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Abstract

Gene directed enzyme prodmg therapy (GDEPT) is a form of targeted cancer 

therapy, where an enzyme is used to create a cytotoxin from a prodrug specifically 

within the tumour. The treatment of solid tumours is often hampered by the presence 

of hypoxia, which can limit the effectiveness of conventional therapies. Horseradish 

peroxidase (HRP)-directed GDEPT has been shown to target normoxic and hypoxic 

cells in monolayers. This study further evaluated HRP for gene therapy of cancer.

The HRP/indole-3-acetic acid (HRP/IAA) combination was shown to retain its 

activity under the tumour-simulated conditions seen in 3-dimensional tumour cell 

spheroids. In particular, the halogenated derivative of lAA, 5-Br-IAA, showed 

specificity against larger spheroids, which contain significant regions of hypoxia.

The use of alternative prodrugs was investigated using paracetamol. The 

HRP/paracetamol combination was effective in monolayers, even under the severe 

tumour-associated condition of anoxia.

Following the successful in vitro investigations in the FaDu squamous 

carcinoma cell line, the HRP-GDEPT system was analysed in vivo. Characterisation 

of solid tumours grown from stable FaDu transfectants showed that the indole 

prodrugs had satisfactory pharmacokinetic profiles, and millimolar concentrations 

could be achieved in tumour tissue at non-toxic doses.

The potential for the HRP/IAA system to cause delayed growth was 

determined using indoles, alone, and in combination with radiation. Unfortunately the 

HRP/IAA combination did not appear to have any reproducible growth delay effects.

The immune response to HRP was assessed by generating murine carcinoma 

cells expressing HRP or the green fluorescent protein (GFP). However, passaging of 

the syngeneic cell line in vitro was sufficient to increase immunogenicity and 

decrease tumourigenicity even in the absence of transgene expression.

Gene delivery in vivo was attempted in order to circumvent the use of stable 

transfectants. Electroporation could significantly increase the expression of GFP 

delivered intratumourally, although expression as a percentage of tumour area 

remained low.

The data presented demonstrates the continued promise of the HRP-GDEPT 

system in vitro, but more work is required to improve the in vivo efficacy.
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Chapter 1 

Introduction

1.1 Cancer development and hypoxia

Cancer is characterised by uncontrolled cell growth, invasion of local tissues 

and metastatic spread. In the development of malignancy, cells accumulate a number 

of mutations which favour proliferation, or remove growth control. These mutations 

must remain unrepaired and not lead to apoptosis in order for a tumour to develop.

Tumour survival is critically dependent on the formation of a vascular network 

(Folkman, 1990). Rapid proliferation of cells alone will not result in tumour formation 

until the basic requirements for nutrients, oxygen and removal of waste products are 

met. During the avascular phase, cells rely on the diffusion of oxygen and nutrients 

for survival. Growth of the tumour is slow and will eventually reach equilibrium 

between proliferation at the periphery, and loss of cells to necrosis at the centre 

(Holmgren et al., 1995).

The need for nutrients can be met by neo-vascularisation, yet tumour blood 

flow is often disorganised, with tortuous elongated vessels, and non-flowing regions 

(Brown & Giaccia, 1998). This results in the formation of both chronic and acutely 

hypoxic regions in both tumour and supporting stroma. In addition, anaemia and the 

formation of methaemoglobin and carboxyhaemoglobin can reduce the oxygen 

carrying capacity of the blood, exacerbating blood flow abnormalities (Fyles et al.,

2000). Cells may be acutely hypoxic due to decreased perfusion of a blood vessel, 

whilst cells distant from blood vessels may also be hypoxic because the inadequate 

vascularisation of the tumour results in diffusion limited hypoxia (Thomlinson & 

Gray, 1955).

The presence of tumour hypoxia has an impact on cancer treatment and patient 

survival. Hypoxia has been specifically analysed with respect to radiation treatment 

(Gray et al., 1953). Anoxic cells are approximately 3-fold more radioresistant than 

cells irradiated under normoxic conditions (Vaupel et al., 1989). The rapid increase in 

the radiosensitivity of cells in the presence of oxygen (or when it is present 

milliseconds following radiation exposure) is thought to be due to oxygen reacting 

with ionised molecules, and the subsequent formation of poorly repairable peroxide
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lesions (oxygen fixation hypothesis, (Hall, 1994).

Chemotherapy may also experience reduced effectiveness in hypoxic regions 

(Chaplin et al., 1989; Grau & Overgaard, 1988; Teicher et al., 1981). Hypoxic cells 

slow their growth, and regions of tumours distant from blood vessels have a decreased 

proliferating fraction (Tannock, 1968). This can reduce therapeutic efficacy, since the 

majority of anticancer chemotherapeutics are primarily effective against rapidly 

dividing cells. The induction of stress proteins by hypoxia can lead to resistance to 

commonly used agents such as doxorubicin, etoposide and methotrexate (Hughes et 

al., 1989; S anna & Rofstad, 1994; Shen et al., 1987). In addition, delivery of agents to 

cells distant from functional blood vessels will be limited by diffusion.

Both clinical and animal tumour models have been shown to contain regions 

of hypoxia. Direct measurements using oxygen electrodes, and indirect measurements 

using molecular markers and exogenously administered agents, have confirmed 

hypoxia in clinical tumours. Carcinoma of the cervix is probably the best-described 

human hypoxic tumour (Brizel et al., 1995; Hockel et al., 1991).

An initial study suggested that hypoxia increased along a linear tract, with the 

centre of the tumour being the most hypoxic, and oxygenation increasing outwards 

(Fleckenstein et al., 1990). However, other studies, in both cervical carcinoma 

(Hockel et al., 1991; Vaupel et al., 1991), and soft tissue sarcoma (Brizel et al., 1994), 

disputed the simplicity of this model. Chaplin and Hill (Chaplin & Hill, 1995) showed 

that in a murine tumour model, changes in blood flow could occur independently in 

different regions of the same tumour, supporting the earlier clinical results.

The presence of hypoxia is an adverse prognostic factor in the majority of 

solid tumours. Patients with cervical carcinoma containing median p02 values of less 

than or equal to 10 mmHg had increased probability of lymphatic spread (Hockel et 

al., 1999), and decreased 5 year survival (Haensgen et al., 2001; Hockel & Vaupel, 

2001). In tumours of the head and neck, pOi tensions less than 10 mmHg were 

associated with poor loco-regional control, disease-free survival, and overall survival 

(Brizel et al., 1999), in patients receiving fractionated radiotherapy with or without 

concomitant chemotherapy.
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In vitro exposure of tumour cells to hypoxia can lead to an accumulation of the 

number of cells in the G1 phase of the cell cycle (Young et ah, 1988), which was 

associated with an inhibition of DNA synthesis. Reoxygenation in this study, and 

others (Rice et ah, 1986), resulted in an increase in S phase cells and the number of 

cells with increased DNA content (greater than 4C, where C is the normal cellular 

DNA content).

Experimental models of tumour metastasis have shown that cells exposed to 

hypoxia in vitro initially have decreased metastatic potential when implanted in vivo 

(Young et ah, 1988). However, if the hypoxic cells undergo reoxygenation before 

injection they show increased metastatic ability, which is further increased by 

extending the hypoxic incubation time (Young et ah, 1988). Tumours with a 

significant hypoxic fraction also appear to metastasise at an earlier stage of growth 

compared with more oxygenated tumours (De Jaeger et ah, 2001).

Hypoxia also results in changes in gene expression leading to a more 

aggressive phenotype. Expression of the tumour suppressor gene p53 (Graeber et ah, 

1996), and the proto-oncogene bcl-2 (Haensgen et ah, 2001; Kinoshita et ah, 2001) 

are altered, with extended hypoxia and reoxygenation resulting in increased growth 

rate and greater increases in bcl-2 staining relative to hypoxic incubation. Bcl-2 has 

been reported to prevent hypoxia-induced apoptosis (Jacobson & Raff, 1995; Shimizu 

et ah, 1995), which may account for the increased growth rate when this gene was 

upregulated. It also demonstrates that there is a selective pressure from hypoxia for 

expansion of variants that have lost their apoptotic potential.

Hypoxia has been shown to increase the mutation frequency of cells 

(Reynolds et ah, 1996; Sandhu et ah, 2000), thus suggesting that hypoxia is capable of 

mediating tumour progression by the induction of genetic instability.

1.1.1 Overcoming tumour hypoxia

One method of circumventing the problem of tumour hypoxia is to attempt to 

oxygenate hypoxic regions. This has been performed using hyperbaric oxygen 

(Churchill-Davidson, 1968). This showed some effectiveness, but was discontinued, 

mainly due to problems with patient compliance. More recent studies have utilised 

chemical radiosensitisers. These can diffuse from the blood stream and reach hypoxic 

regions since they are not metabolised by normal cellular respiration. Unfortunately, 

the high neural toxicity associated with the prototypical drug misonidazole, resulted in
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dose limitations, and poor clinical experience (Dische, 1985).

A combination of carbogen (95% oxygen, 5% carbon dioxide) and 

nicotinamide, a derivative of the B vitamins believed to prevent transient blood flow 

fluctuations (Chaplin et ah, 1990), has been used to overcome both transient and 

chronic hypoxia. Clinical trials combining this gas mixture with accelerated 

radiotherapy (ARCON) have indicated some clinical efficacy (Bernier et ah, 2000; 

Hoskin et ah, 1999; Hoskin et ah, 2003).

An alternative strategy to eliminating hypoxia is to exploit it. Bioreductive 

drugs can be used as hypoxic cell cytotoxins. These drugs are selectively reduced 

under hypoxia, often by DT-diaphorase or reductase enzymes. Currently under 

investigation are tirapazamine (TPZ, (Brown & Wang, 1998)), E09 (Jaffar et ah,

1998) and AQ4N (Patterson & McKeown, 2000).

AQ4N is the prodrug of AQ4 which targets topoisomerase II (topo II) 

(Patterson, 1993), with decreased toxicity to non-cycling cells. The active metabolite 

persists within cells upon reoxygenation, and will synchronise cell growth (Hejmadi 

et al., 1996). In contrast to other bioreductive agents, AQ4N is activated by 

cytochrome P450 (CYP) isoforms (Patterson et ah, 1999), and this was confirmed by 

increased cell kill and in vivo activity when cells were transfected with CYP 3A4 

(McCarthy et ah, 2003). When given alone in tumour models, it has only weak anti

tumour activity, but could substantially increase the effects of radiation (McKeown et 

ah, 1995; Patterson et ah, 2000) and standard cancer chemotherapeutics such as 

cisplatin and cyclophosphamide (Friery et ah, 2000; Patterson et al., 2000).

Tirapazamine (TPZ), is a benzotriazine which shows toxicity under conditions 

of hypoxia (Brown & Lemmon, 1991). Intracellular reductases convert TPZ to a 

cytotoxic radical, which is back-oxidised to the parent compound by molecular 

oxygen (Lloyd et ah, 1991). TPZ causes both single and double strand breaks (Daniels 

et ah, 1998), and is a topo II poison (Peters & Brown, 2002). It is currently in phase 

II/III clinical trials in combination with radiation and cisplatin (Craighead et ah, 2000; 

Rischin et ah, 2001), with some activity. Modifications to the TPZ structure are being 

investigated to target DNA and reduce side effects (Delahoussaye et ah, 2003; Hay et 

ah, 2003).

E09 is activated by DT-diaphorase (Jaffar et ah, 1998), and showed good 

preclinical effects. E09 displayed some renal toxicity in clinical trials (Dirix et ah, 

1996), but no therapeutic efficacy. However, E09 was used as a single agent, which is
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inappropriate for a bioreductive agent. Other DT-diaphorase bioreductives are being 

researched (Jaffar et al., 2003).

1.1.2 Hypoxia mediated gene control

Many genes are regulated by hypoxia, including transcription factors, 

glycolytic enzymes, and growth factors (for review see Dachs (Dachs & Tozer,

2000)). A major part of the cellular response to hypoxia involves the hypoxia 

inducible factor-1 (HIF-1) transcription factor. The DNA binding activity of HIF-1 is 

upregulated by hypoxia (Wang & Semenza, 1993). HIF-1 is a heterodimer, consisting 

of H IF-la and HIF-1(J subunits (Wang et al., 1995). H IF-la has been found to be 

overexpressed in a variety of human tumours, and in particular seems to be associated 

with metastasis and tumour progression (Zhong et al., 1998; Zhong et al., 1999).

The H IF-la subunit is hypoxia-regulated post-translationally by ubiquitination 

(Huang et al., 1998; Kallio et al., 1999), and redox-dependent stabilisation of the HIF- 

1 dimer. In contrast, the HIF-1(3 subunit, originally described as one of the aryl 

hydrocarbon receptor nuclear translocator, ARNT, family (Wang et al., 1995), is not 

regarded as being oxygen sensitive (Pugh et al., 1997).

HIF-1 has a variety of association partners, and efficient hypoxia-induced 

gene transcription appears to require the formation of a multi-protein complex of HIF- 

1, the cofactor CBP/p300, and other transcription factors (Kallio et al., 1998). The 

HIF-1 dimer binds to a cognate hypoxia regulatory element (HRE), located at varying 

positions relative to the gene of interest. The generalised sequence for an HRE is 5’- 

(A/G)CGT(G/C)(G/C)-3 ’.

Antibodies towards HIF-1 a have been generated, and have been used to assess 

expression of the transcription factor in a variety of human tumours. HIF-la is 

upregulated in stage 1 endometrial adenocarcinoma, and expression was related to 

increased angiogenesis and unfavourable prognosis (Sivridis et al., 2002). Expression 

of HIF-la is associated with poor survival following radiotherapy in a variety of 

tumours, including cancer of the cervix (Bachtiary et al., 2003; Burri et al., 2003), 

head and neck (Hui et al., 2002; Koukourakis et al., 2002), and breast (Bos et al., 

2003; Bos et al., 2001; Schindl et al., 2002).

Because of difficulties overcoming hypoxia with conventional therapies, there 

has been increasing amounts of research into alternatives.
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1.2 Gene Therapy

Gene therapy of cancer is now one of the major uses of genetic based 

treatments. Other uses include pulmonary and cardiovascular diseases (Phillips,

2001), and AIDS (Buchschacher & Wong-Staal, 2001). It was originally developed 

for the treatment of inherited monogenic disorders such as cystic fibrosis (Flotte & 

Laube, 2001) and severe combined immunodeficiency disorder (Anderson et al., 

1990), but suffered from setbacks, as successful treatment requires the majority of 

defective cells to be corrected. Trial results are constantly improving, with notable 

results for X-linked SCID in children. The advantage for cancer gene therapy 

strategies is that not all cells need to be corrected, due to the bystander effect (see 

section 1.3.1).

Gene therapy consists of three components; gene delivery, regulation of 

expression and therapeutic efficacy. Each needs to be optimised for a successful 

clinical outcome.

1.2.1 Gene delivery

In vitro transfection of cells is relatively straightforward with several protocols 

available, such as calcium chloride treatment, lipofection, electroporation, and the use 

of viruses. However, in vivo gene delivery has proved to be the major limitation to 

gene therapy, resulting in greater reliance on the bystander effect (Fig. I . I and section

1.3.1). At present, viral delivery methods are the most effective, but also raise safety 

concerns, and hence there is substantial interest and research into in non-viral 

methods.

The ideal delivery agent should effectively deliver the exogenous genetic 

material to the target cells without degradation in the circulation or tissue. Delivery 

should target the nucleus rather than the cytoplasm. Agents should be capable of 

delivering fairly large amounts of DNA without a decrease in transfection efficiency. 

It is also desirable that repeat administration be possible without the induction of an 

immune response.

Viral Delivery

Retroviruses contain only RNA and not DNA. They can enter the cell via a 

variety of cell surface receptors (Miller, 1996), and then generate DNA using reverse
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transcriptase enzymes. The DNA is then integrated within the host cell genome 

allowing stable long-term expression. In order to integrate the proviral DNA, the 

host/target cell must be proliferating.

Retroviruses are rendered replication-deficient by the removal of the gag, pol 

and env genes, which are replaced by the exogenous genetic material. The viruses are 

then combined with packaging cells which are capable of producing the proteins 

necessary for viral assembly, allowing continued production of the virus (Danos & 

Mulligan, 1988).

Therapies using retroviruses at first used vectors derived from murine 

leukaemia virus (MLV). As these vectors only transduce actively dividing cells, it was 

seen as an advantage in cancer therapy providing a certain degree of targeting. 

Integration into the host genome eliminated the requirement for repeat 

administrations, thus decreasing the risk of possible immune responses. However, the 

viral reverse transcriptase is error prone, potentially resulting in genetic instability. 

Also, integration into the host genome has the potential to result in insertional 

mutagenesis and activation of oncogenes. This has been highlighted by the cases of 

two children successfully treated for X-linked SCID with an ex-vivo retroviral 

approach in France, who subsequently developed leukaemia. It would appear that the 

virus used in the treatment integrated into a cellular genome immediately adjacent to 

the lmo2 locus (commonly involved in childhood T cell acute lymphoblastic 

leukaemia, (Davenport J, 2000).

Newer retroviral therapies utilise lentiviruses such as HIV-1, which can 

integrate into non-proliferating cells (Naldini et al., 1996). For safety reasons, it may 

be prudent for human use to use lentiviruses of non-human origin.

Adenoviruses are non-enveloped icosadeltahedrons, which enter the cell via 

endocytosis. They then lyse the endosomal vesicle and the DNA is delivered to the 

nucleus where it remains episomal, so avoiding permanent change or insertional 

mutagenesis. Unlike retroviral delivery, cellular replication is not a pre-requisite for 

expression of the virally delivered DNA (Rosenfeld et al., 1991).

Internalisation of the adenovirus requires binding to the coxsackie and 

adenovirus receptor (CAR), followed by an interaction with integrins. However, 

expression of CAR has been reported to be downregulated in several tumour types 

(Curiel, 1999). Decreased expression of CARs on the surface of the target cell leads
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to a decrease in the transduction efficiency, both in vitro and in vivo, accompanied by 

a decrease in the efficiency of mutation compensation and molecular chemotherapy 

strategies (Kim et al., 2002). Redirection of adenoviruses to give CAR-independent 

transduction could potentially increase transduction efficiencies.

Modification of adenovirus can be performed using two strategies: i) non- 

genetic retargeting and ii) genetic retargeting involving engineering of viral proteins. 

These changes can increase the binding capacity, and/or generate tropism for a 

particular cell type (Douglas et al., 1996).

The wide distribution of the CAR precludes selectivity, and can lead to non

specific gene expression, especially in the liver. Yet its downregulation in cancer cells 

poses a problem. Adenovirus can be coated in polymers and retargeted to the basic 

fibroblast growth factor (bFGF) or VEGF receptors resulting in efficient CAR- 

independent ligand-mediated binding and uptake both in vitro and in vivo (Fisher et 

al., 2001). Adenovirus-liposome complexes have also been produced, which in a 

mouse glioma model displayed greater transduction efficiency and a five-fold 

decrease in anti-adenovirus antibodies compared with adenovirus alone (Mizuno et 

al., 2002).

Modification of adenovirus to express an epidermal growth factor (EGF) CAR 

protein led to efficient gene transfer to pancreatic carcinoma cells (Wesseling et al.,

2001). Other modifications include HI loop insertion of peptides, such as Ov integrin- 

binding peptides (Wesseling et al., 2001), and those identified from phage display to 

bind to endothelial cells (Nicklin et al., 2001). The main drawback of genetic 

modification of viruses is that although cells can be effectively targeted, and any 

potential infectious particles will retain their tropism, the process is more complex 

than non-genetic coating of particles.

The major problem occurring with adenovirus delivery is an inflammatory and 

immune response involving both cellular and humoral mechanisms preventing repeat 

administration (Nagao et al., 2001). This is probably more critical for therapy of 

inherited disorders such as cystic fibrosis, where repeat administration is required as 

cells are replaced. In addition, the death of an 18 year old participant in a clinical trial 

involving adenoviral gene delivery has highlighted the problems associated with viral 

use (Marshall, 1999).
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Herpes simplex viruses are large double stranded DNA viruses which enter the 

cell through interactions with heparin sulphate residues on cell membranes. As with 

adenoviruses, HSV can be rendered replication deficient through deletion of 

immediate early genes. It is possible to remove large regions of the viral DNA and yet 

retain their ability to infect cells (Sena-Esteves, 2000).

Oncolytic HSV vectors have been utilised as a means of destroying tumour 

tissue whilst sparing the surrounding normal tissue in brain, colon métastasés, gliomas 

and bladder cancer. A potential problem with HSV vectors is their natural tropism for 

neuronal tissue, and the potential for latent infection.

Adeno-associated viruses (AAV) are small single stranded DNA viruses 

which are non-pathogenic. They are capable of infecting both replicating and 

senescent cells. Although integration into the host genome is likely, viral DNA will 

insert at a specific locus (Samulski, 1993). This characteristic is lost in gene therapy 

vectors due to the deletion of rep genes in order to remove replication competency.

AAV have been shown to penetrate into both tumour cell spheroids and 

experimental tumours better than adenovirus (Enger et al., 2002). This is particularly 

important when looking to target regions of hypoxia that may be distant from feeder 

blood vessels.

The packaging capacity of AAV is fairly low allowing only small 

inserts,which is a disadvantage if large genes are to be used. In addition the 

preparation of viruses requires helper virus in the form of either HSV or adenovirus, 

which may result in contamination if there is ineffective purification.

More recently work has developed into the use of replication competent 

viruses (Hemminki & Alvarez, 2002). These would be able to deliver exogenous 

DNA to a greater number of cells, with potentially increased therapeutic efficacy. 

Work on the ONYX 015 virus (also referred to as dlI520 or Cl-1042), which is only 

able to replicate in p53 null cells (Heise et al., 1997), has demonstrated the safety of 

this approach and given encouraging results both pre-clinically, and in early clinical 

trials (Kim, 2001).

Non-viral delivery

Liposomal gene delivery in human gene transfer protocols typically utilises
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cationic lipids, which are complexed with negatively charged plasmid DNA. The 

liposome fuses with the plasma membrane releasing the genetic material into the cell. 

Since there are no extra macromolecules targeting the DNA to the nucleus, much of 

the delivered material remains in cytoplasmic vesicles which are degraded before 

reaching the nucleus (Crystal, 1995).

Liposomes have several advantages over viruses, as they can essentially hold 

DNA of unlimited size, and are unable to replicate or recombine to form infectious 

agents. If purely liposomal, with no targeting proteins, then they are unlikely to result 

in an immune response. However, DNA transfer in vivo with liposomes is so far 

unreliable and inefficient, which has led to the modification of the lipid component 

with a variety of peptides in order to increase the uptake into cells, release from the 

endosomal vesicle, and to target specific cells. Integrin-targeting peptides have been 

developed which contain a poly-lysine chain to bind DNA (Harbottle et al., 1998). In 

combination with cationic lipids this has been used to successfully transfect bronchial 

epithelium (Cunningham et al., 2002). Ligands to the epidermal growth factor 

receptor have been developed for use with lipids to transfect lung carcinoma cells in 

vitro (Yanagihara et al., 2000), and subcutaneous tumours in animals (Ogris & 

Wagner, 2002; Wolschek et al., 2002), whilst limiting uptake and expression in the 

liver.

A major area of research is the use of electric pulses to increase gene and drug 

delivery. The cell plasma membrane is unable to conduct electricity except through 

the use of ion channels. A high voltage passed through a cell results in the formation 

of pores, which allow the transfer of macromolecules between the extracellular matrix 

and the cytosol. These electropores spontaneously reseal. The voltage used, and the 

duration of the pulse are critical factors in determining the cellular uptake of 

molecules. Different tissues have differing optimal parameters.

Electroporation can increase the uptake into cells of chemotherapeutic drugs, 

such as bleomycin which is otherwise membrane transport-limited (Hyacinthe et al.,

1999).

Gene transfer in vivo with electroporation has been successfully demonstrated 

in muscle (Rizzuto et al., 1999; Vicat et al., 2000), mammary tumours (Wells et al.,

2000), hepatocellular carcinoma (Heller et al., 2000), gliomas (Nishi et al., 1996;
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Yoshizato et al., 2000), and colon adenocarcinoma models (Goto et al., 2000). 

However, levels of expression are still below those obtained using viral vectors.

Cellular delivery

Although bacteria do not transfer genes to the tumour tissue they represent a 

growing area of research as cellular vehicles. The Clostridium, Bifidobactum, and 

Salmonella genera have all been studied in this context. It is the anaerobic nature of 

Clostridia that makes them attractive for cancer therapy, since they will colonise the 

necrotic and hypoxic regions of tumours whilst sparing normal tissue. Spores of C. 

acetothutylicum have been shown to colonise rat tumours resulting in the secretion of 

tumour necrosis factor-a (TNF-a) or cytosine deaminase (CD, see section 1.3.2) 

(Theys et al., 2001). Spores of C. beijerinckii have been engineered to express 

nitroreductase, and cytosine deaminase, and tumour specific expression was shown. 

However, no antitumour activity was seen when the appropriate prodrug was 

administered, probably due to low levels of viable clostridia. C. sporogenes have been 

engineered to express the CD gene and shown to have potent anti-tumour activity in 

combination with its prodrug (Liu et al., 2002).

In addition to the use of bacteria, macrophages have been proposed for use as 

cellular delivery vehicles. Macrophages are the tissue-matured cells derived from 

circulating monocytes that infiltrate diseased and damaged tissues.

Macrophages which have been activated ex-vivo, and then re-infused into 

tumour bearing mice could result in growth delay (Fidler, 1974), and re-infusion of 3 

X 10  ̂ ^x-v/vo-activated macrophages to cancer patients resulted in only mild side 

effects. However, only minimal therapeutic benefit was observed (Andreesen et al., 

1998).

The advantage of macrophages over other non-modified vectors is their inate 

ability to “home” to diseased sites. Typically, following systemic administration, 

macrophages accumulate in the lungs, followed by a return to the circulation and 

localisation in the liver and spleen. The proportion of macrophages found in diseased 

sites varies according to the study (see (Burke et al., 2002a) for review).

Macrophages have been successfully used in a spheroid model to carry the 

cytochrome P450 gene (CYP, see section 1.3.2) into the spheroid (Griffiths et al..
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2000). Upon addition of prodrug clonogenic survival was reduced. In addition, the use 

of a hypoxia responsive element (HRE, see section 1.2.2) could be incorporated to 

increase targeting. Macrophages appeared to be more resistant to the activated 

prodrug than tumour cells, and so prodrug activation would not immediately destroy 

the activating cell. The use of an HRE is possible since macrophages contain a 

functional response to hypoxia utilising the HIE pathway (Burke et al., 2002b).

One disadvantage to the use of macrophages for gene delivery is that they 

need to be transfected ex vivo, and this is less effective than transformation of 

bacterial cells.

1.2.2 Gene expression

For cancer gene therapy strategies, expression of exogenous genetic material 

needs to be directed towards the tumour and not normal tissues. However, the 

majority of preclinical and clinical studies still utilise strong constitutive gene 

expression driven by viral promoters.

Targeting of gene expression can be achieved using tissue or condition 

specific regulatory sequences. Control of therapeutic genes can be placed under 

inducible promoters, for example, those derived from the gene for the heat shock 

protein (Braiden et al., 2000), carcinoembryonic antigen (CEA) promoter (Humphreys 

et al., 2001), hypoxia response elements (HREs) (Dachs et al., 1997), and radiation 

responsive promotors (CArG elements) (Datta et al., 1992). The tumour vasculature 

can also be targeted using the promoter sequence from the vascular endothelial 

growth factor (VEGF) receptor, flt-1 (Reynolds et al., 2001). Targeting the 

vasculature may be advantageous since this may result in a large bystander effect. 

Also, the vasculature is likely to have a more stable genotype than tumour cells, 

decreasing the likelihood of resistance (Kerbel, 1991).

Tissue specific gene expression

A variety of genes have been identified which are over-expressed in certain 

cancers. The use of promoter or enhancer sequences from these genes can be used to 

drive the expression of exogenous genetic material resulting in gene expression 

primarily in the cancerous growth.

Examples of promoters which have been isolated for use in gene therapy 

include, those which control expression of the carcinoembryonic antigen (CEA),
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prostate specific antigen (PSA) and prostate specific membrane antigen (PSMA). 

CEA is a glycoprotein over expressed in many carcinomas, but in particular those of 

the gastric system. Transfection of cells with the herpes simplex virus thymidine 

kinase (HSV-tk, see section 1.3.2 for details) gene under the control of the CEA 

promoter selectively sensitised stably transfected lung cancer cells (Osaki et al., 1994) 

and pancreatic cancer cells (DiMaio et al., 1994) to the gancyclovir (GCV) prodrug 

both in vitro and in vivo, with a significant bystander effect. In vivo transfection of the 

cytosine deaminase (CD, see 1.3.2) gene to colon carcinoma, with retroviral (Cao et 

al., 1999) or adenoviral vectors (Lan et al., 1997) under the control of the CEA 

promoter, resulted in selective expression and tumour regression after 5- 

fluorocytosine (5-FC) administration.

Prostate specific antigen (PSA) is involved in semen liquifaction and is 

expressed preferentially in the prostate. Liposomal transfection of prostate cancer 

cells in vitro with the HSV-tk gene under the control of the PSA promoter effectively 

sensitised these cells to GCV (Suzuki et al., 2001). Although the PSA promoter could 

give selective expression of the CD gene in prostate cells in vitro, the level of 

expression obtained was not sufficient to result in cell kill in response to 5-FC 

(Yoshimura et al., 2001).

An alternative to the PSA promoter is the prostate specific membrane antigen 

(PSMA) promoter (O’Keefe et al., 1998). This showed selectivity, both in vitro and in 

vivo, when used to control the CD gene followed by treatment with 5-FC, resulting in 

significant cell kill. In addition PSMA is upregulated by traditional hormone therapy 

(Wright et al., 1996), thus giving the potential for increased response in the clinic in 

combination with conventional therapies.

Environmentally controlled gene expression

Hypoxia is present in many solid tumours (see section 1.1.1), and is 

responsible for the upregulation of a variety of genes via the HIF-1 system (section

1.1.2). The first hypoxia-controlled gene to be identified was that of erythropoietin 

(Beck et al., 1991; Pugh et al., 1997; Semenza et al., 1994). Hypoxia responsive 

elements (HRE’s) have since been identified in many genes, including 

phosphoglycerate kinase 1 (PGK) and lactate dehydrogenase A (Firth et al., 1994), 

type II hexokinase (Mathupala et al., 2001), VEGF (Forsythe et al., 1996), and 

glyceraldehyde-3-phosphate dehydrogenase (Graven et al., 1999).
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The HRE from the mouse PGK-1 gene has been utilised to regulate expression 

of the marker gene CD2 at clinically relevant levels of hypoxia (Dachs et al., 1997). 

Subsequent reoxygenation of cells further increased levels of the gene, which would 

lead to enhanced expression within regions of transient hypoxia in tumours. Utilising 

the CD enzyme it was shown that hypoxic induction of CD was sufficient to sensitise 

cells to 5-FC when cells were returned to normoxia

The use of the HRE from the VEGF gene has been used as a promoter to 

control expression of the HSV-tk gene (Koshikawa et al., 2000). This construct was 

shown to increase the sensitivity of cells to GCV after induction under hypoxia in 

vitro, and resulted in regression of subcutaneous tumours. In addition, the 

combination of HRE’s with tissue specific promoters has been used to control 

expression of marker genes (Modlich et al., 2000) and HSV-tk (Ido et al., 2001).

Ionizing radiation increases expression of immediate-early genes involved in 

transcriptional control, such as the early growth response (Egr) family (Hallahan et 

al., 2003; Sherman et al., 1990). In 1992 Datta (Datta et al., 1992) showed that x-ray 

irradiation resulted in transcriptional activation of the Egr-1 gene. Experiments 

involving deletions within the promoter identified the serum response domain as 

particularly important. This region is also referred to as the CArG box, 

[CC(A4-T)6GG]. CArG elements are radioresponsive, and are also induced by reactive 

oxygen species (Datta et al., 1993).

The use of CArG elements to control gene transcription has been 

demonstrated with effective induction of the TNF-a gene resulting in decreased 

tumour volume (Seung et al., 1995). The use of synthetic CArG elements has also 

been used in GDEPT in vitro, resulting in cell killing using the HSV-tk/GCV GDEPT 

combination (Marples et al., 2000). HRE and CArG elements have successfully been 

used to control expression of both marker and therapeutic genes (Greco et al., 2002b).

1.2.3 Therapeutic genes

The choice of genes for cancer treatment will depend upon the type of 

strategy. In general, there are three main approaches to cancer gene therapy; mutation 

compensation, genetic immunopotentiation and molecular chemotherapy. All three 

strategies are large fields. Due to the subject of this thesis emphasis will be placed on
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molecular chemotherapy.

Mutation compensation

Molecular biology has identified many genes which are up or downregulated 

in cancerous cells. It may be possible to abrogate the malignant phenotype by 

correcting dysfunctional expression of tumour suppressor genes or oncogenes. The 

archetypal gene for this strategy is p53 (Nielsen & Maneval, 1998). Pre-clinical 

studies have demonstrated the reversal of malignancy associated with increased 

apoptosis when wild type p53 was delivered. However, some cells remain 

tumourigenic despite expressing wild-type p53. Oncogenes can be targeted by the use 

of anti-sense RNA which promotes the degradation of the complimentary sequence 

(On* & Monia, 1998).

Antibody therapy can also be used for mutation compensation. Intracellular 

expression of an anti-erbB-2 single chain antibody led to the down regulation of erb-2 

expression (Deshane et al., 1995).

A drawback to the mutation compensation approach is the need for highly 

efficient gene transfer, since any cells which do not express the introduced wild-type 

gene will be capable of repopulating the tumour mass. At present gene delivery is a 

major stumbling block in all gene therapy strategies (section 1.2.1).

Genetic immunopotentiation

Genetic immunopotentiation aims to actively immunise against tumour- 

associated antigens. The advantage of this approach is that the delivery of genes to 

cells can be attained ex vivo, thus reducing the need for an efficient delivery system. 

Tumour infiltrating lymphocytes were thought to be the ideal delivery system for this 

approach (Rosenberg et al., 1990). However, when reinjected, localisation to the 

tumour was poor and expansion in vivo required toxic doses of interleukin 2 (IL-2).

Unfortunately, most human tumours do not appear to have a specific antigen 

or exceptionally high levels of antigens making the choice of target difficult, and 

potentially reducing therapeutic effects (Schuler & Steinman, 1997).

Molecular chemotherapy

In molecular chemotherapy, or “suicide gene therapy” the gene encoding an 

enzyme is delivered to tumour cells, followed by the systemic administration of a
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prodrug, which is converted to a cytotoxin by the enzyme (gene directed enzyme 

prodrug therapy or GDEPT). The method of targeting can be specific delivery and/or 

genetically controlled (see Fig. 1.1).

Gene delivery

Ad, retro, ep, 

lipo, DNA

Bystander cell 

killing (via 

diffusion, gap 

junctions, 

immune system)

Gene

Selective (eg, 

hypoxia inducible) 

or constitutive 

(eg.C M V ) Prodrug

administration

Figure 1.1. Gene directed enzyme prodrug therapy (GDFPT). Gene delivery to 

tumour cells is followed by gene expression and subsequent administration of a non

toxic prodrug. The therapeutic gene encodes an enzyme that converts the prodrug to a 

cytotoxin, leading to cell death. Surrounding cells may also be killed due to the 

bystander effect (see section 1.3.1). Ad, adenovirus; retro, retrovirus; ep, 

electroporation; lip, liposomes; CMV, cytomegalovirus strong promoter.

1.3 GDEPT systems

An ideal enzyme prodrug combination would be one where the enzyme is 

monomeric and without post-translational modifications such as phosphorylation or 

glycosylation. The catalytic activation of the prodrug should be rapid at low 

concentrations of substrate and under physiological conditions. It should also be 

sufficiently different from endogenous pathways so that activation of prodrug does
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not occur in normal tissues.

Optimisation of the process occurs when conversion of the prodrug to a 

cytotoxin is a one step process not requiring further metabolic activation. The 

cytotoxic agent should be able to leave the cell of origin to affect surrounding cells so 

exerting a “bystander” effect. The active drug’s half life should be such that it kills the 

surrounding cells, but not cause systemic toxicity. In order to maximise the bystander 

contribution, expression of the enzyme should not in itself be cytotoxic, nor should 

the gene delivery method cause significant cytotoxicity (Knox, 1999).

1.3.1 Bystander effect

In any gene therapy system delivery of the gene to all target cells is unlikely; 

currently at best, around 10% of cells may be transfected. Therefore it is important 

that any cytotoxic agents produced by the transfected cell should be able to kill 

surrounding cells for tumour growth arrest or regression -  the bystander effect.

Using the herpes simplex virus thymidine kinase/gancyclovir combination 

(HSV-tk/GCV, see section 1.3.2), Moolten (Moolten, 1986) described how mixtures

of HSV-tk+ and HSV-tk" cells sparsly seeded and then treated with GCV resulted in

areas of surviving HSV-tk" cells. However, if the mixtures were plated at high density

very few HSV-tk" cells survived. It has been suggested that this apparent need for cell 

contact is due to the transfer of phosphorylated GCV between cells via gap junctions. 

Indeed, the bystander effect in cells with dysfunctional gap junctions treated with 

HSV-tk/GCV was severely compromised, but could be increased by co-transfection 

of cells with connexin genes (Grignet-Debrus et al., 2000). The reliance on gap 

junctional communication for the bystander effect is not a good strategy, since 

expression of connexins is often decreased in neoplastic tissues, and can also be 

decreased by hypoxia (Mesnil et al., 1996; Nishida et al., 2000; Touraine et al., 1998).

All current GDEPT strategies rely on a bystander element of cytotoxic species 

transfer, yet there also appears to be an immune component (Caruso et al., 1993; 

Haack et al., 2000; Kuriyama et al., 1999a; Kuriyama et al., 1999b; Rainov et al., 

2000; Vile et al., 1994b). Reports agree that in immunocompetent animals immunity 

to parental cells, that is the original non-modified cell line, but not other syngeneic 

cell lines is conferred. A significant increase in both CD8^ and CD4^ lymphocytes has 

been reported in both the HSV-tk/GCV and cytosine deaminase/5-fluorocytosine
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(CD/5FC) systems. This may be important for metastatic cancers, which may not be 

targeted by the original gene transfer. Rejection of parental cells suggests that the 

body may be more capable of mounting an effective immune response against cells 

which have seeded outside of the original tumour.

A potential method for increasing the bystander effect is the use of the HSV-1 

structural protein VP22 (Elliott & OTfare, 1997). The VP22 protein is unusual in that 

cells infected with HSV show localisation of the VP22 protein in a diffuse pattern in 

the cytoplasm (Elliott & OHare, 1997). VP22 is able to spread to surrounding cells 

(up to 200 per infected cell), where it is taken up and transported to the nucleus. 

Fusion proteins also show this transport property (Elliott & OHare, 1997). An HSV- 

tk-VP22 fusion protein has been constructed, which retained the enzymatic function 

of HSV-tk and was capable of causing a bystander effect both in vitro and in vivo 

(Dilber et al., 1999). However, another system using VP22 failed to show an 

enhanced bystander effect (Qiu et al., 2004).

1.3.2 Current strategies

Several cancer gene therapy systems are based on existing therapies for 

bacterial or viral infection. By expressing the viral or bacterial gene responsible for 

susceptibility to these drugs, tumour cells become sensitive. The advantage with these 

systems is that prodrug characteristics in humans are often well studied, leading to a 

more rapid clinical development.

Herpes simplex virus-thymidine kinase/Gancyclovir

This is by far the most studied system of proposed GDEPT strategies. 

Gancyclovir (GCV) and related compounds are widely used for the treatment of 

herpes simplex virus (HSV) infections, as they are poor substrates for human 

monophosphatase kinase, so giving few side effects. GCV is a derivative of acyclovir 

with the addition of a methoxy group at the 3’ carbon acyclic side chain which gives 

increased activity, especially against HSV. Unfortunately this addition also increases 

haematopoietic toxicities (Balfour, 1990). After phosphorylation by HSV-thymidine 

kinase (HSV-tk), GCV undergoes a series of intracellular reactions resulting in the 

formation of a triphosphate. This competes with deoxyguanosine triphosphate in 

DNA elongation during cell division resulting in inhibition of DNA polymerase and 

single strand breaks (Elion, 1983; Reid et al., 1988). This combination of enzyme and
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prodrug therefore has some specificity for rapidly dividing tumour cells invading 

normal quiescent tissue. However, as it is S-phase specific, the cells must be actively 

dividing at the time of drug administration, which is a potential drawback in tumours 

containing regions of non-proliferating hypoxic cells.

The exact mechanism of HSV-tk cell kill is still not fully understood, although 

it involves apoptotic cell death resulting from p53 accumulation, mitochondrial 

perturbations and activation of caspase cascades (Beltinger et al., 1999; Beltinger et 

al., 2000; Freeman et al., 1993; Wei et al., 1999).

In vitro studies showed that stable expression of HSV-tk could increase cell 

sensitivity to GCV up to 2000 fold (Kuriyama et al., 1999a), although results vary 

according to the assay and cell type used.

The doses of GCV used in animal studies vary from 25 mg/kg twice daily 

(b.i.d.) to 100 mg/kg b.i.d. (O’Malley et al., 1995) and 150 mg/kg/day (Vile et al., 

1994a). The level of toxicity at these doses also varies, which may be dependent on 

the mouse strain.

Cells stably expressing HSV-tk have been grown as tumours in animal 

models, resulting in eradication of 80% of GCV treated tumours when 40% of the 

inoculated cells expressed HSV-tk (Kuriyama et al., 1999c). Growth delay was 

reported in several cell types including liver métastasés (Caruso et al., 1993), murine 

and human melanoma (Berenstein et al., 1998), and rat glioma cells (Dilber et al., 

1999). Inhibition of tumour development has been shown in murine melanoma, 

(Berenstein et al., 1998) and murine hepatocellular carcinoma (HCC, (Kuriyama et 

al., 1999c).

In vivo HSV-tk gene delivery by adenoviruses followed by GCV 

administration has led to growth delay in tumours including murine melanoma, lung 

and ovarian carcinomas (Wildner & Morris, 2000) and head and neck carcinomas 

(O’Malley et al., 1995). However when used with a replication competent HSV-1 

vector, the level of activity was decreased, probably due to killing of the HSV-1 

vector by GCV rather than tumour cells, preventing gene expression and also 

oncolytic activity (Pawlik et al., 2002).

The main disadvantage of the HSV-tk system is that the highly charged 

triphosphate is lipid insoluble and therefore incapable of diffusing from one cell to 

another, so reducing the opportunity for bystander effects. The observed bystander
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effect has been proposed to be reliant at least in part, on gap junctions (Dilber et al., 

1997; Elshami et al., 1996). It seems that both the level of gap junctional intercellular 

communication (GJIC) and type of connexin expressed is important (Andrade- 

Rozental et al., 2000). However, GJIC does not appear to be necessary in all cell types 

(Bai et al., 1999; Boucher et al., 1998), and free GCV phosphate metabolites have 

been detected in the culture medium of HSV-tk^ cells independent of connexin 

expression (Drake et al., 2000). The bystander effect does appear to be effective 

between cells of different origin (Arafat et al., 2000), which is promising for studies 

which aim to target the tumour vasculature, or use macrophages and T cells as 

delivery vehicles.

The proposal that phagocytosis of apoptotic vehicles from dying cells led to 

the death of those cells (Freeman et al., 1993), has been partly dismissed as it is 

probable that uptake occurred after cells had been irreversibly damaged (Hamel et al.,

1996), decreasing likelihood that transfer of apoptotic vesicles is important.

In vivo the host immune system is likely to play a role in bystander killing. 

Infiltration of CD^ cells and macrophages in addition to the cell killing, resulted in the 

creation of a cytokine rich environment (Gagandeep et al., 1996). There also appears 

to be a memory component, in that later challenge with parental tumour cells was 

successfully combated provided they were of the same origin (Kuriyama et al., 1999a; 

Yamamoto et al., 1997).

The pharmacokinetic profile of GCV in humans is represented by an open 

two-compartment model (Morse et al., 1993). The majority of the drug is excreted 

unchanged in the urine within 12 hours of administration. Oral bioavailability is very 

low (6% of a single 10 mg/kg oral dose, (deMiranda & Blum, 1983)), resulting in the 

need for i.v. administration in patients with viral infections. Central exposure to the 

drug varies, with cerebrospinal fluid (CSF) levels 24-70% of plasma concentrations 

(Fletcher et al., 1981; Jacobson et al., 1987; Sommadossi et al., 1988).
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F Imax (h) h/2 (h) CL (1/hÆg) Vss (1/kg) fe(% ) CSF (%)

3-6% ~ 1 2-3 12-18 0.5-1 91 24-70

Table 1.1. Pharmacokinetic parameters for oral GCV. F, bioavailability; tmax, time to 

maximum plasma concentration; h/,, half life; CL, total body clearance; Vss, volume of 

distribution in the steady state; fe, urinary recovery of the parent dmg; CSF, 

cerebrospinal fluid concentration as a percentage of that in plasma. (Morse et al., 

1993).

The HSV-tk system is currently being tested in clinical trials, with treatment 

protocols of 5 mg/kg b.i.d. by iv infusion. Trials have shown safety in malignant 

gliomas using both retroviral producer cells (Floeth et al., 2001) and adenoviruses 

(Adachi et al., 2000; Trask et al., 2000) for delivery. In addition trials in both prostate 

(Miles et al., 2001) and ovarian (Alvarez et al., 2000) cancer have shown no severe 

toxicities. One study in prostate reported an increase in the time for PSA levels to 

increase (Miles et al., 2001).

Effects so far however, are modest. Ram and co-workers (Ram et al., 1997) 

and Klatzman (Klatzmann et al., 1998) found that injection of virus producing cells 

directly into glioblastoma tumours followed by GCV treatment had some effect on 

tumour growth (partial response), although not in all patients. This response was 

thought to be mainly due to the bystander effect, as retroviral transduction efficiencies 

were very low. Sandmair et al (Sandmair et al., 2000) reported that with adenoviral 

transfection, but not retroviral packaging cells, the outcome (determined as survival) 

of patients with recurrent glioblastoma tumours could be improved. Trials involving 

melanoma (Klatzmann et al., 1998) have also had limited success. In addition to poor 

transfection efficiencies, the slower growth of human tumours compared to xenografts 

used in animal models, and also the limited dose of GCV tolerated due to bone 

marrow toxicity may all adversely affect treatment outcome.

Cytosine deaminase/5-fluorocytosine

5-fluorouracil (5-FU) is a widely used anti-cancer agent especially active 

against colon cancer, but its side effects and high dose levels required for response 

limit its use. The cytosine deaminase (CD) enzyme of some bacterial and fungal cells 

is capable of converting 5-fluorocytosine (5-FC) to 5-FU. 5-FU undergoes further
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enzymatic conversion to 5-FUTP, which is incorporated into DNA and prevents 

nuclear processing of ribosomal and mRNA, and to 5-fluorouridine-5’- 

monophosphate, which irreversibly inhibits thymidylate synthase. The toxicity of 5- 

FU is not cell-cycle phase specific, but shows decreased in vitro cytotoxicity under 

hypoxic conditions (Dachs, personal communication).

The bystander effect of CD/5-FC is not dependent on gap junctions, as 5-FU 

is capable of non-facilitated diffusion into, and out of cells (Domin et al., 1993). In 

vitro studies show that the presence of the CD gene can increase sensitivity to 5-FC, 

with an apoptotic mechanism (Kurozumi et al., 2004), although to what degree, is 

highly dependent on the cell type used (see Table 1.2).

Dosing schedules for 5-FC in animals are more consistent than those for GCV, 

with 500 mg/kg b.i.d. being the predominant dose chosen. In vivo effects of this 

system appear to be slightly contradictory. Some studies found that expression of the 

CD enzyme alone was sufficient to cause an immune response capable of resulting in 

tumour regression (Haack et al., 2000; Mullen et al., 1994). Tumours grown from 

stable hepatocellular carcinoma (HCC) transfectants showed 75% eradication by 5- 

FC, when 20% of the inoculated cells contained the CD gene, similar to results 

obtained with HSV-tk/GCV (Kuriyama et al., 1999c). Using a colorectal carcinoma 

cell line (WiDr), Trinh (Trinh et al., 1995) demonstrated that 4% CD expressing cells 

was sufficient to give a 60% cure rate, while for the same level of regression to be 

achieved with the HSV-tk/GCV system, 50% of cells needed to be HSV-tk^ (Trinh et 

al., 1995). The anti-tumour activity of the CD/5-FC system has been demonstrated in 

fibrosarcoma (Mullen et al., 1994), glioma (Ge et al., 1997), and carcinoma tumour 

models (Huber et al., 1993; Kanai et al., 1997; Ohwada et al., 1996).
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Cell line Transfectant type Assay Exposure

time

IC50 Reference

HCC

murine

carcinoma

Stable

(retroviral)

MTT 4 day 27

pM

(Kuriyama 

et al., 

1999b)

SW40

human colon

cancer

SKBr3

human breast 

cancer

PANC-1 -  

human 

pancreatic 

cancer

Stable

(adenoviral)

Trypan

blue

exclusion

6 day 60

pM

600

pM

600

pM

(Erbs et al., 

2000)

9L -  rat 

gliosarcoma

Transient

(adenoviral)

MTT 6 days 0.5

pM

(Adachi et 

al., 2000)

C6 -  rat 

glioma

Stable

(retroviral)

MTT 5 days 3 pM (Ge et al., 

1997)

9L -  rat 

gliosarcoma

Stable

(electroporation)

Cell

count

5 days 0.2

pM

(Aghi et al., 

1998)

Table 1.2. CD/5-FC cytotoxicity in vitro. Selection of data showing variation in cell 

sensitivity to 5-FC. IC50 is the concentration of dmg required to produce a decrease in 

cell survival of 50% in CD expressing cells.

As is the case with HSV-tk/GCV, there is a level of immunity against tumour 

rechallenge in animals treated with CD/5-FC (Consalvo et al., 1995; Haack et al., 

2000; Kuriyama et al., 1999b; Mullen et al., 1994). In addition, rats bearing 

experimental liver metasteses subsequently vaccinated with CD^ expressing cells 

subcutaneously or subcapsular followed by 5-FC treatment showed a 70% reduction 

in volume of the original liver tumour (Pierreflte-Carle et al., 2000).

Because additional enzymatic steps are necessary to convert 5-FC to a

38



cytotoxin, several groups have assessed the effect of a bifunctional CD/uracil 

phophoribosyltransferase (UPRT) gene on tumour growth and shown this to be more 

effective than expression of CD alone (Adachi et al., 2000; Erbs et al., 2000), as the 

UPRT enzyme catalyses the conversion of 5-FU to UMP and 5-PUMP.

Kinetics of 5-FC in humans show that it is greater than 80% bioavailable in 

patients with normal renal function (Cutler et al., 1978). A single 500 mg oral dose of 

5-FC has the kinetic properties described in Table 1.3. Treatment of fungal infections 

usually relies on oral administration of 4 g/day, which results in peak serum levels of 

88-94 pg/ml (Pass & Perkins, 1971). Unlike GCV, 5-FC will accumulate after 

multiple dosing. A 2 g oral dose administered every 6 hours will give a steady state 

plasma concentration of 60-80 pg/ml (Daneshmend & Wamock, 1983). This is 

greater than IC50 levels for tumour cell kill (see Table 1.2).

Two phase one clinical trials have shown the safety of the CD/5-PC 

combination, one using adenoviral delivery to target colon carcinoma metastatic to the 

liver (Crystal et al., 1997), and one using a combination of a lytic adenovirus, HSV-tk 

and CD genes in prostate (Freytag et al., 2002). Some signs of activity were observed, 

although this study involved intratumoural injection, which is not feasible in all 

patients. A trial has also been proposed using Salmonella for cellular delivery of the 

CD gene rather than attempting in vivo modification of the tumour cells (Cunningham 

& Nemunaitis, 2001). Unfortunately, this trial was closed following the treatment of 

only 3 patients (Nemunaitis et al., 2003). Safety of the Salmonella vector, 5-FC 

treatment and some signs of stable disease in injected sites were observed when there 

was evidence of tumour colonisation by the bacteria.

Dose Ka (h ') Kei (h-‘) AUC (mg r ‘ h) ti/2 (h) Clp (ml min ')

500 mg p.o. 5.08 0.226 54.3 3.1

500 mg i.v. 54 3.8 154

Table 1.3. Pharmacokinetic parameters of 5-FC in healthy subjects, p.o. oral 

administration; Ka, absorption constant; K̂ i, elimination constant; AUC, area under 

the curve; tŷ , half life; Clp plasma clearance (after (Cutler et al., 1978).
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Although pre-clinical results are very promising it is unlikely that gene 

therapy would be used as a single treatment modality in patients. Combination with 

radiotherapy is important especially for 5-FC which can act as a radiosensitiser, and in 

vivo results have shown both a significant bystander effect (Hamstra et al., 1999), and 

effects at clinically relevant dose regimes of 2 or 5 Gy per fraction over one week 

(Stackhouse et al., 2000). The dose of prodrug administered appears to be important, 

as the use of a CD-UPRT fusion gene, in combination with 5-FC and radiation 

showed a synergistic effect in a 9L gliosarcoma model. However, doses below 500 

mg/kg/day were ineffective (Kambara et al., 2002). In an early clinical study in 

prostate carcinoma utilising a replication competent adenovirus, CD/HSV-tk gene 

therapy in combination with radiotherapy showed promising results (Freytag et al., 

2003).

NADPH:cytochrome c reductase/bioreductives

A potential method of targeting tumour hypoxia is the use of bioreductive 

drugs. The redox sensitive flavoprotein NADPH;cytochrome c P450 reductase 

(P450R) is an important activator of many bioreductives. It was shown that the 

toxicity of tirapazamine (TPZ), a benzotriazene-di-N-oxide, under hypoxia, was 

strongly correlated with P450R activity in a panel of breast cancer cell lines 

(Patterson et al., 1995). In addition, sensitivity to TPZ could be restored in a resistant 

cell line (A549c50) by transfection with P450R (Saunders et al., 2000b).

Co-transfection of P450/P450R to gliosarcoma cells was shown to lead to 

increased toxicity and tumour growth delay following treatment with 

cyclophosphamide (CPA) and TPZ compared with either compound alone (Jounaidi 

& Waxman, 2000). A bystander effect of the P450R/TPZ combination was apparent.

Other bioreductives, including E09 (Saunders et al., 2000a), and RSU1069 

(Patterson et al., 1997) show increased activity in cell lines overexpressing P450R.

Placement of the P450R enzyme under the control of an HRE resulted in 

hypoxia dependent sensitivity to RSU1069 in a human fibrosarcoma model (Patterson 

et al., 2002). Cells expressing the HRE-P450R construct were grown as solid tumours. 

When treated with RSU1069 and 10 Gy radiation, 50% tumour free survival was 

obtained, compared with 100% mortality in empty vector controls. The use of 

bioreductive drugs and HRE’s provides tumour specific targeting of prodrug 

activation.
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The diffusion of TPZ through a multilayered cell model has been used to 

estimate the penetration of the drug through cells in a tumour cord (Kyle & 

Minchinton, 1999). It was estimated that levels in cells distant from blood vessels 

would be approximately 1 0 % of the blood concentration, and that cell kill would be 

limited to the first 75 pm of tissue surrounding a blood vessel, due to metabolism of 

TPZ by cells closer to the vessel at intermediate oxygen tensions. This has 

implications for targeting chronically hypoxic regions which may lie at a greater 

distance from the vessel than this estimate.

Pharmacokinetics of TPZ have been determined in mouse and man. In mice 

there is a steep dose lethality relationship, with only 9 mg/m^ separating the LDio and 

LD50 (doses which lead to death in 10 and 50% of animals respectively)(Graham et 

al., 1997). An increase in dose leads to a disproportionately high increase in AUC in 

both mice and men (Graham et al., 1997), although it is more exaggerated in mice. In 

a phase I clinical trial the MTD was found to be 390 mg/m^, with dose limiting 

ototoxicity being the primary symptom, but muscle cramp and nausea also reported 

(Graham et al., 1997; Senan et al., 1997). Toxicity was generally reported in those 

patients with the highest plasma AUC (Senan et al., 1997). A dose of 260 mg/m^ 

given in combination with cisplatin resulted in a plasma Cmax of 5.97 pg/ml, and an 

AUC of 811.4 pg/ml min^ (Johnson et al., 1997). The clearance of cisplatin was 

unaffected by the administration of TPZ. A higher dose of 330 mg/m^ (Senan et al.,

1997) resulted in a plasma AUC of 1026.5 pg/ml min '. Elimination was observed to 

be biphasic in man (Graham et al., 1997), which was also observed in mice at doses 

greater than 0.2 mmol kg'* following i.v. administration (Walton & Workman, 1993).

TPZ is in clinical trials as a bioreductive agent both in combination with 

chemotherapy and radiotherapy. It has not as yet entered clinical trials for gene 

therapy.

Nitroreductase/CBl 954

The compound 5-aziridinyl-2,4-dinitrobenzamide (CB1954) was found to 

inhibit the growth of the rat carcinoma WiDr. On this basis a phase 1 clinical trial was 

carried out at the Royal Marsden Hospital involving 30 patients in the 1970’s 

(Bridgewater et al., 1995). Unfortunately there was no effect in patients, but this led to 

further investigation of the sensitive tumour line, and it was found that it expressed 

high levels of rat NAD(P)H dehydrogenase (DT-diaphorase) able to convert CB1954
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to 5-aziridynyl-4-hydroxylamino-2-nitrobenzamide (Knox et al., 1988). CB1954 is 

however, a poor substrate for human DT-diaphorase. It was demonstrated that this 

mustard metabolite was capable of causing DNA interstrand cross-linking (Knox et 

al., 1988), which resulted in cell death.

The group of Anlezark et al (Anlezark et al., 1992) assessed the ability of 

other nitroreductases to metabolise CB1954, and found that the nitroreductase from 

Escherichia coli (NTR) was catalytically superior to the rat DT-diaphorase, and all 

further experiments have utilised the bacterial enzyme.

The nitroreductase/CB 1954 combination is effective against many cell lines in 

vitro, including human melanoma, human mesothelioma (Bridgewater et al., 1995), 

human ovarian cancer (Bridgewater et al., 1995; Friedlos et al., 1998; McNeish et al.,

1998), mouse fibroblast (Drabek et al., 1997), human colon carcinoma (Friedlos et al., 

1998; Weedon et al., 2000), human pancreatic carcinoma (Weedon et al., 2000) and 

human liver carcinoma (Weedon et al., 2000). IC50 values using the MTT assay 

ranged from 1-20 pM depending on the cell line used. A sensitisation of 500 fold was 

achieved in ovarian carcinoma cells when 80-90% expressed the NTR enzyme 

(McNeish et al., 1998). The bystander effect has been shown to be due to a freely 

diffusible metabolite (Bridgewater et al., 1997), and cell killing to be cell cycle 

independent (Bridgewater et al., 1995). Studies utilising a spheroid model have shown 

that the bystander effect of the NTR/CB1954 system is effective between cell lines 

(Benouchan et al., 2003).

Initial in vivo studies varied from those of other strategies in that transgenic 

mice were utilised. T-cell localisation of the NTR enzyme was achieved in mice using 

the CD2 locus promotor (Drabek et al., 1997). When CB1954 was administered there 

was a decrease in the cell number of the spleen and thymus to 14-16% of controls. 

When NTR was expressed in the luminal cells of mice mammary glands (Clark et al., 

1997), these cells were selectively destroyed by CB1954 administration. Apoptosis is 

thought, at least in part, to be the mode of cell death in this system, and by crossing 

transgenic mice expressing NTR in the mammary gland, with p53 knock-out mice, 

single or 3 consecutive daily doses of CB1954 were capable of causing a reduction in 

luminal cell number (Cui et al., 1999). In addition, staining for apoptosis showed that 

the p53 status of the mice did not affect the number of positively stained cells. This is 

important for cancer therapy as the loss of functional p53 is associated with early
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stage progression in many tumours.

Both human and laboratory animal kinetics have been performed with CB1954 

(Chung-Faye et al., 2001; Workman et al., 1986), and the results are summarised in 

Table 1.4.

A dose escalation study was performed concomitantly with the human 

pharmacokinetic phase I study (Chung-Faye et al., 2001). This showed that dose 

limiting toxicities were seen with a dose of 37.5 mg/m^ when administered iv, 

presenting as diarrhoea and elevated levels of transaminase. Below this dose, patients 

tolerated doses every three weeks for a maximum of six cycles. The drawback to this 

enzyme prodrug combination is the inherent toxicity of mustard compounds.

Species Dose Route of 

administration

Cpmax T./. (h) F(%)

Mouse 50 mg/kg i.v. 100 pg/ml 1.4-2

Mouse 50 mg/kg i.p. 3-5 fold lower than 

i.v.

1.4-2 85

Dog 25 mg/kg i.v. 27 pg/ml 2.5-4

Dog 25 mg/kg p.o. 3-5 fold lower than 

i.v.

2.5-4 40

Human 24 mg/m2 i.v. 6.3 pM A 9 min 

B 110min

Table 1.4. Pharmacokinetic parameters for CB1945. The two half lives shown for 

humans are due to the bi-exponential delay, thought to be due to hepatic clearance of 

the drug (Chung-Faye et al., 2001). Cpmax, maximaum plasma concentration; F, 

bioavailability.

Cytochrome P450/cyclophosphamide

The oxazophorines cyclophosphamide (CPA) and iphosphamide (IPA) are 

cancer chemotherapeutic prodrugs, which must be activated by liver cytochrome P450 

(CYP) enzymes. In the rat there are three CYP isoforms involved in CPA 

hydroxylation, CYP2B1, CYP2C1 and CYP2C11 (Clarke & Waxman, 1989). In 

addition the CYP3A isoform is required for activation of IP A (Weber & Waxman,
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1993). In human liver the CYP2B6 and CYP3A4 forms are catalytically active for 

both CPA and IPA (Chang et ah, 1993). The rat CYP2B1 is the most catalytically 

efficient isoform (Clarke & Waxman, 1989) identified to date.

Metabolism of oxazophorines gives rise to a 4-hydroxy compound which is in 

equilibrium with its open ring aldo-tautomer. This breaks down to a phosphoramide 

mustard and acrolein in equimolar amounts. The mustard is an alkylating agent able to 

form DNA cross-links in a cell cycle independent manner (Maccubbin et al., 1991).

Expression of CYP is able to sensitise cells to both CPA and IPA in rat 

gliosarcoma (Chen & Waxman, 1995; Jounaidi & Waxman, 2000), lymphoblastoma 

(Chang & Waxman, 1993) and human breast carcinoma (Chen et ah, 1996) cells in 

vitro. The bystander effect is mediated through a soluble compound, likely to be 4- 

hydroxy CPA (Wei et al., 1995). It has been proposed (Chen et al., 1996) that acrolein 

sensitises cells to the mustard. The CYP3A4 enzymes has also been used to sensitise 

tumour cells to the bioreductive agen AQ4N (McCarthy et al., 2003).

The use of a multicellular spheroid model has demonstrated the ability of 

macrophages to deliver the CYP gene controlled by an HRE (Griffiths et al., 2000). 

Both a reduction in clonogenic survival and spheroid size were seen after CPA 

treatment.

In animal models subcutaneous tumours grown from stable transfectants 

demonstrated prolonged growth delay after a single 150 mg/kg dose of CPA (Chen & 

Waxman, 1995; Chen et al., 1996; Jounaidi & Waxman, 2000). This was 

accompanied by some toxicity, seen as a decrease in body weight. Later studies 

showed that lower, multiple dosing may be more effective (Browder et al., 2000), and 

this was demonstrated in a rat gliosarcoma cell line where tumours regressed when 

given 140 mg/kg/day for six days (Jounaidi & Waxman, 2000).

Tumour response may also be modified by coexpression of cytochrome P450 

reductase and administration of bioreductive agents, such as tirapazamine (Jounaidi & 

Waxman, 2000). This group also demonstrated that despite a requirement of the 

enzymatic function for oxygen, oxygen concentrations of 1% were sufficient to result 

in the formation of the active compound. Administration of inhibitors of liver CYP 

isoforms may be beneficial in targeting prodrug activation to the tumour and reducing 

global toxicity (Halpem et al., 1989), especially as CPA is capable of auto-induction 

of the CYP enzymes. The CYP2B1 gene has been used in a replication competent
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HSV-1 vector which led to additive effects in a model of liver metastasis (Pawlik et 

al., 2002).

CPA administration for cancer therapy in humans is dependent on the tumour 

type. It is usually given in combination, for example in breast cancer the two main 

regimes involving CPA are “AC” and “CMF”. In AC, adriamycin, also referred to as 

doxorubicin, (60 mg/m^) and CPA (600 mg/m^) are administered i.v. every 3 months. 

With CMF, CPA is administered orally at 100 mg/m^ on the first fourteen days of 

every month in combination with the antimetabolite methotrexate and 5-FU (Souhami 

et al., 1997).

Carboxypeptidase G2/CMDA

Carboxypeptidase G2 (CPG2) is a bacterial enzyme with no human analogue, 

able to catalyse the conversion of 4-[(2-chloroethyl)(2-mesyloxyethyl)amino]benzoyl- 

L-glamic acid (CMDA) to the DNA cross-linking mustard 4-[(2-chloroethyl)(2- 

mesyloxyethyl)amino]benzoic acid (Springer et al., 1990).

Initial in vitro studies with monkey kidney cells (COS) and human epithelial 

cells showed that transfected cells were 11-95 fold more sensitive to CMDA than 

mock-transfected controls (Marais et al., 1996). In a breast tumour cell line there was 

only a modest increase in sensitivity (Marais et al., 1997) due to limited CMDA entry 

into cells. This could be overcome by tethering the CPG2 enzyme to the cell surface 

(Marais et al., 1997).

There is a significant bystander effect with the CPG2/CMDA system with 

only 12% of WiDr monolayers required to express CPG2 to obtain 100% cell kill 

(Marais et al., 1997).

In vivo experiments have utilised surface tethered CPG2 to show tumour 

regression and cures in 5/6 mice when all cells expressed the CPG2 enzyme 

(Stribbling et al., 2000). In addition, a significant bystander effect was observed 

calculated by growth delay and apoptosis staining. The dose regime for this study was 

a single i.p. administration of 500 mg/kg once per week for 3 weeks. Some non

specific toxicity was associated with CMDA, as demonstrated by a significant 

decrease in body weight, although this was reversed upon cessation of treatment.
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This enzyme prodrug combination is now almost exclusively used for 

antibody directed enzyme prodrug therapy (ADEPT), in particular with anti-CEA 

antibodies. Using an ADEPT strategy against colon carcinoma models, tumour 

response could be greatly enhanced (16-fold) by addition of the vascular targeting 

agent DMXAA (Pedley et al., 1999). The development of self-immolating drugs may 

enhance the efficacy of this GDEPT combination (Niculescu-Duvaz et al., 1998).

A phase I clinical trial using this combination for ADEPT (Napier et al., 20(X)) 

showed promising results, with one patient showing a partial response and 6 with 

stable disease for 4 months. Haematological disorders were seen, but were easily 

managed.

1.4 Horseradish peroxidase/indole-3-acetic acid

Horseradish peroxidase (HRP) is a haem enzyme isolated from the roots of the 

horseradish plant. It is a globular glycoprotein of which the protein moiety has a mass 

of approximately 34,000 Da. The remaining mass is composed of the prosthetic haem 

group, two calcium ions and surface bound glycans. The active site of the HRP 

molecule resembles that of haemoglobin and myoglobin. Under normal conditions 

HRP cleaves hydrogen peroxide resulting in the formation of water, and oxygen is 

retained forming a ferryl group named compound I. Two further steps occur resulting 

in the formation of substrate radicals which are highly reactive (Fig. 1.2).

H2O2 H2O AH A AH A + H 2O

HRP ____________ ^ HRP I HRP n  HRP

Figure 1.2. The reaction of HRP with substrates. AH, reducing substrate, A radical.

Indole-3-acetic acid (lAA) is a plant auxin involved in the regulation of plant 

cellular growth, division and differentiation. It is also a natural metabolite in 

mammals of the amino acid tryptophan by monoamine oxidase. It is a uremic toxin 

(Sakai et al., 1995), and a weak agonist of the aryl hydrocarbon (Ah) receptor able to 

cause gene transcription of products under the control of the Ah receptor (Heath- 

Pagliuso et al., 1998). Its excretion via urine is increased in upper gastrointestinal tract
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cancers, and its use as a marker of disease progression in gastric cancer has been 

proposed (Kobori et al., 1983).

In mice, 300 mg/kg of lAA led to myotonia (Fuller et al., 1971), hypothermia 

(Yamada et al., 1985), changes in 5-hydroxy tryptamine metabolism (Yamada et al., 

1985), inhibition of experimentally induced oedema (Jones et al., 1995) and 

teratogenic effects (John et al., 1979). However, lAA has been given to patients and 

volunteers, with no major toxicities reported after administration of 3-10 g (Mirsky & 

Diengott, 1956; Rysanek & Vitek, 1959).

HRP has been shown to catalyse the oxidation of lAA in the absence of 

hydrogen peroxide (Kenten, 1955). The reaction of HRP with LAA (see Fig. 1.2) is 

characterised by the formation of a radical cation (2), which undergoes scission of the 

carbon-carbon bond to give a carbon-centred skatolyl radical (3). This forms a 

peroxyl radical (5) in the presence of oxygen, which then decays to a number of 

products, including 3-methylene-2-oxindole (8), which can react with cellular 

nucleophiles such as protein thiols and DNA to form adducts (9). Under anoxic 

conditions, decarboxylation of the radical cation occurs, and the skatole radical reacts 

with hydrogen donors (Augusto, 1993).
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Figure 1.3. Possible mechanisms involved in the cytotoxic activation of indole-3- 

acetic acid (lAA) by HRP. lAA (1) is oxidised by HRP compound (Cpd) I and II to 

the radical cation (2), which fragments rapidly to yield the skatole radical (3). The 

skatole radical promptly reacts with oxygen to form the peroxyl radical (4), which by 

further steps leads to the major products: indole-3-aldehyde (5), indole-3-carbinol (6), 

skatole hydroperoxide (7) and 3-methylene-2-oxindole (MOI, 8). MOI can react with 

cellular nucleophiles to form adducts (9). From (Folkes & Wardman, 2001)

The addition of purified HRP and lAA to hamster fibroblasts (V79) resulted in 

a decrease in colony formation, whilst neither enzyme or prodrug alone were 

cytotoxic at the concentrations used or times studied (Folkes et al., 1998; Folkes et al., 

1999). The formation of the peroxyl radical was predicted to result in lipid 

peroxidation, which was indeed the case in phosphatidylcholine-cholesterol liposomes
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(Folkes et al., 1998). This could be prevented by the addition of anti-oxidants such as 

ascorbate, Trolox, a-tocopherol and p-carotene (Candeias et al., 1996). However, lipid 

peroxidation could not be measured in mammalian cells (Folkes et al., 1999). Trolox 

was protective against cytotoxicity in this system; however preloading cells with a- 

tocopherol had little effect. Incubation of activated lAA resulted in DNA strand 

breaks and adduct formation in a cell free system using plasmid DNA (Folkes et al.,

1999).

It is unlikely that non-specific activation of LAA would take place in 

mammalian tissues, since LAA is a poor substrate for mammalian peroxidases in the 

absence of hydrogen peroxide (Kobayashi et al., 1980). Myeloperoxidase (MPO) in 

human promyelocytic leaukaemia lymphocytes (Folkes et al., 1998) and rat white 

blood cells was less efficient at converting lAA to a cytotoxin than HRP, at 

therapeutically achievable concentrations of prodrug.

In vitro studies have demonstrated that mammalian cells transiently 

transfected with the HRP cDNA and then exposed to LAA show reduced colony 

forming ability compared to green fluorescent protein (GFP) transfected controls 

(Greco et al., 2000). A strong bystander effect was induced, probably due to the 

production of a freely diffusible cytotoxin. However, under anoxia, the cytotoxin 

produced did not remain stable for a sufficient period of time to be transferred in 

media-switch experiments.

lAA analogues have also been tested in this system, both in oxic and anoxic 

conditions. The 5-bromoindole-3-acetic acid (5Br-IAA) analogue was found to be 

highly potent at concentrations at and below 1 mM after 24 hour exposure in air, and 

in anoxia, a 2 hour incubation at this concentration produced over 2 logs of cell kill 

(Greco et al., 2001).

The combination of HRP/LAA and radiation has been studied. The HRP/LAA 

system is capable of reducing glutathione levels (Folkes & Wardman, 2001), and 

inducing DNA strand breaks (Folkes et al., 1999), which may increase radiation 

sensitivity. Both LAA and the l-methylindole-3-acetic acid (IMe-IAA) analogue were 

able to selectively sensitise HRP expressing human bladder carcinoma cells to the 

effects of radiation (Greco et al., 2002c). In particular, LAA was able to increase 

sensitivity under anoxic conditions (Greco et al., 2001), where radical fixation is less 

likely to occur (Howard-Flanders, 1958).
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Control of HRP expression has been placed under the control of a variety of 

HRE’s and CarG elements (Greco et al., 2002b). After the appropriate stimuli, 

hypoxia and/or 0.7 Gy, there was sufficient HRP activity in transient transfectants to 

decrease cell survival after 0.5 mM lAA.

Using transient HRP transfectants, mechanisms of cellular death have been 

investigated (Greco et al., 2002a). Apoptosis was evident in the form of increased 

annexin V binding, formation of micronuclei and DNA fragmentation. Although the 

non-specific caspase inhibitor zVAD.fmk decreased the fraction of cells displaying 

apoptotic features, PARP cleavage could not be detected. It is likely that necrosis and 

cell cycle arrest also play an important role in the decreased clonogenic ability of cells 

exposed to the HRP/IAA system.

With regard to the ideal enzyme prodrug characteristics discussed in section

1.2.4 the HRP/IAA combination shows several advantages over existing strategies:

1. The prodrug should not be metabolised by endogenous enzymes, since this may 

lead to side effects.

LAA is generally a weak substrate for mammalian peroxidases. It is possible 

that myeloperoxidases are able to produce the skatolyl-type radical, but this required 

both large quantities of prodrug (10 mM) and a lengthy exposure time of 72 h in 

human leukaemia cells (Folkes et al., 1998). Other GDEPT prodrugs are also selective 

for the exogenous enzyme, with the notable exception of CPA.

2. The prodrug should be a better substrate for the delivered enzyme than endogenous 

compounds. This will ensure efficient catalysis with little antagonism.

LAA and its derivatives are significantly better substrates for HRP than 

endogenous molecules such as tryptophan (Wardman, in press). The carboxypeptidase 

G2 (Springer et al., 1994), HSV-tk and CD enzymes also have little or no catalytic 

activity upon endogenous compounds.

3. The expressed enzyme should be a stable monomeric protein to ensure that correct 

folding and assembly is easily achieved.

The HRP enzyme is highly stable as demonstrated by its use in many 

biotechnology applications. The activity may be slightly greater at pH 5 than 7, which 

may be advantageous with ADEPT strategies, since tumours often have an acidic 

environment (Griffiths, 1991). However, in vitro results showed the intracellular 

conversion of lAA to a cytotoxin under neutral pH (Greco et al., 2000). HRP is
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monomeric as are other GDEPT enzymes. Although hydrogen peroxide is described 

as a co-factor for the enzyme, the reaction with lAA and derivatives has no need of 

hydrogen peroxide.

4. The cytotoxin should be formed from a single enzymatic reaction in order to limit 

potential rate limiting steps.

The production of toxic metabolites from lAA does not require any further 

enzymatic processes following HRP oxidation, an advantage of this system over the 

CD/5-EC and HSV-tk/GCV systems where the secondary catalysis by endogenous 

enzymes is often a limiting step (although this can be improved by the use of a fusion 

protein). In addition, the toxic lAA metabolite is freely diffusible, unlike the 

phosphorylated GCV product, so increasing potential bystander effects.

5. The enzyme/prodrug system should be active under the microenvironmental 

conditions found in solid tumours.

The HRP enzyme is capable of catalysing the formation of cytotoxic products 

of LAA and its derivatives under low oxygen tensions. The same is not true for HSV- 

tk/GCV (Greco et al., 2000) or CD/5-EC (Dachs, unpublished results). The CYP/CPA 

combination is also active under decreased oxygen tensions of 1% (Jounaidi & 

Waxman, 2000), although this level of hypoxia is not tumour specific.

1.5 Aim of this project

The aim of this project was to further investigate the possibility of using the 

HRP/IAA combination in a GDEPT strategy. Results from previous work have shown 

the efficacy of the HRP/IAA system at low drug concentrations and short exposure 

periods when HRP is added exogenously at relatively high concentrations (Folkes et 

al., 1998). Intracellular HRP produced by cells transiently transfected with the HRP 

gene, is able to convert lAA and related indoles to cytotoxic products, although 

concentrations of indoles required are greater than when purified HRP is added to the 

culture medium for equivalent levels of cell kill (Greco et al., 2000).

All previous studies have used simple cell monolayer systems to assess cell 

kill (Greco et al., 2000), the mechanisms of cell death (Greco et al., 2002a) and use of 

promoters to target specific cell populations (Greco et al., 2002b). The aim of this 

project was to increase the knowledge regarding the activity of the HRP/IAA system
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for GDEPT using a more complicated in vitro model than the monolayer. In order to 

achieve this cells stably expressing the HRP gene needed to be produced.

The in vivo properties of the indole prodrugs suitable for GDEPT have not 

been determined. The pharmacokinetic properties of lAA have been published to a 

limited degree, however a more complete picture needed to be established, 

particularly with regard to cancer therapy. The potential toxicity of repeated dosing 

also needed to be determined. In vivo proof of principle for the effectiveness of the 

HRP/IAA system needed to be established, and also whether the in vitro potentiation 

of radiation could be seen in vivo. The effect of host immunity was an area of research 

since the bystander effect in vivo is critical for other enzyme prodrug combinations.

Possibly the most important stage in any GDEPT strategy is the gene delivery. 

Bystander studies have shown that in vitro less than 10% of cells is sufficient to result 

in significant levels of cell kill (Greco et al., 2000). In vivo delivery of the HRP gene 

would more difficult than simple lipofection, and so the use of electric pulses to 

enhance delivery was studied.
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Chapter 2 

Materials and Methods

2.1 Cell culture

FaDu human nasopharyngeal cell carcinoma cells were obtained from the 

American Type Culture Collection (Manassa, VA, USA), and maintained in 

Dulbecco’s Modified Eagles Medium (DMEM, Life Technologies, Paisley, UK) 

supplemented with 10% foetal calf serum (ECS, Sigma, Poole, UK) and 2 mM L- 

glutamine (Life Technologies). Cells were kept in a humidified incubator at 37°C and 

5% COi/air. Cells were routinely sub-cultured in 75 cm^ cantilevered flasks using 

trypsin-EDTA (Life Technologies).

The murine adenocarcinoma cell line. Carcinoma NT (CaNT), arose 

spontaneously in the Gray Cancer Institute mouse colony (Hewitt et ah, 1976). Cells 

were maintained in DMEM as described above.

2.2 Large-scale preparation of plasmid DNA

DNA extraction was carried out using the Novagen Mobius 1000 plasmid kit 

(CN Biosciences, Nottingham, UK).

Bacteria from frozen culture (20 pi) were inoculated into 5 ml of liquid LB 

broth (Life Technologies) containing the appropriate antibiotic (100 pg/ml ampicillin, 

or 15 pg/ml kanamycin, Sigma), and incubated at 37°C for 8 h on a shaking platform.

A 0.5 ml sample from this culture was then transferred to 100 ml LB broth in a 

500 ml conical flask, and incubated overnight at 37°C with continuous shaking with 

the appropriate antibiotic.

Cells were harvested by centrifugation in a Sorval RC-5B refrigerated 

superspeed centrifuge, at 6000 rpm for 10 min in polycarbonate tubes. Supernatant 

was decanted, and the pellet resuspended in 8 ml of Mobius Bacterial Resuspension 

Buffer. An equal volume of Mobius Bacterial Lysis Buffer was then added, the tube 

gently swirled, and incubated at room temperature for 5 min. To this, 8 ml of cold 

Mobius Neutralisation Buffer was added, and the solution gently mixed. The tube was 

incubated on ice for 5 min.

A Mobius 100 column was equilibrated by the addition of 10 ml Equilibration
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Buffer which was allowed to run freely by gravity.

The neutralysed lystate was centrifuged at 7500 rpm for 2 min and the cleared 

lysate supernatant added to a Clear Spin Filter unit. This was immediately centrifuged 

for 3 min at 2000 g, and the flow through added to the top of the equilibrated Mobius 

Column. The entire volume was allowed to flow through by gravity. When the lysate 

had cleared the column, 20 ml of Wash Buffer was then added to the column and 

allowed to travel through. DNA was eluted by the addition of 5 ml Mobius Elution 

Buffer, and the single fraction collected.

To precipitate DNA, 3.5 ml isopropanol was added to the eluent, gently mixed 

and centrifuged for 20 min at 11,000 rpm. The supernatant was gently aspirated, the 

sample washed in 70% ethanol, centrifuged at 11,000 rpm again for 10 min, the pellet 

air dried, and then dissolved in water.

DNA concentration was calculated from the absorbance of a solution at 260 

nm, using the equation:

Concentration (ng/pl) = A26o*50*dilution factor

Purity was assessed using the ration of readings at 260 and 280 nm. A range of 

1.8-2.0 was deemed optimum, with greater than 2.0 indicating RNA contamination, 

and less than 1.8 indicating the presence of proteins. DNA solutions were stored at -  

20°C.

2.3 Transfection of eukaryotic cells

A proportion of cells incorporate exogenous DNA after transfection dependant 

upon both the method used, and the cell line. Transient transfection leads to 

expression of transgenes for approximately 1-7 days. In transient transfectants the 

DNA remains episomal, and is not incorporated into the genome. Hence, the genotype 

is lost over several generations. By adding a resistance gene to the vector DNA, cells 

can be grown in the presence of an appropriate antibiotic, and only transfected cells 

will survive and clones can be isolated. These clones have most likely incorporated 

the exogenous DNA into their genome and are termed stable transfectants.

In this study, cationic lipids and integrin-targeted peptides were used to 

transfect mammalian cells in vitro (Hart et al., 1998). One day prior to transfection 

exponentially growing cells were trypsinised and plated in 6  well plates at 4 x 

1 0 ^/well, to give 60-80% confluency at the time of transfection.
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The transfection mixture was prepared fresh, with a lipofectin (Life 

Technologies) : peptide ; DNA ratio of 0.75:1.8:1 by weight. This resulted in the 

following mixture:

1.5 pi Lipofectin diluted in 200 pi OptiMEM (Life Technologies)

3.6 pg peptide (0.1 mg/ml, Institute of Child Health, London, UK)

2 pg DNA in 200 pi OptiMEM.

The components were then mixed in order, and allowed to stand at room 

temperature for 2 h to form complexes. Prior to addition to cells, the mixture was 

made to 1ml with optiMEM.

Adherent cells were washed twice in PBS, and once in OptiMEM to remove 

serum. The prepared 1ml of transfection mixture was added to each well, and 

incubated for 5-7 h in a humidified incubator. Complete medium was added and 

incubated overnight. Transient transfection efficiencies were assessed the following 

day.

For stable transfectants, following overnight incubation, cells were trypsinised 

and plated in 10 cm plates. 24 h later media containing the appropriate selection 

antibiotic (puromycin 1 pg/ml. Sigma, or 1 mg/ml G418, Life Technologies) was 

added and cells left to form colonies over approximately 2 weeks. These were isolated 

and expanded before assessing transgene expression.

2.4 Detection of Green Fluorescent Protein

The enhanced green fluorescent protein (EGFP) is widely used as a marker in 

gene expression studies. It has the advantages over traditional markers such as 

luciferase and p-galactosidase in that it does not require the addition of a substrate, 

allowing real time imaging. EGFP levels were measured using either fluorescence 

microscopy, or fluorescence activated cell sorting (FACS).

For the former, cells or frozen tumour sections, were viewed using an epi- 

fluorescent microscope (Nikon TE200), and a 500-510 nm narrow band filter (Glen 

Spectra, UK). Images were captured and analysed with custom built software (Gray 

Cancer Institute).

For FACS analysis, cells were harvested using trypsin/EDTA, washed in PBS, 

and resuspended in Hanks’ Balanced Salt Solution (HBSS, Life Technologies). 

Samples were analysed on a Becton Dickinson FACScan using dedicated software
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(CELLQuest for Apple Macintosh, Becton Dickinson, Franklin Lakes, NJ, USA). As 

cells pass through a laser, they scatter light and emit fluorescence. EGFP has the 

spectral characteristics of excitation maximum 488 nm, emission maximum 507 nm, 

and was detected using the FL-1 detector on the FACScan. Cells were gated using 

forward and side scatter to exclude debris.

2.5 Detection of horseradish peroxidase activity

HRP activity was assessed using a modified version of the 3,3’,5,5’- 

tetramethylbenzidine (TMB) assay as previously described (Greco et al., 2000). The 

oxidation of TMB results in the formation of a blue colour, which can be detected at 

652 nm using a spectrophotometer.

Samples from cell culture, or tumour tissue suspended in 0.5% 

hexadecyltrimethylammonium bromide, were lysed by freeze/thaw in liquid 

nitrogen/37°C three times. Samples were centrifuged at 13000 rpm for 15 min. 

Tumour samples were incubated at 60®C in a water bath for 2 h prior to 

centrifugation. Supernatants were stored at -20°C until analysis.

Reactions were carried out at room temperature over a period of 10 min, by 

diluting 40 pi sample in 80 mM phosphate buffer (pH 5.4), 320 mM TMB and 3 mM 

hydrogen peroxide in a total volume of 2 ml. Absorbance was read every minute at 

652 nm on a Hewlett Packard model 8452A diode array spectrophotometer. Over this 

period, absorbance increased linearly.

Buffers and reagents 

Phosphate buffer:

50 mM PO4  buffer in water, from 100 mM stock (Sigma). Adjusted to pH 6.0.

80 mM PO4  buffer in water, from 100 mM stock, adjusted to pH 5.4.

Buffers were filter sterilised and stored at 4°C.

0.5% Hexadecyltrimethylammonium bromide:

Hexadecyltrimethylammonium bromide (Sigma) 100 mg

50 mM PO4 buffer pH 6.0 20 ml

Stored at -20°.
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TMB:

TMB (Sigma) 100 mg

DMSO (Sigma) 1 ml

Sterile water 9 ml

Hydrogen peroxide:

Hydrogen peroxide 30% w/w (Sigma) 100 pi

Sterile water 9.9 ml

Final reaction mixture:

80 mM PO4  buffer 1870 pi

H2O2 70 pi

Sample 40 pi

TMB 20 pi

2.6 Protein quantification

Protein levels in cell samples and tumours were assessed using a commercial 

protein assay kit (Bio-Rad, Hemel Hempstead, UK) against a bovine serum albumin 

standard. This assay is based on the principle that an acidic solution of Coomassie 

Brilliant Blue G-250 will shift its maximal absorbance from 465 to 595 nm when it 

binds protein. The colour change represents the protein concentration, with the 

extinction coefficient of a dye-albumin solution constant over a 1 0 -fold concentration 

range.

2.7 Western Blot

Protein levels in samples was analysed using sodium dodecylsulphate- 

polyacrylamide gel electrophoresis (SDS-PAGE). Cells were lysed by syringing cells 

in lysis buffer containing SDS. SDS is an anionic detergent which will bind to 

proteins. Dithiothreitol (DTT) is a reducing agent, which in combination with heat 

and SDS, will result in the linearisation of globular proteins. Each molecule of SDS 

will contribute two negative charges, and the number of SDS molecules binding to a 

protein is proportional to the number of amino acids. Due to the negative charge 

carried by SDS, proteins can then be run on a polyacrylamide gel by electrophoresis
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towards the anode, separated according to size.

Equal quantities of protein were suspended in sample buffer, denatured at 

95°C for 5 min, loaded into pre-cast 12% polyacrylamide gels (Invitrogen-Novex, 

Gronigen, Netherlands) in Ix running buffer (National Diagnostics, Hessle, UK) and 

subjected to SDS-PAGE at a constant voltage of 125 V.

Proteins were transferred to nitrocellulose membranes (Genetic Research 

Instrumentation Ltd, Rayne, UK) using an LKB-Pharmacia-Biotech semidry blotter, 

for 1 h at 0.8 mA/cm^ membrane surface area.

The membrane was rinsed in 0.1% Tween 20/phosphate buffered saline (PBS- 

T) and incubated in blocking solution for 2-4 h at room temperature. All incubations 

were performed on a rotating platform. Membranes were rinsed in PBS-T, and 

primary antibody in blocking solution was added and incubated overnight at 4°C.

After four 5 min washes in PBS-T, secondary HRP-conjugated antibody was 

added for 1 h at room temperature. Membranes were then washed in PBS-T 5 times 

over 45 min, and immunoreactive bands visualised using the enhanced 

chemiluminescence kit (ECL kit, Amersham Pharmacia Biotech, Amersham, UK) 

according to manufacturers instructions. Membranes were exposed to diographic film 

for 20-60 min.

Equal protein loading was confirmed by staining the polyacrylamide gel with 

Safestain (Invitrogen) for 1 h followed by several washes in water, following transfer.

Buffers and reagents 

1 M Tris HCl:

Tris base (Sigma) 12 g

water 60 ml

PH to 6 . 8  and add 100 ml water 

Store at 4°C

Lysis buffer:

water 4 ml

0.5 M Tris HCl pH 6 . 8  1 ml

10% SDS (Life Technologies) 1.6 ml
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Sample buffer (2x):

1 M Tris pH 6 . 8  1.25 ml

10% SDS 4 ml

20% glycerol (Sigma) 2 ml

water 2 . 6  ml

0.05% Bromophenol blue 150 pi

DTT (Sigma) 154.2 mg

Transfer buffer (semi-dry):

Glycine (Sigma) 2.9 g

Tris Base (Sigma) 5.8 g

10% SDS 3.7 ml

Methanol (Sigma) 200 ml

Water to 1 L

Membrane blocking solution:

Bovine serum albumin (BSA, Sigma) 500 mg

Dry powdered milk (DPM) 5 g

PBS-T 50 ml

Primary/secondary antibody solution:

BSA 0.5 g

DPM 1.5 g

PBS-T 50 ml

2.8 Immunohistochemistry

Localisation of antigens in spheroids and solid tumours, was performed using 

immunohistochemistry. Samples were prepared as follows; 5 pm sections from 

samples frozen in OCT were cut using a Bright cryostat, and collected on poly-L- 

lysine coated glass slides. Slides were air dried, fixed in ice-cold acetone for 10 min, 

and stored at -20°C. Slides were stained using standard immunohistochemistry 

procedures or kits (see individual chapters for details). Sections were also submitted 

to standard hematoxylin and eosin staining; sections were placed in hematoxylin
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(Sigma) for 30 s, washed, de-stained in acid alcohol for 5 min, followed by immersion 

in eosin (yellowish eosin, BDH, UK) for 1 min.

After staining, and washing in running water, slides were dehydrated through 

graded alcohols and finally in xylene. Slides were coverslipped using DPX 

(Surgipath, UK) mounting media, and viewed under standard light microscopy 

conditions.

2.9 Clonogenic assay

The effect of prodrug treatment upon cells was assessed using clonogenic 

assays. These use the colony forming ability of cells to determine a surviving fraction 

following treatment, expressed relative to vehicle treated controls.

Exponentially growing cells were collected from monolayer culture by 

trypsinisation and plated at low density. Cells were allowed to adhere for 4-6 h. 

Prodrugs (including paracetamol) were dissolved in Hanks’ balanced salt solution 

(HBSS) and cells exposed in the 37°C incubator.

Following drug exposure, cells were washed in PBS and grown for 

approximately 10 days in complete media supplemented with feeder cells (V79 cells 

exposed to 250 Gy ^^Co). Colonies were fixed in 0.5% methylene blue w/v in 

isomethylated spirit (IMS). Colonies greater than 50 cells were scored.

2.10 Animal studies

Animal experiments were carried out in a specific pathogen free animal unit 

using female SCID (C.B-17crCru-scid/scid homozygotes) or CBA (CBA/Gy f TO) 

mice, bred in the Gray Cancer Institute. Procedures were performed with approved 

protocols in accordance with the UK Animals (Scientific Procedures) Act 1986, and 

the local ethics committee.

All experiments involving genetically modified cells grown as tumours were 

carried out following Health and Safety Executive (HSE) guidelines and according to 

the institutional code of practice (Gray Cancer Institute), using protocols approved by 

the HSE. Mice bearing genetically modified tumours were handled double-gloved in a 

class II laminar flow hood, and housed in cages fitted with HEP A filters within 

internally ventilated racking.

Animals were kept on a 12/12 h day/night cycle with food and water available
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ad libitum.

2.11 Tumour implantation

Tumours were implanted subcutaneously (sc) in the flank or back of mice 

under general anaesthesia (metofane, C-vet Ltd, UK). Tumour measurements were 

made in 3-dimensions using callipers, and volume was calculated using the following 

formula: V=(a*b*c*7r)/6 .
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Chapter 3

Development and characterisation of cells expressing

horseradish peroxidase

3.1 Introduction

In order to minimise normal tissue damage but retain efficient and effective 

tumour cell kill, efforts have been made to target cancer therapy. One approach is to 

use gene directed enzyme prodrug therapy (GDEPT), a multi-phase strategy to treat 

solid tumours and graft-versus-host disease. Many GDEPT strategies have been 

developed, including the horseradish peroxidase/indole-3-acetic acid combination 

(HRP/IAA, (Greco et al., 2000). This combination has been characterised using 

transient transfectants in a variety of cells lines and been found to be efficient and 

selective. The combination is effective under low oxygen tensions (Greco et al., 

2 0 0 1 ), and shows synergy in combination with ionising radiation both under oxic and 

hypoxic conditions (Greco et al., 2002c).

However, the system has only been assessed using in vitro monolayers. The 

experiments in the following chapter aimed to produce and characterise cells stably 

expressing the HRP gene or a control marker gene for use in subsequent studies.

3.2 Materials and methods

Details of general materials and methods can be found in Chapter 2. Methods 

specific to this chapter are described below.

3.2.1 Cell transfection

FaDu cells were transfected using the method described in section 2.3 with 

either the pssHRP-puro or pEGFP-puro plasmids (kindly donated by O. Greco, Gray 

Cancer Institute), where expression of the transgene is under the control of the CMV 

strong viral promoter. The plasmids had the same backbone, derived from thr pCI- 

puro plasmid (clontech), with ampicillin and puromycin resistance for selection in 

prokaryotes and eukaryotes respectively.
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Figure 3.1. pssHRP-puro plasmid used in FaDu cells. pEGFP-puro plasmid was the 

same with the substitution of the GFP gene for the HRP gene.

3.2.2 Assessment of thiol concentration

Recycling method

The glutathione (GSH) level in cells was measured using a commercially 

available kit (Cayman Chemical, Ann Arbor, Michigan, USA), following the 

manufacturers instructions.

Glutathione is a tripeptide (y-glutamylcycteinylglycine), with a range of 

functions within plants and animals, one of which is maintenance of the oxidative 

state of cells.

The recycling assay uses glutathione reductase for the quantification of GSH. 

Ellman’s reagent (5,5’-dithiobis-2-nitrobenzoic acid, DTNB) reacts with the 

sulphydryl group of GSH producing a yellow coloured 5-thio-2-nitrobenzoic acid 

(TNB). A mixed disulphide is concomitantly produced, and is reduced by glutathione 

reductase to recycle the GSH and produce further TNB (see figure 3.1). The rate of 

TNB production is directly proportional of the recycling reaction, which in turn is 

directly proportional to the concentration of GSH in the sample.
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Figure 3.2. Glutathione recycling using Ellman’s reagent.

The use of glutathione reductase means that both GSH and GSSG (the 

disulphide dimer) are measured using this method. To allow distinction between the 

reduced and oxidised forms of glutathione, samples can be derivatised with 2 - 

vinylpyridine.

5x10^ cells were collected by scraping, and centrifugation. The cell pellet was 

resuspended and sonicated in phosphate buffer containing 1 mM EDTA. This was 

centrifuged and the supernatant deproteinated by addition of an equal volume of 

metaphosphoric acid (MPA, Aldrich, UK), centrifugation, and treatment with 50 pi of 

4 M triethanolamine per ml of sample, and stored at -70°C.

Samples were added to a 96 well plate, assay cocktail added and absorbance at 

415 nm measured every 5 min for 20 min on a Labtech plate reader.

GSH levels were calculated by producing a curve of absorbance vs time for 

each standard (i-slope). The gradient of each i-slope was plotted against GSSG 

concentration to produce a straight line (f-slope). Sample concentrations were 

calculated using the equation:

[total GSH] or [GSSG] = {(i-slope for the sample)-(y-intercept)}/f-slope*2

Non-recycling method

2 x 1 0  ̂cells were collected. 1 0  ̂were used for the determination of protein thiol 

and 1 0  ̂for assessment of non-protein thiol.
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Non-protein thiol was measured by collection of 10 cells from in vitro 

culture. The cell pellet was resuspended by vortexing in 10 ml ice-cold PBS. This 

solution was centrifuged at 15000 rpm for 5 min. The resulting pellet was vortexed in 

1 ml trichloroacetic acid (TCA). The lysate was centrifuged for 15 min at 3000 rpm, 

and the supernatant decanted into a cuvette, and 0.1 ml DTNB solution added. The 

absorbance at 412 nm was measured relative to a TCA/DTNB control.

Total thiol was measured in 10̂  cells following a wash in ice-cold PBS. The 

cells were pelleted, and vortexed in 1 ml lysing solution with 4 ml of 0.5 M phosphate 

buffer, and 0.1 ml DTNB. The solution was centrifuged at 3000 rpm for 15 min at 

4°C. The supernatant was removed to a cuvette avoiding the DNA, and absorbance at 

412 nm measured relative to a phosphate buffer/DTNB/lysing solution blank.

The molar extinction co-efficient of 1.36 x lO"̂  for a 1 cm pathlength was used.

Bujfers and reagents 

0.5 M phosphate buffer:

N a H 2 P 0 4

Ethylenediaminetetraacetic acid (EDTA) 

dHzO

Adjust to pH 7.5 with sodium hydroxide pellets 

Trichloroacetic acid (TCA):

TCA

dHzO

39 g 

372 g 

to 500 ml

1 g
to 1 0 0  ml

DTNB:

DTNB

0.5 M phosphate buffer

39.6 mg 

1 0  ml

Lysing solution: 

Sodium hydroxide 

EDTA 

dH20

2 g
372 mg 

to 500 ml
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3.3 Results

3.3.1 Characterisation of FaDu transfectants

Human nasopharyngeal squamous carcinoma cells (FaDu) were transfected 

using a receptor-mediated lipofectin method (Hart et al., 1998), with either the HRP 

or GFP genes, and stable transfectants isolated from puromycin resistant colonies. 

Cells were analysed for transgene expression, and it was found that 3/25 puromycin 

resistant colonies retained GFP expression, and 1/8 retained HRP expression. The 

highest expressing clones were named GFPl (Figure 3.3) and HRP4D6 (Figure 3.4) 

and expanded. However, clone FaDu HRP4D6 lost activity of the HRP enzyme over a 

period of 2 months, and so a subclone named HRP8  was isolated by sparsely seeding 

HRP4D6 cells, and isolating the resulting colonies. These were used for further work 

(Figure 3.4).

The expression of transgenes did not affect the growth characteristics of FaDu 

cells in vitro (Figure 3.5).

The percentage of GFPl cells expressing GFP was assessed using FACS 

analysis, and found to be approximately 8 8 % (Figure 3.3). The number of HRP8  cells 

expressing the HRP protein could not be determined by immunocytochemistry due to 

non-specific binding of the primary antibody. Therefore, the expression of HRP was 

assessed using the enzyme activity assay.
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Figure 3.3. FACS results for untransfected FaDu cells (upper panel) and GFPl clone 

(lower panel). Cells scored positive are marked using Ml.
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Figure 3.4. HRP activity in FaDu cells stably transfected with the HRP gene. Data are 

mean ± s.e.m. minimum 3 samples.
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Figure 3.5. Growth of FaDu cells in vitro. Data are mean ± s.e.m. 3 experiments.

The thiol concentration of FaDu parental cells and stable transfectants was 

assessed using two in vitro assays, since it has been reported that HRP can oxidise 

glutathione and this may affect the redox state of the cell. The recycling assay showed 

that there was a trend towards lower levels of both the oxidised and reduced forms of 

glutathione in stable transfectants although this did not reach significance (Figure 

3.6a). There was no difference between the two stable cell lines.

Using a simple spectrophotometric method (non-recycling), it appeared that 

there was no difference in thiol levels between parental and transfected cells (Figure 

3.6b), and the HRP8 clone had slightly greater levels of glutathione than the parental 

or GFP cells. The levels of total thiol (protein and non-protein) did not differ between 

cell lines. Parental cells were treated with paracetamol as a positive control as this 

will decrease GSH levels. This resulted in a tendency to decreased thiol levels, 

although not to a significant degree.

Comparison of the two methods showed that the level of thiol estimated by the 

recycling assay in parental cells was equivalent to that obtained from the 

spectrophotometric assay when two-fold the number of cells was used. The recycling 

assay gave much lower thiol concentrations for the GFPl and HRP8 clones than the
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non-recycling method.
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Figure 3.6. Thiol levels in FaDu cells, a) Assessed using Cayman Chemical recycling 

assay kit. Data are mean ± s.e.m. triplicate samples, 2 independent experiments, b) 

Assayed using spectrophotometric assay. Data are mean ± s.e.m. duplicate samples, 3 

independent experiments.
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3.3.2 Efficacy of HRP/indole GDEPT

The sensitivity of FaDu cells to treatment with the indole prodrugs dissolved 

in 10% ethanol/Hanks’ Balanced Salt Solution (HBSS) was assessed using clonogenic 

assays. Treatment with lAA for 4 or 24 h resulted in decreased clonogenic survival of 

HRP8 cells (Figure 3.7). 24 h exposure led to a steeper curve, and increased cell kill. 

There was a shoulder to the curve at approximately 1 mM lAA concentrations.
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Figure 3.7. Survival of GFPl and HRP8 cells following a) 4 h, or b) 24 h exposure to 

lAA. Data are mean ± s.e.m. 3 experiments, triplicate samples.

Comparison of ethanol and dimethylsulphoxide (DMSO) as solvents (10 and 

5% final concentration respectively) indicated equivalent levels of cell kill in the 

HRP8 cell line, although there was some indication of reduced cell kill for HRP8 cells 

with low lAA concentrations with DMSO as a solvent. Survival of GFPl controls did 

not differ between the two vehicles (figure 3.8).
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Figure 3.8. Comparison of lAA cytotoxicity in cell exposed to lAA for 24 h using 

ethanol or DMSO as the solvent. Data are mean ± s.e.m. 3 experiments, triplicate 

samples.

In addition to the prototypical lAA prodrug, a methylated form of lAA was 

also utilised. The lmethylindole-3-acetic acid (IMe-IAA) compound also decreased 

the survival of HRP8 cells following 4 or 24 h exposure periods (Figure 3.9). The 

level of cell kill seen with IMe-IAA after 24 h was greater than that seen at equivalent 

concentrations of lAA. There was a plateau phase between 1 and 2 mM IMe-IAA 

following 24 h exposure, after which, survival sharply decreased with approximately 

99.9% cell kill at 5 mM concentrations. However, HRP selectivity was lost using 

IMe-IAA, thereby reducing the potential therapeutic window. 4 h exposure to 5 mM 

IMe-IAA decreased GFPl survival to levels seen in HRP8 cells. After 24 h, IMe- 

IAA reduced GFPl survival at concentrations greater than 2 mM, with a 2-log 

decrease in clonogenicity at 5 mM.

The halogenated derivative of lAA, 5bromindole-3-acetic acid (5Br-IAA), was 

also assessed in this system, and found to be effective at reducing HRP8 clonogenicity 

only following the longer 24 h exposure period but not after 4 h (Figure 3.10). After 

24 h treatment, 5Br-IAA was capable of reducing the survival of HRP8 cells by over

2-logs at just 1 mM. There was no apparent plateau, although GFPl survival was 

starting to decrease at this concentration.
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Figure 3.9. Clonogenic survival of FaDu GFPl and HRP8 cells following a) 4 h or b) 

24 h exposure to IMe-IAA. Data are mean ± s.e.m. 3 experiments, triplicate samples.
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Figure 3.10. Clonogenic survival of GFPl and FIRP8 cells following 4 h or 24 h 

exposure to 5Br-IAA. Data are mean ± s.e.m. 3 experiments, triplicate samples.

3.4 Discussion

This chapter describes the development and characterisation of FaDu clones 

stably expressing HRP or GFP for use in subsequent chapters. FaDu cells are a human 

head and neck cancer cell line of squamous carcinoma origin. In common with a large 

number of human cancers the cell line does not have functional p53 activity, since it
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carries a p53 nonsense mutation at codon 248 (Reiss et al., 1992). The line does retain 

sensitivity to methotrexate (McGuire et al., 1999). It is widely used in studies using 

radiation, since it readily forms tumours with a hypoxic fraction quantifiable by 

oxygen electrodes (Baumann et al., 2001; Urano et al., 2002).

Expression of HRP or GFP was not detected in all colonies resistant to 

puromycin. This may be due to a variety of causes, such as insertional 

inactivation/disruption of the transgene or its promoter due to plasmid ring opening 

resulting in either production of an inactive protein, or no gene expression. The 

presence of the HRP or GFP protein is not believed to confer a growth advantage on 

cells, and therefore cells may spontaneously silence gene expression. In the case of 

HRP, transgene expression may in fact be detrimental (Harman et al., 1986). 

However, from the growth curves it does not appear that in the HRP8 and GFPl 

clones, expression of transgenes is detrimental to growth in vitro, although this may 

be the case only in these particular clones.

Méthylation of transgenes and histone proteins has been shown to be 

important in transgene silencing (Broday et al., 1999; Muller et al., 2000; Panned et 

al., 2000; Yan et al., 2003), which is sometimes associated with increased chromatin 

condensation. Decreased histone acétylation is observed in silenced transgenes (Yan 

et al., 2003). Insertion of transgenes in proximity to heterochromatin can lead to 

decreased expression (Saveliev et al., 2003), presumably due to the inaccessibility of 

the DNA. Insertion of elements with a dominant chromatin opening function can, at 

least in part, overcome the problems of transgene silencing via a methylation- 

associated pathway (Antoniou et al., 2003).

The activity of HRP in the HRP8 cell line was approximately the same as that 

in FaDu cells transiently transfected with HRP (although a different plasmid was 

used, the promoter and gene sequence were the same (Greco et al., 2000)). However, 

expression within transient transfectants was restricted to 10-14% of cells. In stable 

transfectants it was not possible to determine the number of cells expressing the HRP 

enzyme due to problems with the HRP antibodies. However, it was likely to be 

considerably greater than 15%, since clones were derived from a single colony. This 

means that the level of activity per cell was probably less than in transient 

transfectants.
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HRP has previously been shown to oxidise glutathione (GSH) (Harman et ah, 

1986). GSH is an antioxidant and co-factor for antioxidant enzymes. Its levels are 

highest in the liver, where it is primarily used to increase the solubility and excretion 

of lipophilic compounds. In healthy cells, the oxidised form rarely exceeds 10% of the 

total glutathione (Kosower & Kosower, 1978). GSH levels are controlled 

homeostatically and self adjusted with respect to synthesis (by GSH synthetase), 

recycling from GSSG (by GSH reductase), and its utilisation. Since glutathione levels 

could affect growth and response to both drug and radiation treatment (Biaglow et al., 

1989), the thiol levels of stable transfectants were assessed.

Two different in vitro assays were employed, essentially showing that there 

was no difference in GSH levels between transfected and untransfected cells. The 

recycling method indicated that although stable transfectants had lower levels of total 

thiol (non-protein) than parental FaDu cells, this difference was not statistically 

significant (figure 3.5).

Using a simpler method that does not discriminate between the oxidised and 

reduced forms of GSH, there was no difference between the parental cells and clones. 

Since a difference in GSH levels was expected, this indicates that either intracellularly 

produced HRP has no more effect on thiol levels than the marker GFP in these cells, 

or that the HRP8 clones is able to deal with the oxidation of GSH, and can by some 

mechanism redress the balance, since GSSG levels were not particularly elevated, so 

it is unlikely that any mechanism is simply an increased production of GSH.

Exposure of GFPl and HRP8 cells to lAA resulted in decreased survival of 

HRP8 cells. The level of cell kill in HRP8 cells showed a pronounced plateau 

following 24 h exposure. This was also seen in transient transfectants, although to a 

lesser degree (Greco et al., 2001). In addition, the level of cell kill at high prodrug 

concentrations was greater in transient transfectants. A possible explanation for these 

discrepancies is the level of enzyme activity per cell. Transient transfectants are likely 

to have a much greater level of HRP activity per cell (possibly due to the presence of 

multiple plasmids, and/or lack of insertional disruptions), and it may be this, rather 

than the total HRP activity of a population, which is important for cytotoxicity. The 

cytotoxic product formed by HRP from LAA is freely diffusible and fairly long-lived 

under oxic conditions. The bystander effect may be able to compensate for lower cell 

expression numbers.
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The effect of vehicle used to dissolve indoles was studied. In previous studies, 

all indoles were dissolved in ethanol, prior to dilution in salt solution (Greco et al., 

2002a; Greco et al., 2000; Greco et al., 2001; Greco et al., 2002c). This may not 

always be the most appropriate solvent for use in vivo, and so DMSO was 

investigated as an alternative. No difference in the 24 h survival curve was observed if 

DMSO was used in place of ethanol, so providing an alternative vehicle for further 

studies.

The exact cytotoxic mechanism of action of lAA metabolites is yet to be fully 

elucidated. However, the results of experiments with stable transfectants support 

earlier work that the HRP enzyme is necessary for lAA induced cell death.

Both IMe-IAA and 5Br-IAA were cytotoxic to HRP8 cells following 24 h 

exposure periods. IMe-IAA in common with LAA, displayed the plateau at 1 mM 

concentrations, although (at high concentrations) greater levels of cell kill were seen. 

This was accompanied by a decrease in the survival of GFPl cells, and quite 

considerable levels of GFPl cell kill following 24 h exposure. This is in contrast to 

the results in transient transfectants (Greco et al., 2001). It is unclear why IMe-IAA 

should show such cytotoxicity to GFPl cells, and this may mar the suitability of IMe- 

IAA as a prodrug. For any therapeutic strategy it is ideal to have compounds that will 

not have any effect on non-target tissue. This is very hard to achieve, but the greater 

the therapeutic window, the lower the potential for side effects and normal tissue 

damage. The results here indicate that IMe-IAA may be cytotoxic to, or be converted 

to a cytotoxin by, normal tissues, at concentrations not much greater than those 

needed to achieve a therapeutic effect in HRP transfectants.

In agreement with results obtained from transient transfectants, 5Br-IAA was 

cytotoxic to HRP expressing cells under normoxia only following long exposure 

periods (Greco et al., 2001). After 4 h exposure there was no decrease in the survival 

of either cell line. The cytotoxicity of 5Br-IAA was apparent at lower concentrations 

than either lAA or IMe-IAA, which is beneficial. Administration of large quantitites 

of drug could increase the likelihood of normal tissue toxicity. Also, concentrations of 

prodrug in tumour tissue may be lower than normal tissue due to disturbances in 

blood flow, and systemic drug administration is preferable rather than direct 

administration to the tumour or its blood supply.

The amount of cell kill was lower than that seen with standard cancer 

chemotherapeutic agents (Hall, 2000). However, a direct comparison of the HRP/IAA
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system with the herpes simplex virus-thymidine kinase/gancyclovir combination 

showed that the HRP/IAA combination was superior (Greco et al., 2000).

The results show that stable HRP expressing cells can be produced which 

retain their sensitivity to indole prodrugs. Stable clones can be used both in vitro and 

in vivo to assess responses to indoles in more complex model systems.
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Chapter 4

Horseradish peroxidase-directed gene therapy in an 

in vitro 3-dimensionaI system

4.1 Introduction

Cell monolayers are an experimental model, which is easy to use, and can be 

manipulated to expose cells to a variety of conditions. However, the clinical situation 

will never be as simple as a monolayer. Clinical tumours contain a variety of cell 

types, have cells with different growth rates and at different stages in the cell cycle, 

under different stresses and signalling factors, in addition to a range of environmental 

conditions.

A model which is one stage more complex than monolayers is multicellular 

spheroids. Tumour cells can form a 3-dimensional in vitro model, which has been 

described by a variety of groups to mimic in vivo conditions (for review, see 

(Sutherland, 1988).

Spheroids are characterised by a proliferating outer rim in contact with the 

growth media, and an oxygen diffusion limited hypoxic layer surrounding a necrotic 

core. Towards the centre of the spheroid, depending upon its size, there will be 

alterations in a number of factors, such as pH, glucose concentration, and the 

concentration of various waste products. Solid tumours are known to have regions of 

chronic hypoxia at distance from blood vessels, in addition to perfusion limited, acute 

hypoxia. Spheroids may be a fairly accurate representation of avascular micro- 

metastases (Knuchel et al., 1988), as well as a model for regions of chronic hypoxia in 

solid tumour masses.

Spheroids formed from both hepatocytes and tumour cells show altered gene 

and protein expression compared with the same cells grown as monolayers 

(Narayanan et al., 2002; Poland et al., 2002). In spheroids derived from a human 

adenocarcinoma of the colon (HT29), calreticulin proteins were over-expressed 

compared with monolayers, whilst proteins involved in cell growth, such as Rho, 14-

3-3 p, 14-3-3 T| and tubulin showed higher levels in monolayer culture. In spheroids 

derived from porcine hepatocytes, gene expression profiles correlated with
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morphological and functional changes associated with differentiation in the maturing 

spheroids.

Spheroids grown from tumour cells contain subpopulations of cells that are 

radio- and chemo-resistant (Yuhas et al., 1978). This makes spheroids a good in vitro 

model for evaluating novel therapeutic strategies.

In this chapter a spheroid model has been developed for use with the 

HRP/IAA combination as an intermediate system between monolayers and in vivo 

tumours.

4.2 Materials and methods

General materials and methods are described in chapter 2. Below are detailed 

those methods specific to this chapter.

4.2.1 Cell culture

FaDu cells stably expressing the HRP and GPP genes were used as described 

in Chapter 2, and maintained in monolayer culture prior to use as spheroids.

4.2.2 Spheroid development

Spheroids can be grown using spinner culture methods, or by preventing 

attachment to the plastic-ware surface. The most common method of attachment 

inhibition is to coat the bottom of flasks or plates with agar. However, for studies 

where cells are incubated with a drug, it is important that the culture vessel walls be 

impervious to be certain of the drug concentration in the media. In this study 

spheroids were formed through attachment inhibition due to rotation of the culture 

plate.

Exponentially growing FaDu cells were trypsinised and plated at lOVml in 

CO2 independent media (Life Technologies) supplemented with 10% PCS, 2 mM L- 

glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin (Life Technologies), with 3 

ml of cells per well of a 6 well plate. Plates were incubated in a 37°C warm room on a 

rotating platform (RlOO, Rotatest rotator) at 75 rpm. Media was replaced on the third 

day, and subsequently every 2 days. After 3 days visible spheroids had formed, and 

were measured using a calibrated eyepiece graticule (Graticules Ltd, Kent, UK).
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4.2.3 Enzyme activity in spheroids

To assess the level of HRP activity spheroids were washed, trypsinised and 

syringed to obtain a single cell suspension. Cells were pelleted and resuspended in 

0.5% hexadecyltrimethylammonium bromide, and processed as described in 2.5.

4.2.4 Immunohistochemistry of spheroids

Spheroids of varying sizes were exposed to 100 pM pimonidazole for 2 h. 

Spheroids were washed in PBS, and frozen in OCT. Sections were cut and fixed as 

described in 2.8.

Pimonidazole staining was carried out using an UltraVision Mouse Tissue 

Detection System (Stratech Scientific, UK), following the manufacturers instructions, 

and an anti-pimonidazole IGgl antibody (Natural Pharmacia Int Inc, USA) diluted 

1:100 in TBS with protein block (Dako, UK). Staining was identified using the 

diaminobenzidine (DAB) chromophore, and slides were counterstained with 

haematoxylin.

Haematoxylin and eosin stained sections were prepared as described in 2.8.

4.2.5 Spheroid clonogenic assay

Intact spheroids were exposed to prodrugs dissolved in HBSS on the rotating 

platform for 4 or 24 h. Following exposure, spheroids were washed, trypsinised and 

syringed to give a single cell suspension, counted, and appropriate numbers of viable 

cells (trypan blue excluding) plated on 6 cm dishes. Feeder cell supplemented media 

was added and colonies allowed to form as before.

4.2.6 Viable cell counting

Spheroids were exposed to prodrug as for clonogenic assays (4.2.5). 

Following exposure, the contents of the well was transferred to a universal, 

centrifuged at 1000 rpm for 5 min, the pellet washed, centrifuged again, and then 

subjected to trypsinisation to give a single cell suspension. Viable cells were counted 

as a percentage of total cells using trypan blue exclusion.
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4.3 Results

FaDu cells readily formed spheroids when grown on a continuously rotating 

platform. Spheroids reached 300 pm diameter after 3 days in culture, and 700 pm 

after 7-10 days. Spheroids continued to increase in size to approximately 1 mm, at 

which point growth dramatically slowed, and the necrotic core was very large. 

Although parental cells appeared to initially form larger spheroids, after 6 days in 

culture there was little difference between the groups (figure 4.1)

When frozen sections were stained with haematoxylin and eosin, large 

spheroids showed regions of loosely packed necrotic cells in the centre of the 

spheroid. In some spheroids, cells on the outer rim appeared to take on a squamous 

morphology. In addition to the necrosis seen on frozen sections, pimonidazole 

staining of spheroids for hypoxia, showed an increase in staining, and so a 

concomitant increase in hypoxia, towards the centre of the spheroid (figure 4.2 a). The 

staining was evident approximately 100-150 pm from the outer rim. Spheroids kept 

under anoxia for 2 h prior to pimonidazole treatment stained uniformly brown, as 

expected (figure 4.2 b). Pimonidazole staining of 300 pm diameter spheroids was 

negative (results not shown).
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Figure 4.1. Growth of FaDu spheroids on a rotating platform. Data are mean ± s.e.m. 

3 experiments, 10 spheroids measured per day.
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Figure 4.2. 600 pm  diameter spheroids treated with Pimonidazole under a) normoxia, 

or b) anoxia, followed by processing for immunohistochemistry, and staining with the 

DAB chromophore. Regions of hypoxia are stained brown.

Spheroids were exposed to prodrugs for 4 or 24 h, followed by disaggregation 

and plating for clonogenic assay. Spheroids of either 300 or 700 pm  diameter were 

used. Spheroids initiated using a mixture of cells, of which 50% expressed HRP and 

50% GPP (mosaic spheroids), were also used, in order to study the bystander effect.

Exposure for 4 or 24 h of 300 pm diameter spheroids to lAA resulted in a 

decrease in the survival of HRP8 transfectants, with virtually no effect on the survival 

of G FPl cells, even at high ÏAA concentrations (figure 4.3 a, b), which in monolayers 

had resulted in a modest decrease in GFP clonogenicity (chapter 3). Exposure for 4 h 

of HRP spheroids resulted in greater cell kill than seen in monolayers (surviving 

fraction 0.02 ± 0.01 in spheroids vs 0.1 ± 0.03 in monolayers at 5 mM lAA). A 4 h 

exposure of mosaic spheroids to low concentrations of lAA reduced clonogenicity of 

cells to a similar degree as HRP spheroids. However, at higher prodrug concentrations 

(above 1 mM), levels of survival became intermediate between GFP and HRP 

spheroids. Mosaic spheroids showed equivalent levels of cell kill after 24 h exposure 

except at 5 mM lAA, where clonogenicity of mosaic spheroids was a log greater than 

that seen in HRP spheroids alone.

Large 700 pm diameter HRP spheroids displayed surviving fractions 

equivalent to those seen in monolayers, with no effect on GFP controls. In particular, 

the initial decrease in clonogenicity was very steep (figure 4.3 c, d).

24 h exposure of HRP spheroids to lAA resulted in levels of cell kill
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approximately the same as those seen in monolayers (chapter 3) and in smaller 

spheroids. The plateau between 1 and 3 mM was again evident in the survival curve.
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Figure 4.3. Clonogenic survival of spheroid cells following exposure to lAA. a) and 

b), 300 pm  diameter; c) and d), 700 pm diameter, a) and c) 4 h exposure; b) and d) 24 

h exposure. Data are mean ± s.e.m. minimum 3 experiments, triplicate samples.

Two lAA derivatives, the methylated and halogenated compounds, were also 

tested in the spheroid model, as they showed promise in monolayer studies. Exposure 

of 300 pm diameter spheroids to IMe-IAA lead to a decrease in the clonogenic
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survival of HRP8 cells to approximately 3% at 5 mM concentrations (figure 4.4 a). 

Mosaic spheroids displayed a similar dose response curve, but with a greater loss of 

clonogenicity at 5 mM (surviving fraction 0.00035 ± 0.0003, figure 4.4 a). After a 24 

h exposure, HRP8 cells had a decreased survival compared with GFP transfectants, 

with no obvious plateau phase (figure 4.4 c).

Larger spheroids exposed to IMe-IAA showed decreased survival of HRP8 

compared to GFPl cells (figure 4.4 c and d). This was equivalent to that seen in 

smaller spheroids, however less than in monolayers. With both 4 and 24 h exposure of 

300 and 700 pm diameter spheroids, the survival of GFP transfectants was greater 

than that seen in monolayer culture after equivalent doses and exposure times (figure

3.7).

In the small 300 pm diameter spheroids, 4 h 5Br-IAA exposure had very little 

effect on HRP or GFP cell survival (figure 4.5 a). However, in the 700 pm diameter 

spheroids, HRP8 cell survival was reduced by 50% at 0.1 mM, and by 1 log at 1 mM, 

with little effect on GFPl. In both 300 and 700 pm diameter spheroids, 24 h exposure 

to this halogenated indole resulted in a maximum of 1 log cell kill in HRP8 cells, 

which was markedly less than that seen in monolayers.
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Figure 4.4. Clonogenic survival of cells derived from spheroids treated with IMe- 

IAA. a) and b) 300 pm diameter; c) and d) 700 pm diameter, a) and c) 4 h exposure; 

b) and d) 24 h exposure. Data are mean ± s.e.m. minimum 3 experiments, triplicate 

samples.
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Figure 4.5. Clonogenic survival of cells derived from spheroids treated with 5Br-IAA. 

a) and b) 300 pm diameter; c) and d) 700 pm diameter, a) and c) 4 h exposure; b) and 

d) 24 h exposure. Data are mean ± s.e.m. minimum 3 experiments, triplicate samples.

Microscopic analysis of drug-treated spheroids showed significant 

fragmentation. When cells were exposed to prodrugs for 4 h, disintegration of 

spheroid structure and loss of cells could be seen under phase contrast microscopy. In 

particular, IMe-IAA treated HRP8 spheroids had irregular shapes, and large numbers 

of free cells within the media. Spheroids composed of GFPl cells showed few, if any.
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morphological changes (figure 4.6).

* # #e # #
e

•• e
Figure 4.6. Phase contrast images of spheroids, a) GFPl b) HRP8 spheroids exposed 

to HBSS for 4 h c) GFPl spheroids exposed to 5 mM lAA for 4 h. d) HRP8 spheroids 

exposed to 5 mM lAA for 4h.

Intact spheroids and free cells were collected to look at immediate cell kill in 

300 pm diameter spheroids exposed to lAA for 4 h. This showed that for all 

concentrations of lAA survival of HRP8 cells decreased, whilst survival of GFPl 

cells decreased only at 5 mM concentrations (figure 4.7). In particular, at 5 mM lAA 

concentrations, less than 10% of HRP8 cells collected excluded trypan blue.
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Figure 4.7. Survival of cells obtained from 300 pm diameter spheroids exposed to 

lAA for 4 h. Data show viable cells as a percentage of the total cell count, mean of 3 

experiments ± s.e.m. # p< 0.01; * p< 0.001 compared with vehicle treated controls.

4.4 Discussion

The growth of cells on a rotating platform prevents adhesion to the culture 

flask surface, resulting in the formation of multicellular spheroids, which 

subsequently grow in three dimensions. FaDu spheroids retained expression of 

transgenes, and were amenable to treatment with indole prodrugs. Consistent with 

reports of spheroids derived from a variety of other cell lines (Buffa et al., 2001; 

Olive, 1995; Raleigh et al., 1987), FaDu spheroids developed a hypoxic centre and 

subsequently a necrotic core when they reached approximately 500-600 pm. This has 

been reported to be accompanied by alterations in the cell cycle distribution of cells, 

increases in the levels of carbon dioxide at the core, and also the concentration of 

other waste products, such as lactic acid. This makes spheroids a more accurate model 

for the in vivo tumour situation than standard monolayer cultures, and in particular of 

avascular micro-metastases (Knuchel et al., 1988).

Reductions in HRP8 cell survival for small and large spheroids exposed to 

lAA were approximately equivalent for equal exposure periods. This indicates that the 

size of the spheroid does not detrimentally affect the HRP/IAA system. lAA has been
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shown to be active in combination with HRP under anoxic conditions (Greco et ah, 

2001). However, in large spheroids, hypoxia will be associated with altered pH and 

concentrations of waste products, which may affect cellular behaviour. It may be that, 

in the 700 pm diameter spheroids, only the outer proliferating cells are metabolising 

the conversion of lAA to the cytotoxin. In that case, the level of cell kill indicates that 

the active metabolite is capable of diffusing through the spheroid and killing quiescent 

cells. This is consistent with media transfer experiments showing that the bystander 

compound is freely diffusible.

Spheroids exposed to the methylated indole, IMe-IAA, showed a decrease in 

cell survival after 4 and 24 h exposure periods, in both small and large spheroids. The 

level of cell kill was the same as that seen in monolayers (chapter 3). Interestingly, 

exposure of GFPl spheroids to IMe-IAA did not result in significant levels of cell 

kill, unlike the results seen in monolayers. It is not clear why this should be the case.

The 5Br-IAA compound has a different profile of toxicity when comparing 

monolayers with spheroids. It was previously reported that in monolayers transiently 

expressing HRP, 5Br-IAA caused a marked decrease in cell kill after a 2 h incubation 

period, but only when cells were exposed under anoxia (Greco et al., 2001). This 

suggested the involvement of a short-lived toxic radical species produced under 

anoxia. In the current study, monolayers (chapter 3) and small spheroids showed no 

decrease, whereas large 700 pm diameter spheroids displayed a significant decrease in 

cell survival following 4 h incubation (figure 4.5 c). It is possible that this is due to 

the activation of 5Br-IAA in hypoxic regions, and subsequent bystander cell killing. It 

has been hypothesised that under oxic conditions methylene-2-oxindole (MOI) is 

involved in the cytotoxicity of lAA (Folkes & Wardman, 2001). However, under 

anoxia, MOI is not formed, and it is likely that an, as yet, undetermined, toxic 

metabolite is involved. It is possible that an intermediate radical is able to abstract 

bromine from the aromatic ring to give an aryl radical.

The clonogenic assays are likely to underestimate the amount of cell kill in the 

spheroid model, since only whole spheroids are collected, and only viable cells plated. 

As can be seen from figure 4.7, the viable cell number decreases with increased LAA 

concentrations. Since only viable cells are counted for plating in the clonogenic 

experiments, it is only secondary cell kill that is measured. The loss of cells due to



spheroid fragmentation was evident from microscopic examination.

Any drug which targets hypoxic regions will need to be able to diffuse to cells 

distant from blood vessels in order to reach the target area. Diffusion of prodrugs was 

not measured directly in the spheroid model. However, if 5Br-IAA is, as predicted, 

activated under hypoxia, then 4 h incubation was sufficient for the drug to reach the 

hypoxic fraction within 700 pm diameter spheroids. This indicates that the indole 

prodrugs would be able to reach cells distant from functional blood vessels.

The cell kill seen after lAA treatment for 24 h in mosaic spheroids, mirrored 

that seen in 100% HRP8 spheroids, except at 5 mM LAA, where increased levels were 

seen. This indicates that at this time point, the bystander effect can be effective at 

targeting HRP cells. The increased cell kill at 5 mM may be a result of spheroids 

remaining intact, and subsequent collection of a greater number of affected cells, 

rather than the loss of these cells to the media.

After 4 h exposure however, mosaic spheroids showed intermediate levels of 

cell kill. 2 h incubation of lAA with HRP8 cells in monolayer culture followed by 

transfer of media to HRP cells, resulted in level of cell kill equivalent to HRP^ cells 

with LAA, except at concentrations above 3 mM, where lower cell kill was seen in 

cells exposed to pre-activated LAA (O.Greco, unpublished data). This is similar to the 

results seen in the mosaic spheroids.

The spheroid model shows some of the characteristics associated with solid 

tumours, which makes it appropriate for use in vitro to mimic in vivo conditions. Use 

of the spheroid model has confirmed that indole prodrugs are suitable for use with the 

HRP enzyme for gene therapy, and the combination is likely to retain activity under 

the heterogeneous conditions seen in tumours. In particular the halogenated indole is 

particularly promising due to the low concentrations required, and specificity for 

hypoxic activation, which would provide targeting and may reduce non-specific drug 

activation.
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Chapter 5

Paracetamol: a novel prodrug for use with the 

horseradish peroxidase enzyme for gene therapy

5.1 Introduction

lAA and related indoles are proven prodrugs for HRP mediated gene therapy 

as described in the previous chapters. However, the HRP enzyme is able to catalyse 

the oxidation of a variety of other compounds, including the widely used analgesic 

agent paracetamol (acetamidophenol, acetaminophen). Although widely regarded as 

an anti-inflammatory, paracetamol has only a weak inhibitory action on the two 

cyclo-oxygenase enzymes that are the traditional targets for non-steroidal anti

inflammatories.

Paracetamol is well tolerated at therapeutic doses, with a bioavailability of up 

to 90 % (Rawlins et al., 1977). The majority of ingested paracetamol is excreted by 

the kidneys as either a glucuronide or sulphate conjugate, with a small proportion 

excreted as mercapturic acid.

In cases of overdose the normal detoxication pathways become saturated, and 

hepatic necrosis occurs as a primary consequence. Glutathione levels fall and there is 

a corresponding increase in binding paracetamol to hepatocytes (Timbrell, 1996). It is 

thought that microsomal cytochrome P450 enzymes (CYP), in particular CYP2E1 and 

CYP1A2, catalyse the conversion of paracetamol by a 2-electron oxidation, to the 

cytotoxin A-acetyl-p-benzoquinoneimine (NAPQI, (Patten et al., 1993).

Treatment of cells with paracetamol or NAPQI results in similar 

consequences, provided cells contain sufficient levels of CYP activity to produce 

NAPQI. There is an increase in levels of intracellular calcium (Tsokos-Kuhn, 1989), 

which can lead to cytoskeletal changes and activation of endonuclease activity. 

Glutathione levels in vivo can decrease by as much as 80% (Timbrell, 1996). The 

formation of protein adducts is evident and correlates with centrilobular necrosis in 

vivo, but doesn’t seem to be correlated with cell death in vitro. NAPQI seems to 

interfere with mitochondrial function resulting in an initial increase in reactive oxygen 

species (ROS), followed by a decrease, possibly due to damage to the mitochondrion 

(Manov et al., 2002). There is also an increase in reactive nitrogen species (RNS).
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In addition to causing death through necrosis, apoptosis and direct damage to 

DNA have been demonstrated in vitro. Paracetamol can inhibit DNA synthesis by 

destroying the tyrosyl free radical on ribonucleotide reductase (Hongslo et ah, 1990; 

Richard et ah, 1991), which may account in part for the observed changes in cell cycle 

progression (Djordjevic et ah, 1986). The mechanism of apoptosis in cells is unclear 

since there are contradictory reports as to the involvement of some signalling 

molecules (Bae et ah, 2001; Knight & Jaeschke, 2002), which may be dose or cell 

type specific.

Paracetamol has been proposed as a prodrug for GDEPT with the gene 

encoding the CYP1A2 enzyme. The combination of CYP1A2 over-expression in 

fibroblasts and administration of 0.1-20 mM paracetamol resulted in a decrease in the 

number of viable cells, and a strong bystander effect in vitro (Thatcher et ah, 2000).

HRP is able to convert paracetamol to the cytotoxic compound NAPQI via a 

1-electron oxidation resulting in the formation of a semiquinone, which can 

disproportionate to form NAPQI (Figure 5.1, (Potter & Hinson, 1987; Potter & 

Hinson, 1989; Potter et ah, 1986). This reaction is equivalent to the 2-electron 

oxidation performed by CYP enzymes in the liver. However, the intermediate step can 

be reversed in the presence of GSH or NADPH (potentially further reducing GSH 

levels and increasing oxidative stress). The semiquinone may form polymerisation 

products, although the presence of NADPH will prevent this from occurring (Keller & 

Hinson, 1991). Oxidation of paracetamol will lead to the formation of substantial 

quantities of oxidised GSH (GSSG), and thiol dependent oxygen uptake by the cell 

(Ross et ah, 1985). The formation of GSSG is likely to be through oxygen dependent 

mechanisms rather than by simple dimérisation.

In this chapter, the ability of the HRP enzyme when expressed by human 

carcinoma cells, to convert paracetamol to a cytotoxin was investigated. In addition 

the effects on cell cycle, and potential of using anti-oxidants and/or enzyme inhibitors 

to limit tumour non-specific activation were looked at.
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Figure 5.1. Reaction between HRP and paracetamol. Paracetamol (1) is oxidised by 

HRP to form the semiquinone (2,3), which can revert back to paracetamol via 

reduction by either GSH or NADPH, the later resulting in the formation of 

superoxide. The semiquinone cannot react with oxygen to form the quinone, but can 

disproportionate to form AT-acetyl-p-benzoquinoneimine (4), which reacts with 

cellular components such as thiols (5).
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5.2 Materials and Methods

FaDu clones were used as described in Chapter 3. Clonogenic assays were 

performed as described in Chapter 2. Mosaic clonogenics were performed by plating a 

50/50 mixture of GFPl and HRP8 cells.

5.2.1 Anoxic exposure of cells to prodrug

Experiments carried out under anoxic conditions were performed in an 

anaerobic glove cabinet (DON Whitley Scientific Ltd, Shipley, UK) with 5% CO2 , 

5% H2 , 90% N2 and palladium catalyst. The catalyst combines any incoming oxygen 

with hydrogen to form water, which is removed using silica gel. All fluids were 

incubated in the chamber for at least 18 h prior to use. Cells were grown on Permanox 

dishes (Nalge Nunc International, Loughborough, UK), which contain less dissolved 

oxygen than ordinary laboratory plastic-ware.

Exponentially growing cells were plated, and allowed to attach for 4 h. Dishes 

were then moved to the anaerobic glove cabinet. Media on cells was replaced with 

pre-incubated anoxic media after cells were transferred to the chamber. After 2-3 h 

media was removed and cells exposed to prodrug. After drug incubation for 4 or 24 h, 

cells were removed from the chamber, washed and grown in feeder-cell supplemented 

media as described in chapter 2.

5.2.2 Exposure of cells to prodrug with antioxidant

Cells were plated as for clonogenic assay as described in chapter 2. Following 

cell attachment to the culture plates, media was removed and replaced with either 

fresh media or medium containing 1 mM A-acetyl cysteine (NAC, Sigma). Cells were 

left for an hour, after which paracetamol or paracetamol plus NAC in Hanks’ 

balanced salt solution (HBSS) was added for 24 h. Cells were washed and feeder-cell 

supplemented medium added as before.

5.2.3 Cell cycle analysis

Analysis of cell cycle was carried out using propidium iodide (PI) staining of 

cells. PI stains the DNA, and the amount of staining seen as fluorescence, reflects the 

DNA levels within a cell. Cells undergoing mitosis (G2/M) contain roughly twice the 

amount of DNA as those in Gq/Gj, whereas cells undergoing DNA synthesis (S phase)
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contain intermediate amounts.

Following exposure to prodrug for 24 h, cells were washed and allowed to 

recover for 24 h in complete medium. Attached a floating cells and media were then 

harvested, centrifuged and the cells fixed in ice-cold 70% ethanol for 1 h on ice. PBS 

was then added, cells pelleted and resuspended in PBS containing 20 pg/ml PI and 20 

pg/ml RNAse A (Sigma). Cells were incubated at 37®C for 30 min and samples were 

then subjected to FACS analysis using the FL-3 A setting to determine PI 

fluorescence levels. Cell debris was gated using forward and side scatter (FSC and 

SSC).

5.3.4 Enzyme inhibition

Purified HRP enzyme (0.4 ng. Sigma), was incubated in the presence of 

varying concentrations of furafylline (0-250 pM, Sigma), for varying periods of time 

(10-40 min) in 80 mM phosphate buffer (pH 5.4). 320 mM TMB and 3 mM hydrogen 

peroxide were then added to give a total volume of 2 ml. Absorbance was read every 

minute at 652 nm on a Hewlett Packard model 8452A diode array spectrophotometer.

5.3.4 Western blotting

Western blotting was performed as described in chapter 2. For detection of the 

CYP1A2 enzyme, a primary rabbit anti-human CYP1A2 antibody was used (Serotec, 

UK, diluted 1:10000). Induction of CYP enzymes was performed with 8 h exposure to 

10 nM 2,3,7,8-Tetrachlorodibenzo-/?-dioxin (TCDD, Promochem, Welwyn Garden 

City, UK).

5.3 Results

5.3.1 Efficacy of the HRP/paracetamoI combination

Exposure of FaDu clones to paracetamol under oxic conditions for 4 h (figure 

5.2a) or 24 h (figure 5.2b) resulted in a decrease in the survival of HRP8 clones 

compared to GFPl. 4 h exposure to paracetamol decreased survival by approximately 

40% at 1 mM concentrations. Levels greater than this did not further decrease 

survival. Following 24 h exposure there was a log of cell kill at 10 mM paracetamol 

concentrations. However, at this concentration there was also a decrease in the 

survival of GFPl cells to 0.3 ±0.03. The mosaic clonogenic results showed almost
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equivalent cell kill to experiments performed using only HRP8 cells. At 10 mM 

paracetamol concentrations however, the level of cell kill was intermediate between 

HRP8 and GFPl survival.
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Figure 5.2. Clonogenic survival of FaDu cells following a) 4 h or b) 24 h exposure to 

paracetamol in normoxic conditions. Data are mean ± s.e.m. minimum of 3 separate 

experiments, triplicate samples.

Exposure of cells to paracetamol under anoxia also resulted in a decrease in 

HRP8 cell survival (figure 5.3). 4 h treatment resulted in a curve similar to those seen 

for lAA exposure (Chapter 3), with a plateau between I and 5 mM, followed by sharp 

decrease in survival. At 10 mM, survival of GFPl cells was also decreased (figure 

5.3a). Exposure of cells to paracetamol under anoxia for 24 h resulted in greater than 

99% decrease in survival of HRP8 cells at 10 mM concentrations with no evident 

plateau (figure 5.3b). As with experiments performed under oxic conditions, the 

survival of a mixture of HRP8 and GFPl cells (mosaic) was equivalent to that seen 

when only HRP8 cells were plated. There was no major difference in the survival 

curves when cells were exposed to paracetamol under oxic or anoxic conditions.
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Figure 5.3. Clonogenic survival of FaDu cells following a) 4 h or b) 24 h exposure to 

paracetamol under anoxia. Data are mean ± s.e.m. minimum of 3 experiments, 

triplicate samples.

To determine the effect of antioxidants on this GDEPT combination, cells 

were exposed to paracetamol with or without N-acetyl-cysteine (NAC) for 24 h 

(figure 5.4). There was no difference in the survival of either GFPl or HRP8 cells 

when treated with paracetamol alone or in combination with NAC.
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Figure 5.4. Clonogenic survival of cells exposed to paracetamol for 24 h alone, or in 

combination with NAC. Data are mean ± s.e.m. 3 independent experiments, triplicate 

samples. Paracetamol and paracetamol with NAC exposure was carried out 

simultaneously.

5.3.2 DNA fragentation following paracetamol exposure

The effect of paracetamol treatment on cell cycle distribution was assessed 

using FACS analysis. Propidium iodide staining of cells showed a small but 

significant increase in the sub G| cell population of HRP8 cells following incubation 

with ImM paracetamol for 24 h compared with untreated controls (figure 5.5), 

suggesting apoptosis as one mode of cell death. There was also a small decrease in the 

number of G2/S cells indicating a decrease in proliferation. In contrast, there was no 

statistically significant change in the cycle distribution of GFPl cells treated with 

paracetamol (figure 5.5). Exposure of cells to 3 mM paracetamol did not increase the 

sub G1 population of HRP8 cells further (data not shown).
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Figure 5.5. Propidium iodide staining of DNA. Cells were exposed to 1 mM 

paracetamol for 24 h and allowed to recover for 24 h before staining with PI. Data are 

mean ± s.e.m. 3 experiments, duplicate samples. *p<0.05.

5.3.3 Effect of furafylline on HRP activity

Furafylline is a known inhibitor of CYP enzyme activity, and its effect on 

HRP activity was determined using the TMB assay. In experiments using purified 

HRP enzyme, incubation for 10 min with furafylline led to a maximal decrease of 

25% in the enzyme activity up to concentrations of 25 pM (figure 5.6a). However, 

concentrations of furafylline required to decrease the enzymatic activity of purified 

HRP enzyme by half (IC5 0 ) were not attainable due to the limited solubility of the 

inhibitor. When exposed to 25 pM furafylline for 10 min, activity showed a 25% 

decrease in activity. This was not decreased further by increasing the exposure period 

up to 40 min (figure 5.6b).
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Figure 5.6. Effect of furafylline inhibition on activity of purified HRP enzyme, a) 

Concentration-response curve, b) Time-response curve to 25 pM furafylline. Data are 

mean ± s.d. duplicate samples.

5.3.4 Presence of endogenous paracetamol activating enzymes

The CYP enzymes can metabolise paracetamol to a cytotoxin. Hence, 

endogenous levels of cytochrome P450 1A2 were assessed using western blot (Figure

5.7). The level of expression in FaDu GFPl, HRP8 and parental cells was 

undeterminable (Lanes 1, 2 and 3). Following induction with TCDD, levels were 

similar in all cell types, but remained low (lanes 4, 5 and 6).
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Figure 5.7. Expression of CYP1A2 in FaDu cells. Lane 1, FaDu parental; lane 2, 

FaDu GFPl; lane 3, FaDu HRP8. Lanes 4,5,6, as 1-3 with TCDD pre-treatment.

5.4 Discussion

The results in this chapter show the ability of intracellularly produced HRP to 

catalyse the reduction of paracetamol to a cytotoxin resulting in cell death.

Exposure of cells to paracetamol for 4 or 24 h resulted in a dose dependent 

decrease in the clonogenicity of HRP8 cells. However, at doses above 8 mM for 24 h, 

a decrease in GFPl clonogenicity was observed (figure 5.2). When treated under the 

severe tumour associated condition of anoxia, the HRP/paracetamol combination 

retained its activity. To our knowledge, this is the first demonstration of cell kill by 

paracetamol catalysed by intracellular HRP.

The reaction between HRP and paracetamol has been well characterised using 

purified enzyme (Potter & Hinson, 1987; Potter et al., 1985; Potter et al., 1986), and 

the production of NAPQI has been demonstrated. In cases of paracetamol overdose, it 

is the saturation of detoxication pathways (mainly type II conjugation reactions), 

which results in the formation of substantial quantities of NAPQI (see (Timbrell, 

1996) for review). This can lead to a variety of cellular effects, which combined with 

a decreased potential to balance the cellular redox state, can result in necrosis, 

apoptosis and loss of hepatic function.

The production of NAPQI by HRP does not require oxygen (Figure 5.1), and 

the formation of NAPQI from the semiquinone does not occur spontaneously in the 

presence of oxygen. Therefore, the cytotoxicity under anoxia is not unexpected and 

could be advantageous under tumour conditions. However, the precise involvement of 

the quinone in HRP/paracetamol cytotoxicity has not been determined, and the 

recycling of the semiquinone back to paracetamol by GSH and NADPH may be 

important, since the oxidation of these molecules could alter the redox state of the 

cell, rendering it more sensitive to changes in the environment. In addition, following 

the oxidation of NADPH, superoxide radicals may be produced. These may play a
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role in the cytotoxicity of paracetamol in HRP8 cells under oxic conditions, although 

this would be dependent on the prior exhaustion of GSH stores. The action of 

polymerised paracetamol on cells is unknown, as is the level of its production in cells, 

when the presence of NADPH may prevent polymer formation (Keller & Hinson, 

1991).

The cytotoxicity of paracetamol at the concentrations used in this study did 

require the presence of the HRP enzyme, since GFPl controls showed a decreased 

survival only at very high prodrug concentrations. As shown in chapter 3, the 

glutathione levels in both HRP8 and GFPl cells was equivalent, or if anything, higher 

in HRP8 clones. Therefore, it is unlikely that the HRP8 cells were intrinsically more 

sensitive to GSH depletion by endogenously produced paracetamol products than 

GFPl cells, indicating that the HRP enzyme itself was important for the effects seen. 

In addition, levels of CYP1A2 were extremely low (as shown by others in a range of 

cell lines), and expression of HRP did not appear to upregulate this enzyme, nor make 

induction by a dioxin more pronounced (figure 5.7).

Unlike the reaction with lAA, paracetamol activation by HRP does require 

hydrogen peroxide. However, as shown in the results, cytotoxicity in cell culture is 

achievable in the absence of exogenously added peroxide, indicating that sufficient 

hydrogen peroxide is present in metabolising cells.

Addition of the anti-oxidant A-acetyl cysteine (NAG) did not significantly 

affect the survival curves of either GFPl or HRP8 clones (figure 5.4). The addition 

did appear to increase the susceptibility of GFPl cells to paracetamol at low 

concentrations. NAG is the acetylated and more stable form of the amino acid L- 

cysteine, a precursor in the formation of GSH. The lack of a protective effect on 

paracetamol induced cytotoxicity may have a number of explanations. It is possible 

that the concentration of NAG used was not sufficiently high, or that a longer pre/post 

incubation period would be required to see an effect. Increased levels of NAG 

extracellularly in the media may therefore not have resulted in increased intracellular 

GSH levels. Alternatively, the damage produced by the addition of paracetamol may 

have been independent of GSH.

The use of paracetamol as a prodrug for GDEPT has previously been proposed 

using the GYP1A2 enzyme (Thatcher et al., 2000). In that study, 6 h incubation
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decreased the survival of V79 fibroblasts stably expressing CYP1A2, with a 50% 

decrease in cell survival occurring between 1 and 4 mM. In our study following 4 h 

exposure to paracetamol, slightly less than ImM paracetamol was required to reduce 

the clonogenic survival of HRP8 cells by 50%, although the clonogenic assay used 

here is likely to be more sensitive than the assay used by Thatcher et al (counting of 

viable cells). This group also demonstrated a large bystander effect, with only 5% of 

cells required to express the CYP1A2 isozyme for effective cell kill. If NAPQI is the 

cytotoxin produced by both enzyme systems, then a bystander effect would be 

predicted for the HRP/paracetamol combination. This was demonstrated in mixing 

experiments, where HFP8 and GFPl cells were plated together and exposed to 

paracetamol for 24 h under oxic or anoxic conditions. The cell kill observed was 

greater than that which would be expected for killing of HRP8 cells only.

The pharmacokinetics of paracetamol shows considerable interpatient 

variability. The reported time to maximal plasma concentration (Cpmax) ranges from 

20 min (McGilveray & Mattok, 1972) to 1.4 h (Heading et al., 1973) following 

ingestion in tablet form. At therapeutic doses, paracetamol does not significantly bind 

to plasma proteins (Gazzard et al., 1973), and tissue: plasma concentration ratios of 

1:1 have been reported.

Following a therapeutic dose of 1 g, a Cpmax of 9 pg/1 (approximately 0.06 

mM) has been reported (Hong et al., 1994), slightly less than the 20 pg/ml reported by 

(Prescott, 1980). However, in both cases it can be seen that maximal concentrations 

within tumour tissue (assuming a 1:1 relationship) after this dose would not reach 

those needed to effect cell death by either the HRP or CYP1A2 enzymes.

In order to increase the amount of paracetamol that could safely be ingested, 

liver toxicity would need to be minimised. This could be achieved by inhibiting 

metabolism by endogenous P450 enzymes, or by potentiating the protective 

mechanisms in the liver.

Furafylline is a potent inhibitor of CYP1A2, one of the endogenous enzymes 

responsible for paracetamol activation, with an IC50 of 0.07 pM (Sesardic et al., 

1990). Following administration to humans, plasma steady state levels can reach 5.8 

pM (Tarrus et al., 1987), well above the IC50 for CYP1A2. This concentration of 

furafylline decreased activity of purified HRP by less than 25% (figure 5.6a). Hence it 

could be envisaged that doses of paracetamol greater than 1 g could be safely
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administered whilst CYP activity is inhibited using furafylline to increase tumour 

concentrations, therefore resulting in HRP-induced cytotoxicity specifically in the 

tumour.

Increasing liver GSH levels and protection of this organ from paracetamol 

overdose may be achieved by orally administered methionine or NAC (Aebi & 

Lauterburg, 1992; McLean & Day, 1975; Prescott et al., 1980), compounds used to 

treat cases of paracetamol overdose. Using NAC in vitro (figure 5.4) there appears to 

be little protective effect against HRP/paracetamol induced cell death. Hence NAC 

treatment to reduce liver toxicity, with little effect on HRP-induced toxicity, may also 

be a promising GDEPT approach.

Paracetamol is used safely and routinely in the clinic, so is an attractive 

prodrug for GDEPT, since its properties in man are well characterised. In combination 

with HRP it can affect cell kill in both oxic and anoxic conditions. This combination 

may be useful for hypoxia targeted GDEPT. Unfortunately, the level of cell kill 

currently obtained is unlikely to result in observable growth delay. It may be that the 

use of the HRP enzyme in combination with paracetamol is unsuitable for further 

development. More work is required to analyse this new GDEPT combination, 

specifically, means to increase paracetamol dosage without increasing liver toxicity 

need to be explored further.

This work has demonstrated that HRP can be used to convert compounds other 

than LAA and its analogues to cytotoxins, and is active under reduced oxygen 

tensions.
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Chapter 6

Characterisation of the FaDu tumour model and

iudole prodrugs

6.1 Introduction

The HRP/IAA system has been demonstrated to be active in monolayers and 

spheroids in vitro. However, the system has not been tested in vivo. Although 

monolayers and spheroids can be manipulated to approximate the conditions seen in 

solid tumours, they remain far less complex than the neoplastic conditions seen in 

patients. Animal models remain the most realistic experimental approximation to the 

clinical situation. It is therefore necessary for novel therapeutics to be evaluated in 

vivo.

The pharmacokinetic profile of a drug will play a role in determining its 

efficacy. The distribution of a drug is dependent on many factors, including its 

lipophilicity, and binding to plasma proteins. The tissue exposure is generally greater 

in tissues with a large blood supply, such as the liver, especially as it has a role in the 

metabolism of many endogenous and exogenous compounds. The pharmacokinetic 

profile of indoles will determine the level in tumour and therefore the potential cell 

kill. The stable clones obtained in chapter 3 and characterised in vitro were used to 

form subcutaneous tumours in an animal model. The indole prodrugs were also 

characterised in vivo.

6.2 Materials and methods

Tumour implantation, measurement, and assessment of transgene expression 

were carried out as described in chapter 2.

6.2.1 Pimonidazole staining

Pimonidazole hydrochloride in phosphate buffered saline (PBS) was injected 

intraperitoneally (i.p.) to mice at 60 mg/kg. 90 minutes later animals were sacrificed, 

tumours excised and processed as described in 2.8 and 4.2.4.
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6.2.2 Assessment of hypoxic fraction

Sections from at least 3 levels through the tumour were analysed using Image 

J software. Regions of positive staining were manually highlighted, and pixel area 

expressed as a percentage of total section area.

6.2.3 Blood vessel staining

Tumours were excised and processed as described in 2.8. Frozen sections were 

washed in Tris buffered saline (TBS) and exposed to primary antibody diluted 1:200 

(Serotec rat anti-mouse CD34, MCA 1825) for 1 h at room temperature. Following 

washing, sections were incubated with secondary antibody (Dako, biotinylated rabbit 

anti-rat) 1:200 for 1 h. StreptABComplex (Dako) was made up and used according to 

the manufacturers instructions. In 5 ml TBS, 1 drop of both solution A and solution B 

were added and allowed to stand for 30 minutes. This was added to the slides after 

rinsing off excess secondary antibody, and incubated for 1 h at room temperature. 

Vector red was incubated until colour developed, and slides counterstained with 

haematoxylin, dehydrated and mounted.

6.2.4 Chalkley point counting

An eyepiece graticule (Graticules Ltd) consisting of 21 random spots was used 

in a Nikon light microscope. Under xlOO magnification the field of view was moved 

randomly over the section, and the number of dots in contact with positively staining 

blood vessels counted. This was repeated at least 20 times per section area.

The vascular index was calculated by averaging the scores for each section. 3 

sections were cut at 3 levels through the tumour (approximately 2-3 mm apart), and 

the results pooled.

6.2.5 Pharmacokinetics

In order to analyse the distribution of indoles between tissues 

(pharmacokinetics, as opposed to pharmacodynamics, which is the effect of the drug 

on the body) following a single administration, high performance liquid

chromatography (HPLC) was used to analyse levels in a variety of tissues in mice.

Reverse phase HPLC consists of a non-polar stationary phase and a polar 

eluent. The non-polar surface extracts lipophilic analytes from the eluent, resulting in 

the formation of an organic-rich layer at the particle surface, which is where the
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partitioning occurs. By altering the pH of the eluent, the ionisation state of solutes can 

be altered, and so, their retention time in the column, with the most polar molecules 

eluting in the shortest time.

Female SCID mice bearing FaDu tumours received a single dose of lAA in 

10% ethanol or 5% DMSO, or 5Br-IAA in 10% ethanol intraperitoneally (i.p.). At 

specified times after administration animals were sacrificed and blood and tissues 

removed. Whole blood was collected in lithium-heparin tubes (Sarstedt, UK), 

centrifuged for 1 min at 12,000 g, and plasma removed to tubes containing ascorbate 

to give a final concentration of 0.1%.

Tissues were weighed, homogenised in 9 volumes of 0.1% ascorbate solution, 

and transferred to microfuge tubes. All samples were stored at -80°C prior to HPLC 

analysis.

Protein was precipitated by the addition of an equal volume of acetonitrile to 

the sample, vortexing and then centrifugation at 4°C 10,000 g for 10 min. Supernatant 

was removed to sample vials (Waters), and loaded in to an autosampler (Waters 717, 

UK) attached to a HiChrom RPB 100 x 3.2 mm reverse phase column. Eluent A was

composed of 10% acetonitrile, 20 mM ammonium acetate at pH 5.1, eluent B

consisted of 75% acetonitrile/water. The column was run with a 0-50% gradient of B 

over an 8 min period with a flow rate of 1 ml/min and a re-equilibration time of 5 

min. Detection was with a Waters 996 diode array detector at 260 nm.

In order to check the recovery of lAA from protein precipitated samples, 

control plasma, or water was spiked with 5 mM lAA. An equal volume of acetonitrile 

was added, samples were vortexed and then centrifuged for 10 min at 10,000 g at 4®C. 

The supernatant was removed and run in the HPLC column as described above.

Bujfers and reagents 

0.1% ascorbate:

Ascorbate 100 mg

dHzO 100 ml
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Ammonium acetate:

ECD grade Acetate 1.54 g

Acetic acid 400 pi

Acetonitrile 100 ml

dH2 0  to 11

75% acetonitrile:

Acetonitrile 750 ml

dH2 0  to 11

6.3 Results

6.3.1 Characterisation of FaDu tumours

FaDu cells from in vitro cell culture implanted subcutaneously (s.c.) at 

lOVmouse in the flanks of female SCID mice formed solid tumours, with a take rate 

of 100%. GFPl and HRP8 clones also formed solid tumours when implanted s.c., also 

with a 100% appearance rate.

The growth rate of the parental and transfected cell lines was assessed using 

serial calliper measurements (figure 6.1). The parental and HRP8 tumours grew at the 

same rate, with tumour doubling times of approximately 2 and 3 days respectively. 

The growth rate of GFPl tumours was noticeably slower (doubling time of 8 days) in 

these immunodeficient animals. This is in contrast to growth in vitro where all three 

clones grew at similar rates (chapter 3).
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Figure 6.1. Growth of FaDu tumours grown subcutaneously from 10  ̂ cells in the 

flanks of female SCID mice. Data are mean ± s.e.m. 5 animals per group.

The expression of transgenes in tumours was assessed. GFP was visualised 

using frozen, unfixed 10 pm  thick sections. G FPl tumours showed diffuse, often 

punctate expression of GFP throughout the tumour that was difficult to quantitate 

(figure 6.2). Expression did not appear to be restricted to the periphery or central 

regions. HRP8 tumours showed greater activity in the TMB assay than tumours 

grown from either parental or G FPl cells (figure 6.3). Due to problems with obtaining 

effective antibodies, immunohistochemistry to visualise HRP was unsuccessful, and 

so the number of cells expressing the enzyme was impossible to quantitate.
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Figure 6.2. Expression of GFP within G FPl tumours, a) Parental FaDu tumour b) 

G FPl tumour. Original magnification xlO.
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Figure 6.3. HRP activity within FaDu tumours assessed using the TMB assay. 

Tumours were excised at approximately 6 mm mean diameter. Data are mean ± s.e.m. 

5 tumours per group.

Tumours were analysed histologically to determine whether transgene 

expression changed tumour characteristics. To assess regions of hypoxia within 

tumours, Pimonidazole staining was utilised (figure 6.4). Staining was present 

throughout the tumours, and when expressed as a percentage area showed little 

difference between the 3 tumour lines (table 6.1). Staining was not restricted to the
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centre of tumours, but could be seen both peripherally and centrally. Positive staining 

was visible in small isolated regions, and also covering larger areas.

: ■

m
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Figure 6.4. Tumour sections stained with Pimonidazole to show regions of hypoxia 

(brown), a) G FPl b) HRP8 c) parental FaDu tumours. Tumours were approximately 6 

mm mean diameter when excised.

Parental 7.66% ± 1.3

GFPl 8.18% ± 3 .6

HRP8 5.22% ±1.0

Table 6.1. Regions of hypoxia in FaDu tumours. Data are % area positively staining 

for pimonidazole, mean 3 sections per tumour ± s.e.m., 4-8 tumours per group.

Tumours were also stained immunohistochemically for CD34 to determine 

vascular density (figure 6.5). This recognises the murine CD34 cell surface 

glycoprotein expressed by endothelial cells, and also by haematopoietic progenitor 

cells in the bone marrow. Using Chalkley point counting, it was shown that the 

vascular index of G FPl tumours was significantly lower than that of parental or 

HRP8 tumours, although the tumours had roughly equivalent hypoxic fractions 

(figure 6.6).
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Figure 6.5. CD34 staining of tumours, a) G FPl b) F1RP8 c) parental FaDu. Insert 

shows high magnification of vessels (in red).



GFP1 HRP8 Parental

Figure 6.6. Quantitation of vascular density in FaDu tumours. *p<0.01 versus GFPl.

6.3.2 Characterisation of prodrugs

The maximum tolerated dose (MTD) was determined in order to prevent 

potential drug induced side effects during dosing. Prodrugs were administered at a 

range of doses intraperitoneally (i.p.) for 7 days, and animal health monitored during 

this period and for one month subsequently.

The weights of animals receiving lAA at 200 mg/kg, 5Br-IAA 200 mg/kg and 

IMe-IAA 200 mg/kg, did not significantly decrease during or after treatment (figure 

6.7). Animals appeared in good health, with no diarrhoea, piloerection or hunching 

behaviour.

Following 4 days administration of lAA at 300 mg/kg animals displayed 

myotonia (decreased muscle tone and decreases in reaction time), and appeared to be 

hypothermic. Animals were sacrificed at this time (figure 6.7).
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Figure 6.7. Weights of animals receiving lAA for 7 days, with one month follow-up. 

Data represent percentage of original weight, 3 animals per group ± s.e.m. Results for 

5Br-IAA and IMe-IAA were similar (not shown).

Pharmacokinetic studies were performed for lAA and 5Br-IAA. HPLC 

analysis of samples resulted in a characteristic peak for lAA (figure 6.8).
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Figure 6.8. Profile of lAA in the plasma, 20 min following administration of 250 

mg/kg i.p. Green line shows plasma from control animal.

Administration of a single dose of 250 mg/kg lAA in ethanol resulted in a 

profile resembling a first-order process (figure 6.9a). Plasma, liver and skeletal 

muscle concentrations peaked 10 minutes following administration, remained 

relatively constant for a short absorption phase, with a peak plasma concentration of

1.1 mM (±0.1) at 20 minutes. At the 4 h sampling time, there was a large variation in 

lAA concentrations between animals. The pharmacokinetic parameters for lAA are 

described in table 6.2.
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Figure 6.9. Pharmacokinetic profile of single administration of lAA at 250 mg/kg 

using a) ethanol or b) DMSO as the solvent. Data are mean ± s.e.m, 3-4 animals per 

time point.
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The effect of solvent was looked at using DMSO in place of ethanol. The 

pharmacokinetic profile of lAA in DMSO (figure 6.1 lb) was markedly different from 

that seen when ethanol was used. With the exception of the liver, all tissues showed a 

short absorption phase. In the tumour this lasted 90 min.

Plasma concentrations reached 2.5 mM (± 0.05), and the peak tumour 

concentration was 2.5 mM (± 0.3), greater than the maximal concentration achieved 

using ethanol. The tumour AUC0-240’ for lAA in DMSO was more than twice that seen 

when lAA was administered in ethanol. The plasma was also extended, and data 

more closely fitted an exponential decrease in tissue concentrations.

Drug Plasma 

ti/2 (min)

Plasma Kej 

(min'*)

Plasma 

AUCo-240’ 

(mmol r* 

min)

Tumour 

AUCo-240’ 

(mmol r* 

min)

Liver 

AUCo-240’ 

(mmol r* 

min)

Muscle 

AUCo-240’ 

(mmol r* 

min)

lAA 10% 

EtOH

23 0.03 257 117 149 57

IAA5%

DMSO

69 0.01 403 373 336 117

5Br-IAA 

10% EtOH

87 0.008 367 179 212 70

Table 6.2. Pharmacokinetic parameters of indoles following a single i.p. 

administration of lAA 250 mg/kg, or 5Br-IAA 150 mg/kg. Data are from 3-4 animals 

per time point, t^ half life, Kei elimination constant, AUC area under the curve 

(calculated using Origin graph package software).

The halogenated prodrug 5Br-IAA was administered in 10% ethanol at 150 

mg/kg (figure 6.10 and table 6.2). As for lAA, concentrations were initially highest in 

the plasma and liver. However, whereas elimination of LAA from the blood and the 

liver was at approximately the same rate, 5Br-IAA was eliminated from the liver at a 

faster rate than from the plasma. At 240 minutes, tumour levels were greater than 

those in the liver.

Tumours showed an absorption period of approximately 1 h, to give a 

maximal concentration of 1.0 mM (± 0.01), before slowly being eliminated. Skeletal
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muscle again showed the lowest prodrug concentrations. There was less inter-animal 

variation following administration of 5Br-IAA in ethanol, than lAA in ethanol.
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Figure 6.10. Pharmacokinetic profile of 150 mg/kg 5Br-IAA. Data are mean ± s.e.m.

3 animals per time point.

6.4 Discussion

The work in this chapter shows the characterization of prodrugs and stable 

FaDu transfectants in vivo.

FaDu cells formed solid tumours when implanted s.c. in the flanks of female 

SCID mice. GFPl and HRP8 cells also formed solid tumours, although the growth 

rate of GFPl tumours was markedly slower than parental cells. It may be that the 

GFPl cells were, for some reason, less able to deal with the stresses experienced in 

vivo, such as nutrient deprivation, altered pH and fluctuating oxygen tensions (Brown 

& Giaccia, 1998) which are unlikely to occur in vitro. GFPl cells, when grown as 

spheroids, did not appear to have a significant growth disadvantage (figure 4.2). 

However, this may not have been apparent at diameters less than 1 mm.
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Although the hypoxic fraction did not appear to be different in GFPl tumours 

from parental, the vascularisation was significantly lower, and this may have 

contributed to the slower growth rate and increased doubling time.

GFP and the modified enhanced green fluorescent protein (eGFP) have been 

reported to produce a strong T cell mediated immune response (Stripecke et al., 1999) 

which can lead to both growth delay and spontaneous regression of tumours. SCID 

mice are unable to mount an effective immune response since they are 

hypogammaglobulinaemic, and lack both B and T cells, thus the immunogenicity of 

GFP is unlikely to be a problem in these animals.

Both GFPl and HRP8 cells retained transgene expression when grown as solid 

tumours. GFP expression was not uniform throughout the tumour area. In the absence 

of selection pressure, cells may switch off expression of exogenous DNA. The 

presence of hypoxia may also affect the level of fluorescence. Correct folding of the 

GFP protein to form the fluorophore requires the presence of oxygen (Heim et al., 

1994). In T24 bladder carcinoma cells expressing GFP, fluorescence under 0.3% 

oxygen was significantly lower than under physiological oxygen tensions (2.5-5% 

(Coralli et al., 2001)), and protein levels were also decreased. Although in the study 

by Coralli et al experiments in vivo could not correlate the presence of hypoxia 

(visualized using pimonidazole staining) with regions of low or absent fluorescence, it 

is possible that the fluorescence seen in GFPl tumours may be influenced by the 

presence of hypoxia. The spatial distribution of the GFP fluorescence however, seems 

to render this unlikely to be the sole cause.

In order to quantitate GFP expression, FACS analysis may have been an 

alternative to fluorescence microscopy. However, the background yellow fluorescence 

of tumours may affect results due to problems differentiating between high 

background fluorescence, and low green fluorescence (G.U. Dachs, personal 

communication).

HRP8 tumours retained HRP expression measured using the TMB assay. Both 

parental and GFPl tumours exhibited measurable peroxidase activity. Different 

tumours have been shown to have varying amounts of peroxidase activity (Parkins et 

al., 2000), which may be related to the presence of neutrophils and other leukocytes. 

The TMB assay will detect myeloperoxidase activity (MPC, (Hotter et al., 1997),
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although this enzyme is unable to effectively catalyse the oxidation of lAA. In 

addition, the presence of haemoglobin in the sample can affect the results, which is 

not a problem when harvesting cells from in vitro cell culture, but will be important 

and potentially highly variable in tumour samples.

The 2-nitromidazole compound, pimonidazole, was used to enable 

immunohistochemical evaluation of hypoxia. Binding of the reduced form increases 

steeply below 10 mmHg, and is visualized with antibodies raised against the 

reductively activated conjugate. Parental, GFPl and HRP8 tumours all showed 

regions of hypoxia. These regions are important, since they may be radioresistant 

(Gray et al., 1953). They also form a target for therapy, since chronic hypoxia is a 

tumour specific condition (Brown & Giaccia, 1998).

In a multiple dosing strategy, 300 mg/kg lAA appeared to have severe adverse 

effects, with animals appearing flaccid and cold. Myotonia and hypothermia were also 

seen in male albino (Fuller et al., 1971) and male ddY mice (Yamada et al., 1985) 

after a single administration of 300 mg/kg lAA. It was found by Fuller et al, that 

derivatives of LAA, 5-hydroxyindole-3-acetic acid and 5-methoxyindole-3-acetic acid, 

had no myotonic effects at 300 mg/kg. Ventricular administration of lAA did not have 

any effect on muscle tone (Yamada et al., 1985), and the muscular effects were 

proposed to be a result of direct activity on the muscle, rather than a centrally 

mediated effect. In contrast, hypothermia induced by lAA appears to have a central 

mechanism. Doses of 200 mg/kg/day were therefore chosen for further studies.

High performance liquid chromatography (HPLC) analysis of a single dose of 

250 mg/kg LAA showed that the prodrug is able to quickly distribute between most 

tissues (figure 6.11). Of all the tissues studied, the liver received the greatest 

exposure, which is not unexpected due to its large blood supply and role in 

metabolism.

LAA is reportedly excreted in the urine (Kobori et al., 1983) when produced 

endogenously. Kidney levels of LAA have not been assessed, although it is possible 

that they would be relatively high, as is the case for 5fluoroindole-3-acetic acid at 50 

mg/kg in CBA mice (Folkes et al., 2002).
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The profile of lAA differed according to the solvent used. When administered 

in DMSO, the pharmacokinetic profile more closely resembled a single compartment 

model. The plasma half life was three times longer when DMSO was used in place of 

ethanol, and all tissues received a greater exposure to the prodrug. It is possible that 

DMSO can alter the distribution of the prodrug in someway.

Tumour levels of lAA remained above 0.5 mM for approximately two hours 

when administered in ethanol, and greater than 4 hours when dissolved in DMSO 

(figure 6.11). In vitro exposure of HRP8 cells to 0.5 mM lAA resulted in a 20% 

decrease in survival of monolayers (figure 3.6) and almost a 50% decrease in the 

clonogenicity of HRP8 cells grown as spheroids (both 300 and 700 pm diameter, 

figure 4.3).

Levels of lAA in skeletal muscle peaked at 0.5-0.7 mM. This is 300 times 

lower than the concentration required to cause an increase in muscle twitch force and 

delay in relaxation time in isolated cat soleus muscle (Fuller et al., 1971). However, it 

seems unlikely that muscle concentrations achieved following 300 mg/kg lAA, which 

resulted in the side effects observed in muscle, are 300 times greater than those 

obtained after 250 mg/kg. It is possible that, in this study, myotonia was seen after 

four administrations due to an accumulation of lAA in the muscle. However, the 

pharmacokinetics do not particularly support this hypothesis, as muscle levels 

decreased over the sampling period of 4 h. Nor do the MTD data, where seven doses 

of 200 mg/kg results in a greater cumulative exposure than four 300 mg/kg 

administrations. It may be that a critical concentration of lAA must be reached in the 

muscle, or that repeat exposure sensitizes the muscle in some way.

5Br-lAA has a different kinetic profile to lAA (figure 6.12). The dmg is very 

slowly eliminated from the blood, with a half life four times that of lAA. Liver levels 

decrease fairly rapidly, and after two hours fall below levels in the tumour.

Tumour concentrations reached 1 mM for approximately 30 minutes, and 

remained above 0.5 mM for four hours. This concentration was sufficient to decrease 

clonogenicity of HRP8 cells in 700 pm diameter spheroids to 0.2 (± 0.05). Levels in 

the liver were greater than 1 mM for ninety minutes. After four hour exposure of 

cells, concentrations greater than 1 mM resulted in non-specific toxicity of GFPl 

cells, which may indicate a potential for liver damage.

Considering 5Br-lAA was administered at 100 mg/kg lower dose than lAA, it 

shows promising pharmacokinetics. Choice of solvent may be important, as DMSO
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seemed to increase the tumour exposure to lAA without increasing peak liver, plasma 

or muscle concentrations. Use of 5Br-IAA with DMSO may provide a more lengthy 

exposure of tumour and increased tumour AUC.

Comparison of the pharmacokinetic data for lAA with existing GDEPT 

prodrugs shows that LAA has a considerably shorter half life (GCV, 2-3 hours (Morse 

et al., 1993), 5-FC, 3-4 hours (Cutler et al., 1978), CB1954, 1.4-2 hours (Chung-Faye 

et al., 2001)). This will require the activation of LAA in a more rapid manner than 

existing strategies. In transient transfectants, lAA can lead to cytotoxicity in two 

hours (Greco et al., 2000), and cytotoxicity in V79 cells incubated with purified HRP 

and lAA occurred after one hour (Folkes & Wardman, 2001). The decrease in 

surviving fraction after short incubations may not be sufficient to result in measurable 

growth delay in vivo after a single administration, but both multiple dosing and dosing 

twice daily (which is used for both HSV-tk/GCV and CD/5-FC) would increase 

tumour exposure.

In addition to dosing strategies, modification of the prodrug could be used to 

allow increased dosage with decreased normal tissue toxicities. Polymer conjugation 

of prodrugs will alter their pharmacokinetic properties, as the increased size of the 

molecule hinders leakage from the blood vessels. However, the tortuous, irregular and 

often immature vessels within tumours can display increased permeability, resulting 

in the phenomenon of “enhanced permeability and retention” of large molecules 

(Matsumura & Maeda, 1986). Immunogenicity of compounds is usually reduced, 

whilst increasing circulation times (Delgado et al., 1992). Toxicity to the 

reticuloendothelial system should be monitored, due to scavenging of large molecules 

(Seymour et al., 1987).

Cleavage of the polymer-drug linkage can be targeted to require specific 

enzymes and so further reduce potential side effects (although this is possibly a more 

useful feature for direct cytotoxic agents). For example, linkage could be through the 

use of a bioreductively cleaved bond, so releasing the prodrug under conditions of 

hypoxia.
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Chapter 7 

Assessment of the in vivo efficacy of the HRP/IAA  

system

7.1 Introduction

The HRP/IAA system has been proven to work in a GDEPT system in vitro, 

but the efficacy in vivo is dependent upon a number of factors which are not present in 

in vitro model systems. Delivery of transgenes is far more complicated in vivo. In 

addition, cells within a tumour will be cycling at different rates, resulting in 

differential uptake and expression of genes. The administration of prodrug in vitro 

results in the exposure of the majority of cells, depending upon the model used. In 

vivo, distribution and metabolism of the prodrug will affect the exposure of tumour 

cells. Poor blood supply or binding to plasma proteins may result in tumour tissues 

receiving only a small proportion of the administered drug.

This chapter describes the use of stable transfectants to assess the potential 

growth effects of this GDEPT system.

7.2 Materials and methods

Cells and tumour models were used as described in chapter 2.

7.2.1 Ex-vivo clonogenic assay

Clonogenic assays can be used to measure cytotoxicity in vivo as well as in 

vitro. They can measure the loss of viable cells from solid tumours by analysing the 

ability of tumour cells to form colonies ex vivo. Rather than exposing monolayer cells 

to drugs and/or radiation, treatment is administered to the animal, followed by tumour 

excision, isolation of tumour cells, and growth ex-vivo.

Animals bearing GFPl or HRP8 tumours received a single i.p. administration 

of prodrug when tumours reached approximately 6 mm in diameter. 24 h later, 

tumours were excised, weighed and cross-scalpeled. The tumour was then incubated 

with 10 ml DMEM (without ECS), containing 1 mg/ml protease (Sigma), 0.5 mg/ml 

collagenase (Sigma) and 0.5 mg/ml DNAase (Sigma) on a rotating disc at 3TC  for 1 

h. Enzymes were neutralised by the addition of 10 ml DMEM (containing PCS), and
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large debris allowed to settle. The supernatant was removed and centrifuged at 1000 

rpm for 10 min. The pellet was resuspended in 3-6 ml media (depending upon pellet 

size), and viable cells counted using trypan blue exclusion. Viable cells were plated 

with feeder cells as in 2.9 and colonies allowed to form over 10 days in an incubator.

7.2.2 Radiation treatment

The administration of radiation to tumours is an effective treatment in the 

clinic, and is used in a variety of tumour types. X-rays are situated on the 

electromagnetic spectrum with a wavelength of 10^-10''^ m. X-rays can directly 

damage DNA if they pass through the nucleus of a cell. In addition (and probably 

resulting in a greater level of damage), they can react with molecules in the cell 

leading to the formation of radicals, and secondary DNA damage. The presence of 

oxygen is required for the generation of secondary radicals, and the importance of 

hypoxia in radiation treatment has been recognised since the 1950’s (Gray et al., 

1953).

Tumours were irradiated using a Pantak X-ray generator. A stream of 

electrons is accelerated through an electric field. X-rays are released when the 

electrons hit a tungsten plate. Aluminium and copper filters are used to block lower 

energy X-rays, and a filter is used to make the energy field more uniform.

Local tumour irradiation was carried out without anaesthetic using specially 

designed lead jigs, exposing only the tumour bearing rear dorsum to a horizontal X- 

ray beam (Sheldon & Hill, 1977). 6 mice were simultaneously irradiated with 240 kV 

X-rays to give a total dose of 2 Gray (Gy) per tumour (divided into 2 doses of 1 Gy to 

each side of the tumour) per day to give a total dose of 10 Gy. Radiation was 

administered 20 min following prodrug in 5 fractionated doses on consecutive days. 

Prodrug administration was continued daily for a total of 21 days (see figure 7.1). 2 

Gy fractions were chosen as being clinically relevant.
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Figure 7.1. Schematic diagram of radiation and prodrug treatment schedule.

7.3 Results

7.3.1 Ex vivo clonogenic analysis of HRP GDEPT efficacy

Ex vivo  clonogenic assays were used to determine cell kill in response to a 

single administration of prodrugs to animals bearing tumours derived from G FPl or 

FIRP8 cells (figure 7.2). A dose of 200 mg/kg lAA gave a small reduction in HRP8 

cell survival (60%) compared with vehicle treated controls. IMe-IAA decreased the 

clonogenicity of HRP8 tumour cells by 65%, and 5Br-IAA led to levels of cell kill 

less than the other prodrugs (45%). Administration of all prodrugs to animals bearing 

G FPl tumours did not decrease cell survival, and apparently led to an increase in 

clonogenicity of cells.

However, the plating efficiency in all experiments was extremely low (less 

than 0.001%), and hence an alternative method was investigated, as this plating 

efficiency indicates that an atypical cell fraction is being observed. A soft agar assay 

(Smith et al., 1978) was used to attempt to increase the colony forming ability of cells. 

FaDu cells still failed to form colonies of sufficient size, or of a reproducible level 

(results not shown).
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Figure 7.2. Clonogenic survival of cells isolated from FaDu tumours 24 h after 

administration of prodrugs. Data are mean 2 animals per group.

7.3.2 Tumour growth delay to analyse HRP GDEPT efficacy

Tumour bearing animals were treated with prodrug when tumours reached 5-6 

mm in diameter. Growth delay experiments with a 7 day dosing period were 

performed with all 3 prodrugs. Administration of lAA at 200 mg/kg for 7 days gave a 

small growth delay of approximately 5 days in HRP8 tumours (figure 7.3). There was 

no effect of vehicle on tumour growth, and lAA did not have any significant effect on 

the growth of GFPl tumours, although growth seemed to be slightly accelerated.
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Figure 7.3. Growth of a) GFPl or b) HRP8 tumours, following 7 days treatment with 

lAA 200 mg/kg. Data are mean ± s.e.m. 5 animals per group.

The IMe-IAA compound had no effect on the growth of HRP8 tumours, nor 

did it alter the growth rate of the GFPl tumour compared to vehicle alone (figure 7.4).
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Figure 7.4. Growth of a) GFPl or b) HRP8 tumours, following 7 days treatment with 

IMe-IAA 200 mg/kg. Data are mean ± s.e.m. 5 animals per group.

The halogenated indole, 5Br-IAA, resulted in approximately 5 days growth 

delay in HRP8 tumours when administered at 200 mg/kg (figure 7.5). Flowever, 

following three 5Br-IAA administrations, one HRP8 animal was found dead, and two 

GFPl animals were found dead following four administrations. It would seem that

126



this dose of 5Br-IAA although without effect in non-tumour bearing animals, is toxic 

to those with tumours.
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Figure 7.5. Growth of a) GFPl or b) HRP8 tumours, following 7 days treatment with 

5Br-IAA 200 mg/kg. Data are mean ± s.e.m. 5 animals per group, decreasing to 4 on 

day 3 for HRP8 and 2 on day 4 for GFP1.

In order to achieve a greater exposure of drug and reduce drug toxicity, 

administration of prodrug was attempted twice daily (b.i.d.) 5Br-IAA at 50-150 mg/kg 

in 10% ethanol (figure 6.6). This appeared to slow growth in HRP8 tumours, 

especially at the lower dose of 50 mg/kg. Flowever, there were adverse effects, and all 

animals at this dose had to have treatment stopped after 4 days due to unacceptable 

losses of body weight (10%) although in most cases this recovered upon cessation of 

treatment (figure 7.7). This loss of body weight was also seen to a lesser degree in 

vehicle treated animals.

Animals bearing GFPl tumours also displayed decreased body weights with 

b.i.d. dosing, although to a far lesser degree than HRP8 tumour bearing animals. The 

tumour growth also appeared to be slightly slower in 5Br-IAA treated groups.
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Figure 7.6. Growth of a) GFPl tumours and b) HRP8 tumours, following 7 days 

treatment with 5Br-IAA b.i.d. at the doses indicated. Data are mean ± s.e.m. 5 animals 

per group. Bar represents period of treatment.
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Figure 7.7. Weight of animals with a) GFPl tumours and b) HRP8 tumours, following 

7 days treatment with 5Br-IAA b.i.d. at the doses indicated. Data are mean ± s.e.m. 5 

animals per group. Bar represents period of treatment.

Due to the discrepancies between growth delay experiments and due to 

differences in pharmacokinetic behaviour (Chapter 6), growth delay experiments were 

repeated to directly compare the effect of vehicle on prodrug activity using either 10% 

ethanol or 5% DMSO. No difference was detected between vehicle and indole treated 

for either GFPl or HRP8 tumours (figure 7.8).
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Figure 7.8. Growth of FaDu a) GFPl or b) HRP8 tumours following 7 days treatment 

with prodrug. Data are mean ± s.e.m. 5 animals per group.

7.3.3 Combination of HRP GDEPT with radiotherapy

Gene therapy is unlikely to be used as single treatment modality in the clinic, 

and will most likely be combined with radiotherapy. Hence, interaction between the 

HRP gene therapy approach and fractionated radiotherapy was investigated. 

Fractionated radiation was administered 20 minutes following prodrug administration. 

FaDu parental tumours served as controls rather than GFPl tumours since GFP 

tumours showed a significant reduction in tumour growth without treatment. 

Radiation alone resulted in approximately 25 days of growth delay in both parental 

and HRP8 tumours (figure 7.9). Tumours remained at the initial treatment size for 

approximately 1 week following the cessation of radiation treatment, then increased 

but with a slower growth rate than tumours not exposed to X-ray irradiation, probably 

due to an effect on the supporting tissue of the tumour, such as the vasculature. 

Prodrug treatment appeared to slow growth slightly in parental tumours, although this 

was not significant.

HRP8 tumours treated with indoles (lAA and 5Br-IAA) for 21 days showed a 

tendency to decreased tumour volume compared with vehicle treated controls, 

however this was not significant. Addition of indoles to radiation treatment did not 

further enhance the effectiveness of this therapy
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Figure 7.9. Growth of a) parental or b) HRP8 FaDu tumours. Animals received either 

prodrug, radiation or a combination. Data are mean ± s.e.m. 5 animals per group. Bar 
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Figure 7.10. Results from TMB assay for tumours excised from animals in receipt of 

drug and/or radiation therapy when reaching approximately 500 mm^. Data are mean 

± s.e.m 2-4 tumours per group.

To determine whether HRP-producing cells were selectively killed by prodrug 

treatment, enzyme activity in treated tumours was assessed. With the exception of 

vehicle controls, there was a tendency for enzyme activity to be greater in HRP8
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tumours than in parental, although this was not significant for any of the treatment 

groups (figure 7.10). Necrosis was also scored in tumours using haematoxylin and 

eosin stained frozen sections. There was no difference in score between treatments in 

the HRP8 tumours (data not shown).

7.4 Discussion

In this chapter the feasibility of using the HRP GDEPT strategy in whole 

animal models was assessed.

Ex-vivo clonogenic assays performed on FaDu tumours indicated that drug 

treatment of HRP8 tumours decreased cell survival, whilst treatment of GFPl tumours 

appeared to increase cell survival. This increase in clonogenic ability was not seen in 

GFPl cells in vitro, but lAA has been reported to increase the growth of mouse 

fibroblast cells, possibly through adenylate cyclase systems (Abu Sinna, 1983). LAA 

can also induce tumours in Phaseolus vulvaris L bean embryos (Sen & Stevenson, 

1977).

However, the low plating efficiency of standard ex vivo clonogenic assays may 

make the results unreliable, as was the case with FaDu tumour cells plated ex vivo. In 

order to overcome this problem, a soft-agar clonogenic assay was used instead; the 

agar forms support for the cells, and discourages the growth of normal stromal cells 

(Courtenay & Mills, 1977; Sanders & Burford 1964). This approach did not improve 

plating efficiencies. It would be possible to further supplement the agar with rat red 

blood cells, however, that was not attempted in these experiments since it would 

require additional animal usage.

Treatment of tumours for seven days with either LAA (200 mg/kg/day in 10% 

ethanol) or 5Br-IAA (200 mg/kg/day in 10% ethanol) resulted in 1.5 and 2 day 

increases in doubling time, or 5 days growth delay, respectively. Differences in 

tumour volume began to appear at approximately day four and were pronounced on 

day six. Growth delay indicates a substantial level of cell kill. These early results were 

encouraging, in that they demonstrated, for the first time, an anti-tumour effect of the 

HRP GDEPT system in vivo. Further modifications in the treatment regime were 

subsequently carried out to improve the anti-tumour activity.
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The lack of effect with IMe-IAA however was surprising, since this prodrug 

produced similar levels of cell kill in vitro to LAA (figure 3.7). Pharmacokinetic 

analyses have not yet been performed using 1 Me-IAA, and it is possible that the 

compound did not reach the tumour tissue to the same degree as either lAA or 5Br- 

lAA. It is also possible that in vivo cell kill was insufficient to result in measurable 

growth delay. It is possible that as has been shown in vitro, (Abu Sinna, 1983), 

indoles are capable of increasing the growth rate of cells grown in vivo. Although the 

growth rate of GFPl transfectants was increased by lAA, the rate did not reach the 

growth of parental cells or HRP8 cells grown in vivo. Also, the indoles did not appear 

to increase the growth of parental FaDu cells grown as subcutaneous tumours in the 

radiation studies (figure 7.9). It is unclear why this growth effect should be 

manifested in GFPl tumours only. Because of the apparent lack of activity, no further 

in vivo studies were performed using the methylated indole.

In order to improve the modest levels in tumour response and to increase 

tumour exposure to prodrug, as well as to maintain an elevated concentration for 

longer, 5Br-IAA was administered (in 10% ethanol) b.i.d. for seven days at a range of 

doses. Although there appeared to be some decrease in growth rate it was not dose 

dependent. In addition, animals did not tolerate this schedule well, as indicated by a 

decrease in body weight. This also did not seem to be dose related. Interestingly, 

growth delay and weight loss were most pronounced at 50 mg/kg, the lowest dose 

used. Whether the two factors are related is unclear. Vehicle alone caused some 

decrease in body weight, and it may be that the animals were particularly sensitive to 

the ethanol.

Combination of GDEPT treatment with radiation is likely to be important in 

clinical protocols, and has been used experimentally with LISV-tk/GCV (Atkinson & 

Hall, 1999; Chhikara et al., 2001; Vlachaki et al., 2001), CD/5-FC (Hamstra et al., 

1999; Hanna et al., 1997; Kievit et al., 2000; Stackhouse et al., 2000) and NADPH 

reductase/bioreductives, with at least an additive effect on tumour response. HRP/IAA 

treatment in vitro showed significant radiosensitisation at clinically relevant X-ray 

doses under both oxic and anoxic conditions (Greco et al., 2002c). The hypoxic 

targeting of this GDEPT strategy in combination with radiation is therefore a
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promising therapeutic modality, since radiation is effective in causing growth delay 

and regression, but often results in sparing of hypoxic regions.

Unfortunately combination of the HRP GDEPT system with radiation in vivo 

failed to increase the growth delay seen with a fractionated radiotherapy schedule 

alone. No significant growth delay was seen in HRP8 tumours treated with prodrug. 

In this experiment DMSO was used in place of ethanol as the solvent, since our 

pharmacokinetic data had showed an increase in tumour half life and tumour AUG. A 

different prodrug solvent may alter the cytotoxicity of indoles, but treatment of 

monolayers with LAA in either 10% ethanol or 5% DMSO resulted in virtually 

identical survival curves (chapter 3). Cytotoxicity at lower doses of lAA was slightly 

decreased when DMSO was used, which may partly explain the lack of effect in vivo. 

However DMSO also affected the pharmacokinetics of lAA, with a longer time to 

peak tumour concentration (chapter 6).

In vitro, the interaction between the HRP/IAA combination was present 

regardless of whether LAA was present before, during or after irradiation (Greco et al., 

2002c), therefore it is unlikely that the tumour effect in vivo was effected by the 

scheduling.

In our study female SCID mice were used throughout. SCID mice have been 

reported to show radiation hypersensitivity (Fulop & Phillips, 1990) due to a 

deficiency in the repair of double strand breaks (Biedermann et al., 1991; 

Hendrickson et al., 1991). Since the results were not being compared with animals not 

carrying the SCID mutation it is unlikely to adversely influence results. Previous 

studies within the Gray Cancer Institute have demonstrated that fractionated 

radiotherapy specifically to the tumour does not adversely affect the health of SCID 

mice (S.A. Hill, personal communication).

Animals used for the radiation therapy experiment had tumours implanted on 

the back to allow the tumour to protrude from the lead jig. However, in the initial 

growth delay experiment tumours were implanted on the flank. It is possible that 

differences in growth site of the tumour could result in changes affecting treatment 

outcome, due to differences in blood flow, supporting stroma and drug access.

In order to address the issue of prodrug solvent on tumour effect, growth delay 

experiments were repeated directly comparing ethanol and DMSO as vehicles with
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lAA and 5Br-IAA prodmgs and a 7 day dosing schedule. Unfortunately in this study 

neither prodrug was able to decrease the growth of HRP8 or GFPl tumours. Tumours 

were implanted in the flank, and it is therefore unlikely that the site of tumours was an 

influencing factor in the lack of growth delay in radiation experiments. Even though it 

is possible that there may have been cell kill in the HRP8 tumours, this was 

insufficient to result in either cytostasis or growth delay probably due to repopulation 

with viable cells.

In vitro the HRP/IAA system in direct comparison with the HSV-tk/GCV 

system, compares very well. However, the in vivo results appear to be disappointing 

in comparison with other gene therapy systems also using stable transfectants. Some 

of these combinations utilise prodrugs which alone can result in cell death (such as the 

mustard prodrugs), and the intratumoural presence of activating enzymes enhances 

the anti-tumour activity. Other systems utilise murine cell lines and 

immunocompetent mice, which may increase the bystander effect. It may be that the 

low level of expression in the stable transfectants, coupled with potential transgene 

silencing in vivo results in activities which do not exceed the minimal level of activity 

needed for efficient substrate catalysis. If the indoles have a growth promoting role in 

the GFPl tumours it is conceivable that any cell death induced by the HRP/IAA 

system would have to counter the growth promoting effects of the indole alone in 

order to achieve any measureable growth delay. However, the lack of growth 

promoting ability in the parental FaDu cells complicates this, and it may be a peculiar 

feature of the GFPl tumours.

Without a functional clonogenic assay it is difficult to determine whether the 

HRP/IAA combination is influencing cell survival. A possible alternative would be to 

use apoptosis markers to assess levels of apoptosis in tumour sections, such as the 

TUNEL assay. This would allow quantitation of this type of cell death.

In conclusion, it appears that the use of stable transfectants may not be a good 

model to test this GDEPT strategy. In the clinic, in vivo gene transfer would be used, 

and the mosaic pattern of high gene-expressing cells amongst non-expressors may be 

more effective in the HRP/IAA system than the low level distribution of HRP activity 

achieved in our system.
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Chapter 8 

Immunogenicity of GFP and HRP

8.1 Introduction

The presence of exogenous genetic material in cells in immunocompetent 

hosts may lead to an immune reaction in response to foreign proteins. This has been 

observed with non-therapeutic genes, such as the marker, GFP (Stripecke et al., 

1999).

The presence of the suicide gene cytosine deaminase (CD) led to the 

spontaneous regression of tumours, which was accelerated by 5-fluorocytosine (5-FC) 

treatment (Haack et al., 2000; Pierrefite-Carle et al., 2002). Treatment of tumours 

expressing CD or herpes simplex virus-thymidine kinase (HSV-tk) genes with 5-FC 

or gancyclovir (GCV), respectively, has been reported to prevent growth upon 

rechallenge with the same cells, or cells from the parental cell line, but not cells of a 

different origin (Caruso et al., 1993; Haack et al., 2000; Kuriyama et al., 1999a; 

Kuriyama et al., 1999b; Vile et al., 1994b). In addition, mice bearing liver tumours 

from a non-modified cell line subsequently challenged s.c. with CD expressing cells 

of the same origin, and 5-FC treatment showed decreased growth of the existing liver 

tumour (Pierrefite-Carle et al., 2002).

The mechanism of this “distant bystander” effect is unclear. Groups have 

demonstrated increased infiltration of CD4^ and CD8^ cells (Caruso et al., 1993; 

Haack et al., 2000; Kuriyama et al., 1999a; Kuriyama et al., 1999b), natural killer 

(NK) cells (Pierrefite-Carle et al., 1999) and major histocompatability complex 

(MHC) restricted cytotoxic lymphocytes (Haack et al., 2000). The distant bystander 

effect may be important for the full therapeutic potential of suicide gene therapy to be 

realised. It also has the potential to result in therapeutic effects in métastasés not 

targeted by the initial gene transfer.

This chapter describes the production of a murine cell line expressing HRP 

and the assessment of its immunogenicity in mice syngeneic with the original wild- 

type tumour cells.
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8.2 Materials and methods

Cell culture, transfection, transgene assays and cytotoxicity testing were 

performed as described in chapter 2.

8.2.1 Restriction enzyme reactions

CaNT cells are intrinsically resistant to puromycin. Therefore, a new HRP 

plasmid was constructed with the neomycin resistance gene for selection in genetecin 

(G418), and used with the pEGFP-Nl plasmid (Invitrogen) as a control.

Plasmid pssHRP-puro was kindly provided by Dr O. Greco, Gray Cancer 

Institute. pCI-neo was obtained from Promega (Southampton, UK). DNA was 

digested with restriction endonucleases (NE Biolabs, Kitchen, UK), using the 

manufacturers’ recommended reaction buffers and conditions. Multiple digests were 

carried out in compatible buffers. Digest reaction mixtures consisted of 5-20% DNA 

(1-4 pg), Ix reaction buffer, 1-5 units of enzyme (1 unit being the amount which will 

digest 1 pg DNA in one hour), and distilled water.

To produce pssHRP-neo (figure 7), pssHRP-puro and pCI-neo were digested 

with R5/<j1 and Not 1 to produce fragments with “sticky ends”. The 2193 bp fragment 

from pssHRP-puro was ligated to the 4437 bp fragment of pCI-neo. The presence of 

HRP was confirmed by enzyme digests and transient transfection of FaDu cells 

followed by HRP enzyme activity assays.

8.2.2 Gel electrophoresis

For sizing and separation of DNA, a horizontal submerged agarose gel system 

was used. Samples were analysed on 1% agarose gels (Ultra Pure agarose. Life 

Technologies, UK), prepared by dissolving agarose in IxTAE buffer (Tris-acetate- 

EDTA) containing 100 pg/ml ethidium bromide (Sigma, UK). Molten agarose was 

cast in a horizontal tray fitted with well forming combs, and was submerged in 1 x 

TAE buffer when set.

Prior to loading, one-sixth total volume tracking dye was added to DNA 

samples. The gel was then subjected to electrophoresis at 100 V for up to 2 h, with a 

DNA ladder as size marker (Life Technologies). DNA bands were visualised using a 

254 nm transilluminator, and photographed using a Polaroid MP4 Camera and 667 

film (Sigma).
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Buffers and reagents 

Tris-acetate EDTA (TAE) 50x:

Tris base 242 g

Glacial acetic acid 57.1 ml

EDTA (0.5 M, pH 8.0) 100 ml

dH2 0  to 11

Gel tracking dye 6x:

Bromophenol blue 0.25 g

Sucrose 40 g

EDTA (0.5 M, pH 8.0) 4 ml

dH2 0  to 100 ml

8.2.3 Extraction of DNA from gels

Appropriate bands, visualised on a transilluminator, were excised from the gel 

with a sterile scalpel blade, and weighed in a 1.5 ml microfuge tube. DNA was 

isolated using the Concert rapid gel extraction system (Life Technologies). Briefly, 30 

pi of Gel Solubilisation Buffer was added for every 10 mg of gel, and incubated at 

50°C for approximately 15 min until the gel slice had completely dissolved. A further 

5 min was then added to the incubation time. A cartridge was placed in a 2 ml wash 

tube and the dissolved gel mixture added, and centrifuged through the column at 

12,000 g for 1 min followed by a wash in the same buffer. The cartridge was washed 

a second time with 700 pi Wash Buffer (which contains ethanol), incubated at room 

temperature for 5 min, centrifuged as before, and the flow-through discarded, and 

centrifuged again to remove any residual buffer. DNA was eluted with 50 pi warm 

(65®C) water added to the top of the cartridge, incubated for 1 min at room 

temperature, then centrifuged at 12,000 g for 2 min.

8.2.4 DNA ligation

Ligation was performed overnight at room temperature in a total volume of 20 

pi, with 1 pi T4 DNA ligase (Life Technologies), and 2 pi lOx reaction buffer. Insert 

DNA concentration was approximately 4 times that of the concentration of the vector 

DNA.
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Figure 8.1. HRP plasmid constructed for use in CaNT cells.

8.2.5 Transformation of prokaryotic cells

Commercially available Escherichia coli Top 10 cells (Invitrogen, Paisley, 

UK) were transformed with the pssHRP-neo plasmid following the manufacturer’s 

instructions.

Briefly, cells were thawed on ice, 5 pi DNA added to 20 pi cells, and 

incubated on ice for 30 min to allow DNA to be taken up. Cells were heat-shocked for 

30 sec at 42®C, and then placed on ice for 2 min, in order to induce the enzymes 

involved in DNA repair and cellular processes associated with the recovery from 

transformation stress. 180 pi of warmed SOC medium was added and cells shaken at 

3TC  for 2h to allow expression of the plasmid.

100 pi of bacteria were spread on an agar plate containing ampicillin (100 

pg/ml. Life Technologies). The remaining bacteria were diluted 1:10, and 100 pi 

spread on a second plate. Single colonies were isolated and grown on a small scale for 

confirmation of transformation, and plasmid integrity.

8.2.6 Immunogenicity of CaNT tumour cells

The immune response to HRP- and GFP-expressing tumours was assessed 

using 2 groups of animals, naive controls, and those which were pre-immunised with 

the appropriate tumour cell line, to stimulate the immune system. The immune 

response to the CaNT tumour line maintained in vivo was also assessed. This work 

was carried out in collaboration with Dr S. Hill and G. Lewis.

In experiments using cells from in vitro culture, pre-immunisation was carried
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out by administration of an intraperitoneal (i.p.) injection of 3 x 10  ̂ cells (parental 

CaNT, CaNT GFP2 or CaNT HRP7) irradiated with 250 Gy ^^Co. 10-15 days later 

animals received a second identical immunisation. 10-15 days following the second 

immunisation, animals were injected with live cells subcutaneously (s.c.) in 4 sites on 

the back. The number of cells implanted ranged from 3x10^ to 10 ,̂ 2 animals per 

group. The same schedule of live cell challenge was administered to control, non

immunised groups at this time.

This schedule was repeated for CaNT cells isolated from tumours as in 7.2.1. 

Cells were counted using trypan blue exclusion to ensure viable cells were implanted. 

4 animals per group were used in this study.

Animals were monitored twice weekly for the appearance of tumours, and 

scored when tumours appeared. Visible tumour burden was not allowed to exceed 5% 

of total body weight.

The tumour immunogenicity was defined using an immunogenicity index:

TDjn immunised animals 

TD50 control animals

Where TD50 was the number of cells required to produce tumour growth in 50% of 

implant sites.

8.3 Results

8.3.1 Creation of stable transfectants

CaNT cells were transfected with either the pEGFP-neo or pssHRP-neo 

plasmid. Transient efficiencies for pEGFP-neo were approximately 63% as assessed 

by FACS analysis. Stable clones were isolated, and named GFP2 (figure 8.2) that had 

expression of GFP in 92% of gated cells, although the population was not pure. The 

HRP clone was named HRP7 (figure 7.3) and had HRP activity equivalent to that of 

FaDu HRP8  clones.
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Figure 8.2. FACS results for untransfected CaNT cells (upper panel) and GFP2 clone 

(lower panel). Cells scored positive are marked using the Ml gate (untransfected, 

0.1%, GFP2 92%).
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Figure 8.3. HRP activity in parental CaNT or cells stably transfected with the HRP 

gene. Data are mean ± s.e.m. minimum 3 samples.

8.3.2 EfTicacy of HRP/indoIe GDEPT

Sensitivity of stable CaNT clones to lAA was assessed in clonogenic assays. 

When exposed to lAA for 4 h, HRP7 clones showed decreased survival compared 

with GFP transfected controls (figure 8.4). After 24 h exposure to lAA, HRP7 cells 

showed a similar response to that seen in FaDu HRP8 cells, with a plateau followed 

by a sharp decrease in survival at 5 mM. However, the GFP2 controls seemed to be 

very sensitive to lAA over the longer exposure period, and at concentrations of 3 mM 

and above, survival of GFP2 cells also decreased significantly.
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8.3.3 Immunogenicity of CaNT cells

Cells implanted s.c. in female CBA mice without prior immunistation of 

animals with heavily irradiated cells resulted in the formation and spontaneous 

regression of tumours (figures 8.5a, 8.6a, 8.7a).

Parental CaNT cells implanted into mice showed tumour development at 10̂  

cells, which regressed after 5 days. Tumours in immunised mice then started to grow 

again, although after 50 days, less than 50% of implant sites showed any tumour 

(figure 8.5b).

CaNT cells expressing GFP (GFP2 cells) implanted into mice which had not 

been immunised with GFP2 cells at 10 ,̂ 3x10'\ 10\ and 3xlO\ formed tumours in 

100%, 63%, 13% and 74% of sites respectively. All of these tumours subsequently 

regressed and did not reappear. In immunised mice, tumours were apparent in 50% 

and 75% of sites at 10̂  and 3x10^ cells respectively. These also regressed and did not 

regrow. Growth was monitored for 50 days.
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Figure 8.5. Appearance of visible tumours in CBA mice implanted with parental 

CaNT tumour cells s.c. at 4 sites. Data show the number of visible tumours at each 

time point after implantation, 2 mice per group, maximum of 8 potential tumours per 

cell implant number, a) Cells implanted in naïve mice b) implants in immunised mice.
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Figure 8.6. Appearance of visible tumours in CBA mice implanted with CaNT GFP2 

tumour cells s.c. at 4 sites. Data show the number of visible tumours at each time 

point after implantation, 2 mice per group, maximum of 8 potential tumours per cell 

implant number, a) Cells implanted in naïve mice b) implants in immunised mice.

HRP7 cells implanted s.c. in naïve mice formed tumours after 7 days at the 2 

highest implant numbers which subsequently regressed. Tumours were again apparent 

10 days later. At the lower implant numbers of 10^-10 ,̂ tumours were visible after 30 

days at one site out of 8, but further formation was not observed during the 50 day
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period.

Immunisation of mice followed by challenge with HRP7 cells gave similar 

initial growth as naïve mice. However, tumours reappeared at 100% of sites when 10̂  

cells were innoculated. 50% of sites also showed tumours when 3x10^ cells were 

implanted, and these persisted for 15 days, longer than initial tumours in other groups, 

which lasted at most, 6  days before numbers decreased.
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Figure 8.7. Appearance of visible tumours in CBA mice implanted with CaNT HRP7 

tumour cells s.c. at 4 sites. Data show the number of visible tumours at each time 

point after implantation, 2  mice per group, maximum of 8  potential tumours per cell 

implant number, a) Cells implanted in naïve mice b) implants in immunised mice.

CaNT tumours are generally maintained by in vivo rather than in vitro 

transplantation. Immunisation and implantation of CaNT cells from in vivo tumours, 

rather than from cells cultured continuously in vitro, resulted in the formation of 

tumours that did not regress (figure 8 .8 ). The TD50 value was below 10̂  cells, and 

there was no difference between immunised and control mice.
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Figure 8.8. Appearance of visible tumours in CBA mice implanted with CaNT tumour 

cells s.c. at 4 sites. Data show the number of visible tumours at each time point after 

implantation, 4 mice per group, maximum of 16 potential tumours per cell implant 

number, a) Cells implanted in naïve mice b) implants in immunised mice.

8.4 Discussion

To determine whether the HRP protein itself was immunogenic, and would 

contribute to any cell killing by this GDEPT system in immunocompetent animals, 

experiments were conducted to determine the impact of the protein on tumour 

formation and growth.

Using a murine cell line (CaNT) stable clones were produced expressing either 

GFP or HRP (GFP2 and HRP7 respectively). These were tested for their response to 

treatment with lAA in vitro, and although short exposure times showed the expected 

sensitisation to lAA by HRP, there was little difference between the HRP and GFP 

clones following 24 h exposure to lAA. The reason for this discrepancy is not clear. 

CaNT cells may be intrinsically more sensitive to lAA, although perhaps greater cell 

kill in HRP7 cells would have been expected if this were the case, or at least a 

diminution of the plateau phase.

The GFP2 clone may have inserted the exogenous DNA within its genome at a 

sensitive point, which may have resulted in decreased ability to repair any damage 

produced by lAA itself on the cell, although this again would depend upon the CaNT 

cell line being more sensitive than others studied. The HMEC-1 endothelial cell line 

used in previous studies also showed intrinsic sensitivity to lAA in an MTS

145



proliferation assay (Greco et al., 2001) following 24 h exposure.

The immunogenicity of CaNT GFP cells in vivo was not unexpected, as GFP 

has previously been reported to elicit a strong immune response (Stripecke et al., 

1999). Mice implanted with GFP2 tumours showed spontaneous regression and no 

regrowth, whereas parental CaNT and HRP7 tumours did show some re-emergence of 

tumours. However, the rejection of parental CaNT cells was unexpected. Rejection of 

syngeneic cells has been reported when tumours were induced by chemical means 

(Foley, 1953), and chemically induced tumours have therefore been described as a 

poor model of human cancer, since the tumour may represent an immunologically 

mutated tissue (Revesz, 1960). However, the CaNT tumour arose spontaneously in the 

Gray Cancer Institute animal colony (Hewitt et al., 1976).

A possibility is that the CaNT cell line and CBA mice are no longer 

syngeneic. “Venerable” tumours have been shown to be associated with 

immunogenicity lacking in spontaneous tumours of recent origin (Revesz, 1960). 

However, CaNT tumours are passaged in vivo to a maximum of 10, before returning 

to frozen stocks. The Gray Cancer Institute colony of CBA mice is highly inbred to 

greater than 50 generations. Therefore it is unlikely that there has been significant 

genetic drift over time, and we have shown that in vivo to in vivo transplantation of 

CaNT still results in the formation of tumours.

The most likely explanation is that passage in vitro is responsible for the 

immunogenicity observed. CaNT cells were isolated from tumour and passaged in 

tissue culture for approximately 5 months.

Passage of human tumour cells in vitro has led to groups observing the 

development of novel antigens apparently originating from bovine substances 

incorporated into the cell membrane from the foetal calf serum (FCS, (Irie et al., 

1974), referred to as a heterologous membrane antigen (HM Ag). The amount of HM 

Ag present appeared to be dependent upon cell type rather than the length of time in 

culture or growth rate.

Decreased tumourigenicity of polycyclic hydrocarbon (PCH) induced 

carcinoma cells has been observed after as few as 5 passages in vitro (Jamasbi & 

Nettesheim, 1979). Immunisation of rats with in vitro cells led to resistance to tumour 

formation with cells passaged in vivo. However, in vivo cells were unable to provide
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adequate immunisation against tumour challenge by in vivo cells. Passage of 

immunogenic cells from in vitro culture as ascites in one animal, was sufficient to 

restore tumourigenicity. It was suggested that in vitro growth of cells led to the 

unmasking of pre-existing antigens.

Growth of A^-nitrosodiethylamine induced guinea pig hepatocarcinoma cells in 

vitro for 20 days in 10% foetal bovine serum (FBS) was sufficient to result in the 

spontaneous regression of intradermally implanted tumours (Correll et al., 1983). 

Animals were then resistant to challenge from fresh ascites cells. When cells from in 

vitro culture were injected i.p., ascites did form, and cells isolated from these were 

tumourigenic. Concentrations of FBS less than 10%, or the use of calf bovine serum 

or normal guinea pig serum were less effective at generating immunogenicity in cells. 

The authors postulated that the decreased growth rate seen when an alternative serum 

was utilised might have persisted in vivo allowing the host to respond. Indeed, a weak 

resistance may be masked by rapid proliferation of tumour cells. However, this was 

not the case with the PCH induced cell line used by Jamasbi and Nettlesheim. It was 

also suggested that heterologous serum activated T helper function. Serum alone is 

capable of increasing the activation of T cells from the spleen, and only an extremely 

small amount is necessary, since cells washed 3 times and implanted in salt solution 

retained their ability to sensitise animals (Lord, 1987).

The emergence of immunogenicity due to in vitro culturing appears to be 

widespread. In the follow-up results of a clinical trial for gene therapy of adenosine 

deficiency disorder, two patients were demonstrated to have antibodies against FCS 

(Tuschong et al., 2002). One patient developed increased IgG responses to FCS. In 

this trial autologous T cells had been grown in FCS containing media prior to 

transduction with a retrovirus. This also appeared to correlate with decreased vector 

DNA present in the patients’ T cells.

In contrast to the former studies, (Chiba et al., 1987) showed that the 

immunogenicity of cells from methylcholanthrene (MCA) induced fibrosarcomas, 

was greater when grown in 1% FCS rather than in 10%. They suggested the presence 

of a new glycoprotein antigen which could be revealed in cells grown in 10% FCS by 

the removal of surface sialic acid.

Hence it is possible that the growth of CaNT cells in vitro in the presence of 

10% FCS increased the immunogenicity either by unmasking of hidden antigens, or 

by incorporation of FCS antigens by the cells. Alternatively, in vitro passaging of the
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CaNT cells may have selected a spontaneous mutant clone with increased 

antigenicity. This is, however, unlikely, since mixed cultures were passaged rather 

than single clones during the isolation of CaNT cells from the original tumour.

However, the immunogenicity testing carried out by Jamasbi, Correll and 

Chiba utilised chemically induced tumour lines, which may already represent 

antigenically mutated tissue, which are more likely to carry foreign antigens than the 

spontaneous CaNT line. In this case, it is more likely that the immunogenicity was a 

result of growth in heterologous serum.

Stable GFP and HRP cells were grown in the presence of G418 antibiotic. 

Although this was washed from the cells before implantation, it is possible that it may 

have altered the cells in some way to increase their antigenicity. One method to 

circumvent this would be to culture cells for implantation in the absence of the 

selection pressure (in which case it would be prudent to ensure transgene expression). 

Parental CaNT cells however, were not grown with any antibiotics and this therefore, 

would not have been an influencing factor when implanted into mice.

It may also be possible to reduce immunogenicity of new antigens from in 

vitro culture by passage of cells in immunocompromised hosts, such as SCID or nude 

mice, prior to implantation in immunocompetent animals. Previous studies have 

shown that this can result in reversal of immunogenicity and so, tumours will form, 

and this may allow for our experiments to be repeated. However, it may result in 

decreased levels of transgene expression due to the prolonged lack of selection 

pressure. Direct delivery of the HRP gene to the tumour would clearly be a better 

method to assess the efficacy of the HRP/IAA system in vivo.

In conclusion the results presented here demonstrate that growth of CaNT 

cells in vitro results in development of antigenicity in the syngeneic CBA mouse 

stock. This is likely to be due to the presence of FCS within the growth medium. In 

animals implanted with cells isolated directly from tumours there was no apparent 

immunogenicity, although FCS was present in the inoculating medium.
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Chapter 9 

Non-viral in vivo gene delivery

9.1 Introduction

Delivery of genes to tumour cells is the initial and critical stage for any gene 

therapy strategy. The use of bacteria (Pawelek et al., 1997) or macrophages (Griffiths 

et al., 2000) to deliver genetically modified cells to the site of interest, allows for ex 

vivo modification of carrier cells. These strategies will therefore rely totally on the 

bystander effect (see section 1.3.1), since only the introduced cells will be capable of 

producing the therapeutic gene. However, research into in situ gene transfer is a vast 

area of interest and is constantly producing improved results.

The majority of clinical trial protocols utilise viral delivery of genes (70%, 

www.wiley.co.uk, J. Gene Med 2002), since viruses are designed to deliver their own 

genetic material to cells upon infection. Concerns over safety, and limitations due to 

immune responses, have led to increasingly novel methods of delivery avoiding 

viruses. There are two general methods of non-viral delivery; naked DNA delivery 

with a physical method of enhancement, or delivery mediated by a chemical carrier.

Electroporation is one of the methods of enhancing delivery of naked DNA 

(Neumann et al., 1982), and is now widely used to deliver genes to prokaryotic and 

eukaryotic cells in culture. The lipid bilayer of cells acts as a capacitor under the 

application of an electric field, and the membrane potential increases until the 

dielectric strength is exceeded, resulting in a permeation event, and an increase in 

transmembrane electrical conductivity. This is thought to result in the transient 

formation of inverted hydrophilic pores. The poration produced by an electric field is 

influenced by a variety of factors, including the functional size of the cell (the size of 

an individual cell may be increased through the presence of electrical contact with 

neighbouring cells), architecture, membrane dielectric strength and duration of 

exposure to the field (for review see (Gehl, 2003).

The formation of pores in the plasma membrane is reliant on the threshold 

voltage being exceeded. If the applied voltage is too low, alteration of the plasma 

membrane will be insufficient to allow transfer of introduced molecules. However,
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high voltages can cause irreversible dielectric breakdown, facilitating massive 

transport of the cell contents out of the cell, and irreversible damage.

Once pores have been formed, DNA transfer requires surface adsorption, 

insertion into the pore, and finally, travel, which is electrophoretically mediated. 

Electroporation has been used to deliver exogenous genetic material to a variety of 

tissue types and also to increase the delivery of drugs which are unable to cross the 

plasma membrane (Hyacinthe et al., 1999).

Direction of DNA movement 

 ̂ Direction of molecular flow

Figure 9.1. Electroporation of cells. Pores form at the poles of the cells, and 

predominantly at the anode.

Enhanced gene delivery using chemical carriers is another method under 

investigation. Cationic liposomes are non-infectious particles able to package DNA. 

The surface of the liposomes is positively charged and is electrostatically attracted to 

the negatively charged phosphate backbone of DNA and cell membranes (figure 9.2). 

The liposomes attach and fuse to the plasma membrane, and are then internalised. The 

DNA has to leave the vesicle, in order to evade enzymatic degradation, before 

entering the nucleus through pores, or during the nuclear breakdown that occurs in 

mitosis.
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DNA

Figure 9.2. DNA-cationic lipid complexes. Approximately 2-4 liposomes are thought 

to associate with a single 5 kb plasmid (www.invitrogen.com, (Feigner et al., 1987)).

This chapter describes the delivery of genes directly to tumour tissue using 

non-viral methods.

9.2 Materials and methods

9.2.1 In vivo transfection using electroporation

When tumours reached 7 mm in diameter they were electoporated. Electric 

pulses were delivered using custom made (Gray Cancer Institute) Eat parallel 

stainless steel electrodes 7 mm apart, which were placed percutaneously at the 

opposite margins of the tumour. A conductive gel (Parker Laboratories Inc, New 

York, USA) was used to ensure good electrical contact between the electrodes and the 

overlying skin. Eight square wave pulses were administered in 2 directions 

perpendicular to each other, with a 1 Hz frequency generated by a Jouan GHT 1287 

electroporator (Jouan, St. Herblain, France). The amplitude and pulse duration were 

varied, and were either 600 V/cm for 5 ms (EPl) or 1300 V/cm 100 ps (EP2). 24 h 

after injection, tumours were excised and frozen in OCT.

9.2.2 In vivo transfection using lipofectin

Mice bearing FaDu tumours received a single intratumoural (i.t.) injection of 

water, 50 pg pEGFP-N 1 (Clontech, UK), or DNA lipofectin (DNA-lipid complexes 

were formed by combining 14.5 pi  lipofectin, 10 pg  DNA and 36.5 pi  PBS, which 

were allowed to stand for 2 h prior to injection) in a total injection volume of 50 pi .  In 

some cases i.t. injection was followed by the application of electric pulses across the
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tumour. Gene transfer was assessed on frozen sections using fluorescent microscopy.

9.2.3 In vivo transfection using Trans IT

For gene transfer using the therapeutic transgene, pRK34-HRP or pCI-neo 

plasmid DNA was used. Trans IT is a polymer-lipid delivery system developed by 

Minis technologies. Animals received a single i.t. injection of either 25 pg DNA, or 

25 p g DNA in a complex with the Minis Trans IT in vivo gene delivery system 

(Fischer Scientific, UK), with or without electroporation using EPl parameters. A 100 

pi volume was injected. Trans IT solutions were prepared as described by 

(Worthington et al., 2000) using a volume ratio of 1.6:1:1, water:DNA:polymer 

solution. This was allowed to stand for 10 min at room temperature before the 

addition of delivery solution to give 100 pi.

24 h after injection, tumours were excised, and either prepared for the TMB 

assay as in section 2.5, or cross-scalpeled in lysis buffer. Samples were centrifuged at 

1,500 rpm and the supernatant stored at -20°C prior to western blot analysis with 

Biogenesis rabbit anti-HRP diluted 1:200 (Biogenesis, Poole, UK).

Buffers and reagents 

Lysis buffer:

IM Tris HCl pH 6.8 5 ml

3 M NaCl 3.3 ml

500 mM EDTA 1 ml

dH2 0  to 100 ml

Store at 4®C

Prior to use add 10 pl/ml protease inhibitor cocktail (Sigma).

9.2.4 GFP quantitation

Sections of 10 pm thickness were cut throughout the tumour using a cryostat, 

with approximately 40 sections per tumour. An epi-fluorescence microscope (Nikon 

TE200) with a narrow band filter (500-510 nm, Glen Spectra Ltd, Stanmore, UK) and 

a custom imaging system were used to visualise and quantify GFP fluorescence as a 

percentage of the total area.
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9.3 Results

9.3.1 Transfection using the marker GFP

Tumours subjected to electroporation retained their shape and structure, with 

no obvious gross morphological differences between treated and untreated controls. 

Regions of GFP expressing cells were relatively easy to identify on serial sections 

through the FaDu tumours under fluorescent microscopy. Transfected areas were 

predominantly seen surrounding the needle tract and periphery of the tumour 

irrespective of delivery method (figure 9.3).

Figure 9.3. GFP expression in FaDu tumour 24 h following intratumoural injection of 

pEGFP-N 1 and electroporation at 600 V/cm (EPl). Arrow marks tumour boundary.

Transfection efficiencies using either naked DNA or DNA lipofectin 

complexes with or without electroporation ranged from 0.002-0.042% (figure 9.4). 

Use of DNA and liposome complexes doubled the mean transfection efficiency 

compared with naked DNA, although this was not statistically significant. Flowever, 

electroporation with either EPl or EP2 did increase GFP expression, with EPl being 

more effective (40-fold increase in transfected area compared to DNA alone). EPl in 

conjunction with the lipid complex resulted in higher levels of GFP expression 

compared with DNA alone (20 times greater), but levels were still lower than when 

EPl was performed after injection of naked DNA.
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Figure 9.4. Transfection efficiencies for the pEFGP-Nl plasmid in FaDu tumours. 

EPl, 600 V/cm 5 ms; EP2, 1300 V/cm 100 ps; L, lipofectin-DNA complexes. Data 

are mean ± s.e.m. 3-7 animals per group. *p<0.01 compared with naked DNA 

injection.

9.3.2 Transfection using the HR? gene

Mouse carcinoma CaNT tumours were injected i.t. with either DNA, DNA in 

a lipid-polymer complex, with or without electroporation using the pRK34-HRP 

plasmid or pCI-neo control plasmid. Transfection efficiencies in whole tumours were 

assessed using peroxidase activity measured using the TMB assay (figure 9.5).

Tumours which did not receive any treatment showed low background levels 

of peroxidase activity. Injection of Trans IT and control DNA did not alter the 

peroxidase activity. The injection of control DNA plus electroporation at 600 V/cm 5 

ms duration significantly increased peroxidase activity in CaNT tumours. Delivery of 

the HRP gene to tumours using the Trans IT system increased peroxidase activity 

relative to both control and vector Trans IT injected tumours, but the increase was not 

statistically significant. Treatment of tumours with pRK34-FlRP DNA followed by 

electroporation did increase peroxidase activity significantly, but to a lesser degree 

than electroporation of tumours injected with pCl-neo.

54



0.15

(0 0.05

Figure 9.5. Peroxidase activities of CaNT tumours following administration of pCI- 

neo or pRK34-HRP plasmid DNA in a complex with Trans IT, with electroporation or 

a combination of the 2. EPl has the same parameters as in 8.3.1. Data are mean ± 

s.e.m. 5 tumours per group. *p<0.01 compared to control tumours.

Western blotting was performed on tumour lysates to detect the presence of 

HRP protein after in vivo transfection (figure 9.6b). An immunoreactive band of 52 

kDa was expected, as clearly seen in the in vitro cultures of stable HRP8 cells (figure 

9.6.a). The purified HRP protein loaded as a control adjacent to the tumour samples 

has a slightly smaller size than that expected from pRK34-HRP, as it lacks the C- and 

N- terminal extensions of the recombinant protein. Unfortunately highly reactive non

specific immunoreactive background staining could not be removed and this masked 

the potential HRP band.
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Figure 9.6. Western blot for the presence of HRP. Arrow indicates size of expected 

synthetic HRP band. Panel a) samples from in vitro cell culture: Lane 1, HRP8; 2, 

GFPl. Panel b) samples from tumours: Lane 1, CaNT tumour; 2-3, pCI-neo Trans IT; 

4-5, pRK34-HRP Trans IT; 6, pRK34-HRP EPl; 7-8, pRK34-HRP Trans IT EPl; 9 

purified recombinant HRP control (Sigma).

9.4 Discussion

Clinical use of gene therapy to treat cancer requires delivery of the therapeutic 

genes to the tumour tissue. As an alternative to viral delivery, which can be expensive 

and raises safety concerns, liposomes and electroporation were analysed in a 

xenograft and also in a murine carcinoma model.

There appears to be a range of optimal electroporation parameters which 

depend upon the tissue and cell type involved. In the FaDu tumour, expression of the 

marker GFP was increased when DNA injection was combined with electroporation, 

with 600 V/cm, 5 ms (EPl) achieving the greatest expression of the two 

electroporation parameters studied. This is consistent with previous results (Cemazar 

et al., 2002) in a range of solid tumours.
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Square wave rather than exponentially decaying pulses were used, as it is the 

initial voltage which is though to lead to poration, whilst the trailing decay does not 

contribute. It does however produce heat which can lead to cell and tissue damage.

Successful electroporation of muscle has been reported and many studies have 

demonstrated that muscle can be porated to a high degree with low voltage pulses, 

which resulted in extended periods of gene expression (Rizzuto et al., 1999). The low 

voltages required may be a result of the fairly \aigQ functional size of muscle cells as a 

result of electrical coupling. In contrast, poration of tumour cells usually leads to 

expression for less than one week.

Previous studies have reported a threshold voltage which needs to be exceeded 

in vivo in order to achieve easily detectable levels of gene expression. Generally for 

tumours this is around 400-600 V/cm (Cemazar et al., 2002; Mikata et al., 2002; 

Wells et al., 2000). However, high voltages will lead to cell death and decreased 

transfection. In this study, this appeared to be the case when 1300 V/cm was used. 

The parameters at which cell death occurs may be dependent on both the voltage and 

the number of administered pulses across the skin. Resistance of the skin was 

observed to decrease following the initial pulses in a series of eight (Wells et al., 

2(KX)). This decreased resistance led to an increase in current and could potentially 

cause a subsequent increased cell mortality. The optimal electroporation parameters 

will therefore be a balance between maximal expression and minimal cell death. Cell 

death in tumours will ultimately be the goal, but death by the delivery method negates 

the use of gene transfer.

Electroporation was performed after DNA injection. (Tekle et al., 1994) 

demonstrated that in vitro transfer of molecules is not affected whether 

electroporation is performed before or after administration of exogenous material. 

Indeed, electroporation followed by DNA injection with a plasmid encoding the p53 

gene has demonstrated some growth delay (Mikata et al., 2002). In muscle it was 

shown that DNA will persist for an hour before being cleared or degraded (Cappelletti 

et al., 2003). However, the majority of in vivo protocols apply electric pulses to 

tissues after DNA delivery.

It is difficult to correlate the transfection efficiencies reported here with levels 

obtained in published reports in a range of tumours (Heller & Coppola, 2002; Nishi et 

al., 1996; Wells et al., 2000) when luciferase is used as the reporter gene. Luciferase 

is an enzyme which is able to convert many substrate molecules and hence results in
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an amplification effect. Assessment of transfection efficiency using GFP relies on a 

one to one relationship between transfected and detected cells. The use of luciferase 

means that the level of expression is measured, whereas in this study, the fraction of 

expressing cells is assessed, and not the fluorescence intensity.

The actual quantity of DNA administered with lipofectin was 5 times lower 

than with naked DNA alone due to volume limitations. This may contribute to the low 

level of transfection seen with this combination alone and in combination with EPl. 

Several studies have reported that greater transfection was seen when greater 

quantities of DNA were administered (Cemazar et al., 2002; Dean et al., 2003; Heller 

et al., 2000).

Combination of electroporation with liposomes has been reported to decrease 

transfection efficiencies compared with electroporation alone (Cemazar et al., 2002; 

Wells et al., 2000), and it was suggested that the larger lipoplex required a more 

critical level of membrane disruption for efficient transfer (Wells et al., 2000).

The lower levels of gene transfer in the FaDu tumours compared to other types 

may be related to the cell density. (Cemazar et al., 2002) showed that efficient 

transfection using electroporation appeared to be associated with a lower cell density. 

On the other hand, it has also been reported that tumours which appeared to be less 

firm and more scarred (indicating some degree of necrosis) transfected less well with 

electroporation than firm solid tumours (Wells et al., 2000), which would appear to be 

contradictory, and cell origin may again be important.

It is possible that the level of transfection was underestimated due to regions 

of hypoxia. GFP fluorescence requires molecular oxygen (Heim et al., 1994), and we 

have shown that FaDu tumours contain regions of hypoxia (chapter 6), Additionally, 

intratumoural injection (Olive et al., 2002) has been shown to increase local hypoxia 

and electroporation above 640 V was shown to decrease blood flow in tumours for 24 

hours (Sersa et al., 1999). Electroporation was also demonstrated to increase the 

activity of bioreductive drugs (Cemazar et al., 2001).

Due to low transfection efficiencies in FaDu tumours, the CaNT tumour model 

was used to analyse transfer of therapeutic DNA. In order to deliver the potentially 

therapeutic HRP gene to solid tumours, electroporation was again used at the optimal 

electroporation parameter (EPl) as determined from the GFP study, in combination 

with a commercially available delivery system. The Trans IT system is designed for
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i.v. delivery of genetic material. However, as this targets the liver, a modified protocol 

was used. This protocol had previously been shown to effectively deliver the 

inducible nitric oxide synthase (iNOS) gene under the control of a radiation inducible 

promoter to tumours, resulting in therapeutic effects in combination with radiation 

(Worthington et al., 2002).

In our study to deliver the HRP gene, results were inconclusive. The TMB 

enzyme assay appeared to show higher peroxidase activity in tumours injected with 

the vector plasmid followed by electroporation than tumours receiving the HRP 

containing plasmid. The levels achieved using the HRP containing plasmid were 

approximately 0.075 U/mg protein (figure 9.5). This is less than half that seen in 

stable transfectants (0.2 U/mg protein, chapter 6).

The high levels seen in the vector electroporated tumours may be a result of 

high numbers of infiltrating lymphocytes and myeloperoxidase activity, although this 

was not analysed. It is also possible that the injection and electric pulses resulted in 

damage to blood vessels and haemorrhage, since the EPl treated pCI-neo tumours 

appeared to more bloody than others. Haemoglobin in samples will increase the 

apparent peroxidase activity. Although electroporation has been reported to decrease 

blood flow, all reports suggest that electric pulses themselves do not lead to 

histological changes (Cemazar et al., 2002; Dean et al., 2003; Yamashita et al., 2001). 

In future it would be advisable to correct for haemoglobin content.

Due to the difficulties encountered with the TMB assay, western blot analysis 

was used. Unfortunately non-specific immunoreactive bands prevented the 

quantitation of HRP protein by western blot. It is not clear why this is, since a rabbit 

antibody was used, and washing stages were introduced. A possible alternative to 

overcome the non-specific antibody binding would be to use solely the microsomal 

fraction of the tissue homogenate, since the synthetic HRP gene contains a KDEL 

sequence which tethers it to the reticular endothelium (Connolly et al., 1994). Primers 

also exist for the HRP gene, and it may be possible to look at gene delivery using 

semi-quantitative RT-PCR.

Although electroporation could increase delivery of the GFP gene to FaDu 

tumours, its ability to affect HRP gene delivery was difficult to assess. Levels of 

expression are likely to be well below those required to achieve significant therapeutic 

effect.
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Chapter 10 

General discussion and future directions

Cancer therapies should show both efficacy and specificity in order to 

effectively target the disease. On this premise, gene directed enzyme prodrug therapy 

(GDEPT) was developed. The results in this thesis demonstrate the steps taken to 

develop and assess the horseradish peroxidase-directed GDEPT system from simple 

tissue culture, through complex in vitro, to whole animal studies.

To facilitate the use of relevant tumour models, cells stably expressing the 

HRP gene were produced, and confirmed to be more sensitive to treatment with 

indoles, than GFP expressing controls (chapter 3). These cells were then used to 

develop a 3-dimensional in vitro model of the tumour microenvironment (chapter 4). 

All three of the indole prodrugs tested in this model showed selective cell kill of HRP 

spheroids. In order to determine the relative sensitivity of the different subpopulations 

within the spheroid, further experiments could be conducted to determine the location 

of prodrug activation. Instead of creating a single cell suspension from the entire 

spheroid, spheroids could be subjected to sequential trypsinisation. This would 

liberate cells from the spheroid in layers. These cell fractions could then be plated for 

clonogenic assay. This technique may be of particular interest for cells derived from 

large spheroids exposed to 5Br-IAA for short periods. Previously, 5Br-IAA was 

shown to be selectively toxic to monolayers under anoxia after short incubation 

periods (Greco et al., 2001). If, as suggested, it is specifically activated under hypoxic 

conditions, survival would be predicted to be lower in spheroid-derived cells close to 

the necrotic core.

The spheroid model could also be used to study the diffusion of the parent 

prodrugs. Regions of chronic hypoxia in tumours are distant from functional blood 

vessels. Therefore, any therapeutic agent, which aims to target this population of cells, 

needs to be capable of diffusion through metabolising cell layers. Spheroids derived 

from parental cells could be used to measure diffusion through cell layers, possibly 

using radiolabelled lAA, and compared to HRP expressing spheroids which 

specifically metabolise the prodrugs. Alternatively, models composed of cell 

multilayers could be used. These are composed of cells grown to varying thickness 

between two chambers, and have been used to model the diffusion of the bioreductive
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agent tirapazamine (Hicks et al., 1998).

Spheroids could also be used to model the interaction between the HRP- 

GDEPT system and radiation. At present this system has been shown to potentiate the 

effects of radiation treatment both under oxic and anoxic conditions (Greco et al., 

2002c). In the spheroid model both oxia and hypoxia are present, and cells are 

asynchronous with regards to their cell cycles. The survival of cells from spheroids 

exposed to radiation can be dependent upon size and hypoxic fraction (Rofstad & 

Sutherland, 1989). It would be interesting to determine whether the HRP/IAA 

combination could potentiate the effects of radiation under these conditions, either by 

killing the hypoxic cells itself whilst radiation killed the oxic fraction, or by 

increasing the radiation susceptibility of hypoxic cells.

In addition to the reported indole prodrugs, this study demonstrated that the 

analgesic paracetamol could be activated to a cytotoxic compound intracellularly by 

the HRP enzyme (chapter 5). The reaction between HRP and paracetamol had 

previously been shown using purified enzyme (Potter & Hinson, 1987), but this is the 

first demonstration of an intracellularly produced cytotoxin for gene therapy. As 

future work the presence of A-acetyl-p-benzoquinoneimine (NAPQI) and its 

conjugates could be determined in cell extracts by HPLC.

Further experiments are required both to determine the method of cell death. 

Our study, using propidium iodide staining, indicated apoptosis as one mode of cell 

death. However, DNA staining alone is not confirmatory of apoptosis, and changes in 

a variety of signalling cascades, including the caspases and members of the Bax 

family, should be analysed. Further experiments including analysis of micronucleus 

formation, annexin V binding, and PARP cleavage would help to elucidate potential 

apoptotic routes. In addition, since liver necrosis is an important observation in vivo in 

cases of paracetamol overdose, trypan blue exclusion could be used to measure this in 

vitro. Trypan blue is generally excluded from viable and apoptotic cells. The 

possibility of NAPQI forming double strand breaks in DNA has been proposed, and 

this could be determined using the comet assay, whereby cells are embedded within 

agarose gel, the cell digested and DNA allowed to unwind. The gel is then subjected 

to an electric current and any double strand breaks will migrate away from the nucleus 

resulting in a “comet tail”. Immunocytochemistry for the yH2AX protein, which is 

translocated to the site of DNA damage to aid in the repair of DNA double strand
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breaks (MacPhail et al., 2003) would also be possible.

Our study showed that incubation of purified HRP enzyme with furafylline, a 

potent cytochrome P450 (CYP) 1A2 inhibitor did not result in a decrease in activity 

by half, to the limit of the inhibitor’s solubility. Further experiments are required to 

assess the feasibility of using furafylline or glutathione donors to limit potential side 

effects of the HRP/paracetamol combination. The efficacy of methionine or A-acetyl 

cysteine to prevent cell death in response to paracetamol treatment could be 

determined by analysing cells that retain expression of CYP enzymes in culture (in 

particular 1A2 and 2E1), such as hepatocytes, or tumour cell lines transfected with the 

CYP genes. The FaDu transfectants could be used with greater concentrations of 

NAC, or with paracetamol in combination with furafylline to determine whether the 

enzyme/prodrug combination retains activity towards HRP8  cells. These results 

should give some indication of whether adequate concentrations of paracetamol could 

be administered in vivo to give therapeutic levels within the tumour without resulting 

in severe hepatic damage. Upon confirmation, in vivo experiments using the 

HRP/paracetamol combination with or without furafylline could be started.

Stable transfectants were used to form solid tumours in SCID mice, in order to 

test the in vivo efficacy of the HRP/IAA system (chapters 6  and 7). The FaDu tumour 

cell line appeared to be an appropriate model for hypoxia targeting of the HRP gene 

based upon pimonidazole staining (chapter 6 ). Unfortunately the initial results 

showing a modest delay in tumour growth could not be reproduced. Several reasons 

can be considered to explain the lack of in vivo efficacy, including drug accessibility 

and enzyme activity.

Firstly, the prodrug concentration at the site may not have reached therapeutic 

levels. It was not possible to increase the dose of 5Br-IAA administered using 

fractionated dosing schedules, due to weight loss and non-specific toxicities. It may 

be possible to increase the tumour exposure to prodrugs, and thus increase the 

potential cell kill, by modification of prodrugs. One way could be the use of polymer 

conjugation to allow for increased dosage with decreased normal tissue toxicities. 

This would alter the pharmacokinetic properties of the prodrugs, as the increased size 

of the molecule hinders leakage from the blood vessels. However, the tortuous, 

irregular and often immature vessels within tumours can display increased 

permeability, resulting in the phenomenon of “enhanced permeability and retention”
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of large molecules (Matsumura & Maeda, 1986). Additionally, immungenicity of 

compounds is usually reduced, whilst increasing circulation times (Delgado et al., 

1992). Toxicity to the reticuloendothelial system would need to be monitored, due to 

the scavenging of large molecules (Seymour et al., 1987).

Cleavage of the polymer-drug linkage can be targeted to require specific 

enzymes, and so further reduce potential side effects (although this is probably a more 

useful feature for direct cytotoxic agents). For example, linkage could be through the 

use of a bioreductively cleaved bond, so releasing the prodrug under conditions of 

hypoxia.

Secondly, the HRP gene expression, and hence activity, may have been 

suboptimal. Already the effectiveness of the HRP/IAA system in stable transfectants 

(chapter 3) was less than in transient transfectants of the same cell line (Greco et al.,

2001). Hence, the use of stable transfectants in vivo may be a potential contributing 

factor in the poor growth delay results. Additionally, HRP gene expression may have 

been reduced or lost during in vivo growth. It may therefore be of benefit to utilise in 

vivo gene delivery to attempt to increase the therapeutic efficacy in tumour models.

The success of any suicide gene therapy system is dependent upon the 

bystander effect. In addition to the transfer of toxic metabolites, infiltration of 

tumours by cells of the immune system has been shown in both the HSV-tk/GCV and 

CD/5-FC systems. This cannot be tested in a xenograft model as the host is 

immunocompromised, and so a syngeneic mouse cell line was transfected with the 

HRP gene for use as a syngeneic tumour model in immunocompetent mice (chapter 

8 ). It would be expected that tumour growth delay would be more pronounced in 

these animals if the immuno-bystander effect was active. In order to determine 

whether the HRP protein alone was sufficiently immunogenic to result in growth 

delay, as is the case with the CD enzyme (Haack et al., 2000; Pierrefite-Carle et al.,

2002), TD50 experiments were conducted. The results showed that the murine cell line 

itself when grown in vitro was immunogenic, but not when passaged in vivo. This was 

most likely to be due to antigens incorporated into the cells from the FCS. Passage of 

cells from in vitro culture in immunocompromised hosts, such as SCID or nude mice, 

prior to implantation in CBA animals may reduce or eliminate this antigenicity. 

However, it may also result in decreased levels of transgene expression, due to 

prolonged passage in the absence of selection pressure, which is not desirable. An
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alternative would be to grow cells in isogenic serum, although this is not particularly 

practical. Direct delivery of the HRP gene to the established CaNT tumour would be 

an alternative. The immune response to any delivery method and DNA sequences 

would need to be assessed.

Non-viral gene delivery circumvents the safety concerns surrounding viral 

delivery methods, and is often simpler and cheaper to use. The data in chapter 9 show 

that the electroporation of subcutaneous FaDu tumours could significantly increase 

expression of intratumourally injected DNA. However, the total expression was still 

below 1% of cells. Previous studies have shown that some tissues and tumour types 

are more amenable to electroporation than others. The B16 tumour line showed high 

levels of GFP expression following electroporation with the EPl parameters used in 

this study (Cemazar et al., 2002). A circular needle array and low voltage long 

duration pulses also resulted in high levels of gene expression in the B16 tumour 

(Kishida et al., 2001). It may be that the B16 tumour is more easily porated, and could 

be used to study the HRP/IAA system in vivo with greater success. Delivery of the 

HRP gene could be achieved using viral means. Currently, gene delivery in vivo is 

most successful following the use of viruses, and this may result in therapeutically 

relevant levels of enzyme activity being achieved.

In conclusion the results show the continued effectiveness of the HRP-GDEPT 

system in in vitro models, and in particular that the targeting of hypoxic cells is 

feasible. The indole prodrugs show reasonable pharmacokinetic properties, and fairly 

high levels of prodrug were reached within the tumour tissue, especially of the 

halogenated indole 5Br-IAA. Unfortunately in vivo experiments thus far were 

disappointing and did not meet the in vitro expectations. This could potentially be 

improved through the use of syngeneic models with successful in vivo gene delivery.
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