% (v/v)
Penicillin/Streptomycin antibiotic mixture. 20 pL of cell suspension was added to 20
pL of trypan blue solution and viable cell density calculated. Cells were then seeded

onto 96-well plates to achieve a cell density of 20,000 cells per well.

4.3.6. Measurement of P-glycoprotein functional activity

Porcine brain endothelial cells were seeded in a 96-well plate pretreated with rat tail
collagen type I and human fibronectin as described in section (4.3.3). Measurement of
P-gp activity was carried out on confluent monolayers only (at least 2 days post plating
onto 96-well plates). On the day of the experiment, the medium was discarded and the
wells were washed with 200 pL of warm PBS. Subsequently, 100 pL of phenol red
free DMEM supplemented with 1% L-glutamine were added to the wells and the plate
incubated for 30 minutes at 37°C and 5% CO,. After this period, either 50 uL of the
above DMEM (control condition) or 50 pL of the P-gp inhibitor verapamil
hydrochloride at a concentration of 30 uM (final concentration 10 uM) were added to
cells. Following 30 minutes of incubation, 50 pL of 2 uM calcein—~AM (final
concentration 0.5 uM) were added to all wells and the plate incubated for a further 30
minutes in a humidified atmosphere at 37°C and 5% CO,. After incubation, the
medium was aspirated and the wells rapidly rinsed twice with 200 puL cold PBS and a
further 100 puL cold PBS was added to the wells.

Intracellular calcein-AM accumulation was assessed by fluorescence spectroscopy
using a Safire multiplate reader (Tecan, Germany) with an excitation wavelength of
490 nm and an emission wavelength of 530 nm. The fluorescence of the treated wells
was calculated and expressed as a percentage of the fluorescence of the control wells
(% of control). All fluorescence values were corrected for background fluorescence by
subtracting the average fluorescence values of eight wells containing 100 uL. of PBS.
Seven independent experiments were performed with between five to eight replicates

in each experiment.
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4.3.7. Measurement of Breast Cancer Resistance Protein functional activity

Porcine brain endothelial cells were seeded in a 96-well plate pretreated with rat tail
collagen type I and human fibronectin. Measurement of BCRP activity was carried out
on confluent monolayers.

On the day of the experiment, the medium was discarded and the wells were washed
with 200 pL. of warm PBS. Subsequently, 100 pL of phenol red free DMEM
supplemented with 1% L-glutamine were added to the wells and the plate incubated
for 30 minutes at 37°C and 5% CO,. After this period, either 50 uL of the above
DMEM (control condition) or control medium supplemented with 50 pL. of the BCRP
inhibitor KO143 at concentration of 1.5 uM (final concentration 0.5 uM) was added.
Following 30 minutes of incubation, 50 uL of a 20 uM Hoechst 33342 (final
concentration of 5 pM) were added to all wells and the plate incubated for a further 30
minutes in a humidified atmosphere at 37°C and 5% CO,. After the incubation, the
medium was aspirated and the wells rapidly rinsed twice with 200 puL cold PBS and a
further 100 pL cold PBS was added to the wells. Intracellular Hoechst 33342
accumulation was assessed by fluorescence spectroscopy using the Safire multiplate
reader with an excitation wavelength of 370 nm and an emission wavelength of 450
nm. The fluorescence of the treated wells was calculated and expressed as a
percentage of the fluorescence of the control wells (% of control). All fluorescence
values were corrected for background fluorescence by subtracting the average
fluorescence values of eight wells containing 100 pl. of PBS. Seven independent

experiments were performed with between five to eight replicates in each experiment.

4.3.8. Assessment of Temozolomide Toxicity on Porcine Brain Endothelial Cells

Cell viability was assessed using the MTT 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl-
tetrazolium bromide) reduction assay. PBECs were seeded onto a 96-well plate at a
density of 20,000 cells/well and the experiments were performed on confluent cell
monolayers.

All solutions were prepared freshly on the day of the experiment. The MTT stock
solution was prepared in sterile PBS at a concentration of 5 mg.ml”' and filtered

through a 0.22 pum filter. TMZ was dissolved in DMSO at a concentration of 20 mM
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and further diluted in phenol red free DMEM supplemented with 1% L-glutamine to
produce concentrations range of 0.02, 0.2, 2, 20, 100 and 200 pM.

On the day of the experiment, the growth medium was discarded and the wells were
washed with 200 pL. of warm PBS. Subsequently, 100 pL of phenol red free DMEM
supplemented with 1% L-glutamine were added to the wells and the plate incubated
for 30 minutes at 37°C and 5% CO,. After this period, 100 pL of the above TMZ
solutions were added to wells to achieve final concentrations of 0.01 uM, 0.1 uM, 1
uM, 10 uM, 50 puM and 100 puM, and the plates incubated for four hours.
Subsequently, the medium was discarded and replaced with 200 pL of phenol red free
DMEM supplemented with 1% L-glutamine, and 20 pL. of the MTT stock solution was
added. The plates were incubated for another two hours in a humidified atmosphere at
37°C and 5% CO, to allow the formation of the formazan product. The supernatant
was carefully removed and 100 pL. of DMSO was added to each of the wells. The
plates were gently agitated on a shaker to dissolve the purple formazan crystals for 15
minutes. Absorbance was measured at an excitation wavelength of 570 nm and an
emission wavelength of 700 nm using the Safire multiplate reader. The results were
expressed as a percentage of the absorbance measured for the control wells (% of
control). All absorbance values were corrected for background absorbance by
subtracting the average absorbance values of eight wells containing 100 uL. of PBS.

Four independent experiments were performed with five replicates in each experiment.

4.3.9. Assessment of Temozolomide inhibitory effect on P-glycoprotein
functional activity

Porcine brain endothelial cells were seeded in a 96-well plate pretreated with rat tail
collagen type I and human fibronectin. Measurement of P-gp activity was carried out
on confluent monolayers.

All solutions were prepared freshly for each experiment. TMZ was dissolved in
DMSO at a concentration of 20 mM and further diluted in phenol red free DMEM
supplemented with 1% L-glutamine to produce concentrations range of 0.03 uM, 0.3
uM, 3 uM, 30 uM, 150 uM and 300 pM.

On the day of the experiment the medium was discarded and the wells were washed
with 200 pL. of warm PBS. Subsequently, 100 pL of phenol red free DMEM

supplemented with 1% L-glutamine were added to the wells and the plate incubated
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for 30 minutes at 37°C and 5% CO,. After this period, 50 pL of the above TMZ
solutions (0.03 uM, 0.3 uM, 3 uM, 30 uM, 150 uM and 300 uM) were added to wells
to achieve final concentrations of 0.01 uM, 0.1 uM, 1 uM, 10 uM, 50 uM and 100 uM,
and the plates incubated for one hour. Additionally, as a positive control, a further set
of wells was treated with 10 uM verapamil hydrochloride, a known P-gp inhibitor, for

one hour.

After this period, the wells were incubated for a further 30 minutes with 50 pL of a 2
uM calcein-AM solution (final concentration 0.5 uM). Subsequently, the medium was
aspirated and the wells rinsed twice with 200 uL cold PBS and a further 100 pL cold
PBS was added to the wells. Intracellular calcein-AM accumulation was assessed by
fluorescence spectroscopy using the Safire multiplate reader at an excitation
wavelength of 490 nm and an emission wavelength of 530 nm. All fluorescence values
were corrected for background fluorescence by subtracting the average fluorescence
values of eight wells containing 100 uL of PBS. Four independent experiments were

performed with at least five replicates in each experiment.

4.3.10. Assessment of Temozolomide inhibitory effect on Breast Cancer
Resistance Protein functional activity

Porcine brain endothelial cells were seeded in a 96-well plate pretreated with rat tail
collagen type I and human fibronectin. Measurement of BCRP activity was carried out
on confluent monolayers.

All solutions were prepared freshly for each experiment. TMZ was dissolved in
DMSO at a concentration of 20 mM and further diluted in phenol red free DMEM
supplemented with 1% L-glutamine to produce concentrations range of 0.03 uM, 0.3
uM, 3 uM, 30 uM, 150 uM and 300 pM.

On the day of the experiment the medium was discarded and the wells were washed
with 200 pL. of warm PBS. Subsequently, 100 pL of phenol red free DMEM
supplemented with 1% L-glutamine were added to the wells and the plate incubated
for 30 minutes at 37°C and 5% CO,. After this period, 50 pL of the above TMZ
solutions (0.03 uM, 0.3 uM, 3 uM, 30 uM, 150 uM and 300 uM) were added to wells
to achieve final concentrations of 0.01 uM, 0.1 uM, 1 uM, 10 uM, 50 uM and 100 pM,

and the plates incubated for one hour. Additionally, as a positive control, a further set
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of wells was treated with 0.5 uM KO143, a known BCRP inhibitor, for one hour.

After this period, the wells were incubated for a further 30 minutes with 50 uL of a 20
uM Hoechst 33342 solution (final concentration 5 uM). Subsequently, the medium
was aspirated and the wells rinsed twice with 200 pL cold PBS and a further 100 pL
cold PBS was added to the wells. Intracellular Hoechst 33342 accumulation was
assessed by fluorescence spectroscopy using the Safire multiplate reader at an
excitation wavelength of 370 nm and an emission wavelength of 450 nm. The
fluorescence of the treated wells was calculated and expressed as a percentage of the
fluorescence of the control wells (% of control). All fluorescence values were
corrected for background fluorescence by subtracting the average fluorescence values
of eight wells containing 100 pL of PBS. Four independent experiments were

performed with at least five replicates in each experiment.

4.3.11. Culture of CTX-TNA2 astrocytes

A single vial of the cryopreserved rat astrocyte cell line CTX-TNA2 (passages 12 —
26) was thawed and immediately suspended into 10 mL of DMEM supplemented with
10% (v/v) FBS and 1% (v/v) Penicillin/Streptomycin antibiotic mixture. This was
subsequently centrifuged at 22,700 x g for five minutes and the supernatant carefully
discarded. The pellet containing the CTX-TNA2 cells was resuspended in 12 mL of
DMEM supplemented with 10% (v/v) FBS and 1% (v/v) Penicillin/Streptomycin
antibiotic mixture and one mL was added to each well of a 12 well plate. The plate was
maintained in a humidified atmosphere for 24 hours at 37°C and 5% CO..

Upon reaching confluency (typically in 48 —72 hours), the medium was collected and
filtered for sterilisation through a 0.22 pm filter and stored in —20°C. This is referred
to as CTX-TNA2 astrocyte conditioned medium (CTX-TNA2 ACM)

4.3.12. Generation of the blood-brain barrier model

Transwell® polycarbonate inserts (surface area 1.2 cm?; pore size 0.4 um) were coated
with rat tail collagen type I and human fibronectin as described in section (4.3.3) but

each Transwell® insert was treated with 500 pL of collagen and fibronectin. PBEC
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subculturing was performed as in section (4.3.5) but cells were seeded at a density of
80000 cells per 500 pL per Transwell® insert. Cells were seeded onto the upper
(donor) compartment of the Transwell® polycarbonate insert while the abluminal
(basal) side faced the receiver compartment. Transwells” and inserts were maintained
overnight in a humidified atmosphere for 24 hours at 37°C and 5% CO..

48 hours post seeding, Transwell® inserts were transferred to a new 12-well plate
containing confluent CTX-TNA2 astrocytes. Media was aspirated and replaced with a
1:1 (v/v) mixture of PBEC growth medium and CTX-TNA2 ACM (Figure 4.1). Media
was replaced every 48 hours and cultures were maintained in a 1:1 (v/v) mixture of
PBEC growth medium and CTX-TNA2 ACM. On day six, 24 hours prior to
conducting a transport experiment, Transwell® inserts were transferred to a new 12-
well plate without astrocytes and cells were maintained in supplemented media which
consisted of serum-free DMEM supplemented with 1% (v/v) Penicillin/Streptomycin
antibiotic mixture, 1% (v/v) L-glutamine, 125 pg/mL heparin, 312.5 uM 8-4-
chlorophenylthio-cyclic adenosine monophosphate (cAMP), 7.5 uM 4-(3-Butoxy-
4methoxyphenyl)methyl-2-imiadzolidone (RO-20-1724) and 55 puM hydrocortisone.
This helped maintain and enhance the Transendothelial Electrical Resistance (TEER)

of the model (Rubin et al., 1991).

Co-culture Blood-Brain Barrier Model

Luminal Side

Porcine brain

Endothelial cells Abluminal Side

Astrocytes

Figure 4. 1: Co-culture in-vitro Blood-Brain Barrier model.
A diagram demonstrating PBECs containing Transwells® co-cultured with CTX-TNA2
astrocyte cell line.
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4.3.13. Measurement of transendothelial electrical resistance

TEER of the Transwell® inserts was recorded on alternate days from day one post
seeding to the day of the experiment. TEER was measured manually using EVOM
chopstick electrodes (World Precision Instruments, Sarasota, FL, USA). All
measurements were performed under sterile conditions.

The TEER of control Transwell® polycarbonate insert filters lacking cells were
initially recorded. In order to calculate the final TEER of the Transwell® inserts
containing PBEC cells, the control TEER was subtracted from filters with cells and
final resistance corrected for surface area (1.2 cm?).

All cultures used for transport experimentation demonstrated a minimum of 300 Q.cm?

above control Transwell® inserts.

92



4.3.14. Measurement of permeability of porcine brain endothelial cell monolayers

Permeability studies across the PBEC monolayers were performed as described by
Mark and Miller (Mark and Miller, 1999), with some modifications. Paracellular
permeation was quantified by measuring the apparent permeability coefficient (Pypp) of
Lucifer Yellow (Mr 457.24). Lucifer Yellow was added to the donor (apical)
compartment of the Transwell® insert to achieve a final concentration of 50 uM. 100
pL samples were taken from the donor and receiver compartments at 0 and 3 hours.
Samples were placed in a 96-well plate and Lucifer Yellow permeability was assessed
by fluorescence spectroscopy using the Safire multiplate reader with an excitation
wavelength of 425 nm and an emission wavelength of 515 nm. The fluorescence of
the treated wells was calculated and expressed as a percentage of the fluorescence of
the control wells (% of control). All fluorescence values were corrected for
background fluorescence by subtracting the average fluorescence values of eight wells
containing 100 pL of PBS. P, was calculated using the following equation
(Artursson, 1990):

Papp(cm/sec) =de/dt X V+ A Cy

dc/dt:changes in the concentration of the donor compartment over time (mol.L™.sec™)
V:  volume in the reservoir of the receiver compartment (cm”)

A:  Surface area of the membrane (1.2 cm?)

Co: Initial concentration of the donor compartment (mol.L™")

Four independent experiments were performed with at least six replicates in each

experiment.

4.3.15. Detection of Temozolomide

TMZ concentration was quantitated using a high performance liquid chromatography
tandem-mass spectroscopy (HPLC/MS/MS) method that was developed and validated
locally at the Biomolecular Analysis facility in the Faculty of Life Sciences at the
University of Manchester. In brief, SuL. samples were applied to a mobile phase, which
consisted of 5% (v/v) acetonitrile with 0.1% (v/v) formic acid. Separation was

achieved on an Agilent C18, 2.1 x 100 mm, 1.8 pm column (828700-902). After one
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minute the gradient was increased to 95% (v/v) acetonitrile over six minutes and held
for three minutes before returning to equilibrium. Data were collected in positive
Electrospray lIonisation (ESI) in separate runs on a previously tuned and calibrated
Agilent 6520 QTOF (Agilent Technologies) operated between 100 and 1700 m/z.
During analysis two reference masses 195.063 (CcHegNgO2) and 217.045 (CsHgNeO2
.NA) were assessed continuously with MS/MS between three to six minutes using
collision energy of 5. The capillary voltage was set at 3500V with a scan rate of 1

spectrum per second and the drying gas flow rate was 8 L/min.

Data were analysed using Agilent MassHunter software (Agilent Technologies) to
manually extract peak areas and Waters Progenesis QI software (Waters Corporation)

to automatically compare samples.

4.3.16. Temozolomide degradation studies

All solutions were prepared freshly on the day of each experiment. TMZ was dissolved
in DMSO at a concentration of 20 mM and 1 mL aliquots were then generated by
diluting samples in phenol red free DMEM to achieve a final concentration of 50 uM,
as this represents the clinically relevant dose. Separate 1 mL samples were prepared
similarly but with the addition of 8.5% (v/v) phosphoric acid (30 uL to 1mL).

To investigate TMZ stability over time, samples were analysed at various time points
(0, 1, 2, 3, 4 and 5 hours) as detailed in section (4.3.15).

Four independent experiments were performed with at least eight replicates in each

experiment.

4.3.17. Temozolomide transport experiments

A Concentration equilibrium transport assay (CETA) was utilised to evaluate the
effects of P-gp and BCRP inhibition on the transport of TMZ. The final volume in
these assays was 600 pL in the donor (apical) compartment and 1500 pL in the
receiver (basal) compartment.

Transport experiments were conducted on day 7 post seeding of PBEC onto

Transwell” inserts. TEER values were documented prior to starting the experiment and
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only Transwell® inserts that demonstrated TEER above 300 Q.cm” (after subtracting
the background value of a blank Transwell” insert) at the end of the experiment were
included in the analysis. Additionally, monolayers that demonstrated >15% drops in

TEER were also excluded.

All solutions were prepared on the day of the experiment and warmed to 37 °C.
Transport medium was aspirated and replenished one-hour prior to start of the
experiment with an initial volume of 200 puL and 500 pL in the donor and receiver
compartments respectively. Following this period, 200 uL. and 500 uL of the BCRP
inhibitor KO143 (concentration of 1.5 uM) and of the P-gp inhibitor verapamil
hydrochloride (concentration of 30 uM) were added to the donor and receiver
compartment respectively. While 200 pL and 500 pL of transport medium was added
to the donor and receiver compartment respectively as a control.

Following 30 minutes incubation at 37°C and 5% CO,, 200 pL and 500 pL of TMZ at
a concentration of 150 uM were added to the donor and receiver compartment
respectively achieving final concentrations of 50 uM for TMZ, 0.5 uM of the BCRP
inhibitor KO143 and 10 uM of the P-gp inhibitor verapamil hydrochloride. Aliquots of
100 pL samples were taken from the donor and receiver compartment at 0 and one
hour time points. Collected samples were stored at -20°C and analysed within 48
hours.

Results for individual transport assays in CETA are presented as the percentage of the
drug loading concentration versus time. Transport by P-gp and BCRP efflux
transporters was indicated by increase in drug concentration over time in the donor
compartment compared with the receiver compartment.

Four independent experiments were performed with at least five replicates in each

experiment.

4.3.18. Statistical Analysis

All data are expressed as mean + standard deviation (SD) and analysed using either
Student’s #-test for comparison between two groups or one-way analysis of variance
(ANOVA) for multiple groups. A P value of <0.05 was considered to be statistically

significant.
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4.4.  Results

4.4.1. Isolation of primary porcine brain cerebromicrovessels

Cerebromicrovessels were successfully isolated from freshly harvested porcine brains
and cerebromicrovessel fragments were stored at —80 °C. Capillaries were revived and
seeded onto a 6-well plate that had been coated with collagen and fibronectin. In the
first to third day post seeding, PBECs grew and began to form islands of cells, which
continued to differentiate with time. Typically by the seventh day post seeding, a

confluent monolayer of PBECs was formed.

4.4.2. P-glycoprotein is functional in the porcine brain endothelial cells

The functional activity of P-gp was confirmed in PBECs by using an intracellular
calcein-AM accumulation assay. Calcein-AM is a P-gp substrate and a molecular
probe that when metabolised by intracellular esterases produces the fluorescent calcein
and as a result intracellular calcein retention is increased when P-gp function is
inhibited (Eneroth et al., 2001). Intracellular calcein retention was measured by
fluorescence and was found to be seven fold higher in cells pretreated with verapamil
hydrochloride, a P-gp inhibitor at 10uM, when compared with vehicle treated control
cells (696 + 204 Relative Fluorescence Unit (RFU) and 100 + 15 RFU, respectively)
(Figure 4.2).
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Figure 4. 2: Functional activity of P-glycoprotein in porcine brain enodthelial cells as
assessed by the intracellular accumulation of calcein-AM.
Cells were pre-incubated for 30 min at 37 °C in growth medium or growth medium

containing 10 pM verapamil. Intracellular accumulation of calcein was measured by
spectrofluorometry (excitation A 490 nm, emission A 520 nm). Data are expressed as
relative fluorescent units and are mean = SD of 12 replicates (n = 5). *** indicates
statistical significance of p<<0.001 compared to respective control by Student’s t-test.
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4.4.3. Breast cancer resistance protein is functional in the porcine brain
endothelial cells

The functional activity of BCRP was measured in PBECs by using Hoechst 33342
assay. Hoechst 33342 is a molecular probe that is known to be a BCRP substrate and
can be easily measured by fluorescence (Kim et al., 2002). Intracellular Hoechst 33342
retention was measured by fluorescence and was found to be significantly (2.7 fold)
higher (p<0.001) in cells pretreated with KO143, a selective BCRP inhibitor at 0.5uM,
when compared with vehicle treated control cells (27361 RFU and 100+£15 RFU,
respectively; Figure 4.3).
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Figure 4. 3: Functional activity of breast cancer resistance protein in porcine brain
endothalial cells as assessed by the intracellular accumulation of Hoechst 33342.
Cells were pre-incubated for 30 min at 37 °C in growth medium or growth medium

containing 0.5 uM KO143. Intracellular accumulation of Hoechst 33342 was measured
by spectrofluorometry (excitation A 370 nm, emission A 450 nm). Data are expressed
as relative fluorescent units and are mean + SD of 12 replicates (n = 7). *** indicates
statistical significance of p<0.001 compared to respective control by Student’s t-test.

4.4.4. Temozolomide is not cytotoxic to porcine brain endothelial cells

The MTT cell viability assay was used to test a series of concentrations of TMZ for
four hours. It is important to note that the four hours time window is significantly
shorter than the usual 24 hours window that used for determining cytotoxicity effect.

However, the four hours time point was chosen as it includes the whole duration of the
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planned drug transport studies.

This tested concentrations of TMZ ranged from 0.01 uM to 100 uM and includes the
clinically relevant plasma concentration which approximately equates to a dose of 50
uM (Ostermann et al., 2004) (Barazzuol et al., 2012).

The MTT assay is used for assessing the metabolic activity of cells; in this assay
metabolically active cells can reduce tetrazolium MTT dye to the insoluble formazan.
This reduction relies on NAD(P)H-dependent oxidorecutase enzymes.

TMZ had no apparent effect on endothelial cell viability over the 4 h exposure time
even at the highest concentration of 100 uM (Figure 4.4). This result confirms that
TMZ is not cytotoxic to PBEC at the tested concentrations and under our experimental

conditions.
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Figure 4. 4: Temozolomide is not cytotoxic to porcine brain endothelial cells .
MTT cell viability assays were performed by treating the cells with the indicated

concentrations of TMZ for four hours. Survival is expressed as a percentage of
untreated cells (control) after subtracting background absorbance from all values.
DMSO was also added to an empty well as a negative control. A total of four
independent experiments were carried out in five replicates. *** indicates statistical
significance of p<0.001 compared to respective control by Student’s t-test.
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4.4.5 Temozolomide does not inhibit P-glycoprotein-mediated transport

In order to investigate if TMZ inhibits the P-gp efflux transporter, calcein-AM assays
were repeated following a 30-minute preincubation period with different doses of
TMZ ranging from 0.01 puM to 100 uM. Additionally, as a positive control, cells were
treated with verapamil hydrochloride, a widely used P-gp inhibitor at 10uM. TMZ did
not exert any inhibitory effect on P-gp efflux transporter function at the concentrations
tested, contrary to verapamil hydrochloride. These results indicate that, in our

experimental studies with PBECs, TMZ does not inhibit P-gp activity (Figure 4.5).
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Figure 4. 5: Temozolomide does not inhibit the functional activity of P-glycoprotein.
Intracellular accumulation of fluorescent calcein in control cells and cells pretreated

0

with either TMZ at the indicated concentrations or P-gp inhibitor Verapamil
hydrochloride (10 pM). Data are expressed as a percentage of the control after
subtracting background fluorescence from all values and are a mean £ SD of four
different experiments with at least five replicates in each. Statistical significance was
determined using t-test (2 tailed). *** Indicates a P value of <0.001.
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4.4.6 Temozolomide does not inhibit breast cancer resistance protein-mediated
transport

The effects of TMZ on BCRP functional activity were evaluated by measuring
intracellular accumulation of the BCRP substrate Hoechst 33342. As a positive
control, cells were treated with KO143, a selective BCRP inhibitor at 0.5uM. The
efflux of Hoechst 33342 was not significantly altered by TMZ treatment, in contrast to
the KO143 treated cells (Figure 4.6).
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Figure 4. 6: Temozolomide does not inhibit the functional activity of Breast Cancer

Resistance Protein.
Intracellular accumulation of fluorescent Hoechst 33342 in control cells and cells

pretreated with either TMZ at the indicated concentrations or BCRP inhibitor KO143
(0.5 uM). Data are expressed as a percentage of the control after subtracting
background fluorescence from all values and are a mean = SD of four different

Relative Fluorescence Units
(RFU)

experiments with at least five replicates in each. Statistical significance was
determined using t-test (2 tailed). *** Indicates a P value of <0.001.
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4.4.7 Effects of puromycin pretreatment on the transendothelial electrical
resistance of the porcine brain endothelial cells monolayer

One of the limiting factors affecting the integrity of an in-vitro blood brain barrier
model is the purity of the brain endothelial cells used to form a monolayer.
Contaminating cells such astrocytes and pericytes greatly reduce the integrity of the
BBB model limiting the reproducibility of any drug transport studies (Perriere et al.,
2005).

PBECs can resist pretreatment with puromycin, a P-gp substrate, due to the high
expression of P-gp, which allows the cells to actively efflux puromycin.
Contaminating cells on the other hand express low levels of P-gp and thus cannot

actively efflux puromycin, which causes toxicity and death.

PBECs that were pretreated with puromycin before subculturing onto the Transwells®
and subsequently co-cultured with CTX-TNA2 astrocytes demonstrated significantly
higher (p<0.001) TEER (379 + 14.61 Q.cm®) when compared with untreated PBECs
that were subcultured onto the Transwells® (108 + 5.42 Q.cm?). These results suggest
that pretreatment with puromycin enhances the purity of PBECs enabling it to form a
more confluent monolayer and improving the integrity of the in-vitro BBB model

(Figure 4.7).
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Figure 4. 7: Treatment with Puromycin improves transendothelial electrical resistance.
Porcine brain endothelial cells were maintained in culture for 48 h with (grey) or

without (black) 4 p g.ml” puromycin. Subsequently PBECs, 80,000 cells/well, were
seeded onto Transwell® inserts and maintained for 4 days in growth medium (DMEM
containing 10 % (v/v) plasma-derived serum, 100 U.ml" Penicillin, 100 p g. ml”
Streptomycin, 2 mmol. 1-1 glutamine and 125 mmol. 1-1 heparin). At day 4 post
seeding monolayers were grown in the presence astrocytes and maintained in growth
medium. At day 6 post seeding growth medium was supplemented with 312.5 uM
cAMP, 17.5 uM RO20-1724 and 55 nM hydrocortisone; TEER was measured on day
7. Net mean TEER values (background subtracted) are shown, n=6. Statistical
significance was determined using two-way ANOVA analysis, *** =p <0.001.
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4.4.8 Effects of the CTX-TNAZ2 rat astrocyte cell line on the transendothelial
electrical resistance of the porcine brain endothelial cells monolayer

Many studies reported improvement of morphological and physiological
characteristics of endothelial cells when cultured in the presence of glial cells such as
astrocytes (Cantrill et al., 2012). Furthermore, the inclusion of astrocytes in the BBB
model brings it closer to the in-vivo setup where endothelial cells and astrocytes are in
close contact.

Similar results were demonstrated in these experiments where PBECs were co-cultured
for 48 hours with the rat astrocyte cell line CTX-TNA2 from day four post seeding
onto Transwell” inserts. The TEER of PBEC monolayers co-cultured with CTX-TNA2
demonstrated significantly higher (p<0.001) TEER at day six (401.81 + 12.6 Q.cm?)
when compared with PBEC monolayers maintained in the absence of astrocytes (214.6

+ 6.1 Q.cm’ Figure 4.8).
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Figure 4. 8: Co-culture with rat astrocyte cell line CTX-TNA2 improves
transendothelial electrical resistance.
Porcine brain endothelial cells were maintained in culture for 48 h with 4 p g.ml’

puromycin. PBECs, 80,000 cells/well, were seeded onto Transwell® inserts and
maintained for 4 days in growth medium (DMEM containing 10 % (v/v) plasma-
derived serum, 100 U.ml” penicillin, 100 p g. ml”' streptomycin, 2 mmol. I-1
glutamine and 125 mmol. I-1 heparin). At day 4 post seeding monolayers were grown
in the presence (red) or the absence (blue) of astrocytes and maintained in growth
medium. At day 6 post seeding growth medium was supplemented with 312.5 uM
cAMP, 17.5 uM RO20-1724 and 55 nM hydrocortisone; TEER was measured on day
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2, 4, 6 and 7. Net mean TEER values (background subtracted) are shown, n=8.
Statistical significance was determined using two-way ANOVA analysis, *** = p <
0.001.

4.4.9. Effects of supplemented medium on the transendothelial electrical
resistance of the porcine brain endothelial cells monolayer

Supplemented medium consisted of DMEM serum-free media supplemented with 1%
(v/v) Penicillin/Streptomycin antibiotic mixture, 1% (v/v) L-glutamine, 125 pg/mL
heparin, 312.5 uM/L cAMP, 17.5 uM/L RO-20-1724 and 55 uM/L hydrocortisone.
Few studies reported that the addition of serum-free supplemented media could help
maintain and improve the TJ integrity and therefore improve the barrier properties of
the BBB model (Rubin et al., 1991) (Cantrill et al., 2012).

The effect of supplemented medium on the TEER of PBEC monolayers was also
investigated. Supplemented medium consisted of DMEM serum-free media
supplemented with 1% (v/v) Penicillin/Streptomycin antibiotic mixture, 1% (v/v) L-
glutamine, 125 pg/mL heparin, 312.5 pM/L cAMP, 17.5 uM/L RO-20-1724 and 55
puM/L  hydrocortisone. The addition of supplemented medium to the PBEC
monoculture at day four post seeding onto Transwell® inserts resulted in a significant
increase (p<0.001) in TEER from (114.1 + 8.5 Q.cm?) to (200.7 + 6.1 Q.cm?). Such
rise in the TEER was lacking in the PBEC monolayers that were not exposed to
supplemented medium. Additionally, it is important to note that the rise in TEER in the
PBEC monoculture model was only temporary as drops in TEER were detected the

following day (Figure 4.9).
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Figure 4. 9: Supplemented medium improves transendothelial electrical resistance.
Porcine brain endothelial cells were maintained in culture for 48 h with 4 p g.ml’

puromycin. PBECs, 80,000 cells/well, were seeded onto Transwell® inserts and
maintained for 4 days in growth medium (DMEM containing 10 % (v/v) plasma-
derived serum, 100 U.ml™ penicillin, 100 pu g. ml" streptomycin, 2 mmol. I"' glutamine
and 125 mmol. I-1 heparin). At day 4 post seeding growth medium was either
supplemented with 312.5 uM cAMP, 17.5 uM RO20-1724 and 55 nM hydrocortisone
(blue) or simply replaced with fresh growth media (red); TEER was measured on day
4, 5, 6 and 7. Net mean TEER values (background subtracted) are shown, n=8.
Statistical significance was determined using two-way ANOVA analysis, *** = p <
0.001.

4.4.10. Paracellular permeability of the in-vitro blood-brain barrier model

Permeability of paracellular compounds gives an added indicator of the restrictive
nature of the BBB model as dictated by the formation of the tight junctions. In
agreement with the measured TEER values, the apparent total permeability of Lucifer
Yellow, a small molecular weight compound that is transported via the paracellular
pathway, was measured at 7.3 + 0.76 x 10° cm.s”. Comparatively the apparent
permeability of the control Transwell® inserts (no PBEC monolayer) was significantly
higher at 49.2 + 17.4 x 10° cm.s” (Figure 4.10). This result demonstrates the
restrictive nature of the in-vitro BBB model and reinforces its suitability for

conducting transport studies.
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Figure 4. 10: Apparent permeability coefficient of Lucifer Yellow.
Porcine brain endothelial cells were maintained in culture for 48 h with 4 pug.ml’

puromycin. PBECs, 80,000 cells/well, were seeded onto Transwell® inserts and
maintained for 4 days in growth medium (DMEM containing 10 % (v/v) plasma-
derived serum, 100 U.ml” penicillin, 100 p g. ml"' streptomycin, 2 mmol. I-1
glutamine and 125 mmol. I-1 heparin). At day 4 post seeding monolayers were grown
in the presence of astrocytes and at day 6 post seeding growth medium was
supplemented with 312.5 uM cAMP, 17.5 uM RO20-1724 and 55 nM hydrocortisone;
On day 7 Lucifer Yellow (50 p M) was added to the donor (apical compartment) at t=0
and samples, 100 pl, removed from the donor and receiver compartments at 0, 1 h and
3 h. Lucifer yellow (excitation 425 nm and emission 535 nm) were quantified by
spectrofluorometry. *** denotes statistical significance of Ppgrc  Vs. Prier to assess
contribution of PBEC monolayer. Data are mean + standard deviation (n=4, 12
replicates for Ppggc and 8 replicates for Prjer).
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4.4.11. Temozolomide detection and stability test

TMZ can be clearly detected using HPLC/MS/MS (Figure 4.11). In this example, the
signal intensity of transition of 50 uM TMZ in the cell culture medium of the in-vitro

BBB model showed a significant drop with time, reflecting the poor TMZ stability.
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Figure 4. 11: High performance liquid chromatography tandem-mass spectroscopy
detection for Temozolomide at the different time points: point 0 (green), 1 hour
(purple) and 2 hours (blue). cps, counts per second.

TMZ is a prodrug that is known to undergo rapid breakdown under alkaline conditions
to the pharmacologically active product 5-(3-methyltriazen-1-yl)imidazole-4-
carboxamide (MTIC) and the non-active product 4-amino-5-imidazole-carboxamide
(AIC). Drug transport studies assessing active efflux mechanisms are classically
performed over a four-hour window to minimise the effects of passive diffusion and to
allow for the detection of weak substrates. Thus, the assessment of TMZ stability over

time is particularly important prior to proceeding to in-vitro transport studies.
In these experiments, and as reported in the literature, TMZ undergoes rapid

breakdown in pH neutral transport experimental settings (Figure 4.12). The

degradation was rapid and led to significant loss of signal, which rendered TMZ
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detection by HPLC/MS/MS unreliable after two hours. This is a significant limitation,

which precludes the use of standard drug transport experiments.
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Figure 4. 12: Stability of Temozolomide.
Temozolomide was added to DMEM cell culture medium at a pH of 7.4 and 37°C.

Data are mean + standard deviation (n=4 with 8 replicates).

A potential solution was to perform the transport studies under slightly more acidic pH
conditions. The addition of 8.5% (v/v) phosphoric acid to DMEM cell culture medium
to reduce the pH below 6 significantly improved the stability of TMZ and prevented its
rapid degradation (Figure 4.13).
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Figure 4. 13: Stability of Temozolomide is improved under acidic conditions.
Temozolomide was added to DMEM cell culture medium containing phosphoric acid
at a pH lower than 6 and a temperature of 37°C. Data are mean + standard deviation
(n=4 with 5 replicates).
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4.4.12 Effects of lowering pH on the integrity of the blood-brain barrier model

Once the stability of TMZ under acidic conditions was confirmed, it was essential to
assess the impact of lowering pH on the integrity of the in-vitro BBB model.
Monolayers of PBECs that were exposed to 8.5% (v/v) phosphoric acid demonstrated
a significant (p<0.001) drop in TEER after four hours of exposure. Comparatively,
there was no significant drop in TEER in the monolayers of PBECs that were not

exposed to 8.5% (v/v) phosphoric acid (Figure 4.14).
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Figure 4. 14: Acidic conditions reduce the transendothelial electrical resistance in the
monolayer of porcine brain endothelial cells.
Porcine brain endothelial cells were maintained in culture for 48 h with 4 pg.ml’
puromycin. PBECs, 80,000 cells/well, were seeded onto Transwell® inserts and
maintained for 4 days in growth medium (DMEM containing 10 % (v/v) plasma-
derived serum, 100 U.ml” penicillin, 100 p g. ml" streptomycin, 2 mmol. I-1
glutamine and 125 mmol. I-1 heparin). At day 4 post seeding monolayers were grown
in the presence of astrocytes and at day 6 post seeding growth medium was
supplemented with 312.5 uM cAMP, 17.5 uM RO20-1724 and 55 nM hydrocortisone;
On day 7, 8.5% (v/v) phosphoric acid was added to the cell culture medium to create
(reduce the pH below 6) in some Transwells® while others were
maintained in the standard control conditions. TEER was measured prior to the
addition of the acid, 2 and 4 hours subsequently. Data are mean =+ standard deviation (n
=5 with 12 replicates).

Similarly, the paracellular permeability of PBEC monolayers was significantly

(p<0.005) increased as evident by the higher permeability to Lucifer Yellow (Figure
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4.15). These results indicate loss of integrity in the in-vitro BBB model where PBEC
monolayers have been exposed to phosphoric acid. Therefore, it is not possible to

conduct TMZ transport studies under acidic conditions.
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Figure 4. 15: Acidic conditions increase permeability of a monolayer of porcine brain
endothelial cells as measured by the apparent permeability coefficient of Lucifer
Yellow.

Porcine brain endothelial cells were maintained in culture for 48 h with 4 pug.ml’
puromycin. PBECs, 80,000 cells/well, were seeded onto Transwell® inserts and
maintained for 4 days in growth medium (DMEM containing 10 % (v/v) plasma-
derived serum, 100 U.ml” penicillin, 100 p g. ml"' streptomycin, 2 mmol. I-1
glutamine and 125 mmol. I-1 heparin). At day 4 post seeding monolayers were grown
in the presence of astrocytes and at day 6 post seeding growth medium was
supplemented with 312.5 uM cAMP, 17.5 uM RO20-1724 and 55 nM hydrocortisone;
On day 7 and one hour before the addition of Lucifer Yellow, some PBEC monolayers
were treated with 8.5% phosphoric acid to lower the pH. Lucifer Yellow (50 p M) was
added to the donor (apical compartment) at t=0 and samples,100 pl, removed from the
donor and receiver compartments at 0, 1 h and 3 h. Lucifer yellow (excitation 425 nm
and emission 535 nm) were quantified by spectrofluorometry. *** denotes statistical
significance of Ppgec  vs. Priner to assess contribution of PBEC monolayer. Data are
mean + standard deviation (n=4, 12 replicates for PBEC monolayer, 12 replicates for
PBEC monolayer treated with phosphoric acid and 8 replicates for control Transwell®
inserts).
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4.4.13. Temozolomide transport studies

The rapid TMZ breakdown encountered in this study renders bidirectional
permeability studies challenging as detection of small but significant amounts of active
transport may prove difficult. An alternative method is the CETA, where identical
concentrations of TMZ are added to both the apical and basal compartments, either in
the presence or absence of P-gp and BCRP inhibitors. This method minimises passive
diffusion and reduces the effects of TMZ breakdown, as the drug will degrade to an
identical degree in both apical and basal compartments that have identical
composition. Therefore, it was felt that detailed pharmacokinetics analysis of TMZ

breakdown in the apical and basal compartments was not required in this instance.

CETA demonstrates that in the control transwells®, there was a trend for TMZ to
accumulate in the apical compartment, which was statistically significant (P = 0.0153;

Figure 4.16).
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Figure 4. 16 : P-glycoprotein and breast cancer resistance protein mediated transport
of Temozolomide.

Temozolomide was added to both compartments at a final concentration of 50 uM. 100
pL samples were withdrawn at 60 minutes from both compartments and analysed
immediately with HPLC/MS. Data presented for three separate experiments in (A)
with a representative example of individual Transwells® in (B). Data are mean =+
standard deviation (n=3, 7-8 replicates). Statistical significance was determined using
paired t-test. * Indicates a P value of < 0.05.

Comparatively, Transwells® in which TMZ was incubated with dual P-gp and BCRP
inhibition (Figure 4.17) or P-gp inhibition only (Figure 4.18) failed to show any

difference in the final measured concentration of TMZ between the apical and basal

112



compartments.
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Figure 4. 17: The effects of P-glycoprotein and breast cancer resistance protein
inhibition on transport of Temozolomide.

30 minutes before conducting Temozolomide transport study transwells® were
incubated with the P-glycoprotein inhibitor verapamil and breast cancer resistance
protein inhibitor KO143 to make final concentrations of 10 pM and 0.5 uM
respectively. Temozolomide was then added to both compartments at a final
concentration of 50 uM. 100 pL samples were withdrawn at 60 minutes from both
compartments and analysed immediately with HPLC/MS. Data presented for three
separate experiments in (A) with a representative example of individual Transwells® in
(B). Data are mean + standard deviation (n=3, 7-8 replicates). Statistical significance
was determined using paired t-test.
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Figure 4. 18: The effects of P-glycoprotein inhibition on the transport of
Temozolomide.

30 minutes before conducting Temozolomide transport study Transwells® were
incubated with the P-glycoprotein inhibitor verapamil (final concentrations of 10 uM).
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Temozolomide was then added to both compartments at a final concentration of 50
puM. 100 pL samples were withdrawn at 60 minutes from both compartments and
analysed immediately with HPLC/MS. Data are mean + standard deviation (n=3, 7-8
replicates). Statistical significance was determined using paired t-test.

These results suggest active TMZ transport in the absence of a concentration gradient
and indicate a potential role for P-gp and BCRP in the active efflux of TMZ. However,
the limited evidence of active transport after one hour also suggests that TMZ is

unlikely to be a strong substrate for these transporters.
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4.5.  Discussion and conclusions

One of the main functions of the BBB is to protect the brain from harmful substances
in systemic circulation. This includes cytotoxic agents that are commonly used in the
treatment of high-grade brain tumours. The contribution of the BBB may appear less
critical in the settings of a high-grade glioma tumour, especially as disruption of the
BBB integrity is to be expected (Larsson et al., 1990). Furthermore, the treatment of
high-grade glioma includes radiotherapy, which can impair the BBB integrity and
increase its permeability. Multiple studies demonstrated that systematically
administered chemotherapy agents reach higher concentration in the tumour core when
compared with the adjacent brain tissue (Pitz et al., 2011). This includes
Temozolomide which is the only frontline chemotherapy treatment approved by the
Food and Drug Administration (FDA) for glioblastoma multiforme.

Despite this, treatment outcomes for glioblastoma multiforme remain poor with a
median survival rate of 14.6 months (Stupp et al., 2005). A possible explanation for
such poor outcomes could be the fact that chemotherapy agents fail to reach the edges
of the growing tumour, where tumoural cellular infiltration of the normal brain
precedes disruption of the BBB. Furthermore, the endothelial cells of the BBB express
various efflux transporters such as P-gp and BCRP, which serve as efflux pumps

mediating the transport of drugs from the endothelial cells back into the blood stream.

Additionally, the development of chemoresistance of glioma cells to TMZ remains a
major limiting factor in the effective treatment of glioma patients. One of the important
mechanisms for developing this chemoresistance is the up regulation of efflux
transporters, such as P-gp. The role of P-gp in mediating chemoresistance remains
controversial and poorly understood. However, there is increasing evidence pointing
towards a relationship between the over expression of P-gp and the development of
chemoresistance. For example, Zhang et al. demonstrated that photodynamic therapy
enhanced TMZ effects in a glioma model in rats by limiting the expression of P-gp in
the intact BBB and in the glioma cells (Zhang et al., 2014). In a more recent study,
Munoz et al. indirectly demonstrated that TMZ, at high concentrations, competes for

P-gp, and that P-gp expression mediated the development of chemoresistance (Munoz
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et al., 2015b). Furthermore, this study showed enhanced TMZ anti-tumuoral effects
when combined with P-gp inhibition (Munoz et al., 2015b). The relationship between
TMZ and P-gp was also evaluated in genetically modified mice that lacked P-gp,
where P-gp lacking mice showed small increases in TMZ transport into the brain

(Goldwirt et al., 2014).

It is important to note that the clinical translation of these studies proved more
challenging with only a single study suggesting a solitary MDRI single nucleotide
polymorphism (which encodes for P-gp) capable of predicting TMZ treatment
outcomes in patients with GBM tumours (Schaich et al., 2009). However, other studies
failed to observe the same finding. For example, Demeule et al. reported that MDR1
expression was higher than normal brain in only three GBM patients while three had
similar and four had even lower expression than the normal brain (Demeule et al.,

2001).

The majority of the available literature on in-vitro studies attempts to indirectly
evaluate the relationship between TMZ and P-gp and they clearly point towards a
relationship between the two. However, only a solitary study attempted to examine
directly TMZ transport by P-gp (Goldwirt et al., 2014). It is important to note that in
this study TMZ accumulation in the brain of mice was measured after freezing and
storing the brain samples in —20°C. Storing brain samples at —20°C can slow, but does
not eliminate, spontaneous TMZ degradation, which can cloud the finding of limited

P-gp mediated transport of TMZ.

Moreover, when evaluating novel compounds it is becoming increasingly important to
evaluate P-gp and BCRP efflux transporters simultaneously. This holds especially true,
as these transporters are known to work in tandem in effluxing many anticancer drugs.
This is well documented in multiple studies highlighting limited BBB penetration of a
given agent with solitary (P-gp or BCRP) efflux transporter inhibition, but
demonstrating that much greater BBB penetration was achieved with dual inhibition of
these transporters (de Vries et al., 2007) (Polli et al., 2009) (Kodaira et al., 2010)
(Agarwal et al., 2011c). The relationship between TMZ and the efflux transporters P-
gp and BCRP has never been evaluated in a single unifying study. This study is
believed to be the first to directly investigate the effects of P-gp and BCRP inhibition
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on the transport of TMZ at clinically relevant concentrations.

Measuring drug concentration in brain tissue in a clinical study is not feasible and also
unethical. The use of CSF as a surrogate marker has been suggested, however, the
blood-CSF barrier is highly permeable and does not represent a suitable surrogate for
the brain. Given these challenges and limitations, the use of an in-vitro BBB model for
TMZ transport studies was felt to be justified.

An essential step in conducting drug transport experiments is the development and
validation of a reproducible in-vitro BBB model that replicates the in-vivo settings.
Our in-vitro non-contact co-culture BBB model uses PBECs and the immortalised rat
astrocyte cell line CTX-TNA2. The use of PBECs in the development of in-vitro BBB
models is well established (Franke et al., 1999) (Zhang et al., 2006) (Cohen-Kashi
Malina et al., 2009) (Skinner et al., 2009). The use of the CTX-TNAZ2 cell line has also
been described previously and is known to induce and maintain key features of the in-
vivo BBB (Cantrill et al., 2012).

In the present model the measured TEER consistently achieved values of 400 Q.cm?,
which is lower than previously described by Cantrill et al. (Cantrill et al., 2012).
However, it is important to note that the TEER values are still higher than many of the
reported models (Zhang et al., 2006) and are at least three times as high as the
recommended values by FDA for transport studies (Luna-Tortos et al., 2008).
Additionally, here, Transwell® inserts that demonstrated TEER lower than 300 Q.cm’
or showed a 20% drop in the TEER from the initial values at the end of the experiment
were excluded. These steps ensured the use of an in-vitro BBB model that
demonstrated the desired structural characteristics with excellent restrictive nature as

reflected in the high TEER and low permeability to Lucifer Yellow.

Evaluation of the efflux transporters P-gp and BCRP is a primary objective, and an
essential aspect of this study is to confirm the functional activity of those two major
efflux transporters. The functional activity of P-gp was confirmed by observing a
seven-fold increase in the intracellular accumulation of calcein following inhibition of
P-gp. Similarly, the functional activity of BCRP was also confirmed by observing
almost a three-fold increase in the intracellular accumulation of Hoechst 33342. These
values are comparable to other studies (Cantrill et al., 2012) and provide further

validation to the suitability of the in-vitro model for conducting TMZ transport studies.
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Assessing the stability of compounds in the experimental conditions is another integral
part of any transport study. TMZ is a prodrug that undergoes disintegration in a non-
enzymatic, pH and temperature dependent manner. In short, TMZ has excellent
bioavailability when administered orally, largely due to being robust and stable in the
acidic conditions of the stomach. However, once TMZ reaches more basic pH
conditions (blood and tissues) it undergoes rapid hydrolysis to its active metabolite
MTIC, which in turn yields the reactive methyldiazonium ion (Marchesi et al., 2007).
As reported in literature, TMZ was found to undergo a rapid and exponential
degradation in experimental conditions at physiological pH and 37°C with an estimated
half-life of 1.1 hour. This half-life is close to the values reported by Stevens et al, for
TMZ in phosphate buffer, and Linz for TMZ in culture medium, with half-lives of 1.24
and 1.3 h respectively (Stevens et al., 1987) (Linz et al., 2015). However, these values
are significantly shorter than the observed half-life of 1.8 h in human plasma. Such
rapid breakdown is detrimental for in-vitro transport studies as these experiments are
ideally conducted over a four-hour period.

In an attempt to enhance the stability of TMZ experimental conditions were acidified
by adding 8.5% (v/v) phosphoric acid. Acidification of the experimental conditions
successfully slowed the degradation but had an additional negative impact. In addition
to stabilising TMZ degradation, the addition of 8.5% phosphoric acid resulted in loss
of the barrier proprieties of the in-vitro BBB model. This was reflected in the

significant drop in TEER, which precludes meaningful drug transport studies.

Classical drug transport studies are based on concentration gradient transport assays.
These assays use a cellular monolayer to evaluate the affinity of a given efflux
transporter for a certain drug. P-gp overexpressing cell lines are commonly employed
to enhance the sensitivity of such assays. In short, these assays are based on placing a
particular drug in a donor compartment (basal) and assessing transport against a
concentration gradient in the receiver compartment (apical). However, this method
may still fail to correctly identify true active efflux transportation. This is especially
true in compounds with low molecular weight where high permeability and passive
diffusion can compensate and obscure active efflux (Luna-Tortos et al., 2008). This is
particularly important to our study as TMZ is characterised by being highly lipophilic

with low molecular weight (194 Daltons), which in theory should enables it to cross
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the BBB freely (Patel et al., 2003). The choice of cell line is also important. For
example, most concentration gradient assays employ a cell line that over-expresses the
transporter in question (e.g. MDR1-transfected MDCKII cells for P-gp). The utility of
such cell lines to enhance the sensitivity of these experiments is controversial. Such
cell lines clearly fail to replicate the human in-vivo settings, which is a clear and

substantial drawback.

To address these limitations, a CETA was employed, where the same concentration of
TMZ was added to the basal and apical compartments of the in-vitro BBB model. True
active drug transport is then decided when an increase in the drug concentration in the
apical compartment is detected over time. This type of assay is particularly powerful in
measuring transporter-mediated efflux of highly permeable compounds such as
antibiotics (Pachot et al., 2003) and antiepileptic drugs (Luna-Tortos et al., 2008).

A major advantage of the CETA is that it unifies the experimental conditions in the
apical and basal compartments by adding identical concentrations of a drug. Although
drug degradation will not be affected per se, adding identical concentrations in both
compartments eliminates the effects of TMZ breakdown on the results. This is clearly
relevant in our study due to TMZ degradation. Another important advantage for CETA
is that it eliminates the concentration gradient and as a result reduces the effects of

passive diffusion and improves the detection of active drug transport.

Our findings demonstrate that the efflux transporters P-gp and BCRP weakly transport
TMZ. This is best appreciated when analysing the TMZ transport in Transwells®
individually. TMZ was detected in higher concentrations in the apical compartments in
the absence of P-gp and BCRP inhibition. An important limitation to our study is the
limited time window of 60 minutes. Drug transport studies in general, and CETA in
particular, needs to be extended over greater time, typically four hours. A recent study
found that even for known strong P-gp substrates, such as digoxin and phenytoin,
CETA might be negative in the first 60 minutes. Significant transport however, can be
detected after the 100 minutes mark (Luna-Tortos et al., 2008). Our finding of weak P-
gp and BCRP-mediated transport suggest that TMZ is likely to be a weak substrate and
extending the CETA duration could have proved helpful.

A possible solution is to increase the concentration of TMZ in these experiments,
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which will prolong the window for TMZ. However, this was avoided as raising the
concentration of TMZ above the clinically relevant dose may alter its substrate status
as seen with other compounds such as cyclosporin A (Saeki et al., 1993). Additionally,
raising the concentration multiple folds above the clinically relevant concentration fails
to replicate the clinical settings.

In a recent study, Munoz et al reported that raising the concentration of TMZ (ten
times higher than the clinically relevant dose) resulted in an increase in the
intracellular accumulation of calcein AM in the multiple drug resistant variant of a
lung epithelial cell line (known to overexpress P-gp); the authors concluded that TMZ
was a substrate for P-gp (Munoz et al., 2015b). This result was not reproduced in our
experimental conditions with the PBEC cell line that resembles the human endothelial
cells more closely. Furthermore, in the Munoz study they failed to reproduce P-gp
inhibition when using lower concentrations of TMZ or with the original lung epithelial
cell line DC3F. This study also noted increased TMZ efficacy in two glioma cell lines
in the presence of P-gp inhibitions and used a computer-modelling approach to
demonstrate TMZ and P-gp interaction. While these results suggest a role of P-gp in
the transport of TMZ, they failed to examine the role of BCRP and did not demonstrate
definitive P-gp-mediated TMZ transport directly.

This study set out to establish if TMZ, at clinically relevant concentrations, was
transported by P-gp and BCRP using an in-vifro BBB model that closely resembles the
human in-vivo setting. The findings show a trend for TMZ to be weakly transported by
P-gp and BCRP and add to the evidence implicating P-gp and BCRP in the active
transport of TMZ.

Improving outcomes for patients with high-grade glioma will prove challenging.
Inhibition of efflux transporters, such as P-gp and BCRP, may be a valid strategy for
enhancing TMZ delivery into brain tumours and overcoming the BBB obstacle.
Although these studies increase the evidence demonstrating interaction of TMZ with
BBB efflux transporters, more robust evidence is clearly needed before a definite
conclusion about TMZ relationship with the efflux transporters can be made, and

before treatment strategies can be employed clinically.
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Chapter 5 Preclinical In-vivo Imaging Study: Temozolomide is Transported
by P-glycoprotein and Breast Cancer Resistance Protein Efflux Transporters at
the Mouse Blood-Brain Barrier.

5.1.  Abstract

Purpose: To confirm the status of TMZ as a substrate for P-gp and BCRP efflux

transporters.

Methods: PET scans were performed with [''C]TMZ in female wild type and in mice
with genetic knockout of P-gp, BCRP and both transporters. Imaging was also
performed in wild type mice before and after the administration of Tariquidar (TQD)

to achieve dual P-gp and BCRP transporters inhibition.

Results: Brain-to-plasma ratio of [''C]TMZ were low in wild type mice (0.432 +
0.042) and slightly higher in mice lacking either transporter (P-gp KO: 0.445 + 0.031 ,
BCRP KO: 0.427 + 0.062) but only significantly higher in mice lacking both
transporters (0.575 £ 0.049, p: 0.0045).

Similar results were obtained with the chemical inhibition of both transporters with
animals that received TQD showed a higher brain-to-plasma ratio of radioactivity that

was significant (vehicle: 0.426 £+ 0.039, TQD: 0.524 £+ 0.048, p = 0.020).
Conclusions: This study confirms that TMZ is transported by both P-gp and BCRP

efflux transporters at the mouse BBB and that dual transporter inhibition is required to

significantly enhance TMZ delivery into the brain.
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5.2.  Introduction

The efficacy of chemotherapy for the treatment of brain tumours relies on the ability of
the agent to penetrate the BBB and reach meaningful concentrations in the brain. The
BBB restricts the entry of such agents to the brain structurally with tight junctions,
leading to low paracellular permeability, and through the expression of various efflux
transporters, such as P-gp and BCRP. These transporters are expressed on the luminal
membrane of endothelial cells of the BBB. They actively efflux various anticancer
drugs into the systemic circulation. Furthermore, the two transporters appear to work
together and overlap in their affinity for various anticancer drugs (Szakacs et al., 2006)

(de Vries et al., 2007) (Kodaira et al., 2010).

TMZ is an alkylating prodrug that readily crosses the BBB. However, its exact
relationship with the efflux transporters P-gp and BCRP remains poorly understood.
In-vitro studies point to a role for P-gp in the development of chemoresistance to
TMZ: long-term treatment with TMZ leads to increased expression of P-gp. Other
recent studies have demonstrated that TMZ competes for the P-gp efflux transporters
(Munoz et al., 2014) (Munoz et al., 2015b). A preclinical in-vivo study using P-gp
knockout mouse models has suggested a very limited role for P-gp in the transport of
TMZ (Goldwirt et al., 2014). This is the only study to directly demonstrate transport of
TMZ by an efflux transporter. Furthermore, Schaich et al. (Schaich et al., 2009) have
shown that tumour expression of P-gp could affect the response to TMZ treatment.
Interestingly, none of these studies addressed the role of BCRP in the transport of

TMZ. Therefore, inaccurate conclusions could have been reached.

The aim of the present study was to confirm the results of previous in-vitro studies by
demonstrating active efflux of [''C]TMZ by P-gp and BCRP at the mouse BBB. Small
animal PET scans were performed in wild-type and transporter knockout mice, and the
third-generation P-gp inhibitor tariquidar Tariquidar (TQD) (Fox and Bates, 2007) was

used in wild-type mice.
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5.3.  Materials and Methods

5.3.1. Chemicals

If not stated otherwise, chemicals were purchased from Sigma-Aldrich (Poole, UK), of
analytical grade and used without further purification. TQD was obtained from
AzaTrius Pharmaceuticals Pvt Ltd (London, UK). For the formulation of the TQD for
the in-vivo PET experiments, a stock solution of 7.5 mg/mL of TQD free base in 20%
ethanol and 80% propylene glycol was diluted with aqueous dextrose solution (5%
w/v) to make up the final desired dose of 15mg/kg of TQD in 100 uL. [''C]TMZ was
synthesised in-house by broadly following the procedure described by Moseley et al.
(Moseley et al., 2012) but with slight modifications to the reaction conditions to
improve the yield. Radiochemical purity was in excess of 98%, with specific activity at

the end of synthesis of 734.72 + 344.1 MBg/nmol (n = 22) (figure 5.1).
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Figure 5.1: Chemical structure of [''C]Temozolomide.

5.3.2. Animals

All animal procedures were approved by the Home Office Inspectorate, carried out
under the University of Manchester project license number (40/3268) and conducted
according to UK-CCCR guidelines, in compliance with the UK Animal Scientific
Procedure Act of 1986. Efforts were made to minimise the number of animals used for
each experiment without sacrificing the ability to obtain meaningful results. Animals

were maintained with the highest possible standard of care.
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The initial female FVB/N (wild type) mice were obtained from Charles River
Laboratories (Canterbury UK). The remaining animals, including the female FVB/N
(wild type) mice used in the metabolite and PET imaging study, P-gp knockout
Mdrla/b™”, BCRP knockout Bcrp('/ 7 and dual P-gp and BCRP knockout Mdrla/b""
)Bcrp('/ 7 mice were obtained from Taconic Inc. (Germantown, NY, USA).

All animals used in this study were of the same FVB strain.

The animals were housed in groups with a maximum number of five animals per group
with free access to food and water. Environmental conditions were controlled at 45%-
65% humidity, a temperature range of 20 — 23°C and a 12-hour light-dark cycle. The
animals used in the experiments reached a minimum weight of 21 g and were between

12 and 16 weeks of age.

5.3.3. Experimental design

Metabolism of [''C]TMZ was evaluated in two groups of wild type (obtained from
Charles River, UK and Taconic Inc., USA), P-gp knockout Mdria/b””, BCRP
knockout Bcrp™” and dual P-gp and BCRP knockout Mdrla/b"" ’)Bcrp('/ 7 mice.
Animals were injected with the radiotracer ['"C]TMZ and blood and brain samples
were collected for processing and HPLC analysis at the designated time points, as

detailed below.

Some mice from the USA based supplier underwent 60-minutes dynamic [''C]TMZ
PET scanning. Additionally, to assess the effects of TQD on the brain uptake of
[''"C]TMZ, a group of wild type animals underwent 60-minute dynamic [''C]TMZ
PET scans in which a pharmacological dose of TQD (15 mg/kg) was administered 40
minutes after radiotracer administration. TQD was administered over a time period of
one minute via a second tail vein cannula. This particular dose of TQD was chosen
based on previous work that showed complete P-gp and significant BCRP inhibition
(Wanek et al., 2012). TQD was administered during the PET scan acquisition as
previous study showed that IV administration could achieve rapid P-gp inhibition even

at low doses (Kreisl et al., 2015). We elected to insert a second tail vein cannula in
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order to avoid undesired administration of any residual radiotracer present in the dead

space.

5.3.4. Blood, plasma and brain metabolite analysis

Mice were anaesthetised using 1-2% isoflurane in oxygen. The tail vein of each mouse
was catheterised under anaesthesia and [''C]TMZ was manually injected intravenously
as a bolus injection over 10 seconds.

The injected dose of [''C]TMZ was calculated by measuring the radioactivity in the
syringe prior to injection in a dose calibrator followed by subtracting the measured
residual radioactivity in the syringe after the injection.

Animals were kept under anaesthesia and upon reaching the desired time point; blood
samples were collected by direct cardiac puncture after which the animals were
euthanised by cervical dislocation. Brain samples were immediately collected for

homogenisation and HPLC analysis.

FVB/N wild type mice sourced from Charles River Laboratories (Canterbury, UK) (n
=10, 21.4 — 26.4 g) were euthanised at 10 (n =2),20 (n=1), 30 (n=2), 40 (n = 3), 50
(n=1) and 60 (n = 1) minutes after [''C]TMZ injection.

Similarly, FVB/N wild type animals sourced from Taconic Inc. (Germantown, NY,
USA) (n =12, 22.5 — 29.3 g) were euthanised at 10 (n = 3), 20 (n = 2), 40 (n = 4) and
60 minutes after [''C]TMZ injection. The Mdrla/b™” (n= 4, 24.1 — 26.2 g), Berp™
(n=4, 21.6 — 24.1 g) and Mdrla/b™”Berp™ (n= 4, 22.5 — 26.2 g) mice (n= 4 per
group) were euthanised at the single time point of 40 minutes. Additional metabolite
analysis was performed at the single time point of 60 minutes in the wild type animals
(n =4, 24.6 — 30) sourced from Taconic Inc. (Germantown, NY, USA), which were
injected with TQD(15mg/kg) 40 minutes after [''C]TMZ injection.

Details of the UK and USA sourced animals used in the radiolabelled metabolites

analysis are provided in Table 5.1 and 5.2 respectively.
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Table 5. 1: Characteristics of UK sourced animals that underwent plasma and brain
metabolite analysis following injection with [''C]Temozolomide.

Animal ID Time Point Injected dose Weight (g)
(MBq)
a01760 10 minutes 25.69 24 .1
a01765 10 minutes 53.98 24.2
a01763 20 minutes 47.73 21.4
a01769 30 minutes 43.33 22.0
a01771 30 minutes 44 .84 22.9
a01761 40 minutes 18.28 24.2
a01766 40 minutes 29.43 25.2
a01768 40 minutes 49.84 23.7
a01773 50 minutes 32.75 26.0
a01762 60 minutes 33.20 23.7

Table 5. 2: Characteristics of USA sourced animals that underwent plasma and brain
metabolite analysis following injection with [''C]Temozolomide.

Animal ID Group Time Point Injected Weight Intervention
dose (MBq) (9)

a02131 Wild-type 10 minutes 32.92 28.1 -
a02135 Wild-type 10 minutes 4415 22.5 -
a02139 Wild-type 10 minutes 66.57 24.0 -
a02130 Wild-type 20 minutes 63.42 27.6 -
a02134 Wild-type 20 minutes 46.22 24.8 -
a02132 Wild-type 40 minutes 4410 26.4 -
a02136 Wild-type 40 minutes 45.39 24 1 -
a02138 Wild-type 40 minutes 63.13 26.4 -
a02140 Wild-type 40 minutes 33.84 27.8 -
a02129 Wild-type 60 minutes 79.80 25.8 -
a02133 Wild-type 60 minutes 62.83 23.7 -
a02137 Wild-type 60 minutes 60.22 29.3 -
a02141 Wild-type 60 minutes 68.40 29.2 TQD 15mg/kg
a02142 Wild-type 60 minutes 42.41 28.5 TQD 15mg/kg
a02143 Wild-type 60 minutes 51.45 24.6 TQD 15mg/kg
a02144 Wild-type 60 minutes 53.53 30.0 TQD 15mg/kg
a01849 P-gp KO 40 minutes 47.86 24.6 -
a01850 P-gp KO 40 minutes 38.41 24.6 -
a01851 P-gp KO 40 minutes 39.10 24 1 -
a01852 P-gp KO 40 minutes 23.38 26.2 -
a01853 BCRP KO 40 minutes 28.44 21.6 -
a01854 BCRP KO 40 minutes 41.81 22.7 -
a01855 BCRP KO 40 minutes 27.82 24 1 -
a01856 BCRP KO 40 minutes 50.76 23.0 -
a01857 Dual KO 40 minutes 51.23 25.7 -
a01858 Dual KO 40 minutes 42.56 26.2 -
a01859 Dual KO 40 minutes 17.11 22.5 -
a01860 Dual KO 40 minutes 54.26 22.6 -
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Tariquidar (TQD) was administered by IV bolus 40 minutes after radiotracer
injection.

Blood samples collected by direct cardiac puncture were transferred to Eppendorf
tubes. The samples were placed on ice until 15 pL. was pipetted into an AGC tube
containing 1 mL of sterilised water. Plasma was obtained by centrifuging (PK121R
centrifuge) the remaining blood samples for 3 minutes at 4°C with a force of 8050 x g

and 15 pL of plasma was added to 1 mL of sterilised water.

Following cardiac puncture, the brain (without cerebellum) was quickly removed from
the skull and added to a 10 mL tube containing 1 mL of 50 mM ammonium acetate at
an adjusted pH of 6.6. Low pH ensured stability of TMZ and prevented further
degradation. The brain was then homogenised using a rotatory blade homogeniser
(CAT x 120) at maximum speed for 1 minute. The brain homogenate was subsequently
centrifuged for 3 minutes at 4°C with a force of 8050 x g and 15uLL was pipetted and
was added to 1 mL of sterilised water.

The total radioactivity concentration in blood, plasma, brain homogenates and
supernatants was measured using an automatic gamma counter (AGC, Perkin Elmer

Wizard 1470).

Following centrifugation, the remaining plasma samples were injected into the HPLC
system (Shimadzu HPLC Prominence) for analysis. The homogenised brain samples
were placed on ice whilst HPLC analysis of the plasma samples occurred. Briefly, the
HPLC analysis started by manually injecting 150 — 200 pL aliquots of processed
plasma and brain samples into the injector. Separation was achieved on an ACE phenyl
column (150 x 4.6mm, 5 um). A guard cartridge was employed for additional column
protection. The mobile phase consisted of 50 mM ammonium acetate at a pH of 6.6
and acetonitrile on a gradient method (0 — 10% acetonitrile) with a run time of
approximately 20 minutes. Radioactivity detection was achieved via a modified in-
house radioactive detector containing a Nal-Well detector with a 1 mL loop.

A universal chromatography interface was used to convert the electronic signal into
digital data. For all HPLC chromatograms, the peaks were identified and integrated
using Dionex HPLC software (Chromeleon version 6.6). Areas under the curve (AUC)

were integrated along with the corresponding peaks from the radioactive trace and then
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expressed as percentage of the total peak area. Additionally, all biological samples
were spiked with 10uL of unlabelled TMZ as a reference standard to confirm the

relative retention time of the parent peak and to track column performance.
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Figure 5. 2: Representative chromatogram of Temozolomide (TMZ) and its active
daughter metabolite MTIC in mouse brain 40 minutes post [''C]TMZ injection. Note
that Temozolomide elution time is approximately 13.5 minutes with an early MTIC
elution time at 2.5 minutes.

5.3.5. Small animal positron emission tomography

Mice were anaesthetised with 1-2% isoflurane in oxygen and the tail vein was
catheterised. The animal was then placed into the prone position in the single animal
bed (Minerve small animal environment system, Bioscan) with the head restrained on
the tooth bar. The mouse was then transferred to an Inveon preclinical PET-CT
scanner (Siemens).

Acquisition protocol started with a whole body CT scan prior to PET scan for
attenuation and scatter correction. The time coincidence window was set to 3.432 ns
and the level of energy discrimination was set to 350 — 650 keV. A reference laser
beam was utilised to ensure placement of the brain in the centre of the scanner’s field

of view 1n order to enhance sensitivity and spatial resolution.
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Anaesthesia was maintained with 1-2% isoflurane in oxygen delivered via a nose cone
and adjusted according to the depth of anaesthesia. Respiratory rate and temperature
were continuously monitored throughout image acquisition using a pressure sensitive
pad and rectal probe. Body temperature was controlled via fan module controlled by
BioVet (Inveon) software.

At the start of the scan, the mouse was injected with [''clT™MZ intravenously via the
tail vein catheter and list mode data were collected for 60 minutes. Following the scan,
the animals recovered in a warmed chamber.

As detailed in section (5.3.4.) the injected dose of [''C]TMZ was calculated by
measuring the radioactivity in the syringe prior to injection in a dose calibrator
followed by substractiong any measuered residual radioactivity in the syringe after the
injection.

Table 5.3 provides the details of the 25 mice used in the PET imaging studies.

Table 5. 3: Characteristics of animals that underwent PET scanning positron emission
with [''C]Temozolomide.

Animal ID Group Source Injected dose Weight Intervention
(MBq) (9)

a01767 Wild-type UK 55.16 22.6 -
a01768 Wild-type UK 56.33 23.4 -
a01769 Wild-type UK 38.86 25.6 -
a01770 Wild-type UK 61.26 21.7 -
a01772 Wild-type UK 60.33 24.9 -
a01849* P-gp KO USA 38.73 24.7 -
a01850 P-gp KO USA 37.73 23.4 -
a01851 P-gp KO USA 42.35 23.9 -
a01852 P-gp KO USA 43.35 23.7 -
a01853 BCRP KO USA 31.44 21.6 -
ao1854 BCRP KO USA 35.95 22.6 -
a01855 BCRP KO USA 35.20 23.5 -
a01856 BCRP KO USA 38.89 23.2 -
a01857 Dual KO USA 33.18 26.5 -
a01858 Dual KO USA 42.20 25.6 -
a01859 Dual KO USA 48.15 23.0 -
a01860 Dual KO USA 46.61 25.2 -
a02129 Wild-type USA 79.79 25.2 -
a02133 Wild-type USA 62.83 23.7 -
a02137 Wild-type USA 60.22 29.3 -
a02139 Wild-type USA 32.12 23.4 -
a02141 Wild-type USA 68.40 29.2 TQD 15mg/kg
a02142 Wild-type USA 42 .41 28.5 TQD 15mg/kg
a02143 Wild-type USA 51.45 24.6 TQD 15mg/kg
a02144 Wild-type USA 53.53 30.0 TQD 15mg/kg
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Tariquidar was administered by IV bolus 40 minutes after radiotracer injection.*
scanned twice.

5.3.6. Image reconstruction and analysis

The list mode data were histogrammed with a span of 3 and a maximum ring
difference of 79 into 3D sinograms. The list mode data for the emission scans were
sorted into 16 dynamic frames (5 x 60 seconds, 5 x 120 seconds, 3 x 300 seconds and 3
x 600 seconds) for image reconstruction. Emission sinograms (individual frames) were
corrected for attenuation, dead time, scatter and radioactivity decay, and reconstructed
using OSEM3D (16 subsets and 4 iterations). This produced images with the following
voxel size of 0.776 x 0.776 x 0.796 mm’ voxel size. Image quality was inspected for

artefact.

Image analysis was performed using the BrainVisa and Anatomist framework setup
(http://brainvisa.info/). Automatic segmentation of the PET images was based on the
local means analysis (LMA) method (Maroy et al., 2008), with partial volume
correction. The LMA method was used because it allows for segmentation of the
“functional organ” characterised by particular pharmacokinetics and is not limited by
the anatomic boundaries. The geometric transfer matrix (GTM) method and ROIlopt
method (Maroy et al., 2010) were subsequently used for the correction of partial
volume effects.

Briefly, the skeleton is delineated and subtracted from the CT image, this is followed
by the application of the GTM method, which relies on the dynamic PET images and
spatially segmented domains of the brain, as provided by the LMA method, to generate
mean time-activity curves (TAC) for the regions of interest (ROIs). The ROIlopt
method is used to define the ROI within the LMA segmented domains, and is set to
include only 20% of the number of voxels within this region. This improves the GTM

method by reducing its susceptibly to manual delineation errors.
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5.3.7. Brain uptake of [""C]Temozolomide

The brain uptake of [''C]TMZ was determined by measuring the ratio of the
concentration of radioactivity measured in the brain and plasma (brain-to-plasma ratio
of radioactivity concentration). The ratio was calculated using two different
approaches:

First, the measured brain radioactivity concentration (kBg/mL) was divided by the
plasma radioactivity concentration (kBg/mL), both of which were measured with a
gamma counter at the 40-minute time point during the metabolites analysis session.
Second, the brain radioactivity concentration from the PET image at 40 minutes was
normalised by body weight and injected dose into SUV (standardised uptake value)
using the following formula: SUV = (radioactivity per mL / injected radioactivity) x
body weight. Since blood sampling was not feasible during the PET scans, plasma
radioactivity concentration data were taken from the animals that underwent [''C]TMZ
injection for metabolites analysis at the 40-minute time point. Plasma radioactivity
data were corrected for radioactive decay to the start of the scan and also expressed as
SUV.

Such an approach was deemed feasible as regular cross calibration was performed
between the gamma counter, PET camera and dose calibrator on weekly basis by our

laboratory technicians.

5.3.8. Statistical analysis

Statistical analysis was performed using Prism6 software (GraphPad Inc., La Jolla,
CA, USA). Differences between two groups were analysed by paired t-tests and
between multiple groups by one-way analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test. The level of statistical significance was set at p
< 0.05. All values are expressed as mean + standard deviation (SD), unless stated

otherwise.
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5.4. Results

The transport experiments in an in-vitro BBB model indicated a role for P-gp and/or
BCRP in the transport of TMZ. However, given the limitations of these experiments, a
definite conclusion about the substrate status of TMZ for these ABC transporters was
not possible and a second approach was needed. In order to investigate whether
[''"C]TMZ is transported by P-gp and BCRP at the mouse BBB, we performed
dynamic small animal PET experiments in wild type and genetically modified
transporter knockout mice (P-gp, BCRP and dual transporter knockout). Additional
PET studies were conducted in wild type animals with the introduction of the potent

third generation P-gp inhibitor TQD (Fox and Bates, 2007).

The use of PET for studying the selectivity of ABC transporters with different PET
tracers has proven reliable and is now well established (Bauer et al., 2013a)
(Romermann et al., 2013). The relationship between TMZ and P-gp and BCRP has not

been assessed previously using this approach.

5.4.1. Plasma and brain radiolabelled metabolite analysis

PET scans measure the total radioactivity in a tissue but cannot distinguish the
contribution of different radiolabelled compounds. This is particularly important in this
study, as TMZ is a lipophilic compound that is capable of crossing the BBB, while its
active metabolite MTIC does not effectively penetrate into the CNS (Farquhar and
Benvenuto, 1984) (Meer et al., 1986).

It is therefore essential to elucidate the metabolism of [''C]TMZ and the contribution
of the radiolabelled metabolites before determining the efflux mediated transport

mechanism of [''C]TMZ.

132



5.4.1.1. Influence of source of the animals on the metabolism of
['"C]Temozolomide

Following the administration of the radiotracer, the parent compound [''C]TMZ and
four radiolabelled metabolites were detected in both the plasma and brains of all mice.
Interestingly, significant differences were noted between the wild type animals sourced
from the two different breeders. The percentage of radioactivity in plasma contributed
by the parent compound [''C]TMZ decreased with time, but this effect was more rapid
in the wild type animals sourced from UK compared to those sourced from the US. In
the wild type animals sourced from the UK, the parent compound contributed
approximately 68% of the total radioactivity at 60 minutes, while in the wild type
animals sourced from the US this figure was approximately 86% (Figure 5.3). A
similar trend was noted in the brain tissue extracts, where the parent compound
contributed approximately 60% of the total radioactivity in the UK-sourced animals,

and approximately 80% in the US-sourced animals (Figure 5.3).
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Figure 5. 3: Changes in the relative percentages of the parent compound [''C]TMZ
detected in the (A) plasma and (B) brains of wild type animals sourced from UK and
US at 10, 20, 30, 40, 50 and 60 minutes following radiotracer administration. For the
UK animals, » = 2 at 10, 2 at 20, 3 at 40, and 1 at 50 and 60 minutes. For the US
animals, » =2 at 10 and 20, 4 at 40, and 3 at 60 minutes.

In contrast to the parent compound, the percentage of radioactivity in plasma and brain
tissue contributed by the active metabolite MTIC increased with time, an effect that
occurred in both wild type groups. In the animals from the UK, MTIC accounted for
approximately 5.4% of the total radioactivity in plasma 10 minutes after injection, with
the proportion rising to 30% at 60 minutes after injection. Similarly (Figure 5.4), in the

US-sourced animals, MTIC accounted for approximately 2.3% of the total
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radioactivity in plasma at 10 minutes after injection, with the proportion rising to
11.7% at 60 minutes after injection. A similar pattern was seen in the brain extracts,
with MTIC accounting for approximately 40% and 19.9% of the total radioactivity in
brain at 60 minutes after injection in the UK and US animals, respectively (rising from
12.1% and 6.7% at 10 minutes after injection, respectively). Overall, the contribution
of MTIC to the total radioactivity in the UK-sourced animals was higher than in the
US-sourced animals, corroborating the faster degradation of the parent compound in
the UK-sourced animals seen earlier (Figure 5.4).

Interestingly, the percentage of radioactivity accounted for by MTIC was higher in the
brain than in plasma in both groups. This supports the view that MTIC is mainly
converted from TMZ in-situ (in the brain), as it cannot effectively cross the BBB. This
is a potential reason why other prodrugs, such as Carbazine, that produces MTIC are
not effective in the treatment of brain tumours. The possibility that MTIC is a substrate
for an efflux transporter is also felt to be less likely as the percentage of MTIC in the

brain of KO animals was comparable to the WT animals (section 5.4.12).
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Figure 5. 4: Changes in the relative percentages of the active metabolite MTIC found
in the (A) plasma and (B) brains of wild type animals sourced from the UK and the US
at 10, 20, 30, 40, 50 and 60 minutes after radiotracer administration. For the UK
animals, n =2 at 10, 2 at 20, 3 at 40, and 1 at 50 and 60 minutes. For the US animals, »
=2 at 10 and 20, 4 at 40, and 3 at 60 minutes.

The percentages of radioactivity in plasma and in brain extracts at various time points
that were due to the parent compound [''C]TMZ and the daughter metabolites in both

group of animals are presented in Tables 5.4 and 5.5.
Three other unidentified metabolites (M1, M2 and M3) were detected in plasma,;

however, their contribution to the total measured radioactivity was minimal

(approximately 2% in plasma at 60 minutes for both groups of animals), while none of
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these metabolites were detected in the brain at 60 minutes. This suggests that these

metabolites do not cross the BBB effectively and are not generated in-situ.

Table 5. 4: Percentages of parent compound [''C]TMZ and its metabolites found in
plasma at 10, 20, 40 and 60 minutes after radiotracer administration in wild type (WT)
animals

Compound HPLC Retention UK WT animals USA WT animals

Time (min) Time after injection (min)  Time after injection (min)

10 20 40 60 10 20 40 60
TMZ 13.9 911 838 772 67.8 959 944 86.8 859
MTIC 25 54 130 205 301 235 34 111 117
M1 4.5 1.0 1.2 1.0 1.2 06 1.1 1.0 1.4
M2 8.1 0.2 05 041 0.0 0.2 0.2 0.2 0.2
M3 10.9 1.4 1.3 1.0 0.9 0.9 0.8 0.7 0.6

For the UK animals, » = 2 at 10, 2 at 20, 3 at 40, and 1 at 60 minutes. For the US
animals, n =2 at 10 and 20, 4 at 40, and 3 at 60 minutes.

Table 5. 5: Relative percentages of parent compound [''C]TMZ and its metabolites
found in brain extracts of wild type (WT) animals at 10, 20, 40 and 60 minutes after
radiotracer administration in wild type animals.

Compound HPLC Retention UK WT animals USA WT animals

Time (min) Time after injection (min)  Time after injection (min)
10 20 40 60 10 20 40 60
TMZ 13.9 86.3 755 693 594 922 925 809 80
MTIC 2.5 121 225 303 400 6.7 75 189 199
M1 4.5 0.3 0.8 0 0 0 0 0 0
M2 8.1 0.6 0.8 0 0 0.6 0 0 0
M3 10.9 0.6 0.4 0 0.4 0 0 0 0

For the UK animals, » = 2 at 10, 2 at 20, 3 at 40, and 1 at 60 minutes. For the US
animals, n =2 at 10 and 20, 4 at 40, and 3 at 60 minutes).
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5.4.1.2. Influence of P-glycoprotein and/or breast cancer resistance protein
transporter genetic knockout on the metabolism of [''C]Temozolomide

Blood and brain samples from the knockout animals (all sourced from Taconic Inc.
USA) were obtained at the single time point of 40 minutes. The percentages of
radioactivity for the wild type animals (UK and USA) and the transporter knockout

animals are presented in Table 5.6.

Table 5. 6: Percentages of parent compound [''C]TMZ and its active radiolabelled
metabolite MTIC found in plasma and brain extracts at 40 minutes after radiotracer

administration.

Animal Plasma Brain

40 minutes after radiotracer injection

T™MZ MTIC T™MZ MTIC
WT (UK) 77.2 20.5 69.3 30.3
WT (USA) 86.6 11.1 80.9 18.9
P-gp KO 90.4 7.3 86.5 12.7
BCRP KO 87.7 10.0 83.4 15.9
Dual Transporter 85.9 10.8 82.5 16.4
KO

N =4, except for the UK wild type, where n = 3.

The percentages of radioactivity in plasma contributed by the parent compound
[''C]TMZ were 90.4%, 87.7% and 85.9% at 40 minutes post-injection for the P-gp,
BCRP and dual transporter knockouts, respectively. MTIC contributed 7.3%, 10% and
10.8% of the total radioactivity in plasma at the same time point for the P-gp, BCRP

and dual transporter knockouts, respectively (Figure 5.5).
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Figure 5. 5: Percentages of (A) parent compound [''C]TMZ and (B) the active
radiolabelled metabolite MTIC found in plasma at 40 minutes after radiotracer
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administration for wild type (UK), wild type (USA), P-glycoprotein, breast cancer
resistance protein and knockout mice. N = 4 in all groups except for

the UK wild type, where n = 3.

In the brain, [''C]TMZ contributed 86.5%, 83.4% and 82.5% of the total radioactivity
at 40 minutes for the P-gp, BCRP and dual transporter knockouts, respectively, while
MTIC’s contributions were 12.7%, 15.9% and 16.4% for the same groups at the same

time point (Figure 5.6).
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Figure 5. 6: Percentages of (A) parent compound [''C]TMZ and (B) the radiolabelled
active metabolite MTIC found in brain extracts at 40 minutes after radiotracer
administration for wild type (UK), wild type (USA), P-glycoprotein, breast cancer
resistance protein and knockout mice. N = 4 in all groups except for

the UK wild type, where n = 3.

The percentages of [''C]TMZ in the knockouts were significantly (p < 0.0001) higher
than seen in the wild type animals sourced from the UK but were more in line (p =
0.058) with the wild type animals sourced from the same breeder in the US.
Consequently, the contribution of the active metabolite MTIC in the transporter
knockout animals was lower than in the wild type animals sourced from the UK and
similar to that of the wild type animals sourced from the same breeder in the US.
These data suggest that the differences in the metabolism seen between the animal
groups can be attributed to their different source, while genetic knockout of the efflux

transporter does not appear to alter metabolism significantly.

5.4.1.3. Influence of TQD on the metabolism of [''C]TMZ in wild type animals

Blood and brain samples from wild type animals (Taconic Inc. USA) that were treated

with TQD (15mg/kg) were obtained 60 minutes after [''C]TMZ administration. TQD
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was administered 40 minutes after the radiotracer injection via an IV bolus. The
percentages of radioactivity in the plasma and brain samples for the treated and

untreated animals are presented in Table 5.7.

Table 5. 7: Percentages of parent compound [''C]TMZ and the active radiolabelled
metabolite MTIC found in plasma and brain extracts at 60 minutes after radiotracer
administration for untreated wild type mice and wild type mice treated with

Tariquidar.
Animal Plasma Brain
60 minutes after radiotracer injection
T™MZ MTIC T™MZ MTIC
Vehicle 85.9 11.9 80.0 18.1
Tariquidar 85.7 11.8 814 19.9

Tariquidar (15mg/kg) was administered via an IV bolus 40 minutes after the
radiotracer. n = 3 for both groups.

TQD administration does not appear to affect the metabolism of TMZ since the
percentages of the parent compound and its active radiolabelled metabolite MTIC were
very similar between treated and untreated animals, in both the plasma and brain

samples (Table 5.4 and Figure 5.7).

A TMZ Plasma TMZ Brain B TMZPlasma TMZ Brain
95+ 25+
2 8
S 90+ 2 20+ {—
£ £ T
£ PE £
S 85+ ﬁ_ S 154
5 —— § |-t 2
N 80- O 10-
s E
= =
“6 75- b‘6 5-
X X
7c L] ] L] L c I L] \I L]
P Y Q¢ Y Qe Y X3 Y
& & < & & ¢ <

Figure 5. 7: Percentages of (A) parent compound [''C]TMZ and (B) the active
radiolabelled metabolite MTIC found in plasma and brain extracts at 60 minutes after
radiotracer administration for wild type mice injected with vehicle and Tariquidar
(15mg/kg). Tariquidar was administered via a tail vein cannula as a bolus injection 40
minutes after the radiotracer injection. n = 3 for both groups.
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5.4.2. Ex-vivo brain experiments

5.4.2.1. Effects of P-glycoprotein and/or breast cancer resistance protein
transporter knockout on the brain uptake of [''C]Temozolomide

Given the differences in the metabolism of [''C]TMZ between wild type mice from
different sources, only animals acquired from the US were used to determine brain
uptake of [''C]TMZ. Brain uptake was expressed as the brain-to-plasma ratio of total
radioactivity at 40 minutes after injection of [''C]TMZ, as measured with a gamma
counter.

The brain-to-plasma ratio was low in the wild type animals and slightly higher in the
single transporter knockouts (wild type: 0.133 + 0.012, P-gp: 0.147 + 0.024, BCRP:
0.144 + 0.028, p = 0.108). In the dual transporter knockout, the brain-to-plasma ratio
was even higher, although this was still not statistically significant (wild type: 0.133 +
0.012 and dual transporter knockout: 0.169 + 0.013, p = 0.062) (Figure 5.8, A). The
ratio of 0.133 in wild type mice is slightly lower than the described literature in
patients with glioma tumours of approximately 0.2 (Ostermann 2004) (Synold 2009),
this 1s to be expected given the leaky BBB in these patients. This is in keeping with the
ability of TMZ to cross the BBB in limited concentrations.

As a second step, and given that MTIC poorly penetrates the BBB, only the
contribution of the parent compound in plasma was included in the analysis. The brain-
to-plasma ratio of the radioactivity contributed by [''C]TMZ, measured at 40 minutes,
were higher in all animal subgroups when compared to measurements prior to the
correction. Furthermore, the brain-to-plasma ratios became significantly higher in the
dual transporter knockout mice compared to wild type animals (wild type: 0.153 +
0.013 and dual transporter knockout: 0.200 + 0.011, p = 0.036). In mice lacking only
one of the transporters (either P-gp or BCRP), the brain-to-plasma ratios were only
moderately elevated, but this effect was not statistically significant (wild type: 0.153 +
0.013, P-gp: 0.162 £+ 0.025, p = 0.305, BCRP: 0.164 + 0.033, p = 0.502) (Figure 5.8,
B). Raw data is presented in table 1 and 2 in the appendix.
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Figure 5. 8: Brain-to-plasma ratios of radioactivity at 40 minutes after radiotracer
injection for the different mouse types (A) before and (B) after correcting for the
fraction of the parent compound [''C]TMZ in plasma. n = 4 in each group. Data are
presented as mean + SD. Statistical significance was determined by one-way ANOVA
with Bonferroni multiple comparison test. * p < 0.05.
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5.4.2.2 Effects of P-glycoprotein and/or breast cancer resistance protein
pharmacological transporter inhibition on the brain uptake of
['"C]Temozolomide

In a second approach, pharmacological inhibition of P-gp and BCRP transporters was
used. To determine the brain uptake of [''C]TMZ, the brain-to-plasma ratio of
radioactivity measured at 60 minutes with a gamma counter were compared between
wild type animals that received TQD and a separate group of animals administered

with vehicle solution only.

In keeping with the previous result, animals treated with TQD demonstrated
significantly higher brain-to-plasma ratios (A) without (vehicle treated: 0.148 £ 0.011,
TQD treated: 0.206 = 0.031, p = 0.030) and (B) with correcting for the fraction of
[''C]TMZ in plasma (vehicle treated: 0.172 + 0.013, TQD treated: 0.241 + 0.036, p =
0.0294) (Figure 5.9). Raw data from individual animals is presented in the index table
3 and 4.
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Figure 5. 9: Brain-to-plasma ratios of radioactivity at 60 minutes after
[''C]Temozolomide injection in wild type mice injected with vehicle solution with
Tariquidar (15mg/kg). Tariquidar was administered by IV bolus 40 minutes after
radiotracer injection. (A) Ratios not corrected for the fraction of [''C]TMZ in plasma
and (B) ratios after correction. n = 3 for untreated wild type mice and » = 4 for animals
treated with Tariquidar. Data are presented as mean + SD. Statistical significance was
determined by unpaired t-test (two-tailed). * p < 0.05.
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5.4.3. In-vivo PET experiments

As a second approach for investigating whether TMZ is a substrate for P-gp and
BCRP, we conducted PET scans in wild type and transporter knockout mice.
Additional PET experiments were conducted in wild type mice that were injected with
15mg/kg of TQD 40 min after radiotracer administration. TQD at this dose causes
almost complete P-gp and some BCRP inhibition in mice (Wanek et al., 2012).

5.4.3.1 Brain segmentation method

The use of a semi-automated segmentation method for delineating the brain in PET
images helped to reduce manual delineation variability and resulted in a single ROI
with uniform [''C]TMZ uptake corresponding to the brain of the mouse. Additionally,
positive correlation of the segmented tumour volume (mm®) from the dynamic PET
image versus the measured brain weight (g) in all mice was observed (n = 19, r* =
0.3824, p <0.005) (Figure 5.10, A). It is important to note that this analysis included a
mouse whose brain was incompletely excised and therefore had low documented
weight (0.36 g). When this particular mouse is excluded from the analysis, the positive
correlation is even stronger and more significant (n = 18, r* = 0.6714, p < 0.0001)
(Figure 5.10, B).
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Figure 5. 10: Significant positive correlation between the brain volumes segmented
from the dynamic PET image and the brain weights in each mouse across all PET
scans with [''C]TMZ. (A) For all animals (n = 19, r* = 0.3824, p <0.005) and (B) after

the exclusion of the mouse with a partially resected brain (n = 18, r* = 0.6714, p <
0.0001).

142



5.3.3.2. Effects of P-glycoprotein and/or breast cancer resistance protein
transporter knockout on the brain uptake of [''C]Temozolomide

As an additional step to investigate whether [''C]TMZ is transported by P-gp and
BCRP at the mouse BBB level, we performed PET experiments with [''C]TMZ in
wild type, P-gp KO, BCRP KO and dual transporter KO mice.

Brain TAC in wild type mice showed low uptake of [''C]TMZ, and this was only
minimally higher in single transporter KO (P-gp or BCRP) mice, with the highest brain
uptake seen in the dual transport KO mice (Figure 5.11). Representative maximum
intensity projection PET image is presented in Figure 5.12.

Consequently, mice lacking only one of the transporters (P-gp or BCRP) showed only
a minimally higher brain area under the curve (AUC) values; while mice with dual
transporters KO showed the highest brain AUC values, although this was not
statistically significant (wild-type: 8.25 = 1.3, P-gp KO: 8.56 + 0.63, BCRP KO: 8.6 +
0.34 and dual transporter KO: 8.86 £ 0.67).
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Figure 5. 11: Mean (£ SD) whole-brain time-activity curves (SUV) in wild type, P-gp
KO, BCRP KO, and dual transporter KO mice (n =4 in each group, except for the wild
type, where n = 3). SUV values represent the mean SUV.
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Figure 5.12: Representative maximum intensity projection image (last ten minutes)
illustrating brain uptake of [''C]Temozolomide in a dual transporters knockout mice.

Since blood sampling was not feasible during the PET scans, plasma radioactivity data
was taken from the animals that underwent [''C]TMZ injection for metabolite analysis.
The calculated plasma activity of [''C]TMZ was slightly lower in the BCRP and dual
transporter knockout mice; however, there was no statistical significance between the
groups (Figure 5.13). This was similar to what was observed when the plasma

radioactivity was measured directly by a gamma counter (Figure 5.4).
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Figure 5. 13: Plasma radioactivity concentrations (SUV) measured at 40 minutes after
[''C]TMZ injection in the different groups of mice from the metabolite analysis group.
n = 4 in each group. Data are presented as mean + SD. Statistical significance was
determined by one-way ANOVA with Bonferroni multiple comparison.

Brain uptake of [''C]TMZ was expressed as the brain-to-plasma ratio of radioactivity
at 40 minutes, calculated by dividing the brain activity concentration measured with
PET (mean SUV) by the calculated mean plasma radioactivity concentration of the
corresponding mouse group from the metabolites study. Blood radioactivity data were
corrected for radioactive decay and expressed as standardised uptake value (SUV =
(radioactivity per ml/injected radioactivity) x body weight). This method is well

established and has been previously described (Romermann et al., 2013).

In keeping with the earlier results of the metabolites study, the brain-to-plasma ratio of
activity was low in wild type animals and slightly higher in the P-gp transporter
knockout group, but this difference was not significant (wild type: 0.384 + 0.019, P-gp
KO: 0.407 £ 0.028). In the BCRP and dual transporter knockout mice, the brain-to-
plasma ratios of radioactivity were significantly higher than in wild-type animals (wild
type: 0.384 = 0.019, BCRP KO: 0.486 + 0.022, and dual transporter KO: 0.494 +
0.042, p = 0.0008) (Figure 5.14).
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Figure 5. 14: Brain-to-plasma ratios of radioactivity at 40 minutes as measured with
positron emission tomography after [''C]Temozolomide injection for the different
mouse groups (n = 4 in each group, except wild type, where n = 3). Data are presented
as mean £ SD. Statistical significance was determined by one-way ANOVA with
Bonferroni multiple comparison test. ** p < 0.005.

As discussed earlier, and since MTIC fails to cross the BBB effectively, its
contribution to the calculated plasma radioactivity concentration may be ignored.
Following a correction for the fraction of the parent compound in plasma, the
calculated plasma radioactivity concentrations were similar to the one observed before
this correction (Figure 5.15). This was expected, as similar metabolism of [''C]TMZ
was demonstrated between the different mouse groups with comparable parent
compound percentages at 40 minutes after radiotracer injection (Figure 5.5 and Table

5.3).
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Figure 5. 15: Plasma radioactivity concentrations (SUV) measured at 40 minutes after
[''C]TMZ injection in the different mouse groups following correction for the fraction
of the parent compound in plasma (n = 4 in each group).

Consequently, the brain-to-plasma ratios of the radioactivity contributed by [''C]TMZ,
measured at 40 minutes, were altered. A low brain-to-plasma ratio of radioactivity was
again observed in wild type animals, with a significantly higher ratio in the dual
transporter knockout mice (wild type: 0.432 £+ 0.042 and dual transporter knockout:
0.575 £ 0.049, p: 0.0045). However, in mice lacking only one of the transporters
(either P-gp or BCRP), the brain-to-plasma ratios of radioactivity were comparable to
the wild type animals, with no statistical difference between the groups (wild type:

0.432 + 0.042, P-gp KO: 0.445 + 0.031 , BCRP KO: 0.427 + 0.062) (Figure 5.16).
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Figure 5.16: Brain-to-plasma ratios of radioactivity as measured with positron
emission tomography at 40 minutes after [''C]Temozolomide injection in the different
mouse groups, corrected for the fraction of the parent compound in plasma (n = 4 in
each group, except for wild type, where n = 3). Data are presented as mean + SD.
Statistical significance was decided by one-way ANOVA with Bonferroni multiple
comparison test. ** p <0.005.
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5.4.3.3. Effects of P-glycoprotein and/or breast cancer resistance protein
pharmacological transporter inhibition on the brain uptake of
['"C]Temozolomide

The effect of the dual P-gp and BCRP inhibitor TQD on the brain uptake of [''C]TMZ
in wild-type mice was assessed. Animals were injected with TQD (15mg/kg) or
vehicle solution at 40 minutes after the radiotracer administration whilst undergoing
PET scanning. TQD administration resulted in a visible rise in the brain TACs (Figure
5.17), which was also reflected also in a rise in brain AUC, but this was not
statistically significant (vehicle: 36.64 + 4.5, TQD: 40.15 £ 2.3, p = 0.234).
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Figure 5. 17: Mean (+ SD) whole-brain time-activity curves (SUV) for untreated wild
type mice injected with a vehicle and with TQD. TQD (15 mg/kg) was administered as
an IV bolus 40 minutes after radiotracer injection and is marked by a black arrow on
the graph. (n = 3 for untreated wild type mice and n = 4 for animals treated with TQD).

As seen in the metabolites study, administration of TQD resulted in a rise in the brain-
to-plasma ratio of radioactivity at 60 minutes following radiotracer administration.
However, this increase was not significant (vehicle: 0.365 = 0.045, TQD: 0.439 +
0.041, p =0.072) (Figure 5.18, A).

Brain uptake of [''C]TMZ was expressed as the brain-to-plasma ratio of radioactivity
at 60 minutes, calculated by dividing the brain activity concentration measured with
PET (mean SUV) by the calculated mean plasma radioactivity concentration of the
corresponding mouse group from the metabolites study. Blood radioactivity data were

corrected for radioactive decay and expressed as standardised uptake value (SUV =
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(radioactivity per Ml/injected radioactivity) x body weight). This method is well

established and has been previously described (Romermann et al., 2013).

As done previously, the calculated plasma radioactivity was corrected for the fraction
of the parent compound [''C]TMZ in plasma. Following this correction, animals that
received TQD showed a higher brain-to-plasma ratio of radioactivity and this was
statically significant (vehicle: 0.426 + 0.039, TQD: 0.524 + 0.048, p = 0.020) (Figure
5.18, B).
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Figure 5. 18: Brain-to-plasma ratios of radioactivity at 60 minutes after
[''C]Temozolomide injection in wild type mice injected with a vehicle solution and
TOD (15mg/kg). TQD was administered by IV bolus at 40 minutes after radiotracer
injection. (A) Brain-to-plasma ratios with no correction for the fraction of the parent
compound in plasma and (B) following the correction. (» = 3 for wild type mice
injected with a vehicle and n = 4 for animals injected with TQD. Data are presented as
mean £ SD. Statistical significance was determined by unpaired t-test (two-tailed). * p
<0.05.
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5.5.  Discussion and conclusions

The main aim of this study was to investigate the status of TMZ as a substrate for P-gp
and BCRP efflux transporters. To the best of our knowledge, brain uptake of
[''C]TMZ through ABC transporters has not been assessed. This is the first preclinical
in-vivo study to confirm, in keeping with our in-vitro results, that TMZ entry into the
brain is limited by the efflux transporters P-gp and BCRP at the BBB level in mice and
that TMZ acts as a dual substrate of P-gp and BCRP. TMZ is excluded from the brain
when only one transporter is inhibited. In addition, this study demonstrated that
chemical inhibition of P-gp and BCRP with TQD at the BBB level in mice results in

an immediate increase in TMZ delivery into the brain.

P-gp and BCRP work in tandem as efflux transporters of many anticancer drugs.
Because their affinity for different drugs overlaps significantly, it is essential to
evaluate the function of both transporters in one study when investigating the substrate
status of a particular agent. One transporter can compensate for loss of function in the
other if a drug is a substrate of both transporters (Lagas et al., 2009). For example,
Polli et al. demonstrated that P-gp and BCRP double knockout in mice had a synergic
effect in increasing brain uptake of a tyrosine kinase inhibitor (lapatinib) when
compared to the effects of single transporter knockout (Polli et al., 2009). De Vries et
al. reported similar results for the anticancer drug topotecan (de Vries et al., 2007).
Several studies have confirmed these findings for various anticancer drugs that are

dual P-gp and BCRP substrates (Kodaira et al., 2010) (Agarwal et al., 2011a).

In this study, we used wild-type animals and animals lacking P-gp, BCRP, or both
transporters. There are conflicting reports about the use of genetic transporter KO
models. Some studies have raised concerns regarding possible compensatory
mechanisms in which other efflux transporters such as BCRP are upregulated in P-gp
KO models (Cisternino et al., 2004). However, other recent, more comprehensive
studies have not substantiated these concerns. For example, Agarwal et al. showed that
genetic KO of P-gp, BCRP, or both efflux transporters did not cause compensatory
transporter expression and that the differences between the animals were due to simple

functional compensation between the two transporters at the BBB, rather than
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upregulation of a transporter (Agarwal et al., 2012). We used identical animal models
in this study. Additionally, it is clear that animal studies in which only one transporter
is inhibited (chemically or genetically) are flawed; they may lead to inaccurate
conclusions when evaluating the substrate status of a drug (Lagas et al., 2009)
(Bankstahl et al., 2013). It is therefore essential to include animals with dual P-gp and
BCRP knockout, as in this study, to abolish any compensatory mediated efflux that

could occur should a drug be a dual substrate.

The brain-to-plasma ratio of radioactivity was measured and calculated to estimate
brain uptake of [''C]TMZ. The brain-to-plasma ratio of radioactivity was measured
directly using a gamma counter and indirectly using PET. The use of radiolabelled
compounds and PET in combination with wild-type and efflux transporter knockout
(chemical and genetic) animals is well established as a method for investigating the
status of a compound as a substrate for particular efflux transporters (Bauer et al.,
2013a) (Romermann et al., 2013) (Wanek et al., 2015b). A possible limitation of the
use of PET in mice is the extremely small volume of blood. This precludes arterial
blood sampling during PET acquisition sampling. To overcome this limitation, the
radiotracer was injected into a second group of mice, and blood samples were collected
at the 40-minute time point. The measured blood radioactivity was then corrected for
radioactive decay and expressed as SUV in order to measure the brain-to-plasma ratio
of activity with PET.

Some researchers overcame this by directly collecting small volume blood from the
animals during the PET scans (Wu et al., 2007) (Convert et al., 2007). We felt that this
approach is not suitable as this it is techniqually challenging and terminal to the
animals, which in turn precludes a longuitdunal study design. Furthermore, such an
approach would have prevented blood sampling at various time points given the

limited blood volume, which can be collected.

Another potential drawback in the use of mice is related to the technical limitations of
small animal PET. In this study, we employed a recognised semi-automated brain
segmentation method to reduce variability and susceptibly to manual segmentation
errors (Maroy et al., 2008) (Maroy et al., 2010). Such a method may result in partial
volume effects in volume definition and radioactivity measurement especially when

applied to the small brain volume of mice. This may explain why the brain
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radioactivity measured with a gamma counter was higher than that measured with PET

scans.

Various factors can affect the interpretation of results when using PET to evaluate
brain uptake of a radiotracer (Wanek et al., 2015a). In this study, every effort was
taken to minimise the impact of such factors by limiting variabilities in experimental
settings such as duration and depth of anaesthesia, O, flow, injected radiotracer

volume, and animal housing conditions.

Other radiotracers such as 99mTc-Sestamibi and [**Cu](DO3A-xy-TPEP) have been
employed in evaluating P-gp function in rodents. However, these are mainly utilised in

tumour bearing mice and provide limited direct insight into the transport of TMZ itself.

The effect of sourcing animals from two different breeders on the metabolism of the
radiotracer [''C]TMZ was also evaluated. Radiolabelled [''C]TMZ metabolites were
analysed in the plasma and brain of wild-type mice obtained from two different
breeders (UK or USA based) and KO animals. Radiolabelled TMZ and its active
radiolabelled metabolite (MTIC) were detected in the plasma and brain for all groups.
However, in the plasma and brain, the percentage of [''C]TMZ in WT animals
obtained from the USA (86.6%) was higher than in animals obtained from the UK
(77.2%) at 40 minutes. The difference was even greater at 60 minutes when the
metabolism and breakdown of the radiotracer had increased. Consequently, the
percentage of radiolabelled MTIC was lower in the plasma and brain of USA-sourced
animals. TMZ breakdown and metabolism were very similar in transporter KO mice
(P-gp, BCRP, and both) and WT animals sourced from the USA. This was a main

reason why UK-sourced animals were not used in subsequent PET experiments.

The use of chemical inhibition as well as genetic transporter knockout is regarded as
good scientific practice when determining the effects of transporter inhibition on the
brain uptake of a particular drug. In this study, as an additional step, the potent third-
generation P-gp inhibitor TQD (Fox and Bates, 2007) was used to inhibit P-gp and
BCRP transporters. A TQD dose of 15 mg/kg was selected because previous studies
have shown that it completely abolishes P-gp-mediated efflux and partially inhibits
BCRP-mediated efflux (Bankstahl et al., 2013).
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TQD has been shown to have a limited effect on the metabolism of radiolabelled
verapamil when used in PET experiments (Pauli-Magnus et al., 2000). Similarly, in
this study, TQD appeared to have a very limited effect on the breakdown and
metabolism of [''C]JTMZ: the percentages of the parent compound and the active
metabolite MTIC were very similar in plasma and brain samples from treated and
untreated animals. The short treatment window of 10 minutes might have been one
factor that limited any potential effect on TMZ breakdown (TQD was administered
during the PET scan at the 40-minute time point, and sampling was performed at the

60-minute time point).

Because TQD did not affect TMZ metabolism, it is possible to conclude that any
results observed following the administration of TQD were due to modulation of efflux
transporter function, rather than a change in the metabolism of the radiotracer. A
potential caveat for this is the fact the effect of the TQD on cerebral blood flow has not

been investigated and therefore remains unknown both in mice and humans.

Such results reinforce the importance of evaluating radiotracer metabolism in PET
experiments that aim to assess efflux transporter function. Even subtle differences in
the metabolism of a radiotracer can lead to inaccurate conclusions about the substrate
status of a compound. Furthermore, this casts doubt over previously reported
preclinical and clinical studies that examined P-gp- and BCRP-mediated efflux using
PET without evaluating the metabolism of the radiotracer. They may have reached

inaccurate conclusions.

Our results provide evidence that both P-gp and BCRP actively efflux [''C]TMZ from
the brain to the plasma. A small but not statically significant increase in [''C]TMZ
brain delivery was seen in animals lacking only one transporter. However, a significant
increase in delivery was observed in animals lacking both transporters. This is the
expected finding for a dual substrate: a small increase in brain exposure is seen in mice
lacking only one transporter (P-gp or BCRP), but a larger increase in brain exposure is
seen in mice lacking both transporters (Kodaira et al., 2010) (Bankstahl et al., 2013). A
similar response pattern was noted following the chemical inhibition of P-gp and

BCRP. An immediate increase in the brain TAC of animals injected with TQD was
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observed during the scanning session. The increase was due to complete inhibition of
P-gp function and some inhibition of BCRP function, resulting in an influx of

[''C]TMZ into the brains of wild-type animals.

Notably, brain uptake of a majority of dual substrates increases multi-fold when both
transporters, rather than a single transporter, are inhibited. This was not the case for
[''"C]TMZ. In this study, a significant but not multi-fold increase was observed. This
finding indicates that TMZ is a dual, but weak, substrate for P-gp and BCRP.
Alternatively, TMZ could be a substrate for a third efflux transporter that was not
evaluated in this study. This is possible, but unlikely, because one would expect a
compensatory efflux mechanism by that particular transporter as seen when only P-gp

or BCRP was inhibited.

To date, only one other preclinical in-vivo study has shown that TMZ is transported by
P-gp (Goldwirt et al., 2014). However, the authors administered high doses of TMZ by
intravenous injection and performed pharmacokinetic studies in wild-type mice and
mice lacking the P-gp efflux transporter. As in this study, a limited increase in TMZ
brain exposure was observed upon transporter knockout: the brain-to-plasma ratio was
1.1 in P-gp-deficient mice and 1.0 in wild-type animals. Other studies have only
examined the relationship between TMZ and P-gp indirectly by assessing the
transporter’s role in the development of chemoresistance and the potential to enhance
TMZ efficacy in-vitro (Schaich et al.,, 2009) (Zhang et al., 2014) (Munoz et al.,
2015b). None of these studies included drug transporter studies or assessed the impact
of TMZ breakdown. Furthermore, no in-vitro or in-vivo studies have evaluated the role

of BCRP in the transport of TMZ.

In conclusion, the results of this study confirm that TMZ is transported by P-gp and
BCRP efflux transporters at the mouse BBB and that dual transporter inhibition is
required to significantly enhance TMZ delivery into the brain. High-grade gliomas
have extremely poor outcomes (Buckner, 2003) (Brodbelt et al., 2015) despite various
treatment strategies. TMZ is one of the very few chemotherapy agents to improve
outcome significantly in GBM patients when used with concomitant radiotherapy
(Stupp et al., 2005). The modulation of P-gp and BCRP efflux function as a strategy

for enhancing TMZ efficiency and overcoming chemoresistance in GBM tumours
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requires further investigation.
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Chapter 6  Preclinical In-vivo Glioma Study: P-glycoprotein and Breast
Cancer Resistance Protein Inhibition Can Enhance Temozolomide Efficacy in a
Glioma Model.

6.1. Abstract

Purpose: To evaluate the role of P-gp and BCRP in limiting TMZ efficacy in brain

tumours.

Methods: A human glioma model in mice was derived by intracranial injection of
human U87 glioma cells in thirty-three athymic female mice. Animals were treated
with TMZ alone (50 mg/kg), TQD alone (40 mg/kg) or combination therapy (TMZ and
TQD). Control animals received vehicle solution only. Response to treatment was
evaluated by performing volumetric tumour measurement using MRI.

PET imaging with [''C]TMZ was also performed in a subset of animals (n = 8) to

assess if TQD inhibited P-gp and BCRP at the BBB level.

Results: Both TMZ alone and combination therapy resulted in a significant tumour
response when compared with the control and the TQD alone groups (p < 0.001).
Furthermore, the TMZ alone group showed recurrence of glioma tumour growth,
detected five weeks after completion of treatment. In contrast, the combination therapy
group showed no recurrence of growth, and the tumours continued to shrink
throughout the study, with no measurable tumour in three of the five animals.
Moreover, combination therapy resulted in a significantly earlier and sustained
response when compared with TMZ alone.

Finally, PET imaging demonstrated increased brain uptake of [''C]TMZ in animals
that received combination therapy when compared with the animals that received TMZ

alone.

Conclusions: This study demonstrates the effect of combination therapy with TMZ and
TQD, a P-gp and BCRP inhibitor, in a human GBM model in mice. TMZ and TQD
treatment resulted in more rapid and sustained U87 glioma shrinkage than did
treatment with TMZ alone. The study also suggests that oral TQD treatment produced
a superior response by inhibiting P-gp and BCRP efflux transporters at the BBB level.
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6.2. Introduction

GBM is the most common primary brain tumour in adults (Louis et al., 2007). Despite
the availability of various treatment approaches, survival rates are poor (Brodbelt et
al.,, 2015). TMZ treatment with concomitant radiotherapy is the one of the few
treatment strategies that significantly improves survival in patients with GBM tumours

(Stupp et al., 2005).

A major obstacle to the effective treatment of GBM is the BBB, which restricts the
entry of multiple chemotherapy agents into the brain (Agarwal et al., 2011a). The BBB
is disrupted in GBM, especially at the tumour core, as demonstrated by contrast
enhancement upon imaging. In addition, multiple studies have shown drugs can reach
high concentrations in the tumour core and in the enhancing components but reach
only limited concentrations in the adjacent non-enhancing part of the tumour (Fine et
al., 2006) (Pitz et al., 2011). Such findings suggest that despite disruption of the BBB
at the tumour core, the BBB is likely intact at the edges of the tumour where GBM
cells may still exist and where efflux transporters can play a significant role in
preventing drugs from reaching tumour cells. This is further complicated by the highly
invasive nature of GBM tumours, which has been well documented historically.
Multiple studies have shown tumoural spread into the contralateral hemisphere
(Matsukado et al., 1961) and tumour recurrence following radical surgical approaches

such as hemispherectomy (Bell and Karnosh, 1949).

P-gp and BCRP are two of the main efflux transporters present at the BBB. They are
thought to play a central role in limiting the effective delivery of chemotherapy agents
to the central nervous system (Szakacs et al., 2006) (de Vries et al., 2007) (Kodaira et
al., 2010). Furthermore, the P-gp efflux transporter has been implicated in the
development of chemoresistance to TMZ. Recent in-vitro studies have shown that
TMZ treatment causes GBM cells to overexpress P-gp (Munoz et al., 2015b), and a
clinical study has shown that the response of brain tumours to TMZ is directly affected
by P-gp expression (Schaich et al., 2009). The role of BCRP in brain tumours is less
well studied, but two in-vitro studies suggest a role for the transporter in the
development of chemoresistance to TMZ (Chua et al., 2008) (Bleau et al., 2009).
Finally, the previous PET imaging study has confirmed that P-gp and BCRP are efflux
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transporters of TMZ that work together to exclude TMZ from the mouse brain at the
BBB level.

The aim of this study was to evaluate the role of P-gp and BCRP in limiting TMZ
efficacy in brain tumours. Using a xenograft GBM model, we found that chemical
inhibition of P-gp- and BCRP-mediated efflux enhanced TMZ efficacy, and we
identified a preferential increase in TMZ delivery into brain tumours as a potential

mechanism.
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6.3. Materials and methods

6.3.1. Materials

All cell culture plasticware was obtained from Greiner Bio-one (Gloucestershire, UK).
All cell culture reagents were purchased from Life Technologies (Paisley, UK) except
for TQD, which was purchased from MedChemexpress (Stockholm, Sweden). All

remaining materials were purchased from Sigma-Aldrich (Poole, UK).

6.3.2. Methods

6.3.2.1. Cell studies

6.3.2.1.1. Cell line and culture

The immortalised human GBM U87 cell line (Ponten and Macintyre, 1968) was used
to establish an in-vivo orthotopic xenograft model of glioma. The U87 cell line is well
established and has been proven to maintain consistent tumourigenicity (Li et al.,
2008). Furthermore, the U87 glioma cell line is known to be sensitive to TMZ due to
its MGMT methylated status (Sang et al., 2016).

A single vial of the cryopreserved U87 human glioma cell line was removed from
liquid nitrogen, thawed in water bath at 37°C and immediately suspended in 15 mL of
warm, freshly prepared U87 growth medium consisting of DMEM with 10% foetal
calf serum (FCS), a 1%(v/v) Penicillin/Streptomycin mixture, and 1% L-glutamine.
This was subsequently centrifuged at 300 x g for five minutes at 4°C. The supernatant
was removed and the pellet containing the U87 cells was suspended in 10mL of warm,
freshly prepared U87 growth media. Media containing the U87 cells was added to a T-
75 flask. The flask was maintained in a humidified atmosphere for 24 hours at 37°C
and 5% CO,. The cells were checked daily by light microscopy and the U87 growth

medium was replaced when needed.
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6.3.2.1.2. Sub-culture of U87 glioma cells into 96 well-plates

When the U87 glioma cells reached 70-80% confluence (typically 3-6 days post-
seeding - Figure 6.1), the media was removed and discarded. The flask was then
washed twice with 5 mL of warm sterile PBS. Next, the flask was treated with 2.5 mL
of warm trypsin-EDTA (ethylenediaminetetraacetic acid), ensuring that the flask
surface was completely covered. The flask was then placed in an incubator in a
humidified atmosphere at 37°C and 5% CO, for 3 minutes and checked under
microscope for cell detachment. Any remaining attached cells were subsequently
detached by gently tapping on the sides of the flask. Next, trypsin was quenched
through the addition of U87 growth medium, the cells were suspended in a 15 ml
Falcon tube and the contents were centrifuged at 300 x g for 5 minutes. The
supernatant was removed and the cell pellet was suspended in 1 ml of fresh U87
media. 20 pL of the cell suspension was added to 20 pL of trypan blue solution and

cell density was calculated. The cells were then seeded onto 96-well plates to achieve a

cell density of 20,000 cells per well.

- (.g L

Figure 6. 1: Photomicrograph of U87 glioma cells reaching approximately 70%
confluence and revealing classical morphological characteristics. Scale bar indicates
25 pm.
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6.3.2.1.3. Determination of the number of viable cells

The number of viable cells was determined using the trypan blue assay (Strober,
2001). The detached cells were suspended in 1 ml culture medium, 20 pl of the cell
suspension was transferred to a 1.5 ml Eppendorf tube containing 20 pl of 0.4% (w/v)
trypan blue and this was mixed. Following 5 min incubation, a 20 pl aliquot of the cell
suspension was placed onto the void of a haemocytometer and covered with a glass
cover slip. The number of viable cells was estimated according to the following
equation: Viable cells (cells.ml™ ) = average unstained cells per grid square x dilution

factor x 10%.

6.3.2.1.4. Measurement of efflux transporter functional activity

U87 glioma cells were seeded in a 96-well plate as detailed above. Measurement of P-
gp activity was carried out 2-3 days following seeding the cells when cells reached
approximately 80% confluence. On the day of the experiment, the medium was
discarded and the wells were washed with 200 pL of warm PBS. Subsequently, 100 pL
of phenol red free DMEM supplemented with 1% L-glutamine was added to the wells
and the plate was incubated for 30 minutes at 37°C and 5% CO,. After this period,
either 50 pL of DMEM + 1% L-glutamine (control condition) or 50 pL of P-gp
inhibitor verapamil hydrochloride at a concentration of 30 uM (final concentration 10
uM) was added to the cells. Following 30 minutes of incubation, 50 uL of 2 uM
calcein—AM (final concentration 0.5 pM) was added to all wells and the plate was
incubated for another 30 minutes in a humidified atmosphere at 37°C and 5% CO,.
After the incubation, the medium was aspirated and the wells were rapidly rinsed twice

with 200 pL cold PBS and a further 100 pL cold PBS was added to the wells.
Intracellular calcein accumulation was assessed by fluorescence spectroscopy using a
Safire multiplate reader (Tecan, Germany), with an excitation wavelength of 490 nm

and an emission wavelength of 530 nm.

The same procedure was followed for measuring BCRP functional activity but the P-

gp inhibitor (Verapamil) was substituted with the BCRP inhibitor KO143 (final
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concentration 0.5 uM) and calcein~AM was replaced with Hoechst 33342. The
intracellular Hoechst 33342 accumulation was assessed by fluorescence spectroscopy

with the excitation wavelength of 370 nm and an emission wavelength of 450 nm.

The fluorescence of the treated wells was calculated and expressed as a percentage of
the fluorescence of the control wells (% of control). All fluorescence values were
corrected for background fluorescence by subtracting the average fluorescence values
of eight wells containing 100 puL of PBS.

At least three independent experiments were performed for each transporter functional

assay with at least eight replicates in each experiment.

6.3.2.1.5. Preparing U87 cells for intracranial implantation

U87 glioma cells were prepared and cell density was calculated as per Sections
6.3.2.1.2 and 6.3.2.1.3. The total number of cells was calculated and the volume
containing the required number of cells (4 x 10* per mouse) was added to a 500 mL
Eppendorf tube and centrifuged at 300 x g for five minutes at 18°C. The supernatant
was then removed and cell pellet was suspended with 22 uL/4 x 10* cells of freshly
warmed U87 media. The resuspended cells were placed quickly on ice and used

immediately for implantation.

6.3.2.2. Animal studies

6.3.2.2.1. Animals

All animals were sourced locally at the Biological Services Facility, University of
Manchester. All procedures were approved by the Home Office Inspectorate and
carried out under the University of Manchester project license number (70/7760) and
conducted according to UK-CCCR guidelines (Workman et al., 2010), in compliance
with the UK Animal Scientific Procedure Act, 1986. Efforts were made to minimise
the number of animals being used for each experiment without affecting the ability to

obtain meaningful results.

Female nu/nu CBA mice, 10 — 12 weeks of age, were used in all experiments. Animals
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were housed in groups with a maximum number of five animals per group, with free
access to food and water. Animals were bred locally and the environmental conditions
were controlled at 45% - 65% humidity, a temperature range of 20 — 23°C and a 12-
hour controlled light-dark cycle. All animals were maintained with the highest possible

standard of care.

6.3.2.2.2. Animal surgery

Female nu/nu CBA mice, 10 —12 weeks of age, were anaesthetised in an induction
chamber with 2.5% - 3% isoflurane in O, at four L/min. Once under deep anaesthesia,
the mice were transferred to a stereotactic head frame apparatus whilst anaesthesia was
maintained via a nose cone. Temperature was monitored throughout the procedure via
an appropriately placed thermometer probe.

A 1 cm midline scalp incision was made to allow visualisation of the bregma, and a
small craniotomy was carried out at a position 2.5 mm posterior and 2 mm right lateral
to the bregma. A 10uLL. Hamilton syringe was advanced via the craniotomy to a 4 mm
depth from the cortical brain surface and subsequently withdrawn by 1 mm. This was
followed by the injection of the U87 cellular suspension containing 4 x 10* cells in
2ul. PBS over 3 minutes. Withdrawing the syringe by 1 mm from the 4 mm depth
creates a small pocket of space for injecting the cellular suspension, which can reduce
cell suspension reflux and prevent the undesired iatrogenic side effect of subcutaneous
U87 tumour cell implantation. The craniotomy defect was then sealed with bone wax
and the scalp incision was closed with 6.0 polypropylene sutures. The animals received
a subcutaneous injection of 100 ug buprenorphine for analgesia and 100 puL normal
saline before being transferred to a recovery incubator. The mice were transferred back

to their normal housing conditions once full recovery was made.

6.3.2.2.3. Efficacy studies

Seven days following tumour implantation, the animals underwent structural MRI
evaluation (protocol detailed in section 6.3.2.2.4) to confirm successful implantation.
Tumour bearing animals received one of the four following treatments: TMZ (50

mg/kg), TQD (40 mg/kg), TMZ (50 mg/kg) and TQD (40 mg/kg) or vehicle solution
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(5% dextrose in water). All treatment solutions were prepared freshly on the day of
administration and delivered within 30 minutes of drug preparation by a single 100 pL
oral gavage. Treatment was administered for five days per week for four weeks. TMZ
and TQD were suspended in 5% dextrose in water and placed in an ultrasonic bath for
30 minutes.

When administering combination therapy, TQD treatment was always administered

10-15 minutes before TMZ.

The TMZ dose of 50 mg/kg was chosen to ensure no mice received more than 1 g as a
total dose. This was particularly important as a decline in the efficacy of TMZ has
been reported at higher doses (Hirst et al., 2013).

The TQD dose of 40 mg/kg was selected, as previous studies have indicated that an
intravenously administered TQD dose exceeding 15mg/kg would achieve complete P-

gp inhibition and significant, but not complete, BCRP inhibition (Wanek et al., 2012).

In the first study, animals were randomised into three different groups: animals that
received vehicle solution (n = 4), TMZ (50 mg/kg) (n = 5) or combination therapy of
TMZ (50 mg/kg) and TQD (40 mg/kg) (n =15).

A second study was designed to investigate the effects of TQD alone treatment on the
growth of the U87 glioma model. Tumour-bearing animals were randomised into two
groups: a control group that received vehicle solution (5% dextrose in water) (n = 5)
and a second group that received TQD (40 mg/kg prepared as previously) (n = 5).
Animals in all experiments underwent weekly brain MRI to monitor glioma growth
rate. At eight weeks post implantation, the frequency of scanning was reduced to once
fortnightly until week 12 when all animals were culled.

The free online software Simple Interactive Statistical Analysis (SISA) was used to
calculate the sample size of (n = 5) to detect a 40% volume change, single sided, at
week 3 with 80% power and 0.05 significance. This was based on the preliminary

study that was used to ensure MRI suitability for monitoring tumour growth.

Outline of the treatment and scanning time line is presented in Figure 6.2 and details of

the treatments administered are presented in Table 6.1.
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Figure 6. 2: Outline of the first experiment with the human U87 glioma model.
Magnetic resonance imaging and treatment time points are shown. Magnetic resonance
imaging was performed weekly until week eight after which it was done once every
two weeks till week 12 when animals were culled.

Table 6. 1: Treatment groups and dosing regimens

Group Treatment

Dose (mg/kg) Route Volume Frequency Duration
Control Vehicle solution Oral 100 pL 5 days per week 4 weeks
TMZ 50 mg/kg Oral 100 yL 5 days per week 4 weeks
TQD 40 mg/kg Oral 100 pL 5 days per week 4 weeks
Combination TMZ 50 mg/kg Oral 200 pL 5 days per week 4 weeks
therapy TQD 40 mg/kg

Four different treatment regimens were used in this study: vehicle solution (5%
dextrose in water), TMZ (50 mg/kg), TQD (40 mg/kg) and combination therapy (TMZ
+ TQD, 50 mg/kg and 40 mg/kg respectively). All treatments were prepared freshly on
the day of administration. Treatment was administered for five days per week for four

weeks.

In both studies, the animals were closely monitored for signs of neurotoxicity, such as
deteriorating motor function and balance disturbances. General morbidity was also
assessed daily by documenting weight, food intake and changes in breathing patterns,

or any other signs of lethargy.
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6.3.2.2.4. In-vivo magnetic resonance imaging and tumour volume measurements

Magnetic resonance imaging is a well-established tool for measuring tumour growth
rate and therapeutic response in intracranial glioma models (Schmidt et al., 2004)
(Cornelissen et al., 2005). An important objective in our first experiment was to
confirm the suitability of MRI for detecting U87 glioma tumours and measuring their
growth rate.

MR images were acquired using a 3T MRS 3000 (MR solutions, Guildford) with an 88
mm diameter bore system and an 18 mm head surface coil for signal reception.
Structural high field MRI was initially optimised in post-mortem control animals for
maximum anatomical resolution, with a final acquisition time of approximately 5
minutes for T2-weighted sequences. The sequence was evaluated in tumour bearing
mice and showed excellent delineation of the tumour border and a clear demarcation of
the tumour-brain interface. MRI was performed at week one post tumour cells
implantation and repeated weekly thereafter till week eight. The frequency was then

reduced to one MRI fortnightly till week 12 when all animals were culled.

The final structural T2-weighted sequence consisted of the following specifications:
coronal image, TE/TR 68/4800, 8 echoes, 16 slices, 1 mm thickness, 256 x 256 matrix

and 20 mm field of view.

For MRI scanning, animals were first anaesthetised in an induction chamber with 3%
isoflurane in O, at 2 L/min. The animals were then transferred to the MRI bed and
mounted on a heated pad, with the head secured in an anaesthetic face-mask. The
animal’s position was secured by light restraint of their limbs with surgical tape. A
breathing monitor pad and a temperature probe were placed appropriately for
continuous observation during the scanning period. Anaesthesia was maintained via a

nasal cone with 1-2% isoflurane in O, at 2 L/min.

MRI images were used to manually delineated tumours using the public domain
programme Imagel] (http://rsb.info.nih.gov/ij/index.html) and OsiriX 7.0 imaging
software (http://www.osirix-viewer.com). T2-weighted images were used to carefully

delineate the tumour margins on all adjacent slices. Tumour volume was calculated by
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multiplying the tumour surface by the slice thickness. Additionally, particular attention
was given to any radiological signs of disease progression, such as tumoural

haemorrhage, hydrocephalus, shift of the midline structures and tumour necrosis.

6.3.2.2.5. Impact of treatment on ['' CJTMZ uptake and plasma TMZ levels

6.3.2.2.5.1.  Study design

A third study was then undertaken to confirm the results observed in study one and to
enable treatment-induced effects on brain uptake of [''C]TMZ and plasma TMZ levels
to be evaluated.

10 mice were injected with U87 glioma cells and randomised into two separate groups
(n = 5 per group). One group received TMZ alone (50 mg/kg) and the second group
received TMZ (50 mg/kg) and TQD (40 mg/kg).

Four animals from each group underwent PET scan imaging with [''C]TMZ to assess
any differences in the brain uptake of radiolabelled [''C]TMZ after completing two
weeks of treatment.

Additional blood sample was collected from all animals as detailed in section
6.3.2.2.5.5.

A summary of all the preclinical in-vivo studies is presented in Table 6.2.

Table 6. 2: Summary of animal studies.

Study Treatment Groups Number of  MRI [11C]TMZ PET Blood
animals sample
First Vehicle 13* Yes No No

Temozolomide
Temozolomide and Tariquidar

Second Vehicle 10 Yes No No
Tariquidar
Third Temozolomide 10 Yes Yes Yes

Temozolomide and Tariquidar

Animals underwent weekly MRI scans to evaluate tumour volumes. Animals in the
third study underwent additional PET scanning with [''C]TMZ during the second
week of treatment, with a blood sample collected at the end of the experiment. * 14
mice were implanted with U87 glioma cells but one failed and was excluded from any

future analysis.
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6.3.2.2.5.2.  Small animal positron emission tomography

In the third preclinical in-vivo experiment, eight mice (four from the TMZ alone and
four from the combination treatment) underwent PET imaging using [''C]TMZ. All
animals were imaged during the second week of treatment. Given the limited time
window (three days), an in-house designed dual animal bed was used, which enabled
scanning of two animals side by side and therefore maximising the throughput of the

imaging studies.

The mice were anaesthetised with 2% isoflurane in O, at 2L/min in the induction box.
The tail vein was catheterised and the animal was then placed into the prone position
in the dual animal bed, with the head restrained on a tooth bar. The mouse was then
transferred to the Inveon preclinical PET-CT scanner (Siemens) and anaesthesia was
maintained with 1-2% isoflurane in O, at 2L/min delivered via a nose cone and

adjusted according to the depth of anaesthesia.

Image quality can be affected by multiple factors when using a dual bed, such as
positional variation and variations in signal attenuation and scatter that are primarily
caused by the differences in the weights of animals. In an effort to minimise the effects
of such factors, the position of the animals in the dual bed was alternated with each
session so that half the animals from each treatment group were scanned on the right
and the other half on the left.

The acquisition protocol started with a whole body CT scan prior to PET scanning to
generate an attenuation correction map. The time coincidence window was set to 3.432
ns and the level of energy discrimination was set to 350 — 650 keV. A reference laser
beam was utilised to ensure placement of the brains in the centre of the axial field of

view.

Respiratory rate and temperature were continuously monitored throughout image
acquisition using a pressure sensitive pad and rectal probe. Body temperature was
controlled via a fan module controlled by BioVet (Inveon) software. At the start of the

scan, each mouse was injected with [''cIT™MZ intravenously via the tail vein catheter
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and data were collected for 60 minutes. The animals recovered in a warmed chamber.

Details of the animals that underwent PET scans are provided in Table 3.

Table 6. 3: Characteristics of animals that underwent PET scans with [''C]TMZ.

Animal Group Days after Position Weight Injected
ID tumour (8) radioactivity
implantation (MBq)

a02199 TMZ 20 Left 22.7 52.2
a02200 TMZ 20 Right 22.8 48.3
a02201 TMZ 19 Left 25.3 22.6
a02202 TMZ 15 Right 22.8 47.0
a02203 TMZ + TQD 19 Right 25.2 24.0
a02204 TMZ + TQD 20 Right 23.3 53.0
a02206 TMZ + TQD 15 Left 22.0 45.2
a02207 TMZ + TQD 20 Left 23.0 51.8

All scans were performed in the second week of treatment using the dual animal bed.
The TMZ group (n = 4) received 50 mg/kg and the combination therapy (TMZ +
TQD) group (n = 5) received TMZ (50 mg/kg) and TQD (40 mg/kg). All treatments
were delivered by oral gavage. Treatments were administered for five days per week

for two weeks.

6.3.2.2.5.3. Image reconstruction

The list mode data were histogrammed with a span of 3 and a maximum ring
difference of 79 into 3D sinograms. The list mode data of the emission scans were
sorted into 16 frames (5 x 60 seconds, 5 x 120 seconds, 3 x 300 seconds and 3 x 600
seconds) for image reconstruction. The emission sinograms (individual frames) were
normalised, corrected for attenuation, scatter and radioactivity decay, and
reconstructed using OSEM3D (16 subsets and 4 iterations) into 128 x 128 x 159 matrix

with a 0.776 x 0.776 x 0.796 mm? voxel sizes. No notable artefacts were detected.
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6.3.2.2.5.4. Image analysis

As previously detailed (in the previous chapter), semi-automatic segmentation of the
PET images and analysis was performed using the BrainVisa and Anatomist
framework (http://brainvisa.info/).

Given the relative small tumour volume and the apparent homogenous brain uptake of
radiotracer, it was not possible to delineate tumour based on [''C-TMZ] PET scans
only. Consequently two approaches were taken: analysing of whole brain or a
hemisphere uptake where the two hemispheres in each brain were manually delineated

on the summed 60 minutes PET image.

6.3.2.2.5.5. Blood sample collection and Temozolomide analysis
In the third study, blood samples were collected from each animal when they became

symptomatic or just before culling.
Mice were anaesthetised using 2% isoflurane in O, at 2L/min. oxygen. Blood sample
was collected by direct cardiac puncture and transferred to an Eppendorf tube. Plasma

was then stored at -80°C for future analysis.

TMZ concentration in plasma was quantified using a high performance liquid
chromatography (HPLC) with a UV detection method. In brief, the plasma samples
(78.89 + 7.469 L) were spiked with an internal standard (2.3 or 46 pg/ml) and directly
injected into the HPLC system (HPLC Prominence, Shimadzu). Separation was
achieved on an ACE 5 phenyl column (150 x 4.6 mm, 5 pum). The mobile phase
consisted of 58 mM monosodium phosphate at a pH of 2.4 and methanol, with an
isocratic elution mode (15% Methanol and 85% monosodium phosphate). Retention
time was around 6 minutes for TMZ (5.5 — 6.1 minutes). The analysis run time was set
at approximately 20 minutes. The UV wavelength of TMZ was then selected. UV
Chromatogram of TMZ is presented in Figure 6.3.
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Figure 6. 3: UV Chromatogram of TMZ in a plasma of a mouse 4 hours following
administration of TMZ (50 mg/kg) by oral gavage. TMZ peak at the expected retention
time of 13.9 minutes.

6.3.2.3. Statistical analysis
Statistical analysis was performed using Prism6 software (GraphPad Inc, La Jolla, CA,

USA). The different tests used are detailed in each figure legend. All values are
expressed as mean =+ standard deviation (SD) unless stated otherwise. No outliers were
removed from any set of data. P value of <0.05 were considered to be statistically

significant.
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6.4. Results

6.4.1. No evidence of functionally active P-glycoprotein transporters in the U87
glioma cells

The activity of P-gp was investigated in U87 cells using an intracellular calcein-AM
accumulation assay. Calcein-AM is a molecular probe that, when metabolised by
intracellular esterase, produces fluorescent calcein. Calcein-AM is a substrate for P-gp.
As a result, intracellular calcein-AM 1is increased when P-gp function is inhibited
(Eneroth et al., 2001). Intracellular calcein was measured by fluorescence and was
found to be minimally higher in cells pretreated with P-gp inhibitor verapamil
hydrochloride (10uM), compared to vehicle-treated control cells. This effect was not
significant (p = 0.14) reflecting the lack of functionally active P-gp transporters in the
U87 glioma cells (Figure 6.4).
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Figure 6. 4: Lack of functional activity of P-glycoprotein in U87 glioma cells. Cells
were pre-incubated for 30 min at 37 °C in U87 growth medium alone or U87 growth
medium containing 10 pM Verapamil (P-glycoprotein inhibitor). Intracellular
accumulation of calcein-AM was measured by spectrofluorometry (excitation A 490
nm, emission A 520 nm). Data are expressed as relative fluorescent units and are mean
+ SD of eight replicates (n = 3). Data analysed using unpaired Student’s t-test.
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6.4.2. Breast Cancer Resistance Protein is functional in the U87 glioma cells

The functional activity of BCRP was also investigated in U87 glioma cells using the
Hoechst 33342 assay. Hoechst 33342 is a molecular probe that is known to be a BCRP
substrate and which can easily be measured by fluorescence (Kim et al., 2002).
Intracellular retention of Hoechst 33342, as measured by fluorescence, was found to be
significantly higher (p < 0.001) in cells pretreated with 0.5uM KO143, a selective
BCRP inhibitor, compared to vehicle-treated control cells. This finding reflects the
presence of functionally active BCRP transporters in the U87 glioma cells (Figure 6.5).
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Figure 6. 5: Functional activity of Breast Cancer Resistance Protein in U87 glioma
cells. Cells were pre-incubated for 30 min at 37 °C in U87 growth medium alone or
U87 growth medium containing 0.5 uM KO143. Intracellular accumulation of Hoechst
33342 was measured by spectrofluorometry (excitation A 370 nm, emission A 450 nm).
Data are expressed as relative fluorescent units and are mean + SD of eight replicates
(n=3). *** indicates statistical significance of p<0.001 compared to respective control
by Student’s t-test.
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6.4.3 Magnetic resonance imaging is a suitable tool for monitoring
tumour growth in the U87 glioma model

In the four female nu/nu CBA mice that were implanted with 4x10* U87 glioma cells,

the glioma tumours demonstrated an exponential growth rate in all animals, with a

3

mean volumetric measurement of 1.2, 4.7 and 45.8 mm” at 1, 2 and 3 weeks post

tumour implantation, respectively (Figures 6.6).

Figure 6. 6: Representative T2-weighted coronal magnetic resonance images from a
single mouse at weeks 1, 2 and 3 (from left to right) following implantation of 4x10*
U87 glioma cells. Exponential growth is noted, with a very rapid increase in tumour
size in the third week post U87 glioma cell implantation.

Furthermore, the tumours demonstrated diffuse and homogeneous enhancement

following gadolinium administration (Figure 6.7).

Figure 6. 7: Representative TI1-weighted coronal magnetic resonance images
following gadolinium administration from a mouse at weeks 2 following implantation
of 4x10* U87 glioma cells. Diffuse and homogeneous enhancement is demonstrated.

It is important to note that the MRI protocol was successful in detecting the tumours
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and measuring their volume at a very early stage (one week post implantation). This

time point was subsequently chosen for administration of treatments.

6.4.4. Combination therapy of Temozolomide and Tariquidar is superior to
Temozolomide alone

A summary of the treatment protocol and the 14 Female nu/nu CBA mice used is
presented in Table 6.4. One of the tumour implantations in the TMZ alone therapy
group was unsuccessful, with no evidence of tumour growth upon follow-up MRI.
This mouse was excluded from the analysis.

Table 6. 4: Summary of the first in-vivo study.

Group Number Interval between Interval between Notes
of implantation and treatment
animals initiation of initiation and
treatment culling
Vehicle 4 7 days 18 days -
TMZ 5 7 days 80 days 1 failed
implantation

Combination 5) 7 days 63 days 1 animal

therapy 71 days 1 animal

80 days 3 animals

Analysis of tumour volumes from pre and post-treatment MRI studies (weeks 1 and 5
post U87 implantation) revealed that both treatment approaches (TMZ alone and
combination therapy of TMZ and TQD) successfully slowed tumour growth rate in the
U87 glioma model when compared with the control animals that received vehicle
solution only (Figure 6.8). Additionally, both treatment protocols resulted in
statistically significant tumour volume reduction at the end of the treatment period (p <

0.001, Figure 6.9).

176



1.1 mm

1.4 mm3

1.2 mm® 43.3 3
43.3 mmSmm
60+
© =e— Control
E -= TMZ
D 40- 2 mm3 - TMZ+TQD
§ 0.6 mm°
©
>
5 20+
o
£
=
|—
0+
0 1 2 3 4

Weeks Post U87 Implantation

Figure 6. 8: Tumour volume measurements at one, two and three weeks post
implantation of 4x10* U87 glioma cells. The control group (n = 4) received vehicle
solution only (5% dextrose in water), the TMZ group (n = 4) received 50 mg/kg and
the combination therapy (TMZ + TQD) group (rn = 5) received TMZ (50 mg/kg) and
TQD (40 mg/kg). All treatments were delivered by oral gavage.

Data presented as mean + SD and tumour volume measured as follows at three weeks:
(Control) 43.3 £3.1, (TMZ) 2.03 £ 0.3, (TMZ + TQD) 0.58 + 0.1.
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Figure 6. 9: Tumour volume measurements (A) before administration of treatment and
(B) after completion of treatment (week 1 and 5 post 4x10* U87 glioma cells
implantation, respectively). The control group (n = 4) received vehicle solution only
(5% dextrose in water), the TMZ group (n = 4) received 50 mg/kg, and the
combination therapy (TMZ + TQD) group (n = 5) received TMZ (50 mg/kg) and TQD
(40 mg/kg). Data in the post treatment graph is from the last available time point (week
3 post implantation) for the control animals, as they were euthanised due to the
development of neurological symptoms and high tumour volume, as measured with
MRI. Data were statistically analysed by Kruskal-Wallis test and Dunn’s multiple
comparison test. *** p <0.001.

Data presented as mean = SD and tumour volume was measured as follows at three
weeks post implantation for (Control) 43.3 + 3.1, and five weeks post implantation for
(TMZ) 1.33 £0.2 and (TMZ + TQD) 0.32 £0.1.
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While treatment with TMZ alone resulted in a slowing of the glioma tumour growth
rate, tumour volume regression was only noted after completing three weeks of
therapy (Figure 6.10). In contrast, animals that received the combination therapy of
TMZ and TQD demonstrated a superior treatment effect, in which tumour regression
was evident after only one week of treatment and persisted throughout the duration of

the experiment.

Furthermore, the TMZ alone group showed recurrence of glioma tumour growth,
detected ten weeks after tumour implantation (five weeks after completion of
treatment, Figure 6.10). In contrast, the combination therapy group showed no
recurrence of growth, and the tumours continued to shrink throughout the study, with
no measurable tumour in 3 of the 5 animals at week 12. Finally, tumour volumes in the
combination therapy group were significantly smaller than in the TMZ group at weeks

3,4,5,10, 11 and 12 post U87 glioma implantation.
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Figure 6. 10: Tumour volume measurements from week 1 to week 12 post
implantation of 4x10* U87 glioma cells. The TMZ group (n = 4) received 50 mg/kg
and the combination therapy (TMZ + TQD) group (n = 5) received TMZ (50 mg/kg)
and TQD (40 mg/kg). Treatment was administered 5 days per week for 4 weeks. Data
are presented as mean + SD. The data were statistically analysed by multiple Mann-
Whitney test for each time point. * p < 0.05.

Control group was removed for simplification of the graph
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Example of tumour response in the different treatment groups after completion of

treatment is presented in Figure 6.11.

Figure 6. 11: Representative coronal T2-weighted images for each treatment group at
completion of treatment for (A) vehicle solution (week three post implantation), (B)
TMZ alone (week five post implantation) and (C) combination (TMZ + TQD)
treatment (week five post implantation).

6.4.5. Tariquidar alone does not affect glioma growth

In the second study, MRI volumetric measurements revealed no effect for TQD
therapy alone when compared with the vehicle treated animals. The growths rate in the
control animals was very similar to the growth rate seen in the control animals form
the first study (Figure 6.12, A). Furthermore, the TQD group demonstrated a slightly
larger tumour volume than control at week three, but this was not statistically
significant (p = 0.81)(Figure 6.12, B). All animals were sacrificed at the end of week 3

due to loss of physical condition and large tumour volume, as measured with MRI.
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Figure 6. 12: Tumour volume measurements at weeks 1, 2 and 3 post implantation of
4x10* U87 glioma cells in (A) control animals form the first (solid line) and second
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(dashed line) studies. (B) In the second study for the control group (n = 5) received
vehicle solution only (100 pL of 5% dextrose in water) and the TQD group (n = 5)
received treatment solution (40 mg/kg). All treatments were delivered by oral gavage.
Treatment was initiated 1 week post tumour cell implantation and administered 5 days
per week for two weeks. The data are presented as mean + SD, n = 5 for both groups.
The data were statistically analysed by multiple Mann-Whitney tests for each time
point. p < 0.05 was considered statistically significant.

6.4.6. Confirmation of the superior effect of combination therapy on glioma
growth:

The third animal experiment aimed to investigate whether oral TQD treatment can
inhibit the efflux transporters, namely P-gp and BCRP, at the BBB level. 10 U87
tumours were treated with either TMZ or the combination therapy of TMZ and TQD.
In contrast to the previous study, treatment was initiated at day 10 following U87
glioma cell implantation, instead of the day 7 time point. This was done to allow for
further tumour growth prior to initiation of therapy. As observed in the previous
experiment, the combination therapy exhibited a superior effect, both on tumour
growth rate and tumour volume. However, this effect was equally evident after one

week of treatment (p < 0.01), (Figure 6.13).
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Figure 6. 13: Tumour volume measurements at weeks 1, 2 and 3 post implantation of
4x10* U87 glioma cells. The TMZ group (n = 4 for week 1 and 2, n = 3 for week 3)
received 50 mg/kg, and the combination therapy (TMZ + TQD) group (n = 5 for week
1 and 2, n = 4 for week 3) received TMZ (50 mg/kg) and TQD (40 mg/kg). All
treatments were delivered by oral gavage. Treatment was administered five days per
week for two weeks. Data are presented as mean + SD. The data were statistically
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analysed by multiple Mann-Whitney tests for each time point. p < 0.05 was considered
statistically significant.
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6.4.7. In-vivo PET imaging study

6.4.7.1. Brain segmentation from PET images

Use of the semi-automated segmentation software resulted in positive correlation
between the segmented brain volumes (mm’) on the 60 minutes summation PET
images and the measured brain weight (g) post mortem in all mice (n = 8, r* = 0.826, p

=0.001) (Figure 6.14).
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Figure 6. 14: Significant positive correlation was found between the brain volumes
segmented using the LMA method and the post mortem brain weights across all PET
scans with [''C]TMZ. For all animals, n = 8, r* = 0.826, p <0.005. Data were analysed
using the Pearson’s correlation test.

Furthermore, the segmented brain regions appeared as homogenous regions of activity,
with no heterogeneous areas of radiotracer uptake. This finding was also supported by
visual inspection of the PET summation images (0 — 60 minutes). Given the relative
small tumour volume and the apparent homogeneous brain uptake of radiotracer, it
was not possible to delineate tumours based on [''C-TMZ] PET scans only.
Consequently two approaches were taken: analysing of whole brain radiotracer uptake
and a hemispheric radiotracer uptake where the two hemispheres in each brain were

manually delineated on the summed 60 minutes PET image.
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6.4.7.2. Small animal PET shows a non-significant increase in whole brain uptake
of [''C]TMZ in the combination therapy group in comparison to the TMZ alone

group

All PET scans were carried out during the second week of treatment (week 3 post U87

glioma cell implantation) and took place within two hours of treatment administration.

Figure 6.15: Representative maximum intensity projection image (last ten minutes)
illustrating brain uptake of [''C]Temozolomide in a dual-bed PET for orthotopic
glioma model in the Temozolomide alone (Left) and Temozolomide plus Tariquidar
(Right) treatment groups.

Mean TACs of the whole brains from the two different groups are presented in Figure
6.15. Brain radioactivity rose continuously following radiotracer administration in both
treatment groups (Figure 6.16, A). The highest point of activity was reached at the end
of the scan (60 minutes) and this was slightly higher in the combination therapy group
than the TMZ alone treatment group (Figure 6.16, B). However, the calculated areas
under the TAC from time 0 to 60 minutes (AUCyin) were similar, with no statistically
significant differences seen between combination therapy: 31.9 + 1.4, TMZ alone: 30.7

+1.4, p=0.56).
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Figure 6. 16: Mean time-activity curves (standardised uptake value (SUV) + standard
error of the mean [SEM]) of [''C]TMZ in the whole brain (A) from 0 to 5 minutes and
(B) from 0 to 60 minutes after radiotracer injection. TMZ treatment group (n = 4, 50
mg/kg) and combination therapy (TMZ + TQD) group (n =4, TMZ 50 mg/kg + TQD
40 mg/kg). Areas under the TAC were statistically compared with Kruskal-Wallis test.
SUV indicates SUV mean.

Furthermore, mean TACs from the hemisphere containing the tumour showed higher
SUV than the contralateral hemisphere in both treatment groups (Figure 6.17 and table
6.5). However, the AUCyem; calculated for each group were not statistically different

(41.6 = 1.6 and 35.3 = 5.7 for the combination therapy and 34.1 + 7.3, 29.6 = 7.4 for

TMZ alone, p = 0.16 in the tumour-bearing and contralateral hemispheres
respectively).
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Figure 6. 17: Mean time-activity curves (standardised uptake value (SUV) + SEM) of
[''"C]TMZ in the hemispheres from 0 to 60 minutes after radiotracer injection for the
combination therapy group in hemispheres containing tumours (solid line) and tumour-
free hemispheres (dotted line) (n = 4 for each group, received 50 mg/kg TMZ and 40
mg/kg TQD); and for TMZ alone treatment group, in hemispheres containing tumours
(solid line) and in tumour free hemispheres (dotted line) (n = 4 for each group,
received 50 mg/kg TMZ only). Areas under the TAC were statistically compared with
Kruskal-Wallis test.
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Table 6.5: Values of the calculated areas under the curve for [''C]TMZ uptake in each
treatment group for the different hemispheres.

Combination Combination TMZ alone TMZ alone
therapy therapy therapy therapy
tumour- tumour-free tumour- tumour-free
bearing hemisphere bearing hemisphere

hemisphere hemisphere

Total area 35.2 28.9 28.9 241
under the

curve

Standard error 0.34 1.08 1.21 1.2

The lack of statistical significance in this study is likely to be attributed to the small
number of animals in each group (n = 4). However, this data provide solid foundation

of expanding the study in order to provide it with the required statistical power.

As blood sampling is a terminal procedure in mice, further analysis such as the brain-
blood ratio of radioactivity was not feasible as animals could not be euthanised to
enable volumetric tumour measurements at week three and for collection of blood

samples for measurements of cold TMZ levels.

6.4.8. Plasma levels of Temozolomide are not significantly higher in the
combination therapy when compared with Temozolomide alone therapy group

Blood sample collection was attempted in 2 mice at the end of week 1 of treatment
(two weeks post tumour implantation), as they had demonstrated significant weight
loss and needed to be euthanised. One sample was haemolysed and cardiac puncture
failed in the other mouse. The remaining blood samples were collected at the end of

the second week of treatment with no complications (Table 6.6).
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Table 6. 6: Summary of blood collection time points, issues encountered, and
Temozolomide concentration in plasma for the different treatment groups.

Animal ID Group Time since TMZ concentration Issues
last dose (ng/ml)
a02199 TMZ 4 hours 12.6 -
a02200 TMZ 2 hours 22.8 -
a02201 TMZ 4 hours 14.2 -
a02202 TMZ 4 hours 13.4 Haemolysed
blood sample
a02203 TMZ + TQD 4 hours 17.1 -
a02204 TMZ + TQD 4 hours 18.1 -
a02205 TMZ + TQD 4 hours - Unsuccessful
cardiac
puncture
a02206 TMZ + TQD 4 hours 10.0 Haemolysed
blood sample
a02207 TMZ + TQD 2 hours 24.6 -

The TMZ group (n = 4) received 50 mg/kg and the combination therapy (TMZ +
TQD) group (n = 5) received TMZ (50 mg/kg) and TQD (50 mg/kg). All treatments
were administered by oral gavage. Blood samples were collected at the end of week

three, following five days of continuous treatment administration.

TMZ was detected in all plasma samples, with the combination therapy group
demonstrating slightly higher TMZ concentration in plasma than the TMZ alone
group. However, this was not significant.

As expected, levels were higher at 2h than at 4h, but the 2h data include single animal
in each group (samples at the 2 hours post treatment administration time point were
inadvertently collected).

Combined data from the 2h time point are shown in Figure 6.18(A) and from the 4h
time point only in Figure 6.18(B). While combination therapy demonstrated higher
concentration of TMZ in plasma than the TMZ alone treatment group, this effect was
not statistically significant either when analysing all blood samples (p = 0.68) or for

the 4h post treatment time point only (p = 0.7).
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Figure 6. 18: TMZ concentration (pug/mL) in plasma, as measured by high
performance liquid chromatography (HPLC) with UV detection for (A) 2h and 4h post
treatment time points and (B) for the 4h post treatment time point only. The TMZ
group (n = 4) received 50 mg/kg and the combination therapy (TMZ + TQD) group (n
=4) received TMZ (50 mg/kg) and TQD (40 mg/kg). All treatments were delivered by
oral gavage. Treatment was administered for five days per week for two weeks. Blood
collection was performed by direct cardiac puncture. Data are presented as mean + SD
and include samples in which blood haemolysis was noted. The data were statistically
analysed by unpaired Mann-Whitney test.
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6.5. Discussion and conclusions:

GBM is the most common and lethal primary brain tumour in adults (Louis et al.,
2007). Patients with GBM benefit from a multidisciplinary treatment approach
involving surgery, radiotherapy, and chemotherapy (Stupp et al., 2005), but overall
survival remains poor (Brodbelt et al., 2015). Despite such treatment approaches, these
tumours frequently develop chemoresistance. Various novel therapeutic strategies,
such as angiogenic therapy, have been suggested over the years, particularly for
patients who develop recurrent or progressive disease, but they have had limited
success and have not changed overall survival (Khasraw et al., 2014). Therefore, new,
more effective treatments that can overcome the BBB and chemoresistance ,and

establish a sustained tumour response are needed.

Because this study assessed the effects of P-gp and BCRP inhibition on tumour
response to TMZ, it was important to assess the functional activity of these
transporters in U887 glioma cells. We detected limited functional activity for BCRP and
no functional activity for P-gp. This is consistent with some of the limited available
literature, which reports BCRP expression but no P-gp expression in the U87 cell line
(Carcaboso et al., 2010). However, this study evaluated the expression but not the
functional activity of BCRP. Furthermore, P-gp and BCRP expression in the rodent
brain is well established (Loscher and Potschka, 2005a); such transporters are expected
to be highly expressed and functional at the edges of the tumour where the BBB is

intact.

TMZ is the primary drug used in the treatment of high-grade glioma, and its efficacy in
the treatment of various murine glioma models, including the U87 glioma model, has
been established (Hirst et al., 2013). The dosing regimen of 5 days per week was
chosen to reflect the strategy used in GBM patients. Treatment was initiated at day 7
post implantation to allow time for tumour growth. This time point as chosen because
previous studies have demonstrated that waiting longer than 20 days results in greater
tumour response when quantified using volumetric assessment but reduces survival,
therefore limiting the ability to assess delayed tumour recurrence (Hirst et al., 2013).

Additionally, no mouse received a total dose exceeding 1 g because a decline in the
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efficacy of TMZ has been reported at higher doses (Hirst et al., 2013).

TQD is a third-generation P-gp inhibitor (Fox and Bates, 2007) whose inhibitory effect
on BCRP function has also been documented (Bankstahl et al., 2013). The dose of 40
mg/kg was chosen to ensure complete P-gp inhibition and significant BCRP inhibition.
In an earlier PET imaging study, we demonstrated that TQD causes an immediate
increase in TMZ uptake into the brain when administered via IV injection. TQD was
administered 15 minutes before TMZ to increase the time window for the initiation of

the inhibitory effects and allow for potential delays associated with oral administration.

The U87 glioma model is well established and widely used. The reproducibility of
tumour implantation and the rapid growth rates are particularly appealing. However, it
1s important to remember that animal glioma models derived from immortalised cell
lines, such as the model used in this experiment, exhibit relatively homogenous
histological and genetic profiles (Jones et al., 1981) (Clark et al., 2010). This is a major
difference between the models and human GBMs, which are characterised by
histological and genetic heterogeneity.

When compared with standard subcutaneous tumour models, intracranial glioma
models are thought to be superior and more clinically relevant because they allow for
tumour growth in the brain microenvironment. An important limiting factor in the use
of such models is the availability of a non-invasive method with which to accurately
quantify tumour burden. Quantification of tumour burden is particularly relevant when
selecting appropriate time points for the administration of therapeutic interventions
because ideally different treatment cohorts will have comparable tumour burden when
initiating therapy. Magnetic resonance imaging is a well-established tool for measuring
tumour growth rate and therapeutic response in intracranial glioma models (Schmidt et
al., 2004) (Cornelissen et al., 2005). An important objective in our first experiment was
to confirm the suitability of MRI in detecting U87 tumours and measuring their growth
rate. Consistent with previous studies (Bock et al., 2003) (Schmidt et al., 2004) (Jost et
al., 2007), MRI in this study was found to be a reliable tool for localising tumours and
performing volumetric measurements, which in turn facilitated our longitudinal study

of the therapeutic response in a U87 glioma model.

Consistent with studies reported in the literature, the U87 glioma model demonstrated
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a good response to TMZ treatment, evident as a reduction in tumour growth. Although
a response to TMZ was expected, the marked potency observed in this study is
problematic because it can mask differential responses when comparing combination
treatment to treatment with TMZ alone. The observed rapid respond to TMZ is not
uncommon; it has been demonstrated in previous studies using the U87 glioma model
and TMZ (Corroyer-Dulmont et al., 2013). It might be worth considering reducing the

overall dose of TMZ in future studies.

TQD treatment alone did not affect tumour growth. This was expected because TQD, a
third-generation P-gp inhibitor that also inhibits BCRP, is not known to have anti-

tumour activity.

Combination therapy with TMZ and TQD did not reduce the efficacy of TMZ in the
U87 glioma model. In fact, despite the impressive reduction in tumour volume
following treatment with TMZ alone, combination therapy resulted in quicker and
more significant tumour shrinkage. This was observed at multiple time points in the
first study and confirmed in a second study. To the best of our knowledge, this is the
first treatment efficacy study to assess the response to TMZ and TQD treatment in a

human glioma model in mice.

To understand the mechanisms responsible for the superior tumour response to
combination therapy, TMZ plasma levels were analysed in the two treatment groups.
Administration of TQD resulted in an increase in plasma levels of TMZ, however this
was not significant. TMZ has very high bioavailability when administered orally (Diez
et al., 2010). This, in combination with its weak substrate status for P-gp and BCRP,
minimises any increase in intestinal absorption by P-gp and BCRP inhibition. This is
also reflected in the small 12% increase in plasma levels with P-gp and BCRP
inhibition. Furthermore, compounds that are substrates for efflux transporters can
demonstrate a dose-dependent transport pattern in which they act as substrates at low
(nanomolar) concentrations and as inhibitors at higher concentrations (Bankstahl et al.,
2013). It is plausible that TMZ, despite being a weak P-gp and BCRP substrate, caused
some efflux transporter inhibition in the gut, given that it was administered at a high
concentration, thus further limiting any efflux transporter inhibition contributed by

TQD. Notably, a previous in-vitro study showed that TMZ decreased the efflux
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activity of P-gp (Munoz et al., 2015b). Taken together, it appears that P-gp and/or
BCRP inhibition in the gut cannot explain the increase in plasma concentrations of
TMZ in the combination treatment group. Additional factors, such as a change in TMZ

distribution or elimination, might have contributed.

A potential limitation of this study is that TMZ concentrations in the brain were not
directly measured. This is important because it precludes measurement of the brain-to-
plasma concentration of TMZ, an indicator of the ability of orally administered TQD
to inhibit P-gp and BCRP at the BBB level. PET imaging with radiolabelled TMZ was
used as an alternative method to provide insight into the brain uptake of TMZ in the

two treatment groups.

When mice received TQD in combination with TMZ therapy, the measured whole-
brain radioactivity was higher than in the group treated with TMZ alone. However, this
was not statistically significant. The lack of statistical significance may be attributed to
the limited number of animals that underwent PET imaging (n = 4 in each group),
which prevents the detection of small changes in the brain uptake of TMZ.
Nonetheless, the data suggest that oral TQD treatment increased the uptake of
radiolabelled TMZ, or its radiolabelled metabolites, at the BBB level and this was
particularly higher in the tumour-bearing hemispheres of animals that received
combination therapy. Future study should consider increasing the number of animals
that undergo PET imaging to enhance the possibility of detecting any statistical
significance.

PET scans measure the total radioactivity of a tissue but cannot differentiate the
activity contributed by the parent compound from that contributed by its radiolabelled
metabolites. However, in this study, TMZ and the active metabolite MTIC were
radiolabelled, and the contribution of the other metabolites was minimal, as
demonstrated in a previous imaging study. Therefore, despite the limitations of PET,

the measured whole-brain radioactivity reflects the active components of the drug.

In this study, U87 tumours demonstrated significant BBB leakage, reflected by the
avid enhancement following contrast administration. Furthermore, the hemispheres
containing tumours demonstrated higher whole-brain radioactivity than the

contralateral, tumour-free hemispheres. These findings are consistent with literature
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reporting that high-grade brain tumours disrupt the BBB, enabling anticancer drugs to
reach higher concentrations within the tumour core and enhancing components than in
the rest of the brain where the BBB is intact (Pitz et al., 2011). This finding was
confirmed for TMZ in a previous study (Rosso et al., 2009).

Interestingly, even in hemispheres containing tumours, we found that mice treated with
combination therapy demonstrated higher whole-brain radioactivity than mice treated
with TMZ alone. However, this again was not statistically significant.

This may reflect the inhibitory effects of TQD on P-gp and BCRP not only on the
transporters of the endothelial cells but the U87 glioma cells within the tumours.
Similar results have been reported for a different anti-cancer drugs (Agarwal et al.,
2013), including erlotinib, a strong P-gp and BCRP substrate (Kodaira et al., 2010).
The lack of P-gp expression in U87 glioma cells is unlikely to have significantly
altered the results, particularly given that the U87 glioma model is highly leaky, as
demonstrated in this study and in others (Liu et al., 2014). Therefore, the results of this
study can be attributed to the inhibition of ABC transporters (P-gp and BCRP) at the

intact BBB in brain tissues remote from the tumour.

Combination therapy not only hastened tumour shrinkage but also maintained
shrinkage for a longer time. A recurrence in tumour growth was observed in the group
treated with TMZ alone (five weeks after completion of treatment), but not the
combination therapy group. This might reflect the effects of enhanced TMZ delivery
when TQD was administered simultaneously, which resulted in more U87 glioma cell
death. Additionally, previous in-vitro studies have demonstrated that TMZ treatment
can increase the expression and activity of P-gp efflux transporters in U87 glioma cells
(Munoz et al., 2014), which in turn can increase the cells’ resistance to TMZ treatment
(Munoz et al., 2015a). Concurrent administration of TQD with TMZ might have
prevented U87 glioma cells from developing a ‘“chemoresistant” phenotype by

preventing P-gp upregulation, therefore leading to less aggressive tumours.

Although the PET imaging suggests that TQD may have increased TMZ delivery into
the brain (in tumour-bearing and tumour-free hemispheres), TQD treatment also
increased the plasma concentration of TMZ by approximately 12%. Again this was not

statistically significance. Such an increase can be considered minor and may have
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resulted from the inhibition of P-gp and/or BCRP in the gastrointestinal tract.

Such a small increase in plasma levels of TMZ is unlikely to account for the
differential response between treatment groups. However, as dose-response
relationship was not evaluated in this study, it is not possible to completely and
categorically discard the effect of such a small increase in drug concentration in

plasma, which may have resulted in this superior treatment response. .

In conclusion, this study demonstrates the effect of combination therapy with TMZ
and TQD, a P-gp and BCRP inhibitor, in a human GBM model in mice. TMZ and
TQD treatment resulted in more rapid and sustained U87 glioma shrinkage than did
treatment with TMZ alone. The study also suggests that oral TQD treatment produced
a superior response by inhibiting P-gp and BCRP efflux transporters at the BBB level.
Finally, concurrent administration of TMZ and TQD may be a viable treatment
strategy for enhancing the delivery of TMZ into the brain and brain tumours where P-

gp and BCRP expression status is known.
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Chapter 7: Imaging P-glycoprotein function in high-grade glioma patients

7.1.  Abstract

Purpose: Previous studies confirmed the role of P-gp efflux transporter in the transport
of TMZ and highlighted a potential role for P-gp in limiting effective TMZ delivery
into the brain. This study investigates the suitability of PET and (R)-[''C]verapamil in

the assessment of P-gp function in patients with high-grade gliomas.

Methods: Baseline PET scans with the P-gp substrate (R)-[''C]verapamil were used to
assess the functional activity of P-gp in high-grade glioma patients (» = 5) and in
healthy controls (n = 9). PET scans with ["O]H,0 were also performed to measure
perfusion and enable the generation of brain extraction fractions (£) for (R)-
[''C]verapamil. Participants then underwent repeat scans after the i.v administration of

the P-gp inhibitor TQD (2mg/kg).

Results: The functional activity of P-gp was successfully demonstrated in patients with
high-grade glioma and in healthy controls. Heterogeneous functional activity in P-gp
was demonstrated amongst patients and in the different regions of individual tumours.
Perfusion measurements were vital to the interpretation of the results in at least one

high-grade glioma patient.

Conclusions: This study confirms the feasibility of our non-invasive imaging
techniques for direct in-vivo visualisation of P-gp function and highlights its
heterogeneity in patients with high-grade glioma tumours. It also suggests that
perfusion measurements could play an important role in the interpretation of P-gp

function.
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7.2.  Introduction

High-grade glioma tumours are characterised by poor outcome. Three main factors
contribute to the dismal prognosis: 1) The highly invasive nature of high-grade glioma
tumours; 2) the development of chemoresistance and 3) the difficulty in delivering
effective chemotherapy across the BBB (Bai et al., 2011). The efflux transporter P-gp,
which is expressed at the luminal side of the BBB, has been implicated in preventing
various chemotherapy agents to achieve therapeutic concentrations in the brain
(Agarwal et al., 2011a). This explains why many agents, such as doxorubicin, have
failed in clinical practice despite demonstrating excellent efficacy against GBM cells
in-vitro (Hau et al., 2004).

P-gp appears to play an important role in altering TMZ delivery across the BBB and
the development of chemoresistance (Schaich et al., 2009) (Munoz et al., 2015b). The
relationship between TMZ and P-gp has been clarified in the previous chapters of this
thesis. Furthermore, it appears that efflux transporter inhibition in combination with
chemotherapy could prove an attractive strategy for enhancing TMZ delivery across
the BBB. However, there are conflicting reports on the expression of P-gp in glioma
tumours, with variable expression even in tumours of identical grade and histological
subtype (Demeule et al., 2001) (Schaich et al., 2009).

PET with the radiolabelled P-gp substrate (R)-[''C]verapamil is a validated non-
invasive imaging method for measuring P-gp function in the human (Sasongko et al.,
2005). Recently, this method has also been employed in demonstrating increased P-gp
functional activity in the temporal lobe in patients with treatment resistant epilepsy
(Feldmann et al., 2013). A non-invasive imaging method that allows for measuring P-
gp functional activity in patients with brain tumours is an essential step for future
translation of studies aiming to enhance drug delivery by modulating P-gp function.
The main objective of this study is to establish a non-invasive molecular imaging-

based tool to study multi-drug resistance in patients with high-grade gliomas.
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7.3.  Methods

7.3.1. Patient recruitment

This is a non-randomised unblinded prospective study. Patients with evidence of a
supratentorial intracranial mass with radiological features suggestive of a high-grade
glioma or a low-grade glioma showing radiological features of higher-grade
transformation (WHO grade III and IV) on MRI were recruited from March 2011 to
July 2015 when TQD expired. All patients were identified following referral to the
neuro-oncology multidisciplinary team meeting at Salford Royal NHS Foundation
Trust (Hope Hospital) in Manchester. The Research Ethics Committee, the University
of Manchester Research Committee and the UK Administration of Radioactive

Substances Advisory Committee approved the study (13/NW0322).

The specific inclusion and exclusion criteria were:

Inclusion criteria

. Age > 18 years and < 70 years, both males and females

Children were excluded due to the dose of injected radiotracer and the need for arterial
cannulation. Similarly, patients over 70 years of age are more prone to co-morbid
conditions that make it difficult for them to tolerate the study.

. A likely diagnosis of high-grade glioma from MR imaging

. Only patients in whom a surgical intervention (tumour biopsy and/or surgical
resection) was planned were approached. This ensured that histological diagnosis was

available for all of our cases.

. Currently managed with corticosteroids

. Ability to give full informed consent

. Carer able and willing to participate

. Normal full blood count and liver function test

. Medically able to travel to the Wolfson Molecular Imaging Centre for PET scans
. Able to tolerate lying supine for MRI and PET scans

Patients who required hospitalisation and inpatient care or were systematically unwell
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were excluded from the study as participation was deemed an increased burden on

them.

Exclusion criteria

. Standard MRI contraindications (e.g. pacemaker, metallic implant or
claustrophobia). This also included failure to tolerate MRI examinations in the recent
past.

. Pregnancy

Due to the radiation involved in PET scans, female participants were required to

demonstrate that they were not pregnant.

. Inability to give full informed consent
. Participation in another trial involving medical products in the preceding three
months

Patients whom were planning to participate in another study were excluded to avoid
any potential drug—drug interactions with Tariquidar.

. Receiving chemotherapy or radiotherapy

. Abnormal full blood count or liver function test

Tariquidar at high doses can disturb the liver function. As such, patients who had

abnormal liver function test results were excluded.

Study subjects were approached by their consultant neurosurgeon during a routine
clinical appointment and provided with the relevant information sheets. With subjects’
approval, they were subsequently approached by the clinical research fellow who
explained the study in more detail and provided the consent from. All subjects were

given a minimum of 24 hours to make a decision about participating in the study.

In total, ten patients consented to take part. The study, however, was completed in five
patients only. The remaining five patients could not take part in the study for different
reasons: failure of the equipment producing and delivering radiolabelled water, failure
of arterial cannulation, concerns regarding the sterility of the radiotracer, insufficient
staffing levels to conduct the PET study safely and, finally, insufficient time to
conduct PET scans prior to surgical intervention.

Overall, five patients (age range 29—64) were included in the study and underwent four

PET scans and one MRI examination each prior to surgery. All participants gave
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informed consent for MRI and PET imaging, image-guided tumour biopsies and

histological analysis of tumour specimens.

Data acquired from previous studies that recruited healthy controls (age range 35—55
years) were also included in this study. These subjects had no known neurological or
psychiatric disorders and were not taking medication known to be a P-gp substrate. A
total of 10 healthy controls were recruited and underwent both radiolabelled verapamil

and [°O]H,0 scans at baseline and after administration of 2 mg/kg of tariquidar.

7.3.2. MRI acquisition

All patients underwent a volumetric MRI scan within a month prior to the PET
scanning session (median: 13.5 days, range: 2—27 days). MRI data were acquired 1.5
Tesla whole-body scanners (Philips Achieva, Philips Medical system, Best, NL). The

MR imaging protocol consisted of the following sequences:

1)  Routine structural imaging:

. High resolution 3D T1-weighted gradient echo sequence

. T1 inversion recovery sequence

. 2D T2-weighted turbo spin echo sequence

. T2 fluid attenuation inversion recovery (FLAIR) sequence

. 3D volumetric post contrast enhanced T1 sequence

2) Advanced MR imaging techniques (data not used in this thesis)
. Diffusion tensor imaging (DTI)

. T1 dynamic contrast enhanced MRI

The standard clinical dose (0.1 mmol per kilogram of body weight) of the contrast
agent Gadolinium (Gd, Dotarem, Guerbet Laboratories, Aulunay-sous-Bois, France)
was administered intravenously via an automated pressure injector at a fixed injection
rate (3 ml/second). This was followed by a bolus of 20 ml saline flush at the same rate
to facilitate a standardised entry of the contrast bolus into systemic circulation

(Jackson et al., 2002).
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The healthy controls were scanned on a 3.0 Tesla GE Excite II scanner (General

Electric, Milwaukee, WI,USA)

7.3.3. PET data acquisition

7.3.3.1. (R)-[''C]verapamil and [*O]H,O Production

Both radiotracers were produced on-site at the WMIC and (R)-[''C]verapamil was
synthesised based on a modification of the procedure reported by Luurtsema et al.
(Luurtsema et al., 2002). Quality control was performed after radiosynthesis to ensure
that the product was within specifications prior to injection. The product characteristics
were as follows: (R)-[''C]verapamil: radiochemical purity 98.4%, stable verapamil
4.97 pg/ml and specific activity was 58.4 GB/umol; and for ['°O]H,0O: radiochemical
purity 100%.

7.3.3.2. PET scanning procedure

All PET images were acquired in list mode using the High Resolution Research
Tomograph (HRRT, CTI/Siemens, Knoxville, TN, USA), the dedicated brain PET
scanner at the WMIC in Manchester. The HRRT scanner has an intrinsic spatial
resolution of approximately 2.5 mm with a field of view (FOV) of 252 mm axially and
312 mm transaxially. Such high spatial resolution is delivered whilst maintaining
sensitivity, which enables the HRRT to image brain structures with details that are
beyond the capabilities of other commercially available scanners (Heiss et al., 2004).
This is particularly important in our study as subtle functional differences within the
tumour itself and between the tumour and the adjacent brain tissue can be more readily
appreciated. The high spatial resolution limits the spillover of radioactivity in the (R)-
[''C]verapamil images from the chroroid plexus into neighbouring area in the temporal

lobe, thalamus and tumour, depending on location.

Head motion was limited by resting on the HRRT head holder and by using additional
Velcro straps on the forehead and chin. Furthermore, patients were fitted with an

external position tracker (Polaris Vicra, Northen Digital Inc., Waterlook, Canada)
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which monitors head motion during the scans.

In order to correct for tissue attenuation of photons, a transmission scan was carried
out using a 1.1 GBq "*’Cs single-photon emission source (662 keV) where the energy
window for the transmission scan was 550—800 keV. Delayed and prompt confidence

events were recorded by setting the energy window at 400—650 keV.

To enable continuous arterial blood sampling throughout the scans, a 22-gauge arterial
cannula was inserted into the radial artery of the non-dominant hand under local
anaesthesia (2% Lidocaine). Following the administration of both radiotracers, arterial
blood was sampled continuously for the first 6 minutes for ['’O]JH,O and 15 minutes
for (R)-[''C]verapamil at a rate of 5 ml/minute using a custom-built bismuth
germanium oxide detector (Ranicar et al.,, 1991). Additional discrete arterial blood
samples were collected manually at 4, 5 and 6 minutes for [15 O]H,O and at 5, 10, 15,
20, 30, 40, 50 and 60 minutes for (R)-[''C]verapamil. The first three discrete samples
were used to calibrate the radioactivity concentration from the continuously sampled

blood.

(R)-["'C]verapamil undergoes peripheral metabolism following its introduction into
systemic circulation. Some of its radiolabelled metabolites in plasma cross the BBB
and confound the accurate interpretation of the measured radioactivity in the brain
using PET. The plasma radioactivity concentrations were also measured and plasma
samples (except for the 15- and 50-minute samples) were further analysed to determine
the fractions of the parent compound and radiolabelled metabolites using an in-house
method based on in-line solid-phase extraction (SPE) and HPLC. In contrast to the
method used by Luurtsema et al. (Luurtsema et al., 2005), the in-house method avoids
sample acidification and exposure to atmosphere or vacuum where there is potential
for loss of polar metabolites (assumed to be [”C]-formaldehyde, [''C]-formate and
[''C]-bicarbonate, all volatile at acidic pH) in order to capture these volatile polar
metabolites. The lipophilic metabolites are retained on the SPE cartridge and were
eluted and analysed by HPLC (Shimadzu Prominence HPLC, instrument control and
data acquisition Shimadzu Lab Solutions version 1.11 SP1). The polar metabolites are
not retained on the SPE cartridge because of their polarity and were accounted for by

measuring the radioactivity in the SPE breakthrough.
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For all subjects except three healthy controls, all PET imaging was carried out on the
same day. Each scanning session started with a 5-minute [?O]JH,O scan for measuring
the regional cerebral blood flow (rCBF). ['’O]H,0 was administered as a 15-second
intravenous bolus injection. This was followed 10 minutes (five half lives) later by a
60-minute (R)-[''C]verapamil scan, where (R)-[''C]verapamil was administered as a
20-second intravenous bolus injection via the same vascular access point. This was

followed by the acquisition of a 6-minute transmission scan.

At the start the second scanning session, patients received an i.v. infusion of the third-
generation P-gp inhibitor Tariquidar (TQD) at a dose of 2 mg/kg, which was
administered over 30 minutes.. This particular dose was chosen based on previously
published literature that showed half-maximum P-gp inhibition can be achieved in
healthy control subjects (Wagner et al., 2009) and can highlight areas of different P-gp
activity in the brain (Feldmann et al., 2013). Tariquidar infusion was formulated from
a stock solution (70 mL) of 7.5 mg/mL of Tariquidar free base in 20% ethanol / 80%
propylene glycol (AzaTrius Pharmaceuticals Pvt Ltd, London, UK) and was diluted
with aqueous dextrose solution (5%, w/v) to make up the final desired concentration of
2 mg/kg. The full scanning procedure (["OJH,O and (R)-[''C]verapamil) was then

repeated 60 minutes after the completion of the 1.v. infusion of TQD.

7.3.4. PET data processing

7.3.4.1. Image reconstruction
The (R)-[''C]verapamil PET images were reconstructed using the iterative

reconstruction algorithm ordinary Poisson ordered-subsets expectation maximisation
(OP-OSEM) with resolution modelling (RM-OP-OSEM) (Sureau et al., 2008) with 16
subsets and 5 iterations. A similar approach was followed for the reconstruction of
['"OJH,0 PET images using RM-OP-OSEM with 16 subsets and 12 iterations (Walker
etal., 2012).

The dynamic images were corrected for head motion using a frame-by-frame approach
as previously described (Anton-Rodriguez et al., 2010). In short, the image of linear
attenuation coefficients (pu-map) was realigned using the co-registration software in

Vinci 2.50 (Max Planck Institute for Neurological Research, Cologne, Germany) to the

201



non-attenuation corrected (R)-[''C]verapamil image from the first six minutes of
acquisition (reference image) prior to final reconstruction. Each subsequent frame of
the dynamic emission reconstructed without attenuation correction was also realigned
to the reference image. Finally, the realigned frames were reconstructed again with
attenuation correction. Correction for head movement was also performed on a frame-
by-frame basis, but due to the shorter duration of the dynamic scan, only the first two
minutes of acquisition of the ['"OJH,0 scan were used as the reference image. Other
corrections that are required for quantification were also incorporated in the
reconstruction algorithm, including corrections of random and scatter coincidences,
attenuation correction, detector normalisation and dead time. The voxel size of
reconstructed PET images is 1.22 mm x 1.22 mm X% 1.22 mm. A post-reconstruction
3D Gaussian filter was applied to the resulting images with 2 mm (for verapamil) and
4 mm (for [°O]H,0) full width at half maximum (FWHM) to reduce image noise at

the voxel level. Decay correction was incorporated in the pharmacokinetic model.

7.3.4.2. Pharmacokinetic modelling and generation of parametric images

Data were analysed using a single tissue compartment model. The first compartment is
the arterial blood. From arterial blood, the radiotracer passes into the second
compartment, known as the free compartment (brain tissue in this case). Data obtained
by PET camera are a summation of these compartments. The parameters can be
estimated by fitting the model to measured PET data with arterial radioactivity
concentrate as input function. Pharmacokinetic modeling of (R)-[''C]verapamil PET
images used a one-tissue two-rate constant compartment model with the arterial
plasma input function corrected for polar radiolabelled metabolites (Lubberink et al.,
2007) to derive the transfer rate constant K, (ml/min/cm’) of (R)-[''C]verapamil from
plasma to the brain for each voxel; this served as an outcome parameter for P-gp
function where low K, indicates high P-gp function (Langer et al., 2007). The impact
of radiolabelled metabolites of (R)-[''C]verapamil on K, estimates was minimised by
utilising only the first 10 minutes of the PET data for pharmacokinetic modelling
(Kreisl et al., 2010). This enabled the generation of Parametric (R)-[''C]verapamil
maps (Feng et al., 1993).

The dynamic [°OJH,O images were fitted to a one-tissue two-rate constant
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compartmental model that included delay (fixed to the whole brain) and dispersion of

the blood input function to derive cerebral blood flow (CBF) at the voxel level.

7.3.4.3. Image co-registration

Co-registration of the different MRI sequences and the PET studies is an essential step
to enable the use of the variously generated ROIs. Rigid-body co-registration is
possible because the brain is structurally unchanged between the different sequences
and the two imaging modalities.

The FLAIR, T2-weighted and post-contrast T1-weighted images were co-registered to
the post-contrast T1-weighted image using the FLIRT (FMRIB’s Linear Image
Registration Tool) in FSL (FMRIB’s Software Library) 4.1.4 with normalised mutual
information and sinc interpolation. Transformation matrixes were then saved.

A similar approach was used for the co-registration between the MRI and PET images
where the MRI images were co-registered to the reference summation image of the
whole dynamic [°OJH,O scan after smoothing the image by applying a 4 mm
Gaussian filter. Transformation matrixes were saved. Following each co-registration,
the quality of co-registration was visually inspected to ensure its reliability and
accuracy. Additional co-registration of the (R)-[''C]verapamil images to the MRI
image was not required since subjects did not move between radiotracer injections.
Example of the co-registration of the MRI images to the summation PET image is

presented in Figure 7.1.

For quantitative analysis, MRI images were registered to PET images in order to
preserve the original PET data. For image-guided biopsy, PET images were registered
to MRI images to facilitate such clinical application, as the latter was the modality

used in the operation theatre.
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1

Figure 7. 1: Example of co-registration of PET to MRI (Patient 5). Left panel: post-
contrast MRI in native space. Middle panel: co-registered (R)-[''C]verapamil PET
superimposed on MRI. Right panel: summed PET image co-registered to MRI; the
colour bar indicates radioactivity concentration (kBg/ml).

7.3.4.4. Regions of interest definition and brain segmentation

Regions of interest (ROIs) were manually delineated using the imaging software
OsiriX 7.0 (http://www.osirix-viewer.com). ROIs were drawn based on the signal
intensity of different sequences, and some overlap between the different ROIs is to be
expected. This is particularly important as high-grade gliomas are infiltrating tumours
with indistinct borders where tumour cell infiltration extends beyond the radiological
abnormalities.

The following ROIs were used:

In all patients:

ROI 1 (perilesional abnormal signal): FLAIR and T2 images were utilised to depict the
peri-tumoural abnormal signal (this may possibly include neoplastic infiltration) by

tracing around the high signal intensity seen on these sequences.

For patients with a transforming low-grade glioma the following ROI were delineated:
ROI 2 (neoplastic and non-enhancing / presumed low grade): non-necrotic T1
hypointense tumoural tissue and avoiding peritumoural abnormal high T2 signal

ROI 3 (neoplastic and enhancing / presumed high grade): defined on the post-contrast

T1 sequences by manually tracing any enhancing component of the tumour.
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The following ROIs were delineated in patients with GBM tumours:

ROI 4 (enhancing rim) and ROI 5 (necrotic core): these regions were included in cases
where a tumour demonstrated peripheral enhancement with central necrosis. The
enhancing rim was delineated by manually tracing along the outer and inner borders of
the enhancing wall. Necrosis was then delineated by manually tracing along the inner
border of the enhancing rim approximately 1 mm (approximately 1 voxel) central to
any enhancing tumoural tissues. This strategy has the added benefit of excluding any
enhancing tissue inadvertently included in the delineation as part of the necrotic core.
Finally ROI 6 (haemorrhage) was delineated in one patient (patient 6) in whom intra-

tumoural haemorrhage was seen.

For brain tissue segmentation, the brain was initially extracted from the MRI image
using the FSL BET toolbox (Smith, 2002). This was followed by subtracting all
radiological abnormal brain tissue as identified on MRI images (manually delineated
ROIs 1-6). Automatic segmentation was then applied to the remaining brain into
cerebrospinal fluid (CSF), grey and white matter using FAST — FMRIB’s automated
segmentation tool in FSL without the use of spatial priors (Zhang et al., 2001). Grey
and white matter regions comprised voxels with probability higher than 75% in their
respective maps. Only voxels within the mask of the extracted brain were included in
the future analysis. Example of ROI delineation and grey and white matter

segmentation is presented in Figure 7.2.

205



Figure 7. 2: Delineation of regions of interest (ROI) in Patient 5.
Tumour mask was delineated using TI1-weighted post-contrast axial MRI (co-

registered to PET) for delineation of tumour ROI (A and B). FLAIR images were used
for delineating the perileasional abnormal signal changes (C and D). Extracted whole

brain (E) before and (F) after applying the tumour mask. This enabled the
segmentation of normal (G) grey and (H) white matter in the rest of the brain tissue.

7.3.5. PET/MRI image-guided biopsy

PET images on their own are not suitable for neurological navigation due to their poor
anatomical details. Parametric maps of (R)-[''C]verapamil K; were co-registered with
the MRI scan and the resulting images were presented to the neurosurgical team using
Vinci 2.50 software (Max Planck Institute for Neurological Research, Cologne,
Germany) to facilitate surgical biopsy and treatment planning. Co-registered PET and
MRI images were reviewed and areas of increased P-gp activity on K; maps of (R)-
[''C]verapamil were identified as biopsy targets. These targets were marked on the
volumetric brain MRI and loaded into the BrainLAb neurosurgical navigation system
(Munich, Germany) at the time of the operation. Multiple targets were identified but
biopsies were performed only in tissue where subsequent resection was intended.
Consequently, one potentially interesting target that was located in an eloquent area of

the brain was not collected (patient 2).
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All 1image-guided biopsies were performed at Salford Royal NHS Foundation Trust
within one week of the subjects undergoing PET scans. As all our subjects underwent
tumour resection, an open biopsy technique was preferred to prevent any deviation
from the normal surgical approach. Following craniotomy and dural opening, a
standard brain biopsy needle was aimed at the targets using the standard clinical
neuronavigation system. Biopsy was always performed prior to surgical resection of
the tumour. This approach was followed to minimise the effects of brain shift, which
can cause tissue-sampling errors.

Biopsy locations were recorded using the screenshot function, while biopsy tissue was
placed in a specimen pot and numbered sequentially according to the order in which it
was obtained. Specimens were taken and fixed in 10% neutral buffer formalin and

transferred for subsequent histopathological examination.

7.3.6. Histopathological assessment

Surgical specimens were processed as per routine clinical settings with paraffin
embedding. Sections with a thickness of 5 um were cut and stained with haematoxylin-
eosin (HE) in each block. All samples were filed and kept at the Central Nervous
System Tumour Research Tissue Bank at Salford Royal Hospital. An experienced
neuropathologist (Dr D. du Plessis, blinded to imaging findings) established the final
histological diagnosis based on the current WHO classification (Louis et al., 2007).
Routine histopathological assessment was performed and included immuno-staining
for Ki67 to assess the cellular proliferation rate, IDHIR132H mutation status and
allelic (loss of heterozygosity) of chromosome 1p/19q.

Quantification of P-gp expression in the different histological samples was not

performed.

7.3.7. Statistical analysis

Statistical analysis was performed using Prism6 software (GraphPad Inc., La Jolla,
CA, USA). Non-parametric Mann-Whitney (for unmatched) and Wilcoxon (for

matched) tests were used to compare the groups in terms of age, weights and injected
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doses. Further statistical testing for comparison of the brain uptake of the radiotracers
was felt to be inappropriate given the limited number of patients. All values were
expressed as a mean + standard deviation unless stated otherwise. No outliers were

removed from any set of data.
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7.4.  Results

Five controls and one patient had mild adverse events, which may be related to TQD.
Phlebitis (two controls), hypotension (two controls), nausea (one control) and metallic
taste (one control) were all reported. Mild dizziness was experienced by one of the
glioma patient during the TQD infusion, but this was self-limiting. Glioma patients
included three WHO grade III and two GBM tumours (Table 7.1). The five patients
underwent two consecutive PET scans with both [°O]H,0 and (R)-[”C]Verapamil at
baseline and following a TQD i.v. infusion. However, data from the post-TQD scan in
one glioma patient (Patient 1) could not be processed due to incomplete blood data. In
total, complete datasets were obtained for four glioma patients. Clinical details of

patients are provided in table 7.1.

Table 7. 1: Demographic, clinical and scan details of glioma patients

Number ID Gender Age Histology WHO Grade Tumour location

1 h00455 M 29 Diffuse low-grade astrocytoma 1] Right temporal and parietal
with higher-grade transformation lobes

2 h00456 F 39 Anaplastic astrocytoma 1l Right parietal lobe

3 h00472 M 40 Anaplastic astrocytoma 1] Left temporal lobe

4 h00497 M 51 Glioblastoma multiforme with \% Right frontal and temporal
oligodendroglioma elements lobes

5 h00765 M 63 Glioblastoma multiforme v Left parietal lobe

Data from the post-TQD scan in one glioma patient (Patient 1) were excluded due to
incomplete blood data.

Details of the different segmented ROIs within the tumours, including the volumes, are

provided in Table 7.2 below.
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Table 7. 2: Different segmented ROIs within the tumours.

Number ID ROI Volume cm3
1 h00455 1. Non-enhancing tumour 128.6
2. Enhancing superior 1.24
3. Enhancing inferior 4.73
2 h00456 1. Non-enhancing tumour 148.1
2. Enhancing superior 1.37
3. Enhancing inferior 1.03
3 h00472 1. Non-enhancing tumour 71.1
2. Enhancing tumour 1.4
4 h00497 1. Necrotic core 44.4
2. Enhancing ring 35.3
5 h00765 1. Necrotic core 29.9
2. Enhancing ring 74.3
3. Haemorrhage 3.2

Note that the haemorrhage ROI in Patient 5 was excluded from analysis.

Data from the 10 healthy controls who were administered 2mg/kg of TQD were
utilised in this study, which included a baseline and a post-inhibition (R)-
[”C]Verapamil scan from seven controls and ["OJH,O from eight controls (as detailed

in Table 7.3).

Table 7. 3: Demographic and scan details of healthy controls

Number ID Gender Age Baseline Post-inhibition Baseline Post-inhibition
H,0 H,0 VPM VPM
1 h00239 M 47 Yes Yes Yes Yes
2 h00277 F 42 Yes Yes Yes Yes
3 h00339 F 37 Yes Yes Yes Yes
4 h00445 M 36 Yes Yes Yes Yes
5 h00495 M 51 Yes Yes Yes Yes
6 h00227 M 47 Yes Yes Yes No
7 h00259 F 35 Yes Yes No Yes
8 h00273 F 48 Yes Yes Yes No
8 h00268 F 55 Yes No Yes Yes
9 h00463 M 47 No Yes Yes Yes

Subject h00227’s second (R)-[''C]verapamil (VPM) data could not be used due to
artefact. Subjects h00259 and h00273 had incomplete blood data for the (R)-
[”C]Verapamil scans 1 and 2, respectively. The first ['"O]H,0 scan of subject h00463
and the second ["OJH,O scan of subject h00268 were not acquired for technical
reasons. Complete data set acquired for [?O]H,O are highlighted in blue box and for
(R)-["'C]verapamil in the red boxes.

No difference in age was seen between the glioma patient group and the healthy
control group (glioma patients: 44.4 + 12.9 years, healthy controls: 44.5 + 6.7 years, p
=0.97), nor difference in weight (glioma patients: 92.6 + 6.2 kg, healthy controls: 88.2
+20.7 kg, p=0.19).
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There was no difference in the injected dose of (R)-[''C]verapamil at baseline
(patients: 557 £ 20 MBq, healthy: 556 + 28 MBq, p = 0.75) or at the post-inhibition
scan (patients: 558 £ 6 MBq, healthy: 541 + 52 MBq, p = 0.68). Similarly, there was
no difference in the injected dose of [’OJH,O per kg of body weight at baseline
(patients: 513 + 68 MBq, healthy: 471 + 105 MBq, p = 0.61) or at the post-inhibition
scan (patients: 555 + 43 MBq, healthy: 491 £ 111 MBq, p = 0.26).

There was no difference detected in the fraction of non-metabolised (R)-
[''C]verapamil between the glioma patients and the healthy controls. TQD did not alter
the peripheral metabolism of (R)-[''C]verapamil in healthy controls or in glioma

patients.

7.4.1. Cerebral blood flow in glioma patients and healthy controls

At baseline and in comparison to the healthy controls, high-grade glioma patients
demonstrated similar CBF values for both grey and white matter (glioma patients GM
= 0.38 + 0.13 mL/min/em’, WM = 0.30 = 0.07 mL/min/cm”, health controls GM = 0.4
+ 0.04 mL/min/cm’, and WM = 0.32 + 0.03 mL/min/cm’). The lowest CBF values
were encountered in the two patients with the highest WHO grade IV (GBM) tumours
(CBF GM = 0.36 and 0.23 mL/min/cm’ and WM = 0.27 and 0.19 mL/min/cm’ in
patients 4 and 5, respectively). This is to be expected given that intracranial tumours
cause a rise in intracranial pressure, which in turn causes a reduction in the CBF, and

this correlates directly with the tumour grade (Figure 7.3).
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Figure 7. 3: Perfusion (CBF) at baseline in the grey matter (GM) and white matter
(WM) for both healthy controls (n = 8) and glioma patients (n = 5). Data presented as
mean =+ standard deviation for all healthy controls and per individual patient.

Interestingly, glioma patients demonstrated a heterogeneous CBF within the tumours.
For example, Patient 1 demonstrated lower CBF values (within the enhancing and non-
enhancing component of the tumour) than the grey and white matter. Conversely,
Patients 2 and 3 demonstrated higher blood flow in the tumours (enhancing and non-

enhancing components of the tumours) when compared to the rest of the brain (Figure

7.4).
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Figure 7. 4: Perfusion (CBF) at baseline in the different region of interests in the five
glioma patients. Grey matter (GM), white matter (WM), low-grade (LG), high-grade

(HG) and glioblastoma (GBM).
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7.4.2. Effects of Tariquidar on cerebral blood flow

The administration of TQD resulted in variable changes in CBF as measured with
["OJH,0 in both healthy controls and glioma patients but these were less than 20%
changes in the majority of cases. Only two healthy controls showed an increase of
more than 20% whilst patient 4 showed a decrease of approximately 20% (Figure 7.5A
and B).
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Figure 7. 5: Changes from baseline in perfusion (CBF) after administration of 2 mg/kg
of TQD in the grey and white matter for: (A) healthy controls (n = 8) and (B) glioma
patients (n = 4). Grey matter (GM) and white matter (WM).

Tumour tissue showed different responses to the grey and white matter (Figure 7.6).
Patients with GBM showed a decrease in CBF, which was slightly less pronounced
than the grey and white matter changes for patient 4 but higher than in patient 5.
Conversely, patients with the transforming gliomas (patients 2 and 3) showed even
more heterogeneous changes; Patient 2 demonstrated a >20% increase in CBF of both
the enhancing and non-enhancing components of the tumour, which was higher than

the grey and white matter changes.
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Figure 7. 6: Changes from baseline in perfusion (CBF) after administration of 2 mg/kg
of TQD in the different regions of interest in the five glioma patients. Low-grade (LG),

high-grade (HG) and glioblastoma (GBM).

In summary, TQD resulted in variable changes in the CBF of both healthy controls and

patients with glioma. Furthermore, heterogeneous changes in CBF were noted in

individual patients with certain components of the tumours showing different CBF

responses to the grey and white matter of the same patient. Finally, all the various CBF

changes measured in glioma patients were within the expected range of changes seen

in healthy controls (Figure 7.7).
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Figure 7. 7: Changes between baseline and Tariquidar scans in four patients (arterial
input function not available for scan 2 following TQD administration in patient one)
after administration of 2 mg/kg of TQD. Mean CBF changes (solid line) = 95%
confidence intervals (dashed lines) in healthy controls for grey matter (black) and
white matter ( ).

7.3.3. Functional activity of P-glycoprotein
At baseline, glioma patients demonstrated similar grey and white matter (R)-

[''C]verapamil K, indicating comparative P-glycoprotein functional activity, in
comparison to the healthy controls (glioma patients GM = 0.032 + 0.03 mL/min/cm’,
WM = 0.022 + 0.01 mL/min/cm’ , healthy controls GM = 0.037 + 0.02 mL/min/cm’,
and WM = 0.028 + 0.02 mL/min/cm’). The lowest (R)-[''C]verapamil K, values were
encountered in Patients 1 and 5 (WHO grade III and IV, respectively) with a (R)-
[''Clverapamil K; (GM = 0.021 and 0.026 mL/min/cm’ and WM = 0.016 and 0.019
mL/min/cm’ in patients 1 and 5, respectively). This indicates higher functional activity

of P-gp in the grey and white matter of those two particular patients (Figure 7.8).
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Figure 7. 8: (R)-[''C]verapamil uptake (VPM K)) at baseline in the grey and white
matter (first and second columns, respectively) for both healthy controls (n = 7)and
glioma patients (n = 5). Data presented as mean + standard deviation.

Furthermore, glioma patients showed variable uptake of (R)-[''C]verapamil within the
different components of the tumours, reflecting the heterogenous P-gp functional
activity within the tumour. In Patient 1, the enhancing and non-enhancing components
of the tumour showed lower (R)-[''C]verapamil K| in comparison to the grey and
white matter (reflecting increased P-gp functional activity). Patients 2 and 3, on the
other hand, showed higher (R)-[''C]verapamil K; in the tumour, which was even
higher in the enhancing part of the tumour (indicating lower P-gp functional activity).

Finally, patients four and five showed similar (R)-[''C]verapamil K| in the enhancing

tumour rim to the grey and white matter (Figure 7.9).
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Figure 7. 9: (R)-[''C]verapamil uptake at baseline in the different regions of interest
in the five glioma patients. Grey matter (GM), white matter (WM), low-grade (LG),
high-grade (HG) and glioblastoma (GBM).
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7.4.3.1. Effects of P-gp inhibition

The administration of TQD (2 mg/kg) resulted in a significant increase in the (R)-
[''C]verapamil K, in the grey and white matter of the healthy controls (54 + 11% and
57 + 9.8%, respectively) relative to baseline scans (p = 0.0002) (figure 11). A similar
but slightly lower increase in the (R)-[''C]verapamil K, was demonstrated in the grey
and white matter of the glioma patients (46 £ 21% and 47 + 20%, respectively) relative
to the baseline but this was not significant (p = 0.12) (Figure 7.10A).

The increase in the grey and white matter of (R)-[''C]verapamil K| in response to TQD
in the glioma patients, however, was more variable, ranging from 26% to 67% in the
grey matter and from 27% to 68% in the white matter (healthy controls: from 39% to
72% and from 48% to 75% in the grey and white matter, respectively), Figure 7.10B.
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Figure 7. 10: Changes from baseline in (R)-[''C]verapamil K; after administration of
2 mg/kg of TQD in the grey and white matter for (A) healthy controls (» = 7) and
glioma patients (n = 4) and for (B) individual glioma patients. Grey matter (GM) and
white matter (WM).

Finally, the different regions of interest within the tumours also showed variable
changes in response to TQD (Figure 12). This is expected given the variability of the
functional activity of P-gp in these regions at baseline.

Interestingly, the GBM patients (WHO grade 1V) showed a modest increase in the (R)-
[! 1C]Verapamil K; within the enhancing rim of the tumour, pointing towards increased
P-gp functional activity in these tissues. Conversely, Patient two (WHO grade III)
showed a higher increase of (R)-[''C]verapamil K, in the enhancing component of the
tumour (histologically proven grade III) in comparison to the non-enhancing
component of the tumour and to the grey and white matter, whilst Patient three showed

a very similar increase in (R)-[''C]verapamil K; in both the enhancing and non-
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enhancing components of the tumour (figure 12).
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Figure 7. 11: Changes from baseline in (R)-[''C]verapamil K, after administration of
2 mg/kg of TQD in the different regions of interest in the four glioma patients. Arterial
input function not available for Patient 1 after P-gp inhibition. Grey matter (GM),
white matter (WM), low-grade (LG), high-grade (HG) and glioblastoma (GBM).
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7.4.3.2. Heterogeneous P-glycoprotein functional activity in brain tumours

(R)-[''C]verapamil K, histograms were plotted for the different ROIs with (R)-
[''C]verapamil K, on the x-axis, with the y-axis expressed as a frequency (%) for each

ROI. The histograms for all four glioma patients are presented in Figure 7.12.
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Figure 7. 12: (R)-[''C]verapamil K, histograms in Patients two (top left), patient three
(top right), patient four (bottom left and patient five (bottom right). Baseline
histograms (no fill) and shaded graphs for the post-Tariquidar (P-glycoprotein)
inhibition scans are presented for each patient.

All histograms were positively skewed with an elongated tail on the right side of the
mean. Following TQD administration, all tumour regions showed a decrease in the
frequency with widening of the graphs, reflecting the effects of P-gp inhibition and the
heterogeneity of apparent (R)-[''C]verapamil uptake.

The (R)-[''C]verapamil K, in the enhancing components of the tumours for all four
patients reached a lower relative frequency than the non-enhancing tumoural
components (transforming glioma patients 2 and 3) or the necrotic core (glioblastoma
patients 4 and 5). However, the (R)-[''C]verapamil K, in the enhancing tumoural
components were dispersed over a wider range than for those of the non-enhancing
components or necrotic core. This indicates the heterogeneous spectrum of the
functional activity of P-gp within the entire tumour volume, which also differs

amongst the different components of each tumour.
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Parametric maps of the baseline and post TQD scans are presented in Figure 7.13.

Baseline 2 mg/kg Tariquidar

Post contrast T1 H,0 CBF VPM K1 H,0 CBF VPM K1

Figure 7. 13: Axial T1-weighted image (column 1) and parametric maps of perfusion
(CBF) and (R)-[''C]verapamil brain uptake at baseline (column 2 and 3 respectively)
and after P-glycoprotein inhibition (columns 4 and 5 respectively) in patient 2. Note
the heterogeneous uptake of (R)-[''C]verapamil in the different regions of the tumour.

7.4.3.3. Extraction fraction

Finally, the extraction fraction (E) of (R)-[''C]verapamil was calculated to factor out
the contribution of CBF on the delivery of (R)-[''C]verapamil into the brain using the
following formula [E = (R)-[''C]verapamil K, divided by CBF] and presented in
Figure (14.A) for both healthy controls and glioma patients. Such normalisation of the
(R)-["'C]verapamil K; to the CBF in the second set of scans did not alter the earlier
observed results in patients two and four.

The enhancing rim of the GBM tumours continued to demonstrate a low increase in £
of (R)-[''C]verapamil, indicating higher P-gp functional activity. However, in patient
five, the reduction in the E of (R)-[''C]verapamil was higher in the enhancing rim of
the tumour than that seen in grey and white matter. This suggested that once blood
flow is taken into consideration, the functional activity of P-gp is lower than that seen
in the rest of the brain. Furthermore, patient three now demonstrated a lower change in
E of (R)-[''C]verapamil within the enhancing component of the tumour in comparison
to the non-enhancing tumour and to the rest of the grey and white matter. This also
suggests that the higher-grade component of the tumour exhibited higher P-gp
functional activity when compared to the rest of the tumour and the brain.

Finally, a small change was also seen within the necrotic core of the GBM patients;
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this suggests that even in cases where the BBB is completely disrupted, there is some

P-gp functional activity (Figure 7.14B).
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Figure 7. 14: (A) Baseline extraction fraction (E) of (R)-[''C]verapamil in the grey
and white matter for healthy controls (n = 6) and glioma patients. (B) Changes from
baseline in extraction fraction (E) of (R)-[''C]verapamil after administration of 2
mg/kg of TQD in the different regions of interest in the four glioma patients. Grey
matter (GM), white matter (WM), low-grade (LG), high-grade (HG) and glioblastoma
(GBM). Data presented as mean + standard deviation for all six healthy controls and
from each individual patient grey and white matter.
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7.5. Discussion and conclusions

This pilot study is the first imaging study to provide direct in-vivo evidence of P-gp
functional activity in glioma. The use of PET imaging with (R)-[''C]verapamil, a P-gp
substrate, has proven to be a successful approach for studying P-gp function at the
human BBB in several human studies involving healthy volunteers (Wagner et al.,
2009) (Bauer et al., 2015) and epilepsy patients (Langer et al., 2007) (Feldmann et al.,
2013) (Bauer et al., 2014). The PET protocol used in this study involves two
consecutive scans: a baseline scan followed by a second scan after P-gp inhibition
achieved with a TQD intravenous infusion. Changes in K; and extraction fraction (£)
between the baseline and inhibition scans were used as a surrogate marker for P-gp

functional activity (Kreisl et al., 2010).

TQD 1is a third-generation P-gp inhibitor, which at the used dose of 2 mg/kg is
expected to result in P-gp inhibition (Kreisl et al., 2015) but no measurable BCRP
inhibition (Bauer et al., 2015). Furthermore, TQD causes inhibition of BCRP at high
concentrations (Kannan et al., 2011) but not of multidrug resistance proteins (Mistry et

al., 2001). It is important to note that TQD remains an expensive unlicensed drug.

This study shows that high-grade tumours have heterogenous P-gp functional activity,
which can differ from grey and white matter in the same patient. The two patients with
the grade III transforming glioma (Patients 2 and 3) showed higher changes in K; in
both the enhancing and non-enhancing components of their tumours than were seen in
grey and white matter. This indicates lower P-gp functional activity in the tumours in
comparison to the rest of the brain.

In contrast, the enhancing rim of the patients with a GBM tumour showed higher P-gp
functional activity than the rest of the brain, whilst Patient 5 showed similar functional
activity to the rest of the brain in the enhancing rim. This heterogenous pattern of
functional activity for P-gp is in agreement with the limited available literature.
Demeule et al. analysed the expression of P-gp in 10 GBM patients using western blot
analysis (Demeule et al., 2001). They found that three tumours had higher expression
than the normal brain, four showed much lower expression and three showed similar

expression. Similar results were also observed for 10 other patients with other high-
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grade gliomas. Furthermore, in this study, heterogeneity in the functional activity of P-
gp was even observed in individual tumours with variation in the different ROIs in
each tumour. This finding further shows that the highly heterogenous nature of high-

grade glioma can extend to the functional activity of P-gp.

Multiple studies have demonstrated higher drug concentration in the enhancing part of
the tumour and within the tumour core in comparison to the non-enhancing tumour
edges (Fine et al., 2006) (Rosso et al., 2009) (Pitz et al., 2011). These studies suggest
that chemotherapy may achieve therapeutic concentrations in areas where the BBB is
disrupted but is unlikely to do so at its periphery where tumour cells may still reside
but there is an intact BBB. In this study, the necrotic core in the two GBM patients
demonstrated some P-gp functional activity. This finding, in combination with the
functional activity of P-gp demonstrated in the enhancing component of the tumour,
suggests that disruption of the BBB should be regarded as incomplete, as P-gp efflux
transporters may still play a role in limiting chemotherapy access to the tumour cells.
This is particularly important as TMZ is a substrate for P-gp (Chapters 4 and 5).
Similarly, active P-gp efflux transporters have also been demonstrated in a preclinical
in-vivo study when Agarwal et al. found P-gp functional activity in the tumour core of

an orthotopic glioma model implanted in rodents (Agarwal et al., 2013).

An important aspect of this study is the use of radiolabelled ['°OJH,O to quantify CBF.
Radiolabelled H»O is considered the gold-standard method of estimating CBF, which
can be significantly altered in patients with high-grade glioma (Hoeffner, 2005). The
lowest levels of CBF were seen in patients with the GBM tumours. This can be
attributed to raised intracranial pressure that is usually seen in patients with large GBM
tumours. Interestingly, in Patients 2 and 3 with the transforming glioma, the enhancing
components of the tumour demonstrated much higher CBF values than the rest of the
tumour and brain. This was not observed in Patient 1. The exact cause for this is
unclear. The administration of TQD resulted in variable changes in CBF, including a
decrease, increase or little change in CBF in both healthy controls and patients with
glioma (Figure 7.5). This response in CBF following TQD is a novel finding that has
not been previously described in glioma patients.

Previous clinical PET imaging studies investigating P-gp function typically assumed

brain extraction of (R)-[''C]verapamil as insensitive to changes in CBF (Wagner et al.,
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2009) (Bauer et al., 2015). Extraction fractions were then estimated by dividing K; by
an assumed standardised cerebral blood flow value of 0.5 mL.g '.min '. Such an
assumption was made based on the fact that (R)-[''C]verapamil is a low-extraction
radiotracer and TQD was not known to cause CBF changes. In this study, the
extraction fraction for each ROI in every individual patient was calculated by dividing
K, by CBF. This approach ensured that any changes detected in the (R)-[''C]verapamil
images could be attributed to P-gp function and not confounded by changes in CBF.
The importance of such correction is highlighted by the changes seen in Patient 2,
where the functional activity of P-gp was underestimated before accounting for CBF
changes. The possibility that previously reported regional differences in P-gp
functional activity could at least be partially attributed to changes in CBF cannot be

discounted.

The main limitation of this study is the limited number of patients recruited, which
precludes meaningful statistical testing and prevents any corrections for other
variations such as age, gender (van Assema et al., 2012), race, drug history and tumour
molecular markers. It also limits the interpretation of the observed findings.

Another important limiting factor is that detailed histological analysis of the biopsy
samples and P-gp quantification in it was not carried out. This precludes direct
radiological correlation with P-gp expression and histology in these samples.
Difficulty in recruitment was multifactorial, such as the recently introduced guidelines
of surgical intervention within seven to ten days for patients with suspected high-grade
glioma and the performance status of patients. However, the aim of the study was to
assess the feasibility of imaging P-gp function in patients with glioma tumours and this
has been demonstrated. Future studies could expand the number of patients to account

for these factors.

To date, there have been no clinical trials evaluating the effect of P-gp inhibition on
treatment efficacy in brain tumours. Several clinical trials employed third generation
P-gp inhibitors in combination with chemotherapy in patients with various cancer
types tumours with disappointing results (Pusztai et al., 2005) (Cripe et al., 2010)
(Kelly et al., 2011). A potential explanation of these failures is that many of these
chemotherapy agents are substrates for other efflux transporters as well as P-gp. This

may account for the relative success seen in one clinical trial in patients with acute
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myeloid leukaemia that utilised cyclosporine A, which can inhibit multiple efflux
transporters (Shaffer et al., 2012). This is important and should be taken into
consideration when planning efflux transporter inhibition in combination with TMZ.
Despite some clinical data implicating P-gp in determining response of glioma
tumours to TMZ (Fromm, 2002) (Marzolini et al., 2004) and even in the development
of chemoresistance (Schaich et al., 2009), we have demonstrated that TMZ is a dual P-
gp and BCRP substrate. Therefore, single transporter inhibition in combination with

TMZ therapy is unlikely to achieve the desired results.

Another major issue with these clinical trials is the lack of insight into the tumour
expression of P-gp and other efflux transporters. This is particularly important, as not
all of the tumours investigated express P-gp. Furthermore, in the current age of
increasingly individualised clinical care, which is tailored according to each patient’s
need, a non-invasive imaging technique could help guide future treatment and trials by
selecting patients with known high levels of transporter activity. Our observational

study highlights the heterogeneity of P-gp activity amongst glioma patients.

In conclusion, this is an observational study, which confirms the feasibility of
noninvasive imaging techniques enabling direct in-vivo visualisation of P-gp function
and highlights its heterogeneity in patients with high-grade glioma tumours. It also
suggests that CBF measurements could be important factor in the interpretation of the
results. This study will need to be expanded to include more patients to confirm these
results. Future clinical trials aiming to assess the effects of P-gp inhibition may benefit

from including an imaging component, which helps identify appropriate patients.
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Chapter 8 Summary and Future Work

8.1.  An overview

The ultimate objective of the work in this thesis was to investigate and develop a non-
invasive imaging method that allows measurement of TMZ delivery in brain tumours
and assessment of the response to therapeutic manoeuvre designed to improve
delivery. As described in chapter two, high-grade glioma continues to represent a
major clinical challenge with limited five-year survival rates. MR imaging plays an
integral part in the clinical management of these patients with multiple imaging
biomarkers providing secondary information on the status of tumours and the response
to therapy. The ability to investigate chemotherapy delivery in patients with brain
tumours has been severely limited by the available technology and the need for

invasive procedures.

In chapter three, the BBB and its status in glial tumours was reviewed and particular
emphasis was placed on the role of the efflux transporters P-gp and BCRP in limiting
the effectiveness of chemotherapy. At the time this work started, the relationship

between TMZ and the efflux transporters P-gp and BCRP was poorly understood.

The study in chapter four aimed to investigate the relationship between TMZ and P-gp
and BCRP. In particular the study was designed to assess if this relationship can be
evaluated in an environment that closely resembles the in-vivo setting. An in-vitro
BBB model was generated and validated. The BBB model was characterised by high
TEER and functionally active P-gp and BCRP efflux transporters. However, TMZ was
found to undergo rapid breakdown in the experimental conditions. In an effort to limit
the impact of TMZ breakdown a CETA was performed with TMZ being added to both
apical and basal compartments of the model at identical and clinically relevant
concentrations. The study demonstrated a trend for TMZ to be weakly transported by
P-gp and BCRP. Although this study provided the first direct evidence of TMZ
transport by P-gp and BCRP, a definite conclusion about TMZ relationship with these

efflux transporters could not be reached.
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In chapter five, the relationship between TMZ and the efflux transporters P-gp and
BCRP was established. PET imaging with radiolabelled TMZ were utilised in wild
type and genetic transporter knockout mice. This demonstrated a significant increase in
brain uptake of TMZ in animals lacking both transporters whilst animals with single
transporter knockout (P-gp or BCRP) showed minimal increases, but this was not
statically significant. Similar findings were demonstrated when brain radioactivity was
measured directly from brain samples with gamma counter or non-invasively with
PET. Similar results were observed when P-gp and BCRP were inhibited chemically
with TQD.

Furthermore, the study also highlighted the importance of evaluating metabolism of
radiotracers when assessing efflux transporter function as this enabled the correction

for the different radiolabelled metabolites in plasma.

The objective of chapter six was to assess the impact of P-gp and BCRP inhibition on
the efficacy of TMZ on a glioma model in mice. A glioma model was established in
mice using the U87 cell line. Functional activity of BCRP was confirmed prior to
implantation but no significant P-gp activity was detected. Glioma growth was
monitored with serial MR scans as a surrogate for tumour response. TQD and TMZ
therapy resulted in more rapid and sustained U87 glioma shrinkage than did treatment
with TMZ alone.

PET imaging with radiolabelled TMZ was then employed to assess TMZ delivery
across the BBB. Results suggested that oral TQD treatment produced a superior
response by inhibiting P-gp and BCRP efflux transporters at the BBB level, however,
this was not confirmed.

This study suggests that the concurrent administration of TMZ and TQD may be a
viable treatment strategy for enhancing the delivery of TMZ into the brain and brain

tumours, especially where P-gp and BCRP expression status is known.
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Chapter seven the final experimental chapter aimed to assess the feasibility of
measuring treatment induced changes in drug delivery in response to P-gp inhibition in
patients with glioma. PET scans with radiolabelled water and Verapamil were
performed pre and post TQD administration.

The study confirmed the feasibility of non-invasive PET imaging in enabling direct in-
vivo visualisation of P-gp function and highlighted the heterogeneity of the functional
activity of P-gp in patients with high-grade glioma tumours. Furthermore, CBF
measurements appear to confound measurement of the true extraction fraction of
Verapamil and therefore the interpretation of P-gp function. This study will need to be

expanded to include more patients before these results can be confirmed.

8.2.  Critical appraisal of the work presented

The novel experimental work presented in this thesis further adds to the increasing
body of knowledge investigating the role of the BBB and its efflux transporters in
limiting the delivery of effective chemotherapy in patients with brain tumours. The use
of in-vitro, preclinical in-vivo and clinical studies enabled the collection of
comprehensive data on the roles of P-gp and BCRP as efflux transporters at the BBB
and in glioma cells in limiting TMZ delivery. The work in this thesis establishes the
previously unknown relationship between TMZ and the efflux transporters P-gp and
BCRP, and allows, for the first time, to directly visualise P-gp efflux function in
patients with glioma tumours. It also suggests a possible role of P-gp and BCRP

inhibition in enhancing TMZ efficacy in the treatment of high-grade glioma tumours.

8.2.1. Strength of experimental design

This experimental work is a solid example of stepwise investigative research where
various in-vitro, preclinical in-vivo, and clinical experiments were employed to provide
a comprehensive answer to a research question. This work simultaneously assessed the
transport of TMZ by P-gp and BCRP efflux transporters. This is particularly important,
as those two transporters are known to work closely together as efflux transporters for

multiple anticancer drugs (Polli et al., 2009) (de Vries et al., 2007) (Agarwal et al.,
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2011c¢) (Kodaira et al., 2010).

The use of an in-vitro BBB model that closely resembles the human BBB with high
TEER and active P-gp and BCRP transporters, in combination with clinically relevant
TMZ concentrations compares favourably with the commonly employed approach of
using a cellular monolayer and high drug concentrations.

The preclinical in-vivo imaging studies utilised a suitable number of animals and
combined both genetic and chemical transporter knockout. Furthermore, the
assessment of TMZ metabolism in the different groups allowed for appropriate
conclusions as the effect of radiolabelled metabolites was excluded. The relationship
between TMZ and the efflux transporters P-gp and BCRP was evaluated using PET
imaging and direct radioactivity measurements of brain and plasma samples. The PET
analysis approach was semi-automated whilst a second operator measured the
radioactivity concentrations in an attempt to reduce operator bias.

In the preclinical in-vivo glioma model studies, appropriate numbers of animals were
used to detect a 40% change in tumour volume at week three between the treatment
groups. The positive results observed were confirmed in a repeated experiment.

Also the study attempted to explain the mechanism for the response observed by
performing PET imaging with radiolabelled TMZ and measuring TMZ concentrations
in plasma. The number of animals used in the PET imaging component were limited to
four per group. This probably account for the lack of statistical significance in the
observed result despite their consistency. Data from this study will provide the needed
information for appropriate powering of future studies.

In the final imaging study, P-gp functional activity was demonstrated in four patients
with high-grade glioma. The use of radiolabelled H,O to measure CBF proved
particularly important as it allowed for measuring the extraction fraction of
radiolabelled Verapamil, which proved important even for such a low-extraction

radiotracer.

8.2.2. Weakness of experimental design

The use of an in-vitro BBB model to investigate the effects of P-gp and BCRP
inhibition on the transport of TMZ proved challenging. This was mainly due to the

rapid breakdown of TMZ in the experimental conditions, which limits the time

231



duration to one hour. This is suboptimal because even high affinity substrates can take
up to 120 minutes (Luna-Tortos et al., 2008). The subsequent PET imaging with
radiolabelled TMZ in rodents confirmed results of the in-vitro experiment.

Another important limitation is that although combination therapy of TQD and TMZ
appears to enhance TMZ efficacy, the exact mechanism for this has not been clarified.
There was an attempt to investigate this by performing PET imaging with radiolabelled
TMZ, which indicated increased TMZ uptake in animals receiving TQD, especially in
the hemispheres where glioma model was implanted. However, this was not
statistically significant. A potential explanation of lack of statistical significance is the
limited number of tumour-bearing mice that were imaged. This resulted in a slightly
underpowered study, which may have prevented the detection of subtle but significant
changes.

Furthermore, as blood sampling was not feasible, these results cannot be confirmed

due to lack of a suitable arterial input function data.

With regards to the PET imaging study in patients with high-grade glioma, the limited
number of patients remains the main weakness. Such numbers preclude any
meaningful statistical analysis and prevent definite conclusions. However, as a proof
of concept, this preliminary study demonstrates the feasibility of P-gp imaging in
patients with glioma tumours. Future studies could expand the number of patients to

enable more robust conclusions.

8.2.3. Potential clinical applications of the work presented

The translation of this research into clinical practice will prove challenging. Despite
extensive literature in the preclinical settings reporting on the increased delivery of
various anticancer drugs across the BBB when combined with efflux transporter
inhibition, there has been no clinical study evaluating the effects of efflux transporter
inhibition in patients with glioma. There are multiple factors that can account for this.
Firstly, there are significant interspecies differences in the relative expression of P-gp
and BCRP at the BBB. In humans BCRP appears to be the dominant efflux transporter
with a BCRP/P-gp expression ratio of 1.3, this is in contrast to the lower ratio of 0.3

seen in rodents where the majority of the preclinical studies have been performed
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(Uchida et al., 2011). This is also confounded by the variable and unknown expression
of P-gp and BCRP in the glioma cells.

Moreover, TMZ is a substrate for both P-gp and BCRP. Consequently, meaningful
increased delivery across the BBB can only be achieved when using dual P-gp and
BCRP inhibitors. Currently, there are no known BCRP inhibitors that have been
approved for clinical use. TQD is a third generation P-gp inhibitor that at high doses
has shown some inhibitory effects on BCRP in the preclinical setup, but in humans
when dosing exceeds 6 mg/kg significant side effects were encountered(Bauer et al.,
2013b). Elacridar is a dual P-gp and BCRP inhibitor that was developed to overcome
multidrug resistant in cancer but its development has been stopped (Hyafil et al.,
1993). Recently, Elacridar was used as a dual P-gp and BCRP inhibitors in non-human
primates only (Tournier et al., 2016). If the use of Elacridar expands into humans, PET
imaging with radiolabelled TMZ will provide the ideal imaging method for measuring

TMZ delivery in brain tumours and studying the effects of dual transporter inhibition.

Finally, the use of PET imaging to non invasively assess P-gp function in patients with
glioma can be incorporated into clinical trials aiming to investigate the effects of P-gp
inhibition on delivery of any chemotherapy agent. This is particularly relevant in the
age of individualised clinical care. PET imaging can help identify patients with high
levels of transporter expression, which are more likely to benefit from transporter

inhibition.

8.3. Suggestions for future work

There are a number of projects that can expand the work presented here. The
relationship between TMZ and the efflux transporters P-gp and BCRP has been clearly
defined. As a proof of concept, combination TMZ and dual efflux transporter (P-gp
and BCRP) inhibition has demonstrated superior efficacy in comparison to TMZ alone
in a preclinical glioma model. This effect should be evaluated further in more
clinically robust glioma models before consideration for clinical translation. Both
novel in-vitro (Gomez-Roman et al., 2016) and preclinical but patient derived in-vivo
glioma models have been recently introduced and appear to replicate the human GBM

more closely, especially when compared with the simplified U87 glioma model.
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The future use of larger rodents, such as a rat instead of mouse is also favoured. The
small size of the mouse brain was a limiting factor in imaging the glioma model with
PET and radiolabelled TMZ. A larger brain, such as in rats, may prove superior as it
can allow for more tumour growth, which could be visualised with PET imaging. A
study combining more relevant glioma model and PET imaging with radiolabelled

TMZ will also provide a direct proof of enhanced TMZ delivery in these tumours.

Lack of clinically approved BCRP inhibitors for use in humans is another important
factor in limiting the clinical translation of the work presented. TMZ is dual P-gp and
BCRP substrate; therefore effective dual transporters inhibition is essential to establish
significant enhancement in TMZ delivery in patients with brain tumours. Third
generation P-gp inhibitors, such as TQD and Elacridar, have demonstrated some
inhibitory effects on BCRP but none are currently suitable for clinical use.

Finally, the preliminary P-gp imaging study in patients with high-grade glioma will
need to be expanded in order to confirm the results observed such as heterogeneity of
P-gp expression which was seen between different patients and within the individual

tumours.
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Appendix

Table 1: Raw data for Figure 5.8 (A)

Animal number Wild Type P-gp KO BCRP KO Dual KO
1 0.134505 0.139052 0.107405 0.160761
2 0.116864 0.181121 0.142415 0.179005
3 0.145087 0.127265 0.175787 0.168664
4 0.135236 0.140419 0.151056 0.178555

Brain-to-plasma ratios of radioactivity at 40 minutes after radiotracer injection for the
different mouse types before correcting for the fraction of the parent compound
[''C]TMZ in plasma.

Table 2: Raw data for Figure 5.8 (B)

Animal number Wild Type P-gp KO BCRP KO Dual KO
1 0.1553171 0.1534764 0.1224683 0.1955062
2 0.1349464 0.1999119 0.1623886 0.2083881
3 0.1675374 0.1404688 0.2004412 0.1995291
4 0.1558892 0.1549878 0.1722422 0.2078644

Brain-to-plasma ratios of radioactivity at 40 minutes after radiotracer injection for the
different mouse types after correcting for the fraction of the parent compound
[''C]TMZ in plasma.

Table 3: Raw data for Figure 5.9 (A)

Animal Number Vehicle treated TQD treated
1 0.1609359 0.2163965
2 0.1413205 0.2446441
3 0.1408629 0.1714812
4 0.1917637

Brain-to-plasma ratios of radioactivity at 60 minutes after [''C]Temozolomide
injection in wild type mice injected with vehicle solution and with Tariquidar (TQD
15mg/kg) without correting for the fraction of Temozolomide in plasma. Tariquidar
was administered by IV bolus 40 minutes after radiotracer injection.

Table 4: Raw data for Figure 5.9 (B)

Animal Number Vehicle treated TQD treated
1 0.1873526 0.2527996
2 0.1645175 0.2857992
3 0.1639847 0.2003283
4 0.2240232

Brain-to-plasma ratios of radioactivity at 60 minutes after ['"C]Temozolomide
injection in wild type mice injected with vehicle solution and with Tariquidar (TQD
15mg/kg) after correting for the fraction of Temozolomide in plasma. Tariquidar was
administered by IV bolus 40 minutes after radiotracer injection.
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