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Summary

Gene-directed enzyme prodrug therapy has the potential to improve prostate cancer
therapy outcome and could be used on its own or as an adjuvant to the current
treatments. This research involved the characterisation of a vector previously created in
the Prostate Molecular Oncology Research Group, pPPE-CD, in which the promoter
and enhancer of prostate specific antigen (PSA) gene had been cloned upstream of the
gene for cytosine deaminase (CD). CD is an enzyme that converts a drug with relatively
low toxicity, S-flourocytosine (5-FC) to its active form, 5-flourouracil. This strategy
may allow for specific targeting of prostate tumour cells as CD expression is restricted
by androgen levels, which bind to the androgen receptor (AR), activating it and

upregulating PSA expression.

Initial experiments involving aerobic (21% oxygen) and hypoxic (0.5% oxygen) cell
samples and qRT-PCR indicated that careful selection of the endogenous control gene
is necessary as hypoxia affects the expression of a multitude of genes. This led to a
study involving 16 endogenous control genes and the assessment of their variability in
aerobic and hypoxic samples from four prostate cancer cell lines and two normal
prostate cell lines. The disparity between cell lines in endogenous control gene
expression demonstrated that verification of the endogenous control is a necessary step
before beginning qRT-PCR with any new cell line or treatment condition. The
importance of correct endogenous control selection was demonstrated by calculating
the expression levels of HIF-1o. when some of the best and worst performing genes

were used as controls.

Further characterisation of the activity of the pPPE-CD vector demonstrated that cross-
talk between HIF-1 and AR leads to higher levels of CD expression in cells exposed to
0.5% oxygen compared to 21% and consequently higher levels of cell kill when 5-FC is
administered. This is of interest as targeting of hypoxic cells within a tumour may be
advantageous as these cells have been shown to be resistant to common treatments,
including radiotherapy and chemotherapy. Further study of the activity of pPPE-CD
found CD expression levels were increased when androgen stimulation was combined

with a dose of radiation. This was shown to correlate with increased expression of the
iii



androgen receptor. This research suggests the pPPE-CD/5-FC system has potential as

an adjuvant to radiation therapy which could result in improved outcome.

22Rv1 cells are a widely used model of primary prostate cancer but their level of PSA
expression does not correlate with the high levels typically seen in vivo. In order to
better mimic clinical PSA levels, a new stably transfected 22Rv1 cell line was
generated with overexpression of AR to create a model that would allow further testing
of the activity of pPPE-CD in an environment closer to in vivo conditions. The stable
transfection was successful but surprisingly this led to decreased PSA expression
compared to the parent cell line. This significant downregulation in expression was not
observed when levels of FKBP51, another AR regulated gene, were tested. Although
the wild type AR was overexpressed in 22Rv1, an increase in the truncated as well as
the full length isoform was observed. It has been demonstrated that the two AR
isoforms differ in terms of the genes that they regulate, which could be a possible
reason for the observed PSA results. However, calpain activators and inhibitors which
decreased and increased the relative levels of the truncated isoform of AR did not

influence PSA expression.

A second attempt was made to create an improved in vitro model of prostate cancer
using a novel suspension medium, ‘Happy Cell’, developed in Trinity College.
Optimisation of the technique led to the creation of 22Rv1 spheroids. To assess the
utility of this model for analysis of pPPE-CD, a GFP-expressing vector was used to
establish that transfected cells could form spheroids and maintain expression for at least
7 days. Of note, PSA expression was measured and found to be significantly higher for
the 22Rv1 spheroids compared to those grown as an adherent monolayer. pPPE-CD
transfected spheroids further demonstrated the potential of this GDEPT system in
response to 0.5% oxygen and radiation treatment. The results suggest that spheroids
may be an improved in vitro model with great potential for future investigation of
prostate cancer and its treatment, and that the pPPE-CD/5-FC GDEPT system has

clinical potential in the treatment of prostate cancer.
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Chapter 1 Introduction

1.1 The prostate gland

1.1.1 Structure

The anatomy of the prostate gland is most commonly described as a series of zones
(Figure 1.1), as first put forward by McNeal in 1968." The transition zone makes up 5-
10% of the mass of the gland in young adult males and consists of two symmetrical
lobes that surround the urethra.” > The central zone takes up about 25% of the prostate
and the largest zone is the peripheral zone at 70 — 75%, which surrounds the central
zone. > The anterior fibromuscular stroma consists of striated muscle at the top, which
mixes with the gland itself, and smooth muscle at the bottom, which joins with fibres

from the bladder neck. >*

(‘ Transition zone

Central zone

Antenor
fioromuscular

Peripheral
zone

Figure 1.1: The zones of the prostate.2

1.1.2  Function

The prostate gland produces prostatic fluid which moves into the urethra during
ejaculation to form part of the seminal fluid.> ® This fluid contains a number of
substances, such as citric acid, zinc, polyamines and the proteins prostate specific

antigen (PSA) and prostatic acid phosphatase.” PSA is a serine protease made by the

3



prostate epithelial cells and acts on seminal vesicle proteins in the lumen of the prostate
to make the semen liquid.> During ejaculation, the smooth muscles of the prostate

contract to help push the semen along the urethra.>°

1.2 Prostate cancer

1.2.1 Epidemiology

Worldwide, prostate cancer is the second most common cancer among men, with
903,000 new cases diagnosed in 2008 and 258,000 deaths.” The incidence is highest in
Australia, New Zealand, Western and Northern Europe and North America, with the
rates varying by more than 25-fold between different parts of the world.” Rates are
lowest in Asia and Northern Africa (Figure 1.2). In Ireland, prostate cancer is the most
frequently diagnosed form of cancer for men, with a rate of 140.1 per 100,000 per year
for the period 2007-2009. The mortality rate was 26.5 per 100,000.* Multiple elements
are likely to contribute to the disparity between the rates of prostate cancer in different
countries. One contributing factor is country-to-country variation in the extent of
screening for the biomarker PSA, although there were differences between the rates of
prostate cancer incidence before PSA testing was introduced so it is not the only cause.’
Differences in genetic susceptibility and environmental influences are likely to be
involved. In one study, the rate of prostate cancer among Japanese men living in North
America was found to be five times higher than those living in Japan, although only
half that of European Americans living in the same area. ' Such results suggest that

both genetic and environmental factors affect prostate cancer rates.
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Figure 1.2: Estimated age-standardised rates of prostate cancer per 100,000 people.”

The occurrence of prostate cancer in men younger than fifty years is rare with the levels
increasing with age. In North America, between 2003 and 2007, 8.9% of those
diagnosed with prostate cancer were aged 45-54; 29.9% were aged 55-64, 35.3% were
aged 65-74, 20.7% were 75-84 and 4.6% were 85 or older."

1.2.2 Symptoms

The majority of patients diagnosed with prostate cancer are asymptomatic,12 however
there are some symptoms associated with the disease. For example, in cases of locally
advanced prostate cancer, movement of the tumour into the surrounding bodies may

3,12

lead to impotence, haemauria and/or urinary obstruction. If the cancer is metastatic

and present in the skeleton, symptoms may include pain in the lower back and
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pathological fractures. Lymph node metastasis may cause enlargement of lymph nodes

and lymphoedema.’

1.2.3 Progression

Prostate cancer is an adenocarcinoma, a cancer of the epithelium. Prostatic
intraepithelial neoplasia (PIN) is the precursor to prostate cancer, whereby proliferation
of the epithelial cells results in a layer of crowded irregular cells. However, PIN differs
from adenocarcinoma as there is still an intact basal cell layer." It is divided into low-
grade PIN (LGPIN) and high-grade PIN (HGPIN), HGPIN being the clinically relevant
form. This supercedes previous classification into PIN 1, 2 or 3, based on the degree of
cell changes, with LGPIN replacing PIN 1 and HGPIN replacing PIN 2 and 3. 0t s
non-invasive and may never develop into cancer, or develop so slowly that it never
affects the patient. However, 80-90% of radical prostatectomy specimens will contain

HGPIN, sometimes when it has directly transitioned into invasive disease. '

Progression to adenocarcinoma is characterized by breakdown of the basal cell layer,
cell detachment and invasion.'® This requires the abnormal expression of adhesion
molecules and anchorage independence, the ability to grow when not attached to the
basal membrane. Once the disease has become invasive, the degree of aggressiveness
and progression will depend on a variety of genetic factors. At diagnosis, the cancer
will be given a Gleason grade as a way of categorizing the degree of abnormality of the

cell structure and evaluating prognosis.'’

1.2.4 Diagnosis

The optimal means of testing for prostate cancer involves combining a digital rectal
examination (DRE) with a measurement of PSA levels.'* '* A fraction of PSA will
enter the blood stream, where it forms a complex with alpha-1-antichymotrypsin (ACT)
or, to a lesser extent, alpha-2-macroglobulin or alpha-1-antitrypsin. A small amount

: 4 3. 19
will remain free.>

The levels of PSA in the blood increase with the presence of a
tumour due to the disruption of the prostate structure and an increase in the number of
cells."” The subsequent PSA value, however, is neither sensitive nor specific enough to

give a definite diagnosis.® Men whose levels of PSA exceed a given threshold



(>4ng/ml) will be subjected to an ultrasound-guided prostate biopsy to confirm the
diagnosis. 2 Up to one third of these individuals are found to be cancer free.
Furthermore, it is estimated that approximately 25% of biopsies give a false negative
result. ° It is thought that elevated PSA levels may in fact be a better marker of benign

prostate hypertrophy (BPH) than prostate cancer.

1.3 The Androgen Receptor

The androgen receptor (AR) is an important transcription factor, controiling the
expression of a large number of genes that are key during development, as well as the
maintenance of apoptosis, proliferation, differentiation and metabolism.** AR also
plays a central part in the development and progression of prostate cancer and controls

expression of the biomarker PSA.

AR is a member of the steroid and nuclear receptor superfamily that also includes
mineralocorticoid, glucocorticoid, oestrogen and progesterone. It consists of four
domains: the amino-terminal domain (NTD), DNA-biding domain (DBD), hinge region
and ligand binding domain (LBD).The sequence of the NTD is highly variable. It
contains three repeat regions and the length of these determines the stability of the
interaction between the NTD and LBD. This is an important step in the activation of
the AR so variation in the NTD repeat regions affects AR activity.23‘ * The NTD is
transcriptional activation function-1 (AF1) and contains transcriptional activation unit-1
(TAU-1) and TAU-5. In contrast to the NTD. the DBD has a highly conserved
sequence and is responsible for the recognition of and binding to androgen response
elements (AREs) in the promoters and enhancers of specific genes. It contains two zinc
fingers, the first of which binds to the DNA major groove in specific regulatory regions
and the second binds to the DBD of another AR to allow homodimer formation in the
nucleus.” The short, 50 amino acid hinge domain links the DBD and LBD and contains

part of the nuclear localisation signal, the other part of which is in the DBD.*
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Figure 1.3: Structure of the AR gene and protein. The protein is made up of four
different domains: amino-terminal domain (NTD), DNA-biding domain (DBD), hinge
region and ligand binding domain (LBD). */

The activation of the AR is controlled at the LBD through binding of the androgens
testosterone or dihydrotestosterone (DHT). In the absence of androgen, AR is located in
the cytoplasm and is associated with a number of chaperone proteins, including heat
shock proteins. When ligands bind to the LBD, there is a conformational change
resulting from the the formation of the AF2 from helices 2,4 and 12 of the LBD and the
interaction of the LBD with the NTD stabilising the AR.?* Helix 12 of the LBD moves
across the ligand binding pocket to prevent dissociation.”” 3% The chaperone proteins
dissociate and various co-regulators bind to the nuclear localisation signal, followed by
the shuttling of the AR into the nucleus. There, AR binds to AREs in androgen-
responsive genes, which results in the binding of the transcriptional machinery as well
as specific co-regulators and histone deacetyltransferase enzymes and subsequent

A 2
transcription of the gene.”” !

A truncated form of the AR was first identified in human genital skin fibroblasts * and
has since been discovered in a range of human tissues.” 22Rvl, a primary prostate
tumour cell line, contain two forms of the AR protein, differing in length; the full-
length AR (flIAR) is 114 kDa and the truncated AR is 75-80 kDa (trAR). The COOH-
terminally truncated version of the AR in 22Rvl, which lacks the ligand binding
domain, was identified by Tepper et al** In the presence of androgens, flIAR and trAR
could be detected in both cytoplasmic and nuclear extracts. In the absence of androgen,

the levels of trAR in the nucleus were maintained but were reduced for flIAR. In this
8



androgen depleted media, the protein expression of fIAR increased with addition of
increasing concentration of the artificial androgen mibolerone. trAR was demonstrated
to contain a functional DNA-binding domain and bind AREs. Tepper ef al. identified a
tandem duplication of exon 3 which increases the size of fIAR in 22Rv1 by 5 kDa. To
elucidate the importance of this mutation, exon 3 in a wild type AR expression
construct was replaced with the sequence from 22Rv1 and then transfected into 293T
(embryonic kidney) cells. trAR as well as fIAR was detected in these cells but only
flIAR was expressed in 293T cells transfected with the original wild type AR expression
construct. In PC3 cells (derived from bone metastases of prostate carcinoma)
transfected with both the AR expression constructs and an AR-responsive luciferase
reporter plasmid and treated with 1 nM DHT, the exon 3 mutation resulted in a 33%

lower induction of luciferase activity compared to WT AR.

Because the AR is such an important transcription factor, its dysregulation can lead to
the initiation and progression of prostate cancer and it is thought to have a role in all
stages of the disease. As mentioned, the sequence of the NTD is highly variable and the
repeat length of the CAG trinucleotide may affect risk of BPH (< 19 repeats) or prostate
cancer (< 18 repeats). A shorter CAG repeat sequence results in increased
responsiveness of the AR to androgen. However examination of the association
between heritable CAG repeat length and risk of prostate cancer has resulted in mixed
results.’> ** Somatic shortening of the CAG sequence, on the other hand, has been
associated with prostate cancer; cancerous tissue has shown genetic heterogeneity and

significantly shorter CAG sequences compared to the adjacent benign tissue.”’

Patients who are treated with androgen deprivation therapy will inevitably proceed to
having castration resistant prostate cancer (CRPC) at a median of 2-3 years after
initiation of treatment with average survival of a further 16-18 months.*® This
progression is being studied and a number of different mechanisms have been
suggested based on current evidence, which can be broadly divided into two groups.
AR-dependent and AR-independent.39 The possible AR-dependent mechanisms are: 1)
amplification of AR leading to overexpression 2) mutations that result in AR

stimulation by non-androgenic steroids and anti-androgens 3) changes in the levels of
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AR co-regulators 4) changes in the levels of steroidogenic enzymes and 5) up-
regulation of transcription factors that regulate AR through cross-talk. The AR-
independent mechanisms involve prostate stem cell regeneration or alternative

pathways to AR regulation®” *’

1.4 Hypoxia

Hypoxia, or abnormally low levels of oxygen, induces numerous stress related
signalling pathways in the cell. This is mediated by an inducible transcription factor,
hypoxia inducible factor 1 (HIF-1). HIF-1 was first described when it was found that,
during hypoxia, it activated erythropoietin expression, a hormone that regulates
erythrocyte levels to control oxygen levels in tissue.*" ** Today, many genes are known
to be activated by HIF-1 and these genes are involved in a diverse range of processes

including cell survival, oxygen transport, apoptosis and angiogenesis. *"***

HIF-1 binds to enhancers known as hypoxia response elements (HREs) found in
numerous genes. HREs contain the conserved core sequence 5°-(A/G)CGT(G/C)(G/C)-
3°. Activation of the HREs initiates the cellular response to hypoxia, leading to
increased oxygen delivery and aiding in survival.** *> HIF-1 is a heterodimer made up
of two subunits, HIF-1a and HIF-1B, from a protein family that contain basic helix—
loop—helix Per/Armt/Sim domains (bHLH-PAS).*® Both proteins are constitutively
expressed. However, although HIF-1f is found in all cell types regardless of oxygen
concentration, the presence of HIF-1a is tightly controlled and is dependent on oxygen
levels.*"*” Under normoxic conditions, HIF-1a is hydroxylated, a process catalyzed by
the prolyl hydroxylases (PHDs) of which there are four isoforms (PHD1, PHD2, PHD3
and PHD4). Once hydroxylated, HIF-1a is recognised by the prolyl hydrolase von
Hippel-Lindau protein (pVHL), resulting in polyubiquitination of HIF-1a (Figure 1.4).
As well as that, HIF-1a undergoes lysine acetylation in a normoxic environment. Both
of these processes target HIF-1a for degradation by the proteasome.*® Therefore, when
normoxic conditions are present in the cell, HIF-la has a half life of less than 5
minutes."' Degradation of HIF-1 is prevented under hypoxic conditions, however, as
pVHL is no longer active and acetylation is downregulated.41 HIF-1a translocates to the

nucleus and binds to HIF-I1pB forming the DNA binding complex HIF-1 which is
10



associated with co-activator proteins p300/CBP (CREB-binding protein).*® This results
in the upregulation of target genes associated with proliferation, angiogenesis and

glucose metabolism, for example.*®
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Figure 1.4: HIF-1o regulation under normoxic and hypoxic conditions. PHD, prolyl
hydroxylase; OH, hydroxyl group; Ub, ubiquitin; VHL, von Hippel-Lindau protein;

HRE, hypoxia response element.

Aberrant gene expression is a hallmark of human cancer. Over the past decade, qRT-
PCR has become the gold-standard technique for quantifying gene expression changes.

This method commonly employs a housekeeping gene (HKG) as an endogenous
11



control to normalise results, the choice of which is critical for accurate data
interpretation. Tissue type, treatment effects and oxygen levels are just some examples
of factors that can influence gene expression levels, as well as those of the putative

HKG.

It is estimated that up to 5% of all genes are regulated by HIF-1 in response to hypoxia
in one or more cell types.43 There is great heterogeneity in the genes that are regulated
by HIF-1 between different cell lines, even those that originate from the same organ or
tumour site. This is evidence that growth in a hypoxic environment could affect the
expression of potential endogenous control genes for qRT-PCR and that merely testing
one or two cell lines from a panel is not sufficient to find a suitable HKG. One aim of
this research project was to determine the suitability of commonly used HKGs for gene
expression analysis in prostate cancer and to compare their performance under aerobic

and hypoxic conditions.

HIF-1 over-expression occurs in prostate cancer, as well as many other cancer types
and is associated with cancer progression.** * This has been demonstrated through
measurement of hypoxia markers using immunomolecular imaging and physical
measurements.” The rapid growth of tumours results in a disorganised vascular
network, which cannot keep pace with the oxygen demand. Blood flow may be
impaired by malformations of the blood vessels. Oxygen cannot reach some parts of the

tumour, causing them to be hypoxic as a consequence *'

. Hypoxia has been
associated with tumour aggressiveness and metastasis due to the up-regulation of a host
of genes involved in angiogenesis and glycolysis. Consequently, hypoxia is associated

.51 1t has also been

with poor prognosis in several cancer types, including prostate
associated with resistance to both chemotherapy and radiation therapy.45 The presence
of oxygen is important for successful cell kill by ionizing radiation: initially, the
ionizations produce a free radical on the DNA. This causes damage to the DNA and if
the free radicals are oxidized this potentiates the damage. If oxygen is not present, the
free radicals are reduced by hydrogen and the DNA damage can be repaired.”
Therefore, under hypoxic conditions, when oxygen levels are low, ionizing radiation is

less effective at killing cells. A study by Nahum ef al. using a ‘tumour local control
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probability model” indicated that the presence of hypoxic cells was a key factor in

determining success of radiation therapy.53

One focus of this research is the study of cross-talk in the transcriptional regulation of
AR and HIF-1 activated genes. It is now known that growth of cells under hypoxic
conditions can further upregulate androgen stimulated genes and in a synergistic
manner the expression of some hypoxia responsive genes is increased with the addition
of androgens. This is an important factor in prostate cancer progression and resistance

to treatment. Crosstalk will be discussed in further detail in section 4.1.2.
1.5 Current treatments for prostate cancer

1.5.1 Management of localised prostate cancer

Current clinical practice utilises two radical forms of therapy for organ-confined
prostate cancer with curative intent, the option chosen depending on the tumour stage
and Gleason grade of the disease, as well as PSA levels at detection.”* These treatments
are surgery, in the form of retropubic radical prostatectomy and radical radiation

therapy.

Radical prostatectomy (RP) involves the surgical removal of the prostate along with the
seminal vessicals and occasionally the pelvic lymph nodes, while simultaneously
minimising damage to the surrounding nerves to prevent incontinence and erectile
dysfunction.”® RP can take the form of open surgery, retropubic or perineal, or more
recently laproscopic or robotic surgery. The latter are less invasive but are also harder
to perform with a steep learning curve.” Short term risks include pulmonary embolism,
deep vein thrombosis and damage to the rectum. In the long term, there is a low risk of

incontinence and a higher risk of loss of sexual function.*®

External beam radiotherapy (EBRT) involves the administration of high-energy photon
beams to the prostate every day over a number of weeks.”” ¥ There have been
significant advances in this therapy in recent times. Progress in technology has allowed
for better tumour targeting, as well as escalated doses of radiation to cell kill.>* *

Traditional radiotherapy was restricted to doses of 65-70 Gy due to the risk to normal
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tissue. However this was shown to be insufficient for the eradication of localised
tumours.”"* Nowadays, this two-dimensional method has been widely replaced with
three-dimensional conformal radiotherapy (3D-CRT) in which the shape and volume of
the tumour are defined, allowing the radiation beams to be precisely targeted.éo’ % This
has allowed for an increase in the radiation dose to 72-76 Gy, without a concurrent
increase in toxicity.*® ¢ Intensity modulated radiotherapy (IMRT) represents further
progression in the field; this allows for manipulation of radiation dose across the beam

giving even greater command of the tissues targeted.®’

The acute side-effects of EBRT mainly result from damage to the bladder and rectum.
These are seen in around half of men but are normally treatable and last only a few
weeks.”” There is a relatively low level of clinically relevant side-effects, less than ten
percent when conformal radiotherapy is used, including hematochezia, hematuria and

rectal urgency as well as erectile dysfunction.””>*

Brachytherapy is a form of radiation therapy that involves the insertion of sources of
radiation into the tumour site.”” High doses of radiation can be administered to the
prostate but these do not travel as far as the nearby healthy tissues. There are two forms
of brachytherapy: low-dose-rate (LDR) and high-dose-rate (HDR). LDR brachytherapy
is more commonly used for the treatment of prostate cancer. It involves the placement
of ‘seeds’ in the tumour that contain radioactive isotopes, usually iodine-125 or
palladium-103, with doses of 145 and 120 Gy respectively.”” ®® In the case of HDR
brachytherapy, catheters are put into the prostate and a single radioactive source is then
placed at different locations inside the catheter for a number of minutes.”’ Compared to
EBRT, the risk of a urinary related side-effect is higher but for rectal related side-
effects the risk is lower. The chances of developing erectile dysfunction are about the

same.58

The technological advances in radiation therapy have led to better treatment results.
However the higher levels of tumour destruction achieved by increasing radiation levels
must be balanced with the risk of concurrent damage to normal tissue. In addition,

subpopulations of clonogenic tumour cells may be radioresistant despite high dose
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levels, leading to local recurrence and/or formation of metastases in a proportion of the
patients.”” As a consequence there is a clear requirement for the exploration of

additional avenues to further improve the efficacy of radiation therapy.

For those with low risk disease, some suggest the best option is active surveillance with
the idea that a “wait-and-see™ approach would avoid or defer the negative side effects
of treatment in these men ®. However, it would not be suitable to merely wait until the
development of metastatic disease before intervening — instead close monitoring of
biochemical changes is necessary, as well as selection of suitable candidates, for
example those with low-risk disease (Gleason Score < 6, T1c-T2a, PSA < 10).>* The

Gleason Score runs from 2 (low-risk) to 10 (high-risk).

There is currently a dearth of research comparing the outcomes of these alternative
treatments (RT, RP and active surveillance) in randomised clinical trial, meaning it is
unclear which is the most effective, getting the best balance between control of the
cancer and adverse effects. This problem is compounded by the difficulty in directly
comparing the various methods due to issues such as patient selection bias — older
patients tend to be treated with RT rather than the more invasive RP 0 Other
complications include the rapid progress in RT techniques; the possible use of adjuvant,
neoadjuvant or both in combination with RT; as well as variations in the definition of

recurrence after RP and RT °°.

Most information comes from retrospective studies to compare the treatments. Results
from these have been mixed: Tewari ef al. looked at survival in patients with clinically
localised prostate cancer who were treated with either watchful waiting, RT or RP. 7'
This study involved 3159 men of 75 years or younger. Following adjustment for age,
race, tumour grade, comorbid disease, income status and year of diagnosis, it was found
that the overall survival rate at 15 years was 35% for watchful-waiting, 50% for RT and
65% for RP. Prostate cancer-specific survival rates were 79%, 87% and 92%
respectively. The results indicated patients treated with definitive therapy had increased

chance of survival compared to conservative treatment.
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There has been only one randomised prospective trial which has compared RP with
watchful waiting as methods of early prostate cancer management and was initiated by
the Scandinavian Prostate Cancer Group.72 Between 1989 and 1999, 695 men aged 75
and younger were randomly allocated treatment by RP (347) or watchful waiting (348).
Results were published in 2005, following a median of 8.2 years of follow-up and
showed RP improved prostate cancer survival in comparison to the watchful waiting
approach: the relative reduction in risk of prostate cancer mortality was 44%, in risk of
metastases was 40% and in overall mortality was 26%." In the most recently published
data, with a median follow-up of 10.8 years, the relative reduction in risk of prostate
cancer mortality was 35%, in risk of metastases was 35% and in overall mortality was

18% in favour of RP.”*

The results of this study indicate treatment with RP, as opposed to watchful waiting,
increases chance of survival for patients with localised prostate cancer. However, it is
important to note, as the researchers themselves do, that the majority of the men
involved in the study were not diagnosed using PSA screening. Therefore it is unclear
if these results are applicable to modern prostate cancer patients who are mostly
diagnosed early, due to advances in PSA testing, but who may be asymptomatic and

have a low chance of actually dying from prostate cancer.”*

1.5.2 Management of local failure following therapy

A subset of men treated with radiation therapy will experience treatment failure and
recurrence of the disease. Once biochemical failure has been established, a non-curative
follow-up treatment option is salvage androgen suppression therapy. This is achieved in
most cases through the administration of luteinizing hormone-releasing hormone
(LHRH) agonists, possibly combined with an anti-androgen.” Side effects resulting
from androgen deprivation therapy include hot flushes, lack of libido, gynecomastia,
cognitive dysfunction and depression and over time patients can develop osteoporosis

and anaemia and longer term risk of accelerated ischaemic heart disease.”

Curative treatment strategies used after radiation therapy are uncommon but include

salvage radical prostatectomy. This treatment results in a cancer-specific survival rate

16



at 10 years of 65-73% in highly selected patients but the side effects are significant,
due in part to the difficult nature of the surgery following radiation-induced damage to
the pelvic tissues.”” ™" These include erectile dysfunction and incontinence.”” " Salvage
cryoablation is an alternative investigational method which allows for destruction of
locally recurrent tumour. Of note, the patients treated in this way frequently suffer side
effects. For example, Bales ef al. were able to achieve negative biopsy in 86% of their
patients at 3 months post-cryoablation but 95% of the patients suffered from
incontinence.*” However, the technique has been developed and improved since then,
moving away from using liquid nitrogen cryoprobes to argon/helium gas.83 Ghafar et
al. attained biochemical disease-free survival in 86% and 74% of patients at one and
two years respectively using argon gas cryoablation and the level of incontinence was

7.9%.%

In patients where the tumour remains localised another option is salvage brachytherapy
which involves the administration of further higher doses of radiation through the use
of radioactive seeds or catheters."> Recently, four year biochemical disease-free
survival rates of 70% and 75% have been obtained using this technique, with the most
common side effects being gastrointestinal and genitourinary toxicity.g(" ¥ Finally,
some groups have used high intensity focused ultrasound (HIFU) as a method of
salvage therapy following RT.***° Ultrasound energy is targeted to a specific area
causing the temperature to increase to more than 60°C, resulting in cell death.® There
are limited data on the efficacy of HIFU in the context of salvage therapy. In the largest
to date, 3 year progression-free survival rates were 53%, 42% and 25% for low,
intermediate and high-risk patients respectively, although there was a high level

(49.5%) of urinary incontinence in the patient cohort.*

1.5.3 Management of metastatic prostate cancer

In a proportion of men, either due to late diagnosis or treatment failure, prostate cancer
will become androgen independent and metastasise. Most tumours initially metastasise
to bone, but distant lymph nodes, the lungs and the liver may become involved.
91, 92

Osseous metastases are found in about 90% of those with advanced disease.

Currently, docetaxel-based chemotherapy for metastatic disease improves bone pain
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and quality of life. > However its use is predominantly palliative, with a modest gain in

long-term survival.”

1.5.4 Neoadjuvant/adjuvant therapy

In an attempt to improve the efficacy of radical prostatectomy and radiation therapy and
to reduce the risk of recurrence of the disease, these standard therapies have been
combined with neoadjuvant therapy (given prior to the main treatment) or adjuvant
therapy (given after). In the case of hormonal neoadjuvant and adjuvant therapy,
activation of the androgen receptor is targeted - it is blocked by anti-androgens (e.g.
bicalcutamide, nilutamide) or the amount of androgen is reduced using leutinizing
hormone releasing hormone (LHRH) agonists (e.g. goserelin, buserelin). This is known
as androgen deprivation therapy (ADT).”> *® ADT is administered in the hope that it
will reduce the size of the tumour, making surgical resection easier or, in the case of
RT, decrease the target area, therefore decreasing the amount of healthy tissue in

contact with high dose radiation. ® >

The results of research into the benefits of combining hormonal therapy with RP or RT
are heterogeneous and comparison is made difficult by the variation in many of the
study parameters, such as the specific nature of the hormone treatments and the
duration and timing of the treatment. There is also variation in the criteria used for
patient selection regarding disease stage and whether restrictions were placed on upper
PSA levels. The classification of biochemical disease recurrence differs, as does the

staging system used. *°

Meta-analyses, as well as systematic reviews of trials of adjuvant/neo-adjuvant therapy,
have been published for localised and locally advanced prostate cancer. The most
recent of these was carried out by Shelley e al. °° In the case of neo-adjuvant hormone
therapy, they found that when combined with RP, there was no improvement in overall
survival. For example, Klotz et al. found 5-year overall survival levels were 88.4% for
neo-adjuvant treatment patients and 93.9% for those who had received RP only (p =
0.38).°” There was also no significant improvement in disease-free survival. When neo-

adjuvant hormone therapy was combined with RP, there was, however, a significant
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improvement in local pathological variables: positive surgical margin rate was
significantly lower (relative risk [RR] 0.49, 95% CI 0.42 - 0.56, p < 0.00001), organ
confinement was improved (RR 1.63, 95% CI 1.37 — 1.95, p < 0.0001), as was positive
lymph node involvement (RR 0.66 95% C10.47 - 0.94, p <0.02).

With regard to neo-adjuvant hormone therapy combined with RT, only one study has
given data on patient overall survival.” The result for the whole patient population was
not significant at 8 years but when sub-grouped, there was a significant difference in
survival when those with a Gleason score of 2-6 were treated with neo-adjuvant therapy
compared to those with a Gleason score of 7-10 (70% vs. 52%, p = 0.015). This
significance was not maintained for 10-year overall survival (43% vs. 34% p = 0.12)‘90
The group also looked at disease-specific survival, which was significantly improved in
the neo-adjuvant group at 8 years (23% vs. 33%, p 0.05) and remained so at 10 years
(23% vs. 36%, p = 0.01). **%°

In the case of the combination of adjuvant hormone therapy and prostatectomy, results
for overall survival vary between studies. Messing ez al. reported that after a median of
7.1 years, overall survival was significantly better among patients who had received
immediate anti-androgen therapy following RP compared to those who underwent RP
alone (p = 0.02).'” However, in a study by Wirth ez al., using flutamide as the adjuvant
treatment for locally advanced lymph node positive prostate cancer, there was no

difference in overall survival between the adjuvant therapy and control groups (p =

0.92)."""

Results have also been varied for studies combining RT with adjuvant therapy for
patients with localised or locally advanced carcinoma of the prostate. In a recent study,
a follow-up of patients (median 8.2 years) found that risk of recurrence was
significantly reduced for those treated with RT and androgen suppression therapy
(AST). ' The risk was significantly decreased with each extra month of anti-androgen
treatment when results were adjusted to take into account elements associated with
increased risk of recurrence (increasing PSA level, high Gleason score (8,9 or 10),

clinical stage T2 prostate cancer).
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In the Early Prostate Cancer (EPC) trial programme, researchers are examining the
impact of administration of bicalutamide 150 mg daily along with standard care (RP
and/or RP or watchful waiting) as treatment for localised or locally advanced prostate
cancer. ' In the 7.4 year follow-up, bicalutamide 150 mg treatment was found to have
no significant effect on progression-free survival for those patients with localised
disease. However, when patients had locally advanced cancer, the treatment
significantly enhanced progression-free survival when combined with all types of
standard care (HR 0.69; 95% CI 0.58 — 0.82; p < 0.001). In the case of RT, additional
bicalutamide 150 mg administration significantly increased overall survival in those

with locally advanced disease (HR 0.65; 95% CI 0.44 — 0.95; p = 0.03).

In another study, RT was combined with adjuvant androgen suppression using the drug
goserelin.'™ Absolute survival, at 10 years, was significantly higher for RT and
goserelin than RT alone (49% vs. 39% respectively, p = 0.002). Similarly, Bolla er al.
found that S-year overall survival was significantly better when RT was combined with

adjuvant hormone therapy (78% vs. 62%, p = 0.001).'%

1.6 Gene directed enzyme prodrug therapy

Gene directed enzyme prodrug therapy (GDEPT) or suicide gene therapy involves the
administration of an enzyme-encoding transgene, the expression of which is controlled
by a tumour specific promoter. A relatively low or non-toxic prodrug is introduced into
the tissue, in this case the prostate, and is converted to its toxic form by the enzyme,
leading to tumour specific cell kill.'® Specific characteristics of prostate cancer make it
a particularly suitable candidate for GDEPT. Although loss of function affects quality
of life of the patient, the organ is not crucial for survival. Its location makes it relatively
easy to access for direct intratumoral treatment strategies — specific drugs can be given
through a transrectal, transperineal or transurethral route and biopsies can be taken to
monitor progress. Prostate tumours express a highly specific protein, PSA, a marker for
the disease that is extremely useful in assessing the success of the therapy. Existing
phase I/l trials suggest that injections of the vector, as well as administration of the
prodrug and follow-up monitoring, can all take place in an outpatient setting, reducing

the potential cost of treatment.'” '% There are nonetheless difficulties in treating
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prostate cancer using gene therapy. Its multifocal growth pattern makes it challenging
to target cancer cells and means that delivery of the vector to the whole gland is
necessary. In addition, heterogeneity within the tumour cell micro-environment and
intrinsic variations in genetic mutations causing the disease mean it can be hard to
develop a therapy which will effectively kill all tumour cells.'” ' The most

commonly used GDEPT systems are discussed below.

1.6.1 Cytosine deaminase/5-fluorocytosine prodrug system
S5-fluorouracil (5-FU) is currently used as a chemotherapeutic drug, in particular for the
treatment of colorectal cancer. However, to be effective, high doses of the drug are

required resulting in undesirable side-effects.'”

Therefore, a possible way to improve
on this therapy is to introduce the drug using GDEPT. 5-fluorocytosine (5-FC) is a drug
with low toxicity currently used to treat fungal infections. It has a half-life of 3 to 4
hours in patients with fully functioning kidneys.""® The cytosine deaminase enzyme
from either yeast (yCD) or bacteria (bCD) converts 5-FC to the much more potent 5-
FU.""" 5-FU is further processed by endogenous enzymes to one of three pyrimidine
antimetabolites:  3-fluoro-2’-deoxyuridine-5"-monophosphate  (5-FAUMP) is a
thymidylate synthase inhibitor, preventing deoxythymidine triphosphate synthesis, a
precursor of DNA; 5-fluorouridine-5’-triphosphate (5°-FUTP) disrupts RNA processing
by incorporating into RNA in the place of UTP and 5-fluorodeoxyuridine-5’-

triphosphate (5-FdUTP) incorporates into and damages DNA.'* 11113

The CD/5-FC system is capable of introducing a strong bystander effect, meaning
surrounding cells will be affected, not just those that express the enzyme. 5-FC can
freely diffuse between cells; it does not require direct cell-to-cell contact or gap
junctional intercellular communication (GJIC).""*'" This is an important advantage: in
vitro experiments involving transfected cells expressing CD, grown together with
untransfected cells, showed that the number of transfected cells can be as low as 1-30%

and still produce enough 5-FU to inhibit growth of the other untransfected cells.!!* 116

Ll
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1.6.2 Herpes simplex virus thymidine kinase/ Ganciclovir prodrug system

The GDEPT system, involving the enzyme herpes simplex virus thymidine kinase
(HSVtk) and the prodrug 9-([2-hydroxy-1-(hydroxymethyl)methyl) guanine
(ganciclovir or GCV), is currently the most extensively studied. GCV is phosphorylated
to monophosphate GCV (GCV-MP) by the mammalian thymidine kinases but
conversion is 1000 times faster with HSVtk.'" This is the rate-limiting step and
mammalian guanylate kinase then further phosphorylates GCV-MP to GCV-DP
(diphosphate) and GCV-TP (triphosphate).''” GCV-TP causes cell death through the
inhibition of cellular DNA polymerase and incorporation into DNA in the place of

dGTP during cell division, resulting in single strand breaks in the DNA.'** !

A drawback of the HSVtk/GCV system is that GCV-TP, being highly charged, is
insoluble in lipid membranes. Therefore, the bystander effect will not occur through
diffusion of GCV-TP into untransfected tumour cells. However, in preclinical studies
transduction rates as low as 10% could still result in tumour regression.m’ 123 This is
thought to be due to a combination of transfer of the toxic drug across gap junctions
between cells, as well as the release of GCV-TP in apoptotic vesicles from dying cells

and their subsequent phagocytosis by transfected cells.'* '**

The immune system also
plays a role in the bystander effect: administration of HSVtk/GCV treatment results in
entry into the tumour of CD4+ and CD8+ T cells and macrophages and the heightened
expression of the immune signalling molecules IL-2, IL-12, IFN-y, TNF-a and GM-

CSF 125, 126

Attempts have been made to improve the bystander effect of HSVtk/GCV. For
example, various groups have worked on ways to increase expression of connexin
proteins, which have a role in development of gap junctions, through the use of
pharmacological agents or the co-expression of the protein with HSVtk.' Other
groups have constructed fusions between HSVtk and proteins that stimulate
intercellular import and export, such as 8-11 amino acids from the human HIV-1 TAT

protein.'*” This fusion protein can move intercellularly, independent of gap junctions.
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1.6.3 Other enzyme/prodrug systems

CD/5-FC and HSVtk/GCV are the two most commonly used GDEPT systems.
However there are other systems which also have potential in the treatment of prostate
cancer. For example, a Phase I/II clinical trial involved the treatment of localised
prostate cancer with the GDEPT system nitroreductase/CB1954.'%* Nitroreductases
convert CB1954 [5-(aziridin-1-yl)-2,4-dinitrobenzamide] to hydroxylamide and further
processing produces an alkylating agent which can form DNA cross-links independent
of cell cycle.'" '** This GDEPT system results in a strong bystander effect as activated
CB1954 can move freely through cell membranes.'* Toxicity was mild and 6 out of 18

patients had an increase in time to PSA progression.

Cytochrome P450 enzymes are found in the liver and can be used in GDEPT to achieve
local, targeted cell death, as well as a large bystander effect.'”® They convert the
oxazaphosphorine prodrugs (ifosfamide and cyclophosphamide) to 4-hydroxy-forms
which are unstable and decay to phosphoramide mustard and acrolein. These are
alkylating agents that result in DNA cross-links. Specific targeting of hypoxic cells has
been investigated using the prodrug AQ4N which is metabolized to the cytotoxin AQ4
under hypoxic conditions."*” GDEPT allows for the enhanced expression of cytochrome
P450s in hypoxic cells to increase the level of AQ4N metabolism. Zhou et al. showed
that if cytochrome P450-2C9 (CYP2C9) positive cells, H2C9, were co-cultured with
the CYP2C9-negative prostate cancer cell line PPC-1 and treated with
cyclophospamide, the toxicity of the drug was four times higher than for PPC-1 cells

alone, demonstrating a bystander effect.'”!

The use of bacterial purine nucleoside phosphorylase (PNPs) as part of a GDEPT sytem
is also under investigation. The enzyme converts adenosine analogues to cytotoxic
adenosine analogues leading to disruption of ATP-dependent reactions. Cell kill can
therefore occur in both proliferating and non-proliferating cells.'"® %13 There is a
very strong bystander effect as the drugs are membrane permeable. 32 This GDEPT
system has shown potential both in vitro and in vivo. For example, the PNP/6-
methylpurine deoxyriboside system was demonstrated to be effective against PC3

. . . . . . . 134
xenografts in nude mice, resulting in tumour regression and increased survival.
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Administration of the PNP gene to LNCaP-LN3 and PC3 xenografts in nude mice,
alongside treatment with the prodrug fludarabine phosphate, resulted in a 100%
increase in tumour doubling time and a greater than 50% inhibition of tumour
growth.'*> In the TRAMP mouse model, in which the disease imitates human prostate
cancer development, there was a significant decrease in tumour progression following

PNP/fludarabine phosphate treatment.'*°

1.7 GDEPT delivery vectors

Successful gene therapy treatment requires entry of the vector into the cells of interest.
The most commonly used vector in gene therapy clinical trials is the adenovirus. As of
June 2010, 23.8% of the 1644 trials undertaken involved this vector.*® This overview
of the field focuses on the adenovirus but there are multiple vectors, both viral and non-
viral, that are being tested for use in GDEPT treatment. As well as the adenovirus, viral
vectors include retrovirus, adeno-associated virus and herpes simplex virus. These
vectors show relatively high levels of gene delivery but there are issues with patient

10

safety and they can be hard to manufacture on a large scale. '® Non-viral methods of

gene delivery include using liposomes, nanoparticles, insertion of naked DNA and

11, 137
e b, Large scale

insertion of gold particle coated DNA using gene guns.
production is easier for non-viral vectors. They are less likely to cause an immune
response compared to viral vectors but they are also less efficient at gene transfer and
result in only transient expression '% '’ The vector chosen depends on the nature of the
disease being targeted. In the case of cancer, only short-term expression is required,
compared to corrective gene therapy.133 More specifically, the behaviour of the tumour
is important. Prostate tumours are relatively slow growing so require a vector that can

transduce both non-dividing and diving cells.'” The adenovirus meets both these

criteria.

1.8 Optimal adenoviral delivery

Finding the most favourable route for adenoviral delivery is important to the success of
GDEPT. This was examined in a canine model through the comparison of adenoviral
transduction efficiency following its administration by three different routes:

intravenous, intra-arterial and intraprostatic injections. The vector expressed [-
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galactosidase and it was found that levels of this enzyme in the prostate were highest

after intraprostatic injection.®

De Weese et al. adapted techniques used for
brachytherapy to administer the oncolytic adenovirus CV706 for the treatment of
locally recurrent prostate cancer.”’ They used a computerised planning system to
determine the best locations for stereotactic intraprostatic injection. A similar method
was used by Barton et al. to determine the treatment design for two prostate cancer
patients, based on their previous findings for gene expression distribution for an

oncolytic adenovirus in naive canine prostate and human tumour xenografts. i

1.9 Combining GDEPT with radiation therapy

A combined treatment regime invoiving GDEPT as an adjuvant to radiation therapy has
been suggested and could have numerous advantages. Gene therapy has the potential to
improve the outcome of radiation therapy through a number of mechanisms. In a
synergistic manner, radiation can also improve the efficacy of gene therapy and help

overcome some of the hurdles to its progression to the clinic.

1.9.1 Radiosensitization

One potential benefit of combining the two treatment strategies is an increase in the
radiosensitivity of the tumour. This would allow for a higher level of tumour cell death
with lower doses, reducing toxic side effects. In the case of the CD/5-FC system there
is evidence that 5-fluorouracil (5-FU) is a moderate radiosensitizer."*! Although the
mechanisms that control this are not fully understood, it is thought to involve FAUMP,
which inhibits thymidylate synthase, thereby preventing DNA repair following
irradiation.'*"* ' Also, gene therapy is effective during the S phase of the cell cycle
when DNA synthesis is taking place. This is the stage when cells are normally more

resistant to radiation therapy.59

The effect of 5-FU on radiosensitivity appears to vary between different tumour types,
although it has been shown to have an effect in prostate tumour cells. Smalley et al.
compared various mammalian cell lines for the inducement of radiosensitivity by 5-FU;
a continuous exposure to radiation during 5-FU treatment resulted in radiosensitization

in DU145 prostate cancer cells as well as V-79 (Chinese hamster lung fibroblast) and

25



WiDr and HT-29 (human colon carcinoma) cell lines but not in HeLa cells.'*® Pulse
exposure (radiation given halfway through 5-FU treatment) resulted in radiosensitivity

in just the DU145 cells.

GCV is phosphorylated by HSVtk and acts as a radiosensitizer as it is a nucleotide
analogue that prevents DNA replication, therefore stopping the repair of DNA damage
caused by radiation.'** The combination of HSVtk and GCV with radiation has been
shown to enhance treatment efficacy for prostate cancer in vivo.'** There was a
significant rise in the inhibition of tumour growth and increase in survival times in a
RM-1 prostate cancer mouse model when the therapies were united, compared to
radiation or gene therapy alone. Subsequently, mice were given a tail vein injection of
RM-1 to initiate lung metastases formation, as well as the original subcutaneous
injection. It was found that radiation alone had no effect on lung nodule number
whereas the combined therapy resulted in a reduction of 87% (HSVtk and GCV alone
reduced nodule number by 37%).

Although further work is necessary to better understand the processes that control
development of radiosensitivity following drug treatment, it has the potential to
enhance the cytotoxic effects of radiotherapy and improve its efficacy while also

possibly allowing for a reduction in tumour dose.

1.9.2  Improved viral uptake

It has been demonstrated that radiation treatment increases the level of uptake of
adenovirus into mammalian cells as well as tumour xenografts. Stevens et al. showed
that irradiation of mammalian cells with up to 7 Gy improved subsequent adenoviral
transduction by up to 40-fold in the human neoplastic cell line A549.'* Notably, the
effect was dose dependent and expression of the transgene, /acZ, lasted longer in
irradiated cells and this was shown to be secondary to the integration of the adenovirus
into the host DNA. This phenomenon was also observed by Zhang et al. following
exposure of mammalian cell lines and rat hepatocytes to 4 Gy of radiation prior to
transduction with a green fluorescent protein (GFP) expressing adenoviral vector —

there was an associated 27.1-fold increase in GFP expression.146 In vivo, the level of
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transgene expression (this time /acZ) in rat intrahepatic colon carcinoma xenografts was

also raised by combining it with radiation (25 Gy).

The same group went on to show the importance of Dynamin 2, a membrane-associated
protein, in this process. In cells treated with an antibody to Dynamin 2, the level of viral
uptake and gene transfer in response to radiation was significantly reduced in rat
hepatocytes and human colon carcinoma cells."” In contrast, antibodies for coxsackie B
virus and adenovirus receptor (CAR) or integrin o, had littie or no effect. mRNA and
protein levels of Dynamin 2 were shown to rise after irradiation. The introduction of
siRNA specific to Dynamin 2 led to a significant drop in the amount of viral uptake and
gene transfer in radiation treated cells. In colon cancer xenografts, Dynamin 2 levels
were higher following irradiation, as was the amount of viral uptake. The results of this
study point to an important role for Dynamin 2 in the radiation-induced rise in
adenoviral uptake. Egami ez al. demonstrated that in pancreatic tumour cells, as well as
subcutaneous tumours in nude mice, transgene expression levels following infection
with an adenoviral vector were higher when radiation was also administered."*® These
results show that combining adenovirus administration with radiation therapy has the

potential to improve transgene expression levels, thereby increasing the efficacy of

GDEPT.
Clinical trials of GDEPT in combination with radiation therapy

1.9.3 GDEPT for the management of local failure following radiation therapy

GDEPT was initially investigated for its potential in the treatment of locally recurrent
prostate cancer to increase PSA doubling time and potentially delay the time to
initiation of androgen ablation. Table 1.1 summarises the results of the clinical trials
involving GDEPT for the treatment of prostate cancer. The first phase I clinical trial to
demonstrate the potential benefit of GDEPT in locally recurrent prostate cancer was
carried out in Baylor College of Medicine, Houston in 1999.'% Selected patients had
local recurrence of prostate cancer, as demonstrated by biopsy, at least one year after
definitive irradiation therapy, along with a rising PSA level but no evidence of

metastasis of the tumour. Herman er al. used a replication-deficient adenovirus to
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transfect patients with HSVtk. A series of escalating concentrations of the adenovirus
were administered to patients intraprostatically followed by intravenous injection of
GCV two weeks later. Administration of the therapy resulted in a decline of more than
50% in the serum PSA level of 3 of the 18 patients. For the patient at the highest dose
level this lasted for more than a year. Moreover, the safety of this treatment was
established, with the majority of patients displaying minimal toxicity or none at all,
although one patient who received the highest dose of the adenovirus vector (1 x 10"

infectious units) experienced grade 4 thrombocytopenia and grade 3 hepatotoxicity.

This study led to an extended phase I/11 trial using the ADV/HSKtk adenovirus to treat
36 patients with clinically localised recurrent prostate cancer at least 18 months after
radiotherapy and increasing serum PSA levels, including the 18 patients from the
previous trial.'* 27 of the patients showed a drop in serum PSA after vector infection
and administration of GCV, with a mean reduction of 28%. The average time taken for
PSA levels to return to their original value was calculated at 8 months. Treatment effect
on PSA doubling time (PSADT) was examined in 22 of the patients (those who had not
been excluded due to insufficient data or the development of metastatic disease), with a
reported increase in PSADT from 15.9 months to 42.5 after gene therapy (p = 0.0271).
PSADT has been shown to have strong prognostic power and is predictive of metastasis

formation and prostate cancer-specific mortality." "'

In separate studies, oncolytic replication-competent adenoviruses have also been
investigated for the treatment of localised prostate cancer. The first clinical trial
involving a prostate-specific oncolytic adenovirus was set up by investigators at John
Hopkins Medical Institute in 2001."° The adenovirus was CV706, originally reported
by Rodriguez et al., a replication-competent, E3-deleted AdS adenovirus that contains a
promoter-enhancer construct from the human PSA gene, thereby restricting replication

to PSA-expressing cells.'™

All patients chosen had locally recurrent prostate cancer
following EBRT, as well as increasing PSA levels. Treatment was found to be safe with
low toxicity — most men experienced only mild adverse events (AEs). Grade 3
toxicities did occur in five men but these were all reversible and were not deemed to be

directly related to the drug itself. In 65% of patients, PSA dropped by >30% compared
28



to levels pre-treatment. Notably, 25% of patients showed an even greater reduction
(>50%) in PSA, all of whom had received the highest or second highest dose of CV706,
suggesting the response was dose dependent. Evidence for in vivo adenovirus
replication was also seen as there was a secondary peak in levels of CV706 DNA in the

circulation of most patients approximately 3 days after treatment.

A logical progression for this cancer gene therapy approach was to combine the
oncolytic adenovirus with GDEPT. Conceptually, the use of replication-competent
adenovirus would result in higher levels of gene expression and increase the spread of
the virus into nearby tumour cells.” This was first tested in a Phase 1 study by Freytag
et al. in which the adenovirus (Ad5-CD/TKrep) was used to deliver a CD/HSVtk fusion
gene.'” The expression of these genes was expected to enable the activation of non-
toxic prodrugs to their toxic forms. Furthermore, both suicide gene systems (CD/5-FC
and HSVtk/GCV) increase sensitivity to radiation in addition to the oncolytic properties
of the adenovirus. The strategy was tested in patients who had evidence of recurrent
prostate cancer at least one year after definitive radiation therapy, as well as rising
serum PSA levels (but < 20 ng/ml) and an absence of metastatic disease. Sixteen
patients, in four groups, were given escalating doses of the virus up to 10'? virus
particles. Two days subsequently, patients began 1-2 weeks of 5-FC and GCV therapy.
Toxicity was low, with most of the AEs classed as grade 1 (82%) or grade 2 (12%).
Only one AE, a grade 1 thrombocytopenia, necessitated a change to the treatment plan.
Of the 6% of AEs that were grade 3, all were self-limiting. Of the sixteen patients in the
trial, 7 (44%) showed a drop in serum PSA levels of >25% and 3 (19%) showed a
>50% decrease for at least 4 weeks. The longest duration of PSA reduction was 4
months. In most cases the reduction in PSA levels was greatest during 5-FC/GCV
therapy, followed by a levelling off of PSA levels or a much slower decrease until the
virus was no longer present in the prostate, indicated by an absence of Ad5-CD/TKrep
DNA in the blood. Therefore, Freytag et al. concluded that the majority of antitumour
activity was a result of the suicide gene systems and that the subsequent, less dramatic,
decrease in PSA represents the oncolytic activity of the adenovirus. The success of the

therapy was also assessed using prostate needle biopsies after 2 weeks where
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coagulative necrosis, indicating tumour destruction, was seen in several cases, with two

patients remaining negative for adenocarcinoma one year after therapy.

Recently, a five year follow up has been carried out by Freytag et al. on their trial of the
replication-complement adenovirus, AdS-CD/TKrep.lSS’ 15 As mentioned previously,
the decrease in serum PSA levels was brief (< 6 months). However the results from the
follow-up study are promising. No long term side-effects were observed. PSADT was
used as a measure of the effectiveness of the therapy. Of the sixteen original
participants, fourteen were evaluable. It was found that PSADT improved from a mean
of 17 to 31 months (median 16 to 22 months) (p=0.014) following treatment. It is
unclear why the PSADT continues to increase, even in the absence of the adenovirus;
Freytag et al. suggest anti-tumour immunity may have been contributory. In support of
this, previous studies with mice models have shown that CD and HSVtk suicide gene
therapy results in T cell-dependent antitumour immunity.'** "’ Given the possible
activation of an immune response, Freytag et al. believe it suggests this therapy may
have the potential to be used to treat metastatic as well as local disease. The long term
therapeutic effect of the treatment was also assessed by calculating the extent of the
delay in the initiation of salvage androgen suppression therapy and was an average of

2.1 years.

In summary, the results of the clinical trials examining the benefit of GDEPT in
localised recurrent prostate cancer are encouraging. The safety profile has been
established and the benefit to patients has also been demonstrated. GDEPT could
therefore be an option in follow-up treatment if the initial therapy fails. An alternative
therapy that could delay or even replace androgen suppression therapy for patients with

rising PSA levels following definitive therapy could greatly improve quality of life.

1.9.4 GDEPT to improve radiosensitivity in newly diagnosed localised prostate
cancer

The success of treatment for localised prostate cancer is highly variable. Although rates

of long term disease-free survival are high for low-risk prostate cancer following

radiation therapy (~80%), they are much lower for those who have intermediate or

30



high-risk forms of the disease (25-75%)."** Therefore, ways to improve the initial
therapy for localised prostate cancer and prevent metastatic tumour formation are
necessary. The potential of GDEPT has been examined in the case of newly diagnosed

tumours.

The first clinical trial to investigate the potential of combining radiation therapy with
GDEPT was performed by Teh ef al. in 2001."° The phase I/Il study involved 30
patients divided between three arms: Arm A consisted of 13 low-risk patients (PSA <
10ng/ml, Gleason score < 7, Stage T1-T2a); the 14 patients in Arm B were high-risk
(PSA > 10ng/ml, Gleason score > 7, Stage T2b-T3) and the 3 Arm C patients had Stage
D1 cancer and therefore had positive pelvic lymph nodes. The patients were treated
with a combination of ADV/HSVtk by intraprostatic injection and the prodrug
valacyclovir given 24 hours later and for 14 days, together with a mean dose of 76 Gy
of radiation given by intensity-modulated radiation therapy (IMRT). In addition, Arm C
patients received 45 Gy to the pelvic lymphatics and those in Arms B and C were
treated with androgen deprivation therapy. The initial aim was to assess the safety of
the treatment regime. Toxicity levels were found to be low and there was no increase in
the amount of genitourinary or gastrointestinal injury compared to IMRT alone. Most
AEs were grade 1 or 2. One patient experienced a grade 3 rise in the liver enzyme ALT

but this returned to normal without intervention.

The results of an extended trial and follow-up of patients were later published by Teh et
al.'® In the study PSA and biopsy results for 59 patients divided between Arm A (29
patients), Arm B (26 patients) and Arm C (4 patients) were reported. PSA
measurements showed biochemical control had been achieved in all patients in Arms A
and B (median follow-up 13.4 and 13.9 months respectively). Three of the four patients
in Arm C, however, experienced biochemical failure. The disease had metastasised to
the bones in two of these men and to the paraaortic lymph nodes in the other. For arm A
and B, the biopsy results showed an increase in the carcinoma-negative samples over
24 months. The group recognised there was a chance that the biopsies failed to detect
tumour and that more long-term follow-up was needed but the initial results of the trial

were positive.
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Freytag et al. further investigated the AdS5-CD/TKrep gene therapy treatment and
examined its effects in combination with 3D-CRT in patients with newly diagnosed
intermediate to high-risk prostate cancer at stage Tlc to T3."”® The mean Gleason score
was 8, with a range of 6-9. The mean serum PSA was 12.9 ng/ml, with a range of 2.5—
30.9 ng/ml. Patients had no evidence of metastatic disease, as determined by bone scan
and CT scan of the abdomen and pelvis. In this study, Ad5-CD/TKrep was
administered to 15 patients by intraprostatic injection. This was followed two days
later, with the administration of 5-FC and valganciclovir (vGCV, an orally administered
alternative to ganciclovir), as well as 70-74 Gy of radiation therapy for 1, 2 or 3 weeks.
In keeping with the previous trial, AEs were predominantly mild (65% grade 1) or
moderate (29% grade 2). The common side effects of 3D-CRT, bladder and bowel
toxicities, were no more frequent in this trial, despite the inclusion of an oncolytic
adenovirus and gene therapy that increases radiosensitivity. Transgene expression in the
prostate lasted up to 3 weeks after injection. The mean PSA half-life for those receiving
prodrug therapy for greater than 1 week was shorter than for 3D-CRT alone (0.6 vs 2.4

months).

Freytag et al. continued their work by developing an improved, second-generation
adenovirus and testing it in combination with IMRT in men with newly diagnosed
prostate cancer.'®' The new adenovirus, Ad5-yCD/murTKSR39rep-ADP, contains the
yeast, rather than the bacterial CD gene and the mutant gene SR39 HSVtk, both of
which produce more catalytically active enzymes. Experimental data suggested an
increase in radiosensitivity and chemotherapeutic effect using this adenovirus. In
addition, the vector codes for the adenovirus death protein (ADP) which improves cell
killing and spread of the virus. In a phase I trial, 9 patients received 10'', 10'* or two
doses of 10'? virus particles of the second generation adenovirus. Three days after each
injection, they began a 13 day course of 5-FC, vGCV and 74Gy IMRT. There was no
increase in toxicity compared to the original first generation adenovirus, in spite of an
increase in catalytic activity. To assess the merit of the combination of suicide gene
therapy with radiotherapy, the result from the trials of AdS5-CD/TKrep and AdS-
yCD/mutTKSR39rep-ADP were merged and compared to the expected results for
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radiotherapy alone. In >40% of the patients, one would expect a positive prostate
biopsy following radiation therapy. However, in the case of these trials, in which
radiotherapy was used alongside suicide gene therapy, only 22% of the evaluable
patients had a positive final biopsy (p=0.038). The results were more informative when
the patients were divided by prognostic risk category: none of the 12 intermediate risk
patients were positive for adenocarcinoma at biopsy, which is significantly different
from the expected result of >30% (p<0.01). On the other hand, the result for the high
risk group (45%) was not significantly different from the expected level using

radiotherapy alone (56%) (p=0.72).

An adaptive seamless randomised Phase 1I/111 trial to follow-up these results has been
approved and the group are presently recruiting patients.'®* 280 patients will be divided
into two arms. Arm one will receive one dose of 10'* virus particles of Ad5-
yCD/mutTKsrorep-ADP intraprostactically, followed by a two week course of 5-FC,
vGCV alongside an eight week course of 80Gy IMRT. Those in Arm two will receive
IMRT alone. The Phase Il component of the trial will involve assessment of toxicity in
the first 21 patients in Arm 1, 90 days into the trial. Efficacy will be measured using
time free from biochemical and/or clinical failure as well as prostate biopsies at year 2
to assess local tumour control and analysis of overall survival rates. It will be the first

randomized controlled trial using gene therapy to treat non-metastatic prostate cancer.

The results of previous trials suggest that GDEPT can be safely used alongside
radiation therapy and when combined, it has the potential to improve treatment
outcome compared to radiation therapy alone. It is encouraging that this treatment is

now moving into a Phase II/111 trial.

1.9.5 GDEPT for the treatment of metastatic prostate cancer

A limited number of studies have investigated the potential of GDEPT to improve
treatment of metastatic disease. Kubo et al. carried out a phase I clinical trial using
osteocalcin promoter-driven HSVtk (Ad-OC-hsv-7K). ' The trial involved 11 patients
— two with local recurrence of cancer after surgery, four with lymph node metastases

and five with osseous metastases. The men had previously been treated with surgery,
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radiation therapy, chemotherapy and/or hormonal therapy. Each patient received two
intralesional injections of Ad-OC-hsv-TK at one of three dose levels (5 x 10°, 5 x 10"
and 5 x 10" particles/injection) and 1g of valacyclovir taken orally every day for 21
days. The treatment was shown to be relatively safe with most of the AEs at grade 1 or
2. Using TUNEL staining, an increase in cell death was seen in the treated lesions of
seven of the patients (63.6%). In one patient, the treated lesion was stabilised for 317
days, whilst another patient experienced a decrease of > 50% in PSA level. The

remaining patients did not show a significant fall in PSA or reduction in tumour size.

This study led to a phase I/II clinical trial of Ad-OC-hsv-TK / VAL gene therapy.'®* 6
patients were involved, all of whom had bone metastases and relatively high PSA levels
(46.6 — 455.5 ng/ml). The patients had been treated with hormone therapy and
chemotherapy already, as well as radical prostatectomy and/or radiation therapy in
some cases. Once again the safety of the treatment was demonstrated. One of the 6
patients had a distinct decline in PSA (318.3 to 4.9 ng/ml) and time to PSA progression
was one year. CT scans of this patient showed a decrease in the metastatic density of
the lesion at day 180. Following PSA failure after gene therapy treatment docetaxel and
estramustine combination chemotherapy was administered to three of the patients. This

was effective in all three, with time to PSA progression at 21, 7 and 4 months.

In this limited range of trials, the relative safety of GDEPT in patients with metastatic
prostate cancer was demonstrated. In addition, there have been some promising results
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