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Abstract

Solid tumours often present a disorganised and inadequate vascular supply that 

results in multiple foci of low oxygen tension (hypoxia). Despite being an adverse 

prognostic factor, hypoxia represents a physiological difference that can be exploited 

for selective cancer treatment. In particular, high tumour specificity may be achieved 

by hypoxia-mediated gene-directed enzyme/prodrug therapy (GDEPT), whereby the 

target cells are genetically modified to synthesise an enzyme able to convert a 

prodrug into a cy to toxin.

In the present work a novel system consisting of the horseradish peroxidase 

(HRP) and the non-toxic plant hormone indole-3-acetic acid (lAA) is proposed as an 

enzyme/prodrug combination for cancer gene therapy. The cytotoxic potential of 

HRP/IAA GDEPT and the induction o f a bystander effect were demonstrated in vitro 

under normoxic as well as hypoxic conditions. Further improvements were achieved 

by adopting novel lAA derivatives. The chemical agents and the cellular targets 

involved in HRP/IAA-induced toxicity are yet to be identified, but the results 

presented indicate that an apoptotic pathway may be activated. With a view to 

combining hypoxia-targeted GDEPT with a standard radiotherapy protocol, the 

interaction o f HRP/IAA with therapeutically significant doses o f ionising radiation 

(IR) was evaluated, and oxic and anoxic enhancement o f IR toxicity was observed. 

Finally, to limit prodrug activation to the tumour site, selective transgene expression 

in hypoxic and irradiated cells was demonstrated by the use of synthetic promoters 

containing hypoxia- and IR-responsive regulatory elements.

Taken collectively, the results indicate that HRP and lAA represent an 

effective system for use in hypoxia- and radiation-mediated cancer gene therapy. A 

combinational approach, exploiting hypoxic and radiation-response elements to 

control HRP gene expression, may overcome some o f the limitations of tumour 

biology associated with conventional radiotherapy regimes.
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Chapter 1 
Introduction

1.1 Hypoxia in solid tumours

Multiple factors contribute to the resistance o f solid malignancies to therapy, including 

intrinsic genetic and extrinsic physiological determinants. Properties such as blood flow, 

tissue oxygenation, nutrient supply, pH distribution and bioenergetic status can 

markedly influence therapeutic response to treatment.

An important role in the micromilieu o f tumours is played by the pathophysiology 

of vasculature and blood flow. Blood vessels within the tumour mass are highly 

irregular, tortuous and elongated, with blind ends, incomplete endothelial linings, 

increased vascular permeability and irregular blood flow (Figure 1.1; Jain, 1988; Brown 

and Giaccia, 1998; Vaupel and Hockel, 1998). This abnormal vascular system results in 

reduced or even abolished O2 delivery to the neoplastic and stromal cells. In addition, 

anaemia and the formation o f methemoglobin or carboxyhemoglobin can reduce O2  

transport capacity (Pyles et al., 2000).

The inadequate vascular geometry relative to the volume o f oxygen consuming 

tumour cells creates diffusion-limited O2 delivery (chronic hypoxia; Figure 1.1.A; 

Thomlinson and Gray, 1955). Moreover, the dynamic changes in microregional blood 

flow in tumours have been related to the formation of areas of perfusion-limited O2 

delivery (acute or transient hypoxia; Figure 1.1.B; Brown, 1979; Chaplin et al., 1987; 

Kimura et al., 1996). Both chronic and transient hypoxia have been detected in animal 

tumour models and clinical data confirm that they occur in human cancers as well (Hill 

et al., 1996; Brizel et al., 1997; Raleigh et al., 1998; Vaupel and Hôckel, 1998). Low 

oxygen tension in tumours is frequently associated with low glucose concentration, high 

lactate levels and low extracellular pH (Vaupel et al., 1989). Biochemists usually define 

hypoxia as 0 2 -limited electron transport (Boyer et al., 1977); clinicians as a state o f 

reduced O2 availability or O2 partial pressure below critical values (Zander and Vaupel, 

1985); radiobiologists refer to the proportion o f clonogenic cells in tumours which
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exhibit maximal radioresistance, defined in animal models by the paired survival curve 

assay (Hall, 1994).

B
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Figure 1.1. Diagrammatical representation of hypoxic regions in solid tumours (adapted from

Brown and Giaccia, 1998).

A. Diffusion-limited O2 delivery. In the proximity of a capillary three tumour cell populations 

can be identified: well-oxygenated cells (white), chronic hypoxic viable cells (light grey) 

and necrotic cells (dark grey). Proliferation decreases as a function of the distance from the 

vasculature.

B. Perfusion-limited O2 delivery. Blood vessels in tumour are tortuous, with incomplete walls, 

increased vascular permeability and irregular blood flow. They present areas of acute 

hypoxia, cyclic with reoxygenation.

A variety of invasive and non-invasive methods have been developed to measure 

the oxygenation status of solid malignancies (Stone et ah, 1993). Hypoxia in human 

tumours has been estimated indirectly by measuring tumour vascularization (e.g. 

intercapillary distance, vascular density; West et ah, 2001); the degree of DNA damage 

after radiation (Partridge et ah, 2001); the expression of hypoxia-regulated genes 

(section 1.2.3; Airley et ah, 2001) and by hypoxia marker techniques (misonidazole.
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Chapman et al., 1983; pimonidazole, Arteel et al., 1995; the 2-nitroimidazole drug EF5, 

Evans et al., 2001). Where the facilities are available in a clinical setting, nuclear 

magnetic resonance spectroscopy, imaging techniques (Stubbs, 1999) and non-invasive 

tomographic detection o f bioreducible hypoxic markers have been performed to estimate 

tumour oxygenation (Chapman et al., 1998). Direct measurements o f tissue oxygen 

partial pressure (pO]) have been performed by utilising oxygen sensitive polarographic 

electrodes (Eppendorf, Hamburg, Germany; e.g. Vaupel et al., 1991) and luminescence- 

based optical sensors (Collingridge et al., 1997). Eppendorf probes are currently 

considered a “gold standard”, even though their use is limited to accessible and fairly 

large tumours.

Using oxygen electrodes, it has been observed that the majority o f solid tumours 

present median pO] levels lower than their normal tissue of origin. For example, 

measurements carried out in normal breast revealed a median pO: of 65 mmHg (8.6% 

O2), whereas in breast carcinomas o f stages pTl-4 the median pOi was 28 mmHg (3.9% 

O2 ; Vaupel and Hockel, 1998). More than 30% of the breast cancers investigated 

exhibited p02 values between 0 and 2.5 mmHg (0.3% O2). In contrast, values <12.5 

mmHg (1.6% O2) could not be detected in the normal breast.

In several tumour types, high heterogeneity in the hypoxic distribution has been 

observed both within the tumour mass and between tumours o f same clinical stage and 

grade (e.g. Nordsmark et al., 2001 b). In metastatic lesions, as in primary tumours, red 

cell flux was found to be anisotropic and compromised compared to surrounding normal 

tissue (Hill et al., 1996; Pigott et al., 1996). In métastasés o f carcinomas o f the head and 

neck, breast and rectal cancers, lower median p 0 2  values and higher hypoxic fractions 

were recorded, compared not only to the normal surrounding tissue, but also to the 

primary tumours (Becker et al., 1998; Vaupel and Hockel, 1998).

1.1.1 Hypoxia and response to treatment

The relevance o f tumour oxygenation to radiocurability was first proposed by Gray and 

co-workers in 1953, and its role in the response to radiation has since been recognised 

both in experimental and clinical systems. Anoxic cells are - 3 -fold more radioresistant 

than normoxic cells, with a steep increase in radiosensitivity between 2 and 10 mmHg
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(Figure 1.2). This phenomenon, known as the “oxygen effect”, is observed when oxygen 

is present during or within milliseconds after radiation exposure, and thought to result 

from O2 reaction with the ionised target molecules, generating poorly repairable 

peroxide lesions (oxygen-frxation hypothesis; Hall, 1994).

I 1
blood>

I -
venous bloodCOz

U J
COo
o

Normal tissues heart kidney

LU
>

Malignant tumours

1000.1 10
p02 (mm Hg)

Figure 1.2. Radiosensitivity o f cultured mammalian cells under different oxygenation 

conditions (from Vaupel et al., 1989).

The O2 partial pressure (PO2) values found in blood, normal and malignant tissues, and at which 

the sensitising effect is half-maximal (3-4 mmHg) are indicated. Clonogenic survival is the 

endpoint considered.

A correlation between the presence o f hypoxia and response to therapy has been 

shown in a range o f human tumour sites. Studies performed in patients with soft tissue 

sarcomas (Brizel et al., 1996; Nordsmark et al., 2001 a), carcinomas o f the uterine 

cervix (Hockel et al., 1996; Pyles et al., 1998; Knocke et al., 1999) and o f the head and 

neck (Nordsmark et al., 1996; Brizel et al., 1997, 1999; Nordsmark and Overgaard, 

2000) indicated that the presence o f hypoxic regions adversely affects locoregional
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control and/or disease-free survival after primary radiotherapy. Radiation resistance 

induced by the oxygen effect is unlikely to be the only explanation, since tumour 

oxygen status has been observed to be the most important prognostic factor for 

treatment outcome and metastatic free survival in cervical carcinoma after radiotherapy 

as well as surgery (Hockel et ah, 1996). Hypoxia-driven cellular modifications may 

contribute to this poor prognostic outlook, giving rise to more aggressive locoregional 

disease, invasive capacity and angiogenesis (Brizel et al., 1996; Sundfor et al., 1998; 

Graham et al., 1999; Hôckel et al., 1999; Walenta et al., 2000).

Oxygen dependency has been shown for some chemotherapeutic agents both in 

vitro and in vivo (Teicher et al., 1981; Grau and Overgaard, 1988; Chaplin et al., 1989). 

A number o f factors may be involved. Firstly, hypoxic cells slow down or arrest their 

rate o f progression through the cell division cycle (Figure 1.1. A; Durand and Raleigh,

1998). Experiments conducted in mammalian cells of different origin showed that 

prolonged hypoxia causes accumulation in G] and inhibition of DNA replication, effects 

reversible upon reoxygenation (Âmellem and Pettersen, 1991; Giaccia, 1996; Krtolica 

and Ludlow, 1996; Schmaltz et al., 1998; Koritzinsky et al., 2001). In experimental 

tumours, the fraction o f proliferating cells and/or the rate of cell proliferation decreased 

as the distance from the vasculature increased (Figure 1.1.A; Tannock, 1968; 

Minchinton et al., 1990; Rodriguez et al., 1994). This can result in a loss of efficacy of 

most anticancer agents, which are primarily effective against rapidly diving cells. 

Secondly, because o f drug metabolism by the cells in the intermediate layers, the limited 

penetration o f plasma-borne agents determines a reduction in the dose of drug reaching 

the hypoxic population (Figure 1.1.A). Also, the extracellular pH is lower in hypoxic 

than in well-oxygenated areas, while the intracellular pH is kept constant (Griffiths, 

1991). Thus, the uptake and activity o f weak acids such as chlorambucil is increased, 

while that o f weak bases like vinblastine is decreased (Chaplin et al., 1998). Finally, 

hypoxia can induce the production o f stress proteins responsible for resistance to 

doxorubicin, etoposide and methotrexate (Shen et al., 1987; Hughes et al., 1989; Sanna 

and Rofstad, 1994). To date, studies on human tumours demonstrating a direct 

correlation between the presence o f hypoxic areas and response to chemotherapy are 

lacking.
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The hypoxic microenvironment in solid tumours, which affects neoplastic cells 

and non-neoplastic stromal cells such as macrophages and fibroblasts, is likely to have 

profound effects on tumour propagation if  one considers the molecular changes 

demonstrated in vitro and in vivo under hypoxic conditions. These changes may result 

from the stimulation or inhibition of gene expression and from post-transcriptional and 

post-translational modifications (section 1.2.3).

The pathophysiological microenvironment o f tumours is generally considered to 

be mutagenic. Point mutations, deletions and gene amplification after 

hypoxia/reoxygenation may occur as a result o f errors in DNA repair and/or replication, 

oxidative damage leading to DNA strand breakage and impaired activity of enzymes 

such as topoisomerases, helicases and ligases (Janssen et al., 1993; Russo et al., 1995; 

Reynolds et al., 1996).

Experimental evidence suggests that low oxygen levels cause apoptosis in normal 

and neoplastic cells (Yao et al., 1995; Graeber et al., 1996). p53 accumulated under 

hypoxia and was required for induction o f apoptosis. However, although reduced, 

hypoxia-induced apoptotic death was also detected in p53 null cells, indicating the 

presence o f p53-independent pathways (Graeber et al., 1996; Kim et al., 1997; Schmaltz 

et al., 1998). Involvement of Apaf-1, caspase-9 and genes o f the bcl-2 family has also 

been reported (Shimizu et al., 1995; Soengas et al., 1999). Moreover, hypoxia can select 

for tumour cells that have acquired p53  mutations and have lost their apoptotic potential, 

providing them with a growth advantage (Alarcon et al., 1996; Graeber et al., 1996; Kim 

et al., 1997). However, recent clinical data are conflicting. Squamous cell carcinomas of 

the uterine cervix, characterised by pronounced hypoxia (Sundfor et al., 1998) and low 

apoptotic index (Hockel et al., 1999), showed a high probability for lymphatic spread 

and recurrence, despite adjuvant treatment with radiation or chemotherapy in addition to 

radical surgery (Hockel et al., 1999). On the other hand, in patients with primary soft 

tissue sarcoma, no association was found between median pO] and p53  status 

(Nordsmark et al., 2001 a). In squamous cell carcinoma of the cervix, the pre

radiotherapy apoptotic index did not correlate with pre-treatment oxygenation (both 

hypoxic fraction and median pO]), but correlated significantly with the change in
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oxygenation post-treatment, ascribed by the authors to reduced interstitial fluid pressure 

as a result o f cell loss via apoptosis (Sheridan et ah, 2000).

Hypoxia-induced tumour progression and metastatic spread has been related to the 

up-regulation o f gene products that may promote tumour progression, by enabling 

tumour cells to adapt to nutritional deprivation or to escape a hostile environment. 

Proangiogenic factors attract new vasculature, glucose transporters and glycolytic 

enzymes allow the switch to energy saving glycolysis and oncoproteins give hypoxic 

tumour cells a growth advantage (details on hypoxia-mediated gene expression will be 

discussed in section 1.2.3). At the same time, hypoxia can reduce adhesion to the 

extracellular matrix and down-regulation of cell adhesion molecules such as integrins, in 

order to facilitate tumour cell detachment (Hasan et ah, 1998).

An association between primary tumour oxygenation and the likelihood of distant 

metastasis has been reported in clinical studies involving patients with high-grade soft 

tissue sarcoma (Brizel et ah, 1996) and advanced squamous cell carcinoma o f the 

uterine cervix (Sundfor et ah, 1998). Also, a positive correlation has been observed 

between tumour lactate concentration and the presence of metastatic deposits in cervix 

and head and neck squamous cell carcinomas, while ATP and glucose concentration did 

not show significant correlation (Rofstad, 2000).

Thus, hypoxia not only provides an environment directly facilitating chemo- and 

radio-resistance, but also encourages the evolution o f phenotypic changes inducing 

permanent resistance to treatment.

1.1.2 How to overcome tumour hypoxia

The main strategies adopted to overcome the resistance o f hypoxic tumours to therapy 

include to increase the delivery of oxygen (or oxygen-mimetic drugs), or to exploit the 

unique environmental conditions o f solid tumours by using hypoxia-selective cytotoxic 

agents.

One of the first attempts in the clinic to improve tumour oxygenation was the use 

o f hyperbaric oxygen in combination with radiotherapy (Churchill-Davidson, 1968). 

Multi centre clinical trials showed a significant increase in locoregional control and
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survival in patients with cervix or advanced head and neck carcinoma treated with 

radiation and hyperbaric oxygen, compared with radiotherapy given in air (reviewed by 

Overgaard and Horsman, 1997). However these studies were discontinued mainly 

because o f problems with patient compliance. Subsequently, chemical radiosensitisers, 

in particular electron-affinic radiosensitisers, were introduced by Adams and co-workers 

(1969, 1972). The rational for their use is that they can diffuse out of the tumour blood 

supply and, not being metabolised in cellular respiration, can reach hypoxic areas and 

radiosensitise them in an oxygen-mimicking fashion. O f these drugs, misonidazole, a 2- 

nitroimidazole, showed remarkable results in laboratory studies (Sheldon et al., 1974; 

Brown, 1975), but, mainly because o f dose limitations due to high neurotoxicity, the 

clinical experience was disappointing (Dische, 1985). New nitroimidazole compounds 

were then developed, without major clinical benefit (Riese et al., 1997).

In order to overcome both chronic and transient hypoxia, the combination of 

carbogen (95% O2 and 5% CO2), effective against the first, and the vitamin B derivative 

nicotinamide, which is believed to prevent transient blood flow fluctuation (Chaplin et 

al., 1990), has been successfully tested in animal models (Kjellen et al., 1991). In 

clinical studies, the treatment was given in combination with standard or accelerated 

radiotherapy (ARGON). Phase I, II and III trials indicated feasibility and some 

therapeutic efficacy, in particular in the treatment of bladder carcinoma, albeit limited 

by the gastro-intestinal toxicity o f nicotinamide (Hoskin et al., 1997, 1999; Miralbell et 

al., 1999; Bernier et al., 2000).

The physiology o f solid tumours, even though involved in resistance to 

treatment, represents an attractive target for selective cancer therapy. Bioreductive 

drugs, such as the indolequinones mitomycin C and E09, SR 4233 (later known as 

tirapazamine, TPZ), RSU 1069 and CBI954, have been extensively utilised as hypoxia- 

selective cytotoxins (HSCs; Stratford and Workman, 1998). In order for bioreductive 

drugs to be activated, the cells need to be hypoxic and to produce the appropriate set of 

reductase enzymes. In normal tissue, bioactivation is restricted by the presence of 

oxygen. The concentration o f bioreductive drug required to induce the same level of 

killing in hypoxic vs. normoxic cells (hypoxic cytotoxicity ratio, HCR) may vary
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depending on the cell type and the level o f hypoxia. HCR values for the prototype 

bioreductive drug mitomycin C did not exceed 10 (Rauth et ah, 1983), to be compared 

with values in the 7-300 range for TPZ (Brown and Wang, 1998), 10-200 for 

nitroimidazoles (Mohindra and Rauth, 1976; Hill et ah, 1986; Stratford et ah, 1986) and 

up to 5000 for E08 and E09 (Jaffar et ah, 1998). Nevertheless, clinical evaluation o f 

mitomycin C in combination with radiotherapy for the treatment o f squamous cell 

carcinoma o f the head and neck indicated significant improvement in locoregional 

control and survival, compared with radiation treatment alone (Haffty et ah, 1997). In 

the case o f TPZ, an improvement in survival was observed in conjunction with 

radiotherapy, but it did not reach statistical significance (Del Rowe et ah, 2000). 

However, the combination of TPZ, cisplatin and radiotherapy resulted in remarkably 

good and durable clinical responses in patients with advanced head and neck cancers 

(Rischin et ah, 2001).

Accurate targeting o f oxygen-deprived cells within a tumour mass may also be 

achieved by hypoxia-targeted gene therapy. This recent approach will be discussed in 

detail in the following sections.

1.2 Gene therapy of cancer

One o f the major goals o f antitumour therapies is to target tumour cells selectively and 

specifically, whilst sparing normal tissue from damage. This may be achieved by gene 

therapy that can combine highly specific gene delivery with highly specific gene 

expression. Gene therapy can be described as the transfer o f DNA or RNA to modify 

transiently or permanently the genetic repertoire o f target cells for therapeutic purposes. 

The first clinical gene therapy protocol was approved in 1989 (Rosenberg et al., 1990), 

and since then more than 400 clinical trials have been undertaken world-wide, o f which 

over half relate to cancer (Hum Gene Ther, 2000).

For gene therapy, three separate issues need to be considered: 1) delivery of a gene 

to the target cells, 2) regulation o f gene expression and 3) therapeutic efficacy. Each o f 

these aspects is outlined below, with a view to gene therapy o f the hypoxic tumour 

environment.
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1.2.1 Gene delivery
The administration of gene therapy vectors requires that they be not only targeted, but 

also protected from degradation, sequestration or immune attack, in order to reach the 

appropriate sites for transfection. The ideal DNA vehicle should be capable of hosting 

an expression cassette carrying one or more genes o f the size needed for the clinical 

application, and should be easy to produce and purify in large quantities and high 

concentrations. It should not induce inflammation and be safe for the recipient and the 

environment. Finally, it should express the gene for as long as required, in an 

appropriately regulated fashion.

The efficient delivery of DNA to tumour sites remains a formidable task, but 

progress has been made in recent years using both viral and non-viral methods. Vehicles 

such as retro- and adenoviruses, liposomes and naked DNA injection are adopted in 

clinical studies (Table 1.1; reviewed by Gomez-Navarro et al., 1999). New therapeutic 

modalities are currently being explored in order to overcome the limitation o f poor gene 

transfer and patient toxicity, including immunoporation (Bildirici et al., 2000), 

macrophages and bacteria (next section), adeno-associated and herpes simplex viruses, 

lentiviruses, cationic polymer-DNA complexes and electroporation (Table 1.1).

Viral methods Non-viral methods
Retroviruses 
Adenoviruses 
Lentiviruses 

Herpes Simplex viruses 
Adeno-associated viruses 

Chimeric (e.g. retro/adeno) viruses 
Poxviruses 

Vaccinia viruses 
Parvoviruses

Calcium phosphate precipitation 
Nanoparticles 

Liposome-DNA complexes (lipoplex) 
Gene gun 

DNA injection 
DNA electroporation 

Immunoporation 
Ultrasound 

Cationic agents-DNA complexes 
(polyplex)

Table 1.1. Summary of common viral and non-viral DNA delivery systems.
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Viral vectors capitalise on the ability of the viruses to efficiently enter the cells 

through specific receptors and transfer their genome. Viral genes need to be removed to 

permit the insertion o f the expression cassette and make the virus non-toxic. In order to 

achieve higher levels o f infection and antitumour activity, it is currently becoming more 

and more common to adopt replication-competent rather than non-replicative viral 

vectors (reviewed by Kim et al., 2001). In this case, tumour-specific replication is 

mandatory.

Retroviruses are small RNA viruses that replicate through a DNA intermediate. 

Vimses deleted o f one or more of their structural genes can infect packaging cells that 

express the missing genes (reviewed by Robbins and Ghivizzani, 1998). Retroviral 

vectors host 9-10 kilobase pairs (kbp) of foreign genetic material and integrate the 

therapeutic gene into the genome o f the infected cells that will maintain it during 

subsequent mitotic divisions. This can be an advantage when treating hereditary and 

chronic disorders, but can also present a number o f risks, including insertional 

mutagenesis and toxicity associated with overexpression o f the therapeutic gene. 

However, the major limitation o f retroviral vehicles, as for example those derived from 

the Moloney murine leukaemia virus (MoMLV), is that the target cells must be 

proliferating at the time o f infection (Miller et al., 1990). Specifically, they are likely to 

be highly inefficient in transfecting slowly dividing hypoxic cells. In the clinical trials, 

safety has been demonstrated, but transfection efficiencies were low (Ram et al., 1997; 

Klatzmann et al., 1998 a, b).

O f the viral delivery systems, adenoviruses (Ads) are probably the best 

characterised and most extensively used. Unlike retrovimses, they do not need 

packaging cells. They are stable and easy to manipulate, can be grown to high titres 

(~10*^ viral particles/ml) and E1/E3 deleted viruses can accommodate up to 8.5 kbp of 

foreign DNA (Zhang, 1999). Also, Ads can infect different cell types independently 

from their proliferation status. Because o f their non-integrative nature, vector sequences 

are not inherited in progeny cells, resulting in a transient expression o f foreign genes. 

Mutant Ads have been designed to replicate selectively in tumour cells, e.g. in cells 

lacking functional p53 (ONYX-015; Bischoff et al., 1996; Khuri et al., 2000). Targeted 

delivery could be achieved by modifying the viral capsid proteins, fibre and penton base
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to permit the recognition of cell-specific receptors (Haisma et al., 1999; Harari et al.,

1999). The main drawbacks o f Ads are a strong T cell-mediated inflammatory response 

that reduces the effectiveness o f repeated administration (Harvey et al., 1999), and, in 

clinical settings, concerns about patient safety (Marshall, 1999). In targeting hypoxic 

cells, it is necessary to keep in mind that hypoxia causes a marked downregulation o f 

integrin ayp 3 (Hasan et al., 1998), necessary for the initial binding, internalisation and 

uncoating o f Ad vectors (Zhang, 1999).

Adeno-associated viruses (AAVs) are parvoviruses, with potential for long-term 

gene expression. They are non-pathogenic, can also infect non-proliferating populations 

and, compared to adenoviruses, are less immunogenic and present a broad tissue tropism 

(Robbins and Ghivizzani, 1998). However, AAVs have limited packaging capacity 

(only 4-5 kbp o f DNA insert), are difficult to prepare in high titres, and depend on 

“helper viruses”.

Vectors based on the Herpes simplex virus type-1 (HSV), able to infect non

dividing cells, can be “helper” virus dependent (amplicons) or independent (Robbins 

and Ghivizzani, 1998). Amplicons can accommodate as much as 150 kbp and efficiently 

express integrated transgenes. Drawbacks are some instability (due to selective 

advantage for small amplicons), contamination with helper viral DNA and low ratio o f 

amplicon to helper virus. Helper virus-independent vectors have deletions in essential 

viral genes, and therefore need to be grown in appropriate cells, but can host up to 40 

kbp of foreign DNA. A clinical trial involving the delivery of a conditionally-replicating 

HSV vector to brain tumours has shown safety o f this approach (Markert et al., 2000).

Lentiviruses, such as the human immunodeficiency virus type-1 (HIV), are unique 

among retroviruses because of their ability to infect both replicating and non-replicating 

cells, mediating efficient delivery and long-term expression. High transduction has been 

observed in the lympho-hemopoietic and the central nervous systems, without 

significant inflammatory response, while liver and muscle were characterised by poor 

transgene expression (reviewed by Trono, 2000). The development o f efficient vector 

packaging systems and addressing the issue o f biosafety will determine the potential o f 

these vectors.
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Compared to viral vectors, non-viral systems are particularly suitable for gene 

therapy with respect to simplicity of use, lack of immune response, ease of large scale 

production and DNA packaging. Moreover, non-viral systems can be controlled and 

characterised as well as any other pharmaceutical products, in terms o f delivery 

components, complex size, DNA and vector concentration. However, there are some 

drawbacks, mainly low efficiency in gene transfer. Non-viral systems can be broadly 

divided into physical (electroporation, sonoporation or gene gun) and chemical (lipids, 

polymers, proteins).

In electroporation^ brief high or low voltage electric pulses are applied to cells in 

culture and tissues in vivo to induce transient pores in the cell membranes. This method 

is applied in clinical settings for delivery of chemotherapeutic drugs, with high 

antitumour efficiency and negligible side effects (Mir et al., 1998). Recent studies have 

shown delivery of plasmid DNA to different tissues in vivo (Somiari et al., 2000; 

Cemazar et al., 2002). Electric pulse parameters are important for optimal gene 

expression, but they appear to differ greatly depending on the target tissue.

Cationic liposomes (Figure 1.3) are clinically well tolerated, easy to produce, 

non-infectious, non-immunogenic and can package large DNA molecules. Even though 

liposome-DNA complexes can also transfect slowly dividing cells, the overall 

transfection efficiency in vivo remains low.

The introduction of foreign gene products into human cells via DNA complexes 

consists of a sequence of discrete steps (Figure 1.3). First the vector must bind to the cell 

surface, then enter the cell by an endocytic or phagocytic process. Efficient escape from 

the vesicle is necessary to evade enzymatic degradation in the acidified environment o f 

the maturing endosome. Finally the DNA must enter the nucleus either by penetrating 

the envelope through the nuclear pores or during mitosis when the envelope breaks 

down. Receptor-mediated gene delivery may further improve both safety and efficiency, 

by preventing undesirable delivery to normal tissues and sequestration of the vector 

before it reaches the target. Ligands to surface receptors have included 

asialoglycoprotein (Wu and Wu, 1987), basic fibroblast growth factor (Hoganson et al., 

1998), transferrin (Wagner et al., 1990) and adhesion molecules (reviewed by Parkes 

and Hart, 2000).
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Figure 1.3. Liposome-mediated DNA delivery (from Crystal, 1995).

The liposomes used for gene therapy are usually cationic, to electrostatically bind to DNA. The 

complexes enter the target cells by fusing with the plasma membrane and, once escaped from 

the endosome, can enter the cell nucleus. It is likely that most of the DNA that enters the nucleus 

remains episomal.

Peptides containing an arginine-glycine-aspartic acid (RGD) motif with high affinity 

for integrins (Hart et al., 1994) and a short polylysine segment for electrostatic binding 

of DNA could efficiently transfer genetic material to different cell types (Hart et al., 

1995, 1997; Harbottle et al., 1998). The transfection efficiency was enhanced by 100- 

fold by incorporating the cationic liposome Lipofectin (L) into the peptides (P)/DNA 

(D) complex (LPD; Figure 1.4). LPD vectors have been shown to promote receptor- 

mediated endocytosis and reduce endosomal degradation via lipid-mediated 

destabilisation of the endosomal membrane (Hart et al., 1998). Efficient transfection was 

demonstrated in a number of cell types in vitro (Hart et ah, 1998; Compton et ah, 2000; 

Dachs et al., 2000; Estruch et al., 2001; Wright et al., 2001) and in bronchial and 

alveolar cells in vivo, with transgene expression sustained for at least three to seven days 

(Jenkins et al., 2000). However, direct intramyocardial (Wright et al., 2001) or 

intratumour (Cemazar et al., 2002) injection of LPD complexes resulted in negligible 

marker gene expression.
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Figure 1.4. Complexes of Lipofectin, integrin-targeted peptides and DNA (LPD).

After 2 h-incubation at room temperature, vesicles of 44 nm in diameter containing plasmid 

DNA are formed. The peptide component bears a 16-lysine DNA-binding domain and a cyclised 

integrin-binding domain. The cationic charge properties of the complex contribute to non

specific cell binding and transfection properties. The lipid component acts as an adjuvant to 

transfection by mediating endosomal escape of the plasmid component.

Gene delivery under hypoxia

In targeting hypoxic cells, a further obstacle to gene delivery is represented by their 

reduced metabolism, proliferation rate, gene transcription and translation (Heacock and 

Sutherland, 1986), which could affect DNA uptake and gene expression. However, by 

using LPD complexes it has been demonstrated that in vitro transfection and transgene 

expression could be obtained even under the extreme tumour conditions of anoxia 

(Dachs et al., 2000). Although in vivo data on specific transfer of genetic material to 

hypoxic cells are still lacking, promising approaches are under investigation. Bacteria 

and macrophages, although not delivering DNA itself, represent interesting cellular 

vehicles to transfer therapeutic modalities.

Examples of prokaryotic vectors include anaerobic bacteria of the genera 

Clostridium, Bifidobacterium and tumour-invasive Salmonella auxotroph. The ability of 

Clostridia to selectively germinate and replicate in necrotic and hypoxic regions of solid 

tumours (Malmgren and Flanigan, 1955; Carey et al., 1967) makes them a promising
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tumour-selective vehicle for gene therapeutics. Spores of C. beijerinckii genetically 

engineered to produce the Escherichia coli {E. coli) enzyme nitroreductase (NTR) have 

been intravenously (i.v.) injected in tumour-bearing mice, and NTR protein was detected 

in all tumours tested but not in normal tissues (Lemmon et ah, 1997). In vitro conversion 

of the prodrug CB1954 (see section 1.2.5) into a cytotoxic agent by Clostridia-produced 

NTR demonstrated the therapeutic potential o f this approach (Fox et al., 1996; Lemmon 

et al., 1997). In vivo, i.v. injection o f spores o f cytosine deaminase (CD)-transfected C. 

sporogens followed by systemic administration o f the prodrug 5-fluorocytosine (5-FC; 

section 1.2.5) induced significant antitumour activity (Liu et al., 2000). Tumour 

selective spore germination was also observed in rhabdomyosarcoma-bearing rats 

injected with five different bacterial strains, the most efficient species being C. 

acetobutylicum and C. oncolyticum (Lambin et al., 1998).

Attenuated hyperinvasive auxotrophic mutants o f Salmonella typhimurium can 

selectively target tumour tissues and amplify in necrotic spaces to levels in excess o f 10  ̂

bacteria per gram o f tissue (Pawelek et al., 1997). While the ability to replicate in 

tumour tissue provides inherent anti-tumour activity, it is their ability to deliver 

therapeutic proteins to cancer cells in vivo that may confer utility for gene therapy 

strategies.

Bifidobacteria are Gram-positive non-pathogenic anaerobes, found in the 

gastrointestinal tract. Immediately after i.v. inoculation o f B. longum to tumour-bearing 

mice viable bacilli could be detected throughout the animal body, but following 4-7 days 

the bacteria proliferation was restricted to the tumour mass (Yazawa et al., 2000). 

Compared to Clostridia and Salmonella, the advantage o f Bifidobacterium strains, used 

in the preparation o f fermented milk products, could be their lack o f pathogenesis in 

humans.

Macrophages may be effective vehicles for hypoxia-selective gene therapy 

(Griffiths et al., 2000). It is known that macrophages infiltrate solid malignancies to 

form a significant proportion o f the tumour solid mass, dominating in areas o f hypoxia 

and necrosis (Leek et al., 1997). Differentiated macrophages transduced with an 

adenoviral vector containing the human cytochrome P450 2B6 (GYP 2B6) gene were 

found to infiltrate human tumour spheroids. Tumour cell death was induced when the
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spheroids were incubated with the prodrug cyclophosphamide (CP, section 1.2.5), 

converted by GYP 2B6 into a cytotoxin (Griffiths et ah, 2000). A hypoxia-responsive 

promoter (see section 1.2.3) conferred an additional level o f selectivity to the system. 

The macrophages themselves did not appear to be affected by the GYP 2B6/GP 

treatment. However, GYP 2B6/GP may not be the ideal combination for hypoxia- 

regulated gene therapy, since the rate limiting activation o f GP is an oxygen-dependent 

reaction (section 1.2.5).

1.2.2 Gene regulation
The control of the initiation o f gene transcription is the predominant form of regulation 

for most genes, although other mechanisms can be activated later in the pathway from 

mRNA to protein to modulate the synthesis of the final product. In order to engineer 

cancer-targeted gene expression, transcription regulation specific to certain tissues, 

diseases, conditions or stimuli (such as hypoxia or radiation) can be exploited. For 

instance, DNA-regulatory sequences from several cancer-selective genes, including a- 

fetoprotein (hepatoma), tyrosinase (melanoma), c-erbB2 and DF3/MUC1 (breast 

cancer), carcinoembryonic antigen (epithelial cancers) and prostate-specific antigen 

(PSA) have been shown to direct expression of therapeutic genes in the indicated 

tumour cell types (reviewed by Nettelbeck et al., 2000).

1.2.3 Hypoxia-mediated gene induction

The adaptive response to cellular hypoxia involves the modulation o f the synthesis o f 

multiple proteins controlling processes such as glucose homeostasis, angiogenesis, 

vascular permeability and inflammation. Hypoxia is an independent stimulus o f gene 

expression, unrelated to ionising radiation (IR) or heat shock. It can to some extent be 

mimicked by carbon monoxide, by the iron chelator desferrioxamine, cobalt, nickel and 

manganese, but not by zinc, iron or cadmium. The exact molecular mechanism by which 

cells detect O2 concentration remains elusive. Potassium channels have been implicated 

in O2 sensing by carotid body type I and a number of different vascular cells (reviewed 

by Wang and Semenza, 1996). On the other hand, studies on hypoxia-regulated 

erythropoietin (Epo) gene expression suggest that the O2 sensor is a haem-containing
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protein that exists in different conformations (oxy, deoxy) dependent on O2 binding 

(Wang and Semenza, 1996). Carbon monoxide would simulate hypoxic induction by 

irreversibly substituting for oxygen, while hypoxia-mimicking metals are thought to 

displace iron in the porphyrin ring and their low affinity for oxygen would lock the 

haem protein in the deoxy conformation, triggering the generation of reactive oxygen 

species (ROS). ROS were also found to increase in mitochondria after hypoxia, and the 

inhibition of the mitochondrial electron transport chain blocked the induction of 

hypoxia-dependent transcription factors (Chandel et ah, 1998). Finally, it has recently 

been suggested that a prolyl hydroxylase may act as a cellular oxygen sensor (Ivan et al., 

2001; Jaakkola et al., 2001).

The signal is then transduced through an interactive network rather than a linear 

pathway, which is not surprising given the importance of O2 homeostasis. Both tyrosine 

phosphorylation and redox regulation seem to be implicated, but the exact mechanism is 

still unclear.

Many genes controlling tumour biology are oxygen-regulated and the purpose of 

their products is to counteract the detrimental effects of hypoxia (reviewed by Dachs 

and Chaplin, 1998; Dachs and Tozer, 2000). These include:

- cytokines, growth factors and other proteins that regulate angiogenesis, vascular 

permeability and inflammation, such as Epo, endothelin-1, inducible nitric oxide 

synthase (iNOS), platelet-derived growth factor-B, tyrosine kinase receptor Tie2 and 

vascular endothelial growth factor (VEGF);

- metabolic enzymes, like aldolase (ALD)-A and -C, carbonic anhydrase (CA), enolase 

(Eno)-l, glucose transporter (Glut)-l and -3, lactate dehydrogenase (LDFI)-A, 

phosphofhictokinase (PFK)-L and -C, phosphoglycerate kinase (PGK)-l and pyruvate 

kinase-M;

- transcription factors, including Activator Protein (AP)-l, hypoxia-inducible factor 

(HIF)-l, nuclear factor (NF)-kB and p53, which regulate transcription o f genes 

encoding proteins governing grovidh control, apoptosis, differentiation and metastasis;
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- stress proteins, such as the heat shock proteins (HSPs) and cellular redox regulators, to 

prepare the cells to deal with reactive oxygen metabolites after the oxidative stress of 

reoxygenation and reperfusion.

The DNA regulatory elements controlling the expression o f oxygen-responsive 

genes have been defined in most cases, and involve the specific binding and trans

activation by various inducible, phosphorylation-dependent and/or redox sensitive 

transcription factors. Published evidence indicates that only HIF-1 is specifically 

oxygen-responsive, while the other transcriptional systems appear to contribute to the 

response to hypoxia via related redox and metabolic changes.

The control o f Epo, the main regulator o f red blood cell production, was studied as 

a model to gain an understanding of how cells sense and respond to changes in oxygen 

tension. Madan and Curtin (1993) defined the minimal DNA region necessary for 

hypoxia response o f the Epo gene as a 24 bp sequence, able to regulate transcription 

regardless o f orientation o f and distance from the coding region. Beck et al. (1993) 

identified a 120 kDa protein that is upregulated by hypoxia and binds to the Epo 

hypoxia enhancer sequence. This nuclear transcription factor was defined as HIF-1 and 

found to be common to a variety o f Epo-producing and non-producing mammalian cells.

Affinity purification and molecular cloning o f HIF-1 showed it to function as a 

heterodimer, consisting o f two basic-helix-loop-helix proteins from the Per-aryl 

hydrocarbon receptor nuclear translocator (ARNT)-Sim (PAS) family of transcription 

factors: HIF-1 a  (120 kDa) and HIF-lp (91-94 kDa; previously identified as ARNT, part 

o f the xenobiotic response; Wang et al., 1995). Recently the endothelial PAS protein 

(EPAS)-l has been reported to show close sequence homology and similar properties to 

HIF-1 a, and therefore renamed HIF-2a (Wenger and Gassmann, 1997).

HIF-1 is common to all mammalian cells and human tissues and organs tested to 

date (Maxwell et al., 1993; Wiener et al., 1996) and has an important pathophysiological 

role within solid tumours. Compared with the wild type tumours, mouse Hepa-1 

hepatomas from HIF-1 (3-deficient cells presented reduced hypoxia-mediated gene 

expression, vascularity and growth rate (Maxwell et al., 1997). Analogously, HIF- 

knock-out embryonic stem (ES) cells failed to activate hypoxia-responsive genes 

and to respond to a decrease in glucose concentration (Maltepe et al., 1997). HIF-
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embryos were not viable past embryonic day 10.5 and showed defective 

angiogenesis of the yolk sac and branchial arches, stunted development and embryo 

wasting. Similar effects were seen in HIF-la-deficient embryos (Ryan et ah, 1998). In 

subcutaneously implanted //ZF-7a“'̂“ES cells, vessel perfusion, oxygenation and VEGF 

expression were significantly reduced (Carmeliet et al., 1998; Ryan et al., 1998). 

Tumour growth rate and apoptosis were increased in one instance (Carmeliet et al.,

1998), decreased in the other (Ryan et al., 1998). Disruption o f the interaction between 

H IF -la  and p300/CBP led to attenuation o f hypoxia-inducible gene expression and 

tumour growth (Rung et al., 2000). In breast cancer cells in vitro, the cumulative 

induction of H IF-la  and HIF-2a protein levels was inversely related to clonogenic 

survival under hypoxia (Blancher et al., 2000). HIF-1 was stabilised after inactivation of 

the von Hippel-Lindau (VHL) tumour suppressor gene, and amplified by other 

oncogenic mutations (Jiang et al., 1997; Maxwell et al., 1999).

Increased levels o f H IF -la  protein in human prostate cancer cell lines correlated 

with increased metastatic potential (Zhong et al., 1998). More importantly, the H IF -la  

subunit was overexpressed in 13/19 clinical tumour types and not in non-malignant 

tumours such as breast fibroadenoma and uterine leiomyoma (Zhong et al., 1999). HIF- 

l a  production was a strong independent prognostic marker in early stage cervical 

carcinoma (Bimer et ah, 2000), cancer of the oropharynx (Aebersold et ah, 2001) and 

the oesophagus (Koukourakis et ah, 2001), but not in patients with ovarian cancer 

(Bimer et ah, 2001). However, a significant reduction in overall survival after platinum- 

based chemotherapy was observed in ovarian cancer patients with overexpression o f 

both p53 and /7/F-7a (Bimer et ah, 2001).

Hypoxia primarily upregulates the DNA binding activity o f HIF-1 (Wang and 

Semenza, 1993). It is generally accepted that H IF-Ip is not oxygen sensitive and that 

H IF -la  is hypoxia-regulated at the post-translational level (Figure 1.5; Pugh et ah,

1997). The levels of H IF -la  increase during hypoxia and the protein subunit is degraded 

within 3-5 minutes during reoxygenation (Huang et ah, 1996). H IF-la  is poly- 

ubiquinated in air, by targeting it to the ubiquitin-proteasome degradation pathway, a 

process mediated by the VHL protein (Maxwell et ah, 1999), whereas ubiquination is
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largely reduced under hypoxia (Figure 1.5; Huang et ah, 1998; Kallio et ah, 1999). 

Hydroxylation o f  a H IF -la  proline residue (H IF -la  P564) by a prolyl-4-hydroxylase, 

strictly dependent on the presence o f  oxygen as a co-substrate and o f  iron as a cofactor, 

was found to m odulate the interaction o f H IF -la  with the VHL protein (Figure 1.5; 

Jaakkola et ah, 2001).
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Figure 1.5. Hypoxia-mediated transcriptional regulation.

In oxygenated cells the HIF-la subunit is oxidatively modified by a prolyl hydroxylase (HIF-la 

PH). This iron-dependent process is necessary for binding of HIF-la to the VHL protein, 

followed by the activation of the ubiquitin-E3 ligase (UL) and HIF-la proteasome degradation. 

Under hypoxia, HIF-la complexes with HIF-ipto form the functional transcription factor. 

Recruitment of co-activators such as p300 and binding to the hypoxia regulatory elements 

(HREs) initiate hypoxia-regulated gene transcription.
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In addition, the hypoxic increase in H IF-la  protein depends on a redox-dependent 

increase in protein stabilisation, which in turn originates from a change in conformation 

upon dimérisation with HIF-1 p. Phosphorylation o f HIF-1 a  via p42/p44 mitogen 

activated protein kinase (MAPK) appears to also play a role in its activation pathway 

(Richard et ah, 1999). Finally, the two subunits form the functional transcription factor 

HIF-1 and dimérisation is required for stable association with the nuclear compartment 

(Chilov et ah, 1999).

To modulate gene expression, the HIF-1 heterodimer interacts with the p300/CBP 

and SRC-1 family of co-activators (Arany et ah, 1996; Carrero et ah, 2000; Kung et ah, 

2000), and binds to a cognate hypoxia regulatory element (HRE; Figure 1.5). HREs are 

enhancers containing the core sequence 5’-(A/G)CGT(G/C)(G/C)-3’, localised at 

varying distances from and orientations to the coding sequence region of HlF-1- 

regulated genes (Table 1.2).

HRE core sequence gene

GGGCCCTACGTGCTGCCTCGCATGGC Epo, murine

GGGCCCTACGTGCTGTCTCACACAGC Epo, human

TTGTCACGTCCTGCACGA PGK-1, murine

GTGAGACGTGCGGCTTCC PGK-1, human

CCAGCGGACGTGCGGGAACCCACGTG LDH-A, murine

TCCACAGGCGTGCCGTCTGACACGCA GLUT-1, murine

AGTGCATACGTGGGTTTCCACAGGTC VEGF, murine

AGTGCATACGTGGGCTTCCACAGGTC VEGF, rodent

AGTGCATACGTGGGCTCCAACAGGTC VEGF, human

GGGCCGGACGTGGGGCCCCAGAGCGA Eno-1, human

CTGGCGTACGTGCTGCAG PFK-L, murine

TGACTACGTGCTGCCTAG iNOS, human

Table 1.2. Hypoxia regulatory elements (HREs) from hypoxia-inducible genes.

The proposed HlF-1 binding site is in bold. The second underlined sequence is also involved in 

the response to hypoxia.
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Hypoxia-targeted gene expression

The high frequency of HIF-1 expression across many human tumours o f diverse origin 

represents a possible therapeutic target for HRE-directed gene therapy of the hypoxic 

environment. Transgene expression regulated by the murine PGK-1 HRE could be 

induced in hypoxic tumour cells (Dachs et al., 1997). Production o f the marker protein 

CD2 in stably transfected human fibrosarcoma cells HT 1080 increased with increasing 

length and severity o f hypoxia. Compared to oxygen levels typical of normal tissues, 

radiobiologically relevant hypoxia (O2 concentration <0.3%) induced a 3-fold increase 

in gene expression (Table 1.3). Following anoxia and subsequent reoxygenation a 7-8- 

fold induction was observed. When the transfected tumour cells were grown as 

xenografts in nude mice, expression of CD2 was limited to peri-necrotic areas, 

indicative o f hypoxia. This system was analysed on a single cell basis, by exposing 

tumour-bearing mice to the bioreductive drug RSU 1069 (which induces DNA cross

links in hypoxic cells) and X-rays (preferentially generating DNA strand breaks in oxic 

cells). By analysing individual tumour cells with single-cell electrophoresis combined 

with CD2 immunostaining, it could be demonstrated that increased CD2 expression was 

only seen in hypoxic tumour cells. Similarly, murine C2C 12 myoblasts engineered to 

express the human Epo gene regulated by the murine PGK-1 promoter showed a 2.7- 

fold increase in gene expression in anoxia and a 3.2-fold induction at 1.3% O2 (Rinsch 

et al., 1997). Serum Epo levels in mice with C2C]2-Epo cells implanted in the dorsal 

flank exposed to 7% O2 were 2-fold higher than in controls kept at 21% O2 . In a more 

recent study, Koshikawa et al. (2000) observed a ~2-fold anoxic induction when the 

murine VEGF promoter controlled the expression o f either luciferase or the enhanced 

green fluorescent protein (EGFP) in Lewis lung carcinoma A11 cells. The markers were 

replaced with the gene for the HSV thymidine kinase (TK) and retrovirally transduced 

cells were incubated in air with the prodrug ganciclovir (GCV), a substrate for HSV TK 

(section 1.2.5). Significant toxicity was only observed when HSV TK expression was 

triggered by a 16 h hypoxic pre-exposure.

To achieve significant gene expression in a therapeutic context, specific and 

robust transcriptional activation is required. In order to increase the hypoxic/oxic 

inducibility ratio o f hypoxia-responsive promoters, a series o f DNA constructs
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containing fragments o f the murine PGK-1, murine LDH-A, human Epo and human 

Eno-1 genes were inserted into the context o f the basal simian virus (SV) 40 promoter 

(Table 1.3; Boast et ah, 1999). In transiently transfected human mammary tumour T47D 

cells, the Epo HREs exhibited the most stringent regulation in hypoxia (255-fold 

induction at 0.1% O2), while the PGK-1 HREs showed the highest absolute levels o f 

expression (more than the strong cytomegalovirus (CMV) promoter), at the expense o f 

selective regulation (146-fold at 0.1% O2 ; see Table 1.3). The hypoxia response was 

augmented by 2-fold by inserting at the C-terminus of the reporter gene luciferase a 150 

bp oligonucleotide spanning the 3 ’ untranslated region (UTR) of VEGF, which is 

involved in hypoxia-induced mRNA stability. The PGK-1 HREs were inserted in an 

adenoviral vector and in a panel o f transduced cell lines a low basal level o f p- 

galactosidase (p-gal) transgene expression was observed in normoxia, with levels of 

hypoxic induction comparable to the full-length CMV (Binley et al., 1999).

The hypoxic regulation system appears to be specifically affected by the cellular 

background, since cell lines of diverse origin were characterised by different responses 

(Table 1.3). In fibrosarcoma HT 1080 cells transiently transfected with constructs 

containing fragments o f the human Epo and VEGF genes, the best differential response 

to hypoxia was obtained by combining five copies of the 35 bp VEGF HREs with the 

adenoviral E lb  minimal promoter (Shibata et al., 1998, 2000). In this cell line, a 6 h- 

hypoxic (0.02% O2) incubation induced a 40-50-fold increase in luciferase activity 

(Shibata et al., 1998). An even higher hypoxic/oxic ratio (-500) was obtained when the 

five VEGF HREs were linked to the minimal CMV, with a marker protein production 

similar to the full-length CMV (Shibata et al., 2000). However, the same promoter 

construct induced 4-34-fold increase in gene expression in hypoxic human neurons (Cao 

et al., 2001). Interestingly, in the study by Shibata and co-workers (2000) the inclusion 

of the 3’ VEGF UTR decreased hypoxic gene expression. This may be due to the fact 

that the TEUFmRNA contains destabilising elements not only in its 3' UTR, but also in 

its 5' UTR and coding region, and selective mRNA stabilisation in response to hypoxia 

depends on the co-operation of elements in different regions (Dibbens et al., 1999).
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HRE Basal promoter Reporter
gene

Cell line Hypoxic
induction

Anoxic
induction

Ref

3xmPGK-l mPGK-1 CD2 HT1080 1.4 1.9 Dachs
3xmPGK-l minHSV TK 2.3 2 . 2 1997**
3xmPGK-l 9-27 2 . 2 4.1
tnPGK-1 mPGK-1 hEpo C2C12 2.7 Rinsch

1997
3xhEno-1 SV40 Luciferase T47D 1 2 0 Boast
6 xhEno-1 63 1999**
2xmLDH-A 81
4xmLDH-A 6 S
4xhEpo 2SS
3xmPGK-l 146
3xmPGK-1+3’VEGF UTR -300
3xmPGK-l SV40 p-gal HT1080

MCF-7
Ovcar-3
906(D).Mu
C2C.2
SkMC

15
16 
1 2  

8.5
18
SO

Binley
1999**

hVEGF hVEGF Luciferase HT 1080 
SCCVII 
EMT-6 /KU

8 . 2

3.3
4.2

Shibata
1998

hEpo SV40
HepG2 
HT 1080

8.5
2

SxhVEGF hVEGF
HepG2 
HT 1080

5
2 0

SxhVEGF hVEGF+minElb 44
5-lOxhVEGF SV40 Luciferase HT1080 S4-S7 Shibata
5-10xhVEGF+5’VEGF UTR 23-27 2 0 0 0 *’*
5-10xhVEGF+5’VEGF UTR Elb 56-60
SxhVEGF CMV 271
SxhVEGF+S’VEGF UTR Elb 131 Shibata
SxhVEGF+S’ VEGF 193 2 0 0 0  *
UTR+3 VEGF UTR
mVEGF mVEGF Luciferase A ll - 2 Koshikawa

2 0 0 0

3-6xhEpo SV40 p-gal U-2S1 -4 Ruan
9xhEpo 14 25 2 0 0 1 ***
SxhVEGF CMV Luciferase NT2

NT2N
34
4

Cao
2 0 0 1

Table 1.3. In vitro studies of hypoxia-regulated transgene expression, utilising different 

hypoxia-responsive promoters.

The basic components of the DNA constructs and the cell lines used are indicated. Gene 

expression has been evaluated after various hypoxic (* = 0.02% O2; ** = 0.1% O2, *** = 0.3% 

O2) or anoxic incubation intervals (Dachs, 1997; Boast, 1999; Binley, 1999; Ruan, 2001: 16 h. 

Rinsch, 1999: 24 h. Shibata, 1998; Shibata, 2000^; Cao, 2001: 6 h. Shibata, 2000'; Koshikawa, 

2000: 18 h). m: murine, h: human.
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It is not clear whether the large fold-inductions by HRE-controlled genes in 

response to hypoxia in later reports (Shibata et ah, 1998, 2000; Binley et al., 1999; Boast 

et al., 1999) represent a clear improvement over the constructs used in earlier studies 

(Dachs et al., 1997; Rinsch et al., 1997), since transient rather than stable transfection 

methods were employed. Also, the end point in early studies was the immunological 

detection of a protein, whereas luciferase and p-gal assays measure the conversion by 

the enzyme of multiple substrate molecules into detectable units. The enzyme assays 

therefore further amplify any increase in transcription, making a direct comparison 

between assays difficult.

1.2.4 Radiation-mediated gene induction
In clinical settings, hypoxia-regulated gene therapy is likely to be used in combination 

with conventional treatments that can efficiently target well-oxygenated tumour areas. 

With the majority o f human tumours treated with radiotherapy, ionising radiation (IR) is 

the most obvious candidate. Moreover, IR itself can be exploited for selective transgene 

expression in the tumour mass. In the majority o f patients receiving radiotherapy, 

radiation is directed to the tumour volume, providing some degree of localisation for 

controlling the expression o f therapeutic genes. Combined gene therapy and 

radiotherapy protocols could increase the effectiveness o f a standard treatment, sparing 

normal tissue from damage.

IR has been shown to activate a number o f genes, many of which are “immediate 

early response genes” involved in cell cycle progression, DNA damage sensing and 

repair (reviewed by Fomace, 1992). These include members of the junlfos family, 

tumour necrosis factor (TNF)-a, early growth response (Egr)-l, and

GADD-45. Some o f these genes, such as p21 (el-Deiry et al., 1993) and GADD-45 

(Kastan et al., 1992) operate within p53-dependent pathways, and thus may not function 

efficiently in tumours exhibiting mutant p53 phenotypes. However, since activation of 

Egr-1 is p53-independent, its promoter has been adopted for the regulation of 

therapeutic genes in the majority of the experimental models o f radiation-mediated gene 

therapy.
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Egr-1 encodes a nuclear phosphoprotein involved in the transition from Go to Gi, 

DNA synthesis and growth suppression in response to a variety of stress stimuli (Christy 

and Nathans, 1989 a; Cao et ah, 1990; Hallahan et ah, 1995 a). X-ray-induced activation 

o f Egr-1 was shown to take place at the transcriptional level, and the essential sequences 

for IR-induction were identified as 10 nucleotide motifs of the consensus sequence 

CC(A/T)6GG, also known as CArG elements (Datta et ah, 1992). In the Egr-1 promoter 

there are six CArG elements; however, only four grouped in the 5' distal enhancer 

region appear to contribute to radiation responsiveness. Reactive oxygen species (ROS) 

were recognised to be involved in CArG-mediated induction, since a similar activation 

pathway has been observed after cell exposure to H2O2 or IR (Datta et ah, 1993). It is 

still unclear if  the response is mediated by the binding o f a transcription factor, if  it is 

due to a variation o f DNA conformation after cellular redox change, or if  DNA damage 

per se is the initiating signal. In addition, CArG elements are known to be involved in 

the regulation o f a number o f immediate-early genes (e.g. Egr-1, c-fos, P-actin) 

following mitogenic stimulation (Gius et ah, 1990), and are thus often referred to as 

serum-response elements (SREs). This growth factor-induced response is governed by 

the binding o f the serum response factor (SRF), but whether this transcription factor is 

also involved in the activation o f the Egr-1 gene by IR has not as yet been determined. 

The human and murine Egr-1 promoters also contain putative binding sites for the Sp-1 

transcription factor, the Fos-Jun heterodimer AP-1 as well as for cyclic AMP and Egr-1 

itself (Tsai-Morris et ah, 1988; Christy and Nathans 1989 a, b; Sakamoto et ah, 1991), 

all o f which may influence radiation-mediated promoter induction.

The therapeutic potential o f Egr-1 radiation-inducibility was demonstrated by 

positioning a 425 nucleotide region (E425), located at the 5 ’ end o f the coding sequence 

o f the murine Egr-1 gene, upstream of the cDNA of the tumoricidal cytokine TNF-a 

(Weichselbaum et ah, 1994). This DNA construct was delivered to human epidermoid 

carcinoma xenografts (SQ-20B) by using cell carriers (Weichselbaum et ah, 1994), 

liposomes (Seung et ah, 1995) or adenoviral vectors (Ad5, Hallahan et ah, 1995 b; 

Mauceri et ah, 1996). The combination o f a fractionated radiation dose schedule o f 40 

Gy (5 Gy fractions twice a day for 4 days) and intratumourally delivered Ad5-E425-
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77VF-a resulted in increased tumour regression by up to 90% o f control values compared 

with maxima of 50% for vector or radiation alone (Hallahan et ah, 1995 b; Staba et ah,

1998). Similarly, Joki et al. (1995) and Takahashi et al. (1997) used a plasmid construct 

containing the E425 promoter to regulate the expression o f HSV TK. Glioma cells 

containing this vector were sensitised to GCV after exposure to a single radiation dose 

o f 20 Gy. In vivo, human hepatoma Huh-7 cells xenografted into nude mice regressed 

significantly after liposome delivery o f a E425-HSV TK construct followed by 20 Gy y- 

irradiation and GCV administration, but not after IR alone (Kawashita et al., 1999).

In order to produce a radiation-responsive promoter without potentially 

antagonistic binding sites, four isolated CArG elements o f the same sequence were 

introduced in the basal CMV promoter (Marples et al., 2000; Scott et al., 2000). Using 

EGFP as reporter, the synthetic promoter was shown to be induced by radiation doses as 

low as 1 Gy, and to be more radiation-responsive than the wild-type Egrl counterpart 

(3.1- vs. 1.9-fold, values at 3 Gy; Marples et al., 2000; Scott et al., 2000). When tumour 

cell cultures were transfected with CAxG-HSV TK-based vectors and grown in the 

presence o f GCV after a single 2 Gy trigger dose, cell survival was -70% , compared to 

90% for mock-transfected cultures treated similarly (Marples et al., 2000). The potential 

o f using the synthetic radiation-responsive promoters was also evaluated in an in vivo 

preliminary study in MCF-7 breast adenocarcinoma xenografts (B. Marples, Gray 

Cancer Institute/Karmanos Cancer Institute, Detroit, MI, personal communication). 

CArG-HSV  7X-transfected tumours treated with 50 pM GCV intra-peritoneal (i.p.) for 

two days prior, during and for three days after three daily fractions of 3 Gy required 33 

days to reach a 500 mm^ volume (growth delay), to be compared with 15 days for 

tumours treated with GCV only and 25 days for radiation alone. The small size o f the 

study did not allow to draw any conclusions on the significance o f the results.

1.2.5 Gene-directed enzyme/prodrug therapy (GDEPT)
Genetic immunopotentiation, mutation compensation and molecular chemotherapy are 

the three major approaches in the design o f therapeutic genes for cancer gene therapy. In 

the first case, tumour immunogenicity is enhanced by the delivery o f genes that encode 

immunomodulators, such as cytokines (Dranoff et al., 1993, 1997; Soiffer et al., 1998)
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or C O -stimulatory molecules (Townsend and Allison, 1993). Mutation compensation 

aims to inactivate oncogenes or induce tumour suppressor gene expression (Takahashi et 

al., 1992; Bischoff et al., 1996; Roth et al., 1996); while in molecular chemotherapy, or 

gene-directed enzyme/prodrug therapy (GDEPT; Figure 1.6) a “suicide” gene is 

delivered to the tumour cells. In this latter approach, the enzyme encoded by the 

therapeutic gene is non-toxic per se, but is able to convert a prodrug into a potent 

cytotoxin. Only molecular chemotherapy will be discussed in detail below.

The concept o f enzyme/prodrug therapy has been analysed prior to the advent of 

gene therapy. Prodrugs are chemicals that are inert even at relatively high doses, but can 

be converted to a toxic species at the target. Ideally, specific activation of a prodrug is 

the result o f the metabolism by an enzyme that is either unique to the tissue or at 

significantly higher concentrations at the tumour site. Even though prodrug treatment o f 

animal tumours with high levels of endogenous activating enzymes has been successful 

(Connors and Whisson, 1966; Khan and Ross, 1967; Cobb et al., 1969), clinical results 

were disappointing, since human cancers that contained satisfactory levels o f the 

enzymes were rare and not associated with any particular type o f tumour (Connors, 

1995). To overcome this problem and achieve high levels o f enzyme at the target, two 

different approaches are being investigated, antibody-directed enzyme/prodrug therapy 

(ADEPT; Melton and Sherwood, 1996) and GDEPT.

In the choice o f the appropriate enzyme/prodrug combination, priority should be 

given to the enzyme. From past experience, it is likely that suitable prodrugs can be 

designed for almost any enzyme substrate specificity (Connors, 1995). For ease of 

handling and possible protein modification, the enzyme should be monomeric, o f low 

molecular weight and with no requirement for glycosylation. It should have high 

catalytic activity under physiological conditions, fast and efficient prodrug activation 

even at low concentrations o f the substrate (high kcsn and low ATm), without dependence 

on further catalysis by other cellular enzymes. Expression o f the enzyme itself, even at a 

high rate, should not lead to cytotoxic effects; the bystander effect required (see next 

section) would not be achieved if  the cells were killed by the action o f the enzyme 

alone. The reaction pathway should also be different from any endogenous enzyme, in 

order to avoid cytotoxic activation o f the prodrug in normal tissues. This is the main
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drawback o f  proteins o f  human origin, which, on the other hand, have the potential 

advantage o f  avoiding complications o f  acquired immunity, in particular after prolonged 

administration or protein synthesis.

Enzyme encoding 
/ g e n e

Transfected 
cell

\
Hypoxia and/or 

radiation responsive 
promoter

Delivery 
to the target

Untransfected 
cells

Enzyme production

Systemic prodrug 
administration and 
cytotoxic activation

Cell death

Bystander effect

Immune system

Figure 1.6. Gene-directed enzyme/prodrug therapy (GDEPT).

A stimulus-regulated enzyme-encoding gene is delivered to the tumour. Only a fraction of the 

target cells will express the foreign gene and synthesise the enzyme. After systemic injection of 

the prodrug, cytotoxic activation takes place at the target only, and the bystander effect allows 

the eradication of neighbouring untransfected cells.

transfected cell 

untransfected cell

0  : enzyme 

#  : activated drug

: dead cells 

: immune response
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The selected prodrug should be freely diffusible throughout the tumour (possibly a 

neutral species), chemically stable under physiological conditions and have suitable 

pharmacological and pharmacokinetic properties. For significant therapeutic gain, the 

released drug should be at least 100-fold more toxic than the prodrug.

The bystander effect

The bystander phenomenon, initially described by Moolten (1986), can be defined as an 

extension o f the killing effects o f the active drug to untransfected neighbouring cells 

(Figure 1.6). This implies that even if only a fraction o f the target cells are genetically 

modified and express the therapeutic gene, tumour eradication may still be achieved. 

The bystander effect is crucial for a successful GDEPT strategy, since with the protocols 

currently adopted in the clinical trials the transfection efficiency is unlikely to be greater 

than 10%.

Two major categories of bystander effect have been identified: local and 

immune-mediated. In the first case, the killing of adjacent cells is due to the transfer o f 

toxic metabolic products through gap junctions, via apoptotic vesicles, or through the 

diffusion of soluble toxic metabolites. Relying only on gap junctions could be 

restrictive, since cell-to-cell contact is required, and a number o f tumour tissues and 

conditions, in particular hypoxia, have been shown to down-regulate intercellular gap 

junctional communication (Holder et al., 1993; Mesnil et al., 1996; Touraine et al., 

1998; Nishida et al., 2000). In the case o f freely diffusible species, a key role in 

obtaining a considerable but localised bystander effect is played by the activated drug 

half-life, which, assuming diffusion ranges in tumours of 100 to 200 pm, should be of 

about one minute (Patterson and Harris, 1999).

In vivo evidence in animal models suggests that a systemic immune response may 

play an important role in inducing bystander killing (Freeman et al., 1997). The presence 

o f an intense inflammatory infiltrate has been described in the regressing tumours of 

immunocompetent animals treated with GDEPT systems, whereas the bystander effect 

was significantly reduced in immunodeficient athymic mice (Vile et al., 1994; 

Gagandeep et al., 1996; Pavlovic et al., 1996; Bi et al., 1997; Kuriyama et al., 1999 a) 

and after sublethal irradiation (Ramesh et al., 1996).
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The impact o f the bystander effect on the success o f gene therapy strategies is so 

important that a number of studies are currently focused on its enhancement. Gap 

junctional communication, for instance, can be improved by regulating the production o f 

connexins (Cxs), membrane proteins considered the building blocks of gap junctions 

(Mesnil and Yamasaki, 2000). The transfer o f Cx-encoding genes {Cx43, Cx32, Cx40) 

or chemically induced Cc-overexpression has been shown in vitro (Elshami et al., 1996; 

Ghoumari et al., 1998; Kunishige et al., 1998) and in vivo (Dilber et al., 1997; Park et 

al., 1997; Touraine et al., 1998) to increase intercellular communication and the transfer 

o f toxic agents. It has been noticed that in some human tumour cells not only expression 

but also correct surface localisation of Cx43 are necessary components o f the bystander 

effect (McMasters et al., 1998), and that Cx-co-transfection appears not applicable to all 

tumour systems (Cirenei et al., 1998).

Another attractive tool to enhance the bystander effect is the HSV virion protein 

VP22. Once synthesised in infected cells, VP22 can spread very efficiently via a Golgi- 

independent pathway to surrounding uninfected cells, where it specifically accumulates 

in the nucleus (Elliott and O'Hare, 1997). Due to these peculiar trafficking properties, 

delivery o f DNA constructs containing the VP22 coding sequence fused to the gene for 

the marker EGFP resulted in a significant spread of the VP22-EGFP fusion to the 

nucleus o f untransfected cell monolayers (Elliott and O'Hare, 1999). The VP22-EGFP 

spread appeared to be a general phenomenon, common to all cell types tested to date 

(Wybranietz et al., 1999). Therapeutic advantage o f this “biologically active" bystander 

effect for GDEPT was demonstrated by coupling the VP22 to the HSV TK coding 

sequence, which produced significant bystander killing in vitro and tumour regression in 

vivo, regardless o f cellular gap junction activity (Dilber et al., 1999).

To enhance the immunological response to the tumour, novel strategies aim to 

combine tumour immunisation with GDEPT systems. Co-transfection of cytokine- and 

suicide gene-based vectors followed by prodrug treatment has met with varying results. 

In an experimental model for the treatment o f glioblastoma, no enhancement o f tumour 

eradication could be observed when HSVTK/GCV was combined with interleukin (IL)- 

2) gene delivery (Ram et al., 1994). On the other hand, Chen et al. (1995) reported 

improved antitumour activity o f a HSV TK-IL-2 fusion protein for the treatment o f

46



colorectal liver métastasés. Also, safety and some clinical benefit was demonstrated in 

four patients with glioblastoma multiforme (GBM), who underwent standard surgery 

and radiotherapy followed by HSV TK/GCV and IL-2 gene therapy (Palù et al., 1999).

Several combinations have been proposed for GDEPT. Most o f them do not fulfil 

all the above requirements, including those currently adopted in the clinical trials. In 

some cases active DNA replication (S phase) is an essential requirement for cytotoxicity 

(e.g., HSV TK/GCV); in other systems, the prodrug requires further metabolism by 

endogenous enzymes (CD/5-FC; NTR/CB1954; HSV TK/GCV). Some activated drugs 

are characterised by a long half-life (CD/5-FC), others are not membrane-permeable and 

depend upon cell-to-cell contact to diffuse into neighbouring cells (HSV TK/GCV). 

Nevertheless, some promising preclinical and clinical data have been reported, and they 

will be discussed in the following sections.

Herpes simplex virus type-1 thymidine kinase/ganciclovir

To date, the best studied enzyme/prodrug strategy in cancer GDEPT is undoubtedly 

HSV TK with the nucleoside analogue GCV. GCV and related agents, widely used in 

the treatment of HSV infection in humans, are poor substrates for the mammalian 

nucleoside monophosphate kinase, but can be converted (1000-fold more efficiently) to 

the monophosphate by TK from HSV (Figure 1.7). Subsequent reactions catalysed by 

cellular kinases lead to a number o f toxic metabolites, the most active ones being the 

triphosphates (Figure 1.7). GCV-triphosphate competes with deoxyguanosine 

triphosphate for incorporation into elongating DNA during cell division, causing 

inhibition of the DNA polymerase and single strand breaks (Elion, 1983; Mar et al., 

1985). These characteristics make the HSV TK/GCV combination particularly suitable 

for the eradication of rapidly dividing tumour cells invading non-proliferating tissue. On 

the other hand, since activated GCV is an S-phase specific cytotoxin, it is necessary that 

the target cells are actively dividing at the time o f the exposure and that the prodrug is 

continuously administered to allow them to start replicating the DNA.

47



o
HN

CH.

HSV TK Guanylate
kinase

GCV monophosphate GCV diphosphate

Cellular kinases

HOHgC.

HOHgC

GCV

0
1

:CH

o
HN

OH

HO— >— O

o

OH 

— O

O
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Figure 1.7. Metabolism of the prodrug ganciclovir (GCV).

GCV is specifically phosphorylated by HSV TK to its monophosphate, which is subsequently 

converted to the di- and triphosphate forms by guanylate kinase and other cellular kinases. 

GCV-triphosphate can be incorporated into elongating DNA, causing inhibition of the DNA 

replication and single strand breaks.

In the last 15 years more than 400 papers have discussed the potential o f HSV 

TK/GCV for cancer GDEPT. Preclinical studies using adeno- and retroviral vectors 

were performed in many different animal models and positive results were reported for 

established rodent liver métastasés (Caruso et al., 1993) and glioblastomas (Short et al., 

1990; Culver et al., 1992), murine hepatocellular carcinomas (Kuriyama et al., 1999 b), 

human head and neck carcinomas (O’Malley et al., 1995) and mesotheliomas (Smythe et 

al., 1995), and other tumour types. Nevertheless, the HSV TK/GCV-induced 

mechanisms of cell killing have not been completely elucidated, and both apoptotic 

(Freeman et al., 1993; Wei et al., 1999; Beltinger et al., 2000; Thust et al., 2000) and 

non-apoptotic (Kaneko and Tsukamoto, 1995; Vile et al., 1997; Melcher et al., 1998) 

pathways have been reported.
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The relationship between p53 gene status, p53-mediated apoptosis and the 

sensitivity of human tumours to HSV TK/GCV is controversial. p53 played a significant 

role in the in vivo response of oesophageal cancer, as demonstrated in two human lines, 

T.Tn and TE2 cells, with truncated and wild type p53, respectively, implanted in nude 

mice (Matsubara et ah, 1999). Exposure to HSV TK/GCV induced p53 accumulation 

and translocation of the receptor CD95 to the cell surface, with subsequent recruitment 

o f Fas-associated death domain and trigger o f the apoptotic caspase cascade, in human 

SH-EP neuroblastoma cells (Beltinger et ah, 1999) and in murine tumours (Wei et ah,

1999). Mitochondria appeared to have a major involvement in HSV TK/GCV-induced 

apoptosis, by regulating both the initiation (through p53 accumulation) and the effector 

phase of apoptosis (through the release of cytochrome c into the cytosol and caspase 

activation; Beltinger et ah, 2000). On the other hand, endogenous p53  status did not 

correlate with sensitivity to HSV TK/GCV in human SKOV-3 ovarian and Hep3B 

hepatocellular carcinoma cells (Xie et ah, 1999) and in some breast cancer cell lines (Li 

et ah, 1999).

One of the main drawbacks o f the HSV TK/GCV system is that the highly charged 

triphosphate is insoluble in lipid membranes. This impairs the diffusion o f the drug and 

makes cell-to-cell contact necessary for bystander killing. Nevertheless, preclinical 

studies showed that tumour regression could be achieved when only 10% of the tumour 

cells expressed H SV TK (Caruso et ah, 1993; Freeman et ah, 1993). This phenomenon 

has been proposed to result from transfer of activated GCV through gap junctions 

(Elshami et ah, 1996; Dilber et ah, 1997; Touraine et ah, 1998; Mesnil and Yamasaki,

2000) or exchange o f apoptotic vesicles (Freeman et ah, 1993; Colombo et ah, 1995). 

Transfer of toxicity in some murine cell lines occurred before there was evidence o f 

apoptotic degeneration, indicating that apoptosis could be the result, not the cause, o f the 

bystander effect (Denning and Pitts, 1997). It is likely that a major role in the in vivo 

bystander killing is played by the host immune system. HSV TK/GCV treatment 

resulted in infiltration of CD4^ and CDS^ T cells and macrophages, as well as increased 

production o f IL-2, IL-12, IFN-y, TNF-a and granulocyte/macrophage colony- 

stimulating factor, suggesting that the induced cell killing creates a cytokine-rich
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immunostimulatory environment (Gagandeep et al., 1996; Vile et al., 1997). The 

generation of immunostimulatory signals in vivo appeared to be predominant in non- 

apoptotic tumours, and associated with the induction o f genes o f the inducible HSP 

family (Melcher et al., 1998). An immune-related antitumour response could also 

account for the “distant bystander effect” (Dilber and Smith et al., 1997). GCV 

treatment of head and neck squamous cell carcinoma xenografts in nude mice resulted 

not only in the eradication of TK^ tumours, but also in the regression o f untransduced 

tumours in the contra-lateral flank (Wilson et al., 1996). This effect was abrogated in 

mice with severe combined immunodeficiency (SCID; Bi et al., 1997). Interestingly, in 

a plasmacytoma model, local and some distant bystander effects could be observed also 

in SCID mice (Dilber et al., 1996), suggesting that T and B lymphocytes, absent in 

SCID mice, may not be involved in HSV TK/GCV-mediated distant bystander killing.

On the basis o f animal studies, the first gene therapy trial using HSV TK/GCV to 

treat ovarian cancer was approved in 1991 (Freeman et al., 1995), and since then several 

other clinical studies have been undertaken. These include gene therapy o f brain 

tumours, particularly GBM (Oldfield et al., 1993; Eck et al., 1996; Izquierdo et al., 

1996; Ram et al., 1997; Stockhammer et al., 1997; Klatzmann et al., 1998 a; Shand et 

al., 1999), o f metastatic melanoma (Klatzmann et al., 1998 b) and prostate carcinoma 

(Herman et al., 1999; Shalev et al., 2000). Gene delivery has been performed by 

injecting HSV  TK-containing replication-deficient Ads (Eck et al., 1996; Herman et al., 

1999; Shalev et al., 2000) or retroviral vector-producing cells (VPCs; Oldfield et al., 

1993; Izquierdo et al., 1996; Ram et al., 1997; Klatzmann et al., 1998 a, b; Shand et al.,

1999). In the phase I clinical trials only moderate toxic events were reported, which 

were mostly resolved at the termination o f the therapy course. Some complications 

(seizures, intratumoural haemorrhage) occurred in patients with brain tumours as a result 

o f the biopsies to implant the VPCs (Ram et al., 1997; Shand et al., 1999), but no safety 

hazards due to the use of xenogeneic cells or in situ release o f retroviral vectors within 

the tumour were identified. Moderate therapeutic response was observed in some o f the 

patients, especially those with small tumours (<3 mm^; Ram et al., 1997). In a phase I/II 

study for recurrent glioblastoma, injection o f retroviral producing cells in the surgical
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cavity margins after tumour debulking followed by i.v. GCV resulted in the absence o f 

recurrence in four o f 12 patients at four months, and in one patient at 2.8 years after 

treatment (Klatzmann et ah, 1998 a). In another clinical trial for recurrent GBM, four o f 

48 patients had some tumour regression, but the therapeutic benefit was transitory and 

not associated with any regrowth delay (Shand et ah, 1999). Finally, a highly powered 

multicentre, randomised, controlled phase III trial involving 248 patients with untreated 

GBM failed to show any advantage of retroviral HSV TK followed by GCV as regards 

to tumour progression or overall survival (Rainov, 2000).

These relatively poor responses could be due to insufficient gene transfer and 

limited distribution within the tumour mass, which only allowed the treatment of small 

tumours with a high concentration of foreign DNA (Ram et ah, 1997). The growth rate 

of the tumour cells might also play an important role in the response to HSV TK/GCV 

and explain the higher sensitivity of fast growing experimental tumours compared to 

slower growing spontaneous human malignancies. Furthermore, because o f GCV 

toxicity particularly to the bone marrow (Caruso, 1996), the maximum dose used in 

humans (10 mg/kg/day) was much lower than the doses used in most animal 

experiments (up to 300 mg/kg/day).

There are numerous possibilities for ameliorating treatment efficacy, notably 

through the improvement o f gene delivery as well as a better understanding o f the 

molecular mechanisms o f the bystander effect. Significant benefits could also arise from 

the introduction o f new nucleoside analogues with a higher affinity for HSV TK, fewer 

side effects than GCV and marked cytotoxic activity towards HSV  TK-transfected cells 

(Balzarini et al., 1994, 1998; Dégrève et al., 1999; Thust et al., 2000). Moreover, HSV 

TK mutants have been engineered to increase specificity and activity towards the 

prodrug (Black et al., 1996, 2001).

Cytosine deaminase/5-fluorocytosine

The enzyme CD, found in certain bacteria and fungi but not in mammalian cells, 

catalyses the hydrolytic deamination o f cytosine to uracil. It is also able to convert the 

non-toxic prodrug 5-FC to 5-fluorouracil (5-FU), which is then transformed by cellular 

enzymes to potent pyrimidine antimetabolites (5-FdUMP, 5-FdUTP, 5-FUTP; Figure
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1.8). Three pathways are involved in the induced cell death: thymidylate synthase 

inhibition, formation o f (5-FU) RNA and of (5-FU) DNA complexes (Springer and 

Niculescu-Duvaz, 1996). 5-FU is widely used in cancer chemotherapy and is the drug of 

choice in the treatment o f colorectal carcinoma. It is characterised by an array o f side 

effects and relatively high dose levels are required for tumour response. Although not 

cell cycle phase-specific, 5-FU has both proliferation-dependent and independent 

actions.

The CD gene used for GDEPT has been cloned from E. coli (Austin and Huber, 

1993) and shown in a number o f in vitro studies to enhance mammalian cell sensitivity 

to 5-FC by up to 2000-fold (Ge et al., 1997). However, in vitro studies showed loss of 

cytotoxicity of 5-FU and CD/5-FC in hypoxic tumour cells (G.U. Dachs, Gray Cancer 

Institute, unpublished data), which might result in limited therapeutic efficacy in solid 

tumours. In vivo antitumour activity o f the CD/5-FC combination has been demonstrated 

in several animal models, including fibrosarcomas (Mullen et al., 1994), carcinomas 

(Huber et al., 1993, 1994; Ohwada et al., 1996; Kanai et al., 1997; B entires-Alj et al.,

2000), gliomas (Ge et al., 1997; Ichikawa et al., 2000) and metastatic formations of 

different origin (Consalvo et al., 1995; Topf et al., 1998).

One o f the main advantages o f the CD/5-FC system is a strong bystander effect 

that does not require cell-to-cell contact, since 5-FU can diffuse into and out of cells by 

non-facilitated diffusion (Domin et al., 1993). Experiments conducted in vitro by 

exposing mixed transfected and untransfected populations to 5-FC showed that 1-30% 

of cells expressing CD could generate sufficient 5-FU to inhibit the growth o f the 

neighbouring cells not producing the enzyme, even when the cells were sparsely seeded 

(Huber et al., 1994; Ichikawa et al., 2000). Significant amounts of 5-FU were found in 

the culture medium of treated CD^ cells (Huber et al., 1994), and the transfer o f the 

supernatant from transfectants exposed to 5-FC to untransfected cells (medium-switch) 

resulted in their death (Lawrence et al., 1998). Bystander killing was also observed in 

cells negative for gap junctions (Lawrence et al., 1998). However, studies with [5-^H]5- 

FC showed that moderate and unsaturable amounts of the drug accumulated 

intracellularly (Haberkom et ah, 1996), indicating that 5-FC uptake might be a
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bottleneck in this treatment strategy. Also, the in vitro bystander effect was not detected 

in the early reports o f CD/5-FC (Mullen et ah, 1992) and appears to be reduced in some 

cell lines (Bentires-Alj et ah, 2000).
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Figure 1.8. Conversion of 5-fluorocytosine (5-FC) into 5-fluorouracil (5-FU) by the E. coli 

cytosine deaminase (CD).

The formation of the antimetabolites 5-fluorodeoxyuridine-5’-monophosphate (5-FdUMP), 5- 

fluorodeoxyuridine-5’-triphosphate (5-FdUTP) and 5-fluorouridine-5’-triphosphate (5-FUTP) is 

shown.
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Nevertheless, significant bystander killing has been observed in preclinical 

studies. 5-FC treatment o f xenografts grown from mixtures of CD and CD^ human 

WiDr colorectal carcinoma cells in nude mice caused tumour regression even when only 

4% o f the inoculated cells expressed the enzyme (Huber et ah, 1994; Trinh et ah, 1995). 

A comparable antitumour effect (60% cure rate) was induced by GCV in tumours 

composed of 50% HSV TK^ cells (Trinh et ah, 1995). Similar to HSV TK/GCV, the 

CD/5-FC combination induced an immune-mediated distant bystander effect, associated 

with an infiltration o f natural killer cells within the tumours (Pierrefite-Carle et ah,

1999). Immunocompetent mice pre-treated with CD/5-FC GDEPT exhibited significant 

resistance when re-challenged with wild type tumours (Mullen et ah, 1994; Consalvo et 

ah, 1995; Kuriyama et ah, 1999 a). This “vaccination effect” appeared to be dependent 

on the novel CD malignancies, as, for example, the eradication o f CD^ 

adenocarcinomas conferred no protection against fibrosarcomas (Mullen et ah, 1994). It 

is important to note that the CD protein itself is immunogenic (Mullen et ah, 1994).

Despite encouraging preclinical results, it becomes clear from the clinical reports 

that the treatment with a single GDEPT strategy may at best lead to a partial response. 

Therefore, combinations of several genes or treatment modalities have been 

investigated. Based on the extensive clinical experience with 5-FU as both a 

chemotherapeutic agent and a radiosensitiser (reviewed by McGinn and Kinsella, 1993), 

the combination of CD/5-FC GDEPT with IR was tested. CD-expressing SK-ChA-1 

cholangiocarcinoma cells (Pederson et ah, 1997, 1998), B16F melanoma (Szary et ah, 

1997) and WiDr cells (Khil et ah, 1996; Stakhouse et ah, 2000) exposed to 5-FC were 

selectively sensitised to radiation in a drug concentration-dependent fashion, with 

maximum killing enhancement after 72 h-incubation pre-irradiation (Khil et ah, 1996) 

or, in contrast, at 3 h post-irradiation (Szary et ah, 1997). Analysis of the linear 

quadratic or single-hit multi-target parameters o f the survival curves indicated a 

significant reduction in cell survival at both low and high doses o f radiation (Pederson et 

ah, 1997; Stackhouse et ah, 2000). In xenografts of squamous cell carcinoma o f the head 

and neck daily administration of 5-FC (800 mg/kg) concomitant with radiation therapy 

(50 Gy, 5 Gy/day) induced significant volumetric regression and cure in three o f seven
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CD-transfected tumours, while radiation or GDEPT alone produced no significant 

tumour control (Hanna et al., 1997). A robust bystander effect was induced, as a 

significant increase in animal survival was observed when 25% of the tumour 

population expressed CD (Hamstra et al., 1999 b). The combined GDEPT and 

radiotherapy strategy produced a measurable antitumour effect when clinically relevant 

dose regimens o f radiation (2 or 5 Gy per fraction over one week) were analysed 

(Stackhouse et al., 2000).

Specific gene expression and prodrug activation offer the possibility of combining 

different GDEPT systems to enhance the antitumour activity of the single treatments, 

without increasing systemic toxicity. Delivery of CD-HSV TK fusion genes followed by 

GCV and 5-FC treatment conferred upon gliosarcoma, mammary carcinoma and 

prostate tumour cells prodrug sensitivity (Rogulski et al., 1997 a; Uckert et al., 1998; 

Blackburn et al., 1998, 1999) and radio sensitisation (Rogulski et al., 1997 a; Blackburn 

et al., 1999), equivalent to or better than those observed for each system independently. 

The mechanism underlying the synergistic cytotoxicity o f concomitant CD/5-FC and 

HSV TK/GCV therapies is unclear, and it appears to be related to the enhancement o f 

GCV phosphorylation by HSV TK after 5-FU treatment (Aghi et al., 1998). In vivo 

analysis showed high efficacy of the combined systems, further enhanced by 

radiotherapy (Rogulski et al., 1997 b; Kim et al., 1998; Uckert et al., 1998).

Improved antitumour activity and radiosensitisation o f CD/5-FC has been recently 

achieved by using the catalytically superior Saccharomyces cerevisiae CD (Hamstra et 

al., 1999 a; Kievit et al., 1999, 2000) or by co-transfecting cells with the genes for CD 

and uracil phosphoribosyltransferase, able to directly convert 5-FU to 5-FUMP at the 

first step of its activating pathway (Adachi et al., 2000; Erbs et al., 2000; Koyama et al., 

2000).

5-FC has been extensively used in the past as an antifungal agent, therefore its 

toxicological properties in humans are well established. A phase I clinical trial involving 

local injection o f a plasmid containing the CD gene regulated by the tumour-selective 

erbB-2 promoter, followed by systemic 5-FC administration (200 mg/kg/day), 

demonstrated safety o f this GDEPT approach for the treatment of breast cancer (Pandha
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et al., 1999). CD-immunohistochemistry and mRNA in situ hybridisation showed 

tumour-selective gene expression in 11 o f 12 patients. In four patients there was 

evidence o f tumour regression, even though two of them did not receive the prodrug, 

which may be due to the immunogenicity o f CD. In an ongoing phase I clinical study, a 

CD-containing adenovirus was intratumourally administered to 18 patients diagnosed 

with metastatic liver disease associated with colorectal carcinoma, followed by oral 

administration o f 5-FC (Crystal et al., 1997).

Nitroreductase/CBl 954

The mustard prodrug CB1954 [5-(aziridin-l-yl)-2,4-dinitrobenzamide] is a weak 

monofunctional alkylator, but it can be efficiently activated by the rodent enzyme DT 

diaphorase into a potent DNA cross-linking agent (Knox et al., 1988 b). CB1954 

resulted in the single agent cure o f Walker carcinosarcoma in rats, but its use against 

human cancers was limited by low reactivity with the human DT diaphorase (Khan and 

Ross, 1967). This problem was overcome when an E. coli NTR was found to reduce this 

prodrug 90 times faster than the Walker rat DT diaphorase (Anlezark et al., 1992) and to 

convert it into a cytotoxin when added to mammalian cells (Knox et al., 1992). The 

metabolism of CB1954 is shown in Figure 1.9. The prodrug is converted by NTR, by an 

oxygen-independent mechanism, to the difunctional alkylator 5-(aziridin-1-yl)-4- 

hydroxylamino-2-nitrobenzamide, which after further reactions with cellular thioesters, 

such as acetyl coenzyme-A, is able to form poorly repairable DNA interstrand cross

links (Knox et al., 1988 b). Since nitroreductases require NADH or NADPH as cofactors 

(Knox et ah, 1988 a), activation of the prodrug can only take place intracellularly, 

limiting the use o f the NTR/CB1954 combination for ADEPT. Its application for 

GDEPT was demonstrated after cloning (Michael et ah, 1994) and insertion o f the E. 

coli NTR gene into retroviral, adenoviral and plasmid DNA vectors. NTR expression in 

several human and murine cells resulted in up to 2600-fold increase in sensitivity to 

CB1954, compared to the parental lines (Bridgewater et ah, 1995; Bailey et ah, 1996; 

Green et ah, 1997; Friedlos et ah, 1998; McNeish et ah, 1998; Weedon et ah, 2000). In 

transgenic mice, NTR expression under the control o f a T cell-specific promoter induced 

selective CB 1954 toxicity in the thymus and the spleen o f systemically treated animals.
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whereas non-lymphoid tissues were unaffected (Drabek et ah, 1997). Selective tissue 

ablation was also demonstrated in transgenic mice engineered to specifically express the 

NTR gene in the luminal epithelial cells of the mammary gland (Clark et ah, 1997). Even 

if trangenics provide a useful model for studying the in vivo efficacy o f gene therapy 

strategies, they may not be predictive for clinical scenarios, where levels of gene 

transfer are unlikely to be as high. However, retro- or adenoviral-mediated NTR transfer 

followed by CB1954 treatment has been shown to cause regression and significantly 

prolonged median survival o f nude mice bearing human tumour xenografts of pancreatic 

(McNeish et ah, 1998; Weedon et ah, 2000), hepatocellular and squamous cell 

carcinomas (Djeha et ah, 2000).
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Figure 1.9. Bioactivation of the prodrug 5-(aziridin-l-yl)-2,4-dinitrobenzamide (CB1954) by 

the E. coli nitroreductase (NTR).

Thioesters, such as acetyl coenzyme-A, convert 5-(aziridin-l-yl)-4-hydroxylamino-2- 

nitrobenzamide into a potent cross-linking agent.

57



Apoptosis was induced in ATT^-transfected thymocytes and mammary epithelial 

cells o f CB1954-treated animals (Clark et ah, 1997; Drabek et aL, 1997; Cui et al., 

1999), which appeared to be a consequence of DNA cross-linking and strand breakage 

(Clark et al., 1997; Friedlos et al., 1998). Although NTR/CB1954 treatment increased 

the expression of wild-type p53, functional p53 was not required to induce apoptosis 

(Cui et al., 1999).

The NTR/CB1954 system appears to act more rapidly than most combinations, as 

significant cytotoxic effects have been noted after relatively short exposure times, such 

as 4 h in vitro (Bridgewater et al., 1995) and 24 h in vivo (Cui et al., 1999). This may be 

due to the fact that the activated drug is a DNA cross-linking agent able to kill both 

proliferating and non-proliferating cells, which do not need to enter the S-phase for 

cytotoxicity to take place (Bridgewater et al., 1995; Clark et al., 1997; Green et al., 

1997; Weedon et al., 2000).

An efficient bystander effect was demonstrated in a number o f cell lines and in 

animal models, regardless o f cell-to-cell contact and gap junction status (Bridgewater et 

al., 1997). The primary NTR-metabolites o f CB1954, 4-hydroxylamines, are membrane- 

permeable and, after further metabolism, they are able to induce single strand breaks and 

interstrand cross-links, respectively, in neighbouring parental cells (Friedlos et al.,

1998). Mixed populations with 30% NTR^ pancreatic cancer cells were 1000-fold more 

sensitive to CB1954 than untransfected cells (Green et al., 1997), and bystander killing 

was measurable when only 5% of the exposed population expressed NTR (McNeish et 

al., 1998). On the other hand, in cell culture experiments with 5-10% NTR^ murine L 

cells (Drabek et al., 1997) and in mammary glands o f transgenic RED20 and RED40 

mice (Clark et al., 1997) no bystander effect could be observed. Also, SCID mice 

implanted with tumours containing either 30% or 100% of ATO-expressing Burkitt 

lymphoma cells treated with CB1954 i.p. (20 mg/kg/day for 10 days) were growth 

inhibited but not cured (Westphal et al., 2000).

The versatility that NTR offers by metabolising a range o f nitro-prodrug substrates 

may have clinical relevance in view o f the cross-resistance observed among alkylating 

agents (Frei et al., 1998). Structural variations of CB1954 included N-dihydroxypropyl 

and (N-dimethylamino)ethyl carboxamide side chains, the use o f chloro-, bromo-.
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mesyl- and iodo- leaving groups on the mustards, and regioisomeric changes (Friedlos et 

al., 1997). In Chinese hamster V79 fibroblasts, at least four analogues showed increased 

toxicity and bystander killing efficacy compared to the model compound CB1954 

(Friedlos et al., 1997).

Cytochrome P450 reductase/bioreductive drugs

The redox-sensitive flavoprotein NADPH:cytochrome P450 reductase (P450R) is an 

important endogenous bioactivator o f many nitroaromatic, aromatic N-oxide and 

quinone “triggered” hypoxia-selective cytotoxins (HSCs; section 1.1.2). P450R 

overexpression in human fibrosarcoma (HT 1080) or breast cancer (MDA231) cells 

conferred increased sensitivity to tirapazamine, RSU 1069, E09, mitomycin C and 

porfiromycin (Patterson et al., 1997; Saunders et al., 2000). Selective hypoxic targeting 

could be further refined by incorporating an optimised PGK-1 HRE-SV40 chimeric 

promoter to regulate the expression o f P450R (Patterson and Stratford, 1999). In 

transfected HT 1080 cells anoxic incubation produced a 3.4-fold increase in enzyme 

activity (Patterson and Stratford, 1999) and a 1000-fold enhancement o f in vitro hypoxic 

cytotoxicity of RSU 1069 (Patterson et al., 2000). HT 1080 tumour xenografts were 

established and treated with a combination o f 10 Gy X-rays and RB 6145, a precursor o f 

RSU 1069 (Patterson et al., submitted manuscript). Compared to radiation alone, a 

significant increase in specific growth delay was observed in the transfected tumours, 

but not in the untransfected xenografts (50% cure rate in HRE-P450R xenografts, 100% 

mortality in empty vector control xenografts).

Cytochrome P450/cyclophosphamide

The oxazaphosphorine prodrug cyclophosphamide (CP) is activated by metabolism o f 

liver cytochrome P450 (CYP) via a 4-hydroxylation reaction (Figure 1.10). The 4- 

hydroxy intermediate breaks down to form the difunctional alkylating toxin 

phosphoramide mustard, which leads to DNA cross-links, G2-M arrest and apoptosis in 

a cycle-independent fashion (Chen et al., 1996). It has also been proposed that acrolein, 

formed in equimolar amounts with the phosphoramide mustard upon activation o f CP, 

sensitises the cells to the mustard (Chen and Waxman, 1995). The isomeric analogue
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ifosfamide (IP) is activated in a similar way, and both CP and IP reactions require 

NADH and O2 .
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Figure 1.10. Pathways of cytochrome P450 (CYP)-catalysed cyclophosphamide (CP) and 

ifosfamide (IP) activation.

The phosphoramide mustard is able to induce DNA alkylation. Acrolein, produced in equimolar 

amounts, maybe responsible for protein alkylation.

CYP is a very complex enzymatic system, involving a number of isoenzymes with 

different substrate specificity and activity against CP or IP. For example, in rats three 

liver CYP enzymes, 2B1 (Phenobarbital-inducible), 2C6 and 2C11 (both constitutively 

expressed) are involved in activating CP (Clarke and Waxman, 1989), while the CYP
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3 A isoenzyme additionally contributes to the activation of IP (Weber and Waxman, 

1993). CYP 2B6 and CYP 3A4 are responsible for these processes in human liver 

(Chang et ah, 1993) and CYP 2B1 is the most active one (Clarke and Waxman, 1989).

CYPs are primarily synthesised in the liver and in some human cancers, including 

colon, breast, lung, liver, kidney and prostate, which are known to express isoforms of 

the 3A and 1A subfamilies (Patterson et ah, 1999). To reduce CP and IP side effects 

towards critical host tissues such as bone marrow, kidney and heart, it was hypothesised 

that overexpression o f CYP enzymes in genetically engineered tumour cells could lead 

to selective sensitisation to oxazaphosphorines. Transfected human B-lymphoblastoid 

cells producing catalytically competent CYP 2A6, 2B6, 2C8, 2C9 and 3A4 were 

significantly growth-inhibited by CP and IP (Chang et ah, 1993). CYP 2B1 gene 

overexpression sensitised rat glioma and human breast carcinoma cells to CP both in 

vitro and in vivo (Wei et ah, 1994, 1995; Chen and Waxman, 1995; Chen et ah, 1996; 

Manome et ah, 1996). In co-culture experiments, a 75% decrease in proliferation was 

induced when only 10% of the CP-exposed population were transfected with CYP 2B1, 

independently of cell-to-cell contact (Chen and Waxman, 1995; Wei et ah, 1995; Chen 

et ah, 1996). Because the CP metabolite phosphoramide mustard does not diffuse 

efficiently across cell membranes, it is likely that this bystander effect is due to 

diffusible precursors, such as 4-hydroxy-CP and its tautomer aldophosphamide (Figure 

1.10; Wei et ah, 1995).

In a recent phase I/II clinical study, human embryonic 293 cells were stably 

transfected with the CYP 2B1 gene, microencapsulated using cellulose sulphate and 

polydiallyldimethyl ammonium (CapCell) and angiographically placed into a tumour- 

feeding artery o f patients with inoperable pancreatic adenocarcinoma (Lohr et ah, 1999, 

2001). On day two and for three consecutive days, 1 g/m^ body surface IP was 

administered. The seventeen patients in the study showed no evidence of pancreatitis, 

vessel occlusion or allergic response. The prodrug was well tolerated and no toxicity 

beyond grade II was detected. By the end o f the study, two patients had a partial 

response (more than 50% reduction in tumour volume for one month), two had minor
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response (tumour reduction by 25-50%), eight had stable disease (75-125% of the initial 

tumour size). All treated patients had longer survival times than matched controls.

Carboxypeptidase G2/CMDA

In the enzyme/prodrug systems described so far the prodrug is converted to an 

intermediate metabolite, which requires further catalysis by cellular enzymes to form the 

active drug. Lack or reduced expression o f these enzymes in the target cells would lead 

to tumour resistance. The bacterial enzyme carboxypeptidase G2 (CPG2), which has no 

human analogue, is able to cleave the glutamic acid moiety from the prodrug 4-[(2- 

chloroethyl)(2-mesyloxyethyl)amino]benzoyl-L-glutamic acid (CMDA), releasing the 

DNA-crosslinking mustard drug 4-[(2-chloroethyl)(2-mesyloxyethyl)amino]benzoic 

acid without further catalytic requirements (Figure 1.11; Springer et al., 1990). The 

application o f the CPG2/CMDA combination in ADEPT strategies has been 

successfully demonstrated in a number o f tumour models, and phase I clinical trials 

showed no conversion to the active species by human enzymes and no CMDA-related 

toxicity (Springer et al., 1994; Bagshawe et al., 1995; Martin et al., 1997). The 

feasibility o f CPG2-mediated GDEPT was investigated in vitro in COS (monkey 

kidney) cells and four human tumour epithelial lines (Marais et al., 1996). Transfection 

with the CPG2 gene led to the production o f an active enzyme, able to convert CMDA 

to a cytotoxic agent within a 19 h-incubation. Compared to mock-transfected controls, 

CPG2-transfectants were characterised by an increase in sensitivity to the prodrug 

spanning from 11- to 95-fold (Marais et al., 1996). However the breast tumour cell line 

MDA MB361 showed only modest sensitivity to CMDA activated by intracellular 

expression of CPG2, mainly because the prodrug could not enter the cells (Marais et al.,

1997). To overcome this problem, CPG2 was expressed tethered to the outer surface o f 

mammalian cells, resulting in effective cell kill by CMDA in vitro and in vivo (Marais et 

al., 1997; Stribbling et al., 2000).
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Figure 1.11. Conversion of the prodrug 4-[(2-chloroethyl)(2-mesyloxyethyl)amino]benzoyl-L- 

glutamic acid (CMDA) into a cytotoxin (adapted from Marais et al., 1996).

The bacterial enzyme carboxypeptidase G2 (CPG2) is able to cleave the glutamic acid moiety 

from the prodrug releasing the DNA-crosslinking mustard drug 4-[(2-chloroethyl)(2- 

mesyloxyethyl)amino]benzoic acid without further catalytic requirements.

The CPG2/CMDA system has been shown to induce a robust bystander effect. 

Exposure to the prodrug induced 50% and 100% WiDr cell kill in monolayers 

containing 2% and 12% CPG2^ cells, respectively (Marais et al., 1996). In nude mice, 

regression and cure o f breast carcinoma xenografts could be obtained when only 10% of 

the cells expressed the tethered CPG2 (Stribbling et al., 2000). Evidence of the in vivo 

bystander effect was obtained by measuring the proportion o f apoptotic cells in the 

treated tumours, which was higher than the percentage o f cells expressing CPG2. The 

effect o f the surface tethered CPG2 on host immunicity has not yet been reported.

To improve the efficacy of the system, a number o f self-immolative prodrugs have 

been developed in combination with CPG2, some of them resulting in a significant 

increase in cytotoxicity (Niculescu-Duvaz et al., 1998, 1999).
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1.3 Horseradish peroxidase/indole-3-acetic acid

Peroxidases are a group of haem-containing hydrogen peroxide-utilising enzymes, 

which act on a wide variety o f substrates and have diverse biological roles. The 

peroxidase from horseradish (Armoracia rusticana; HRP) is probably the best 

characterised o f these enzymes. The dominant isoform of HRP, isoenzyme C, is a 

monomeric glycoprotein o f 308 residues, with four disulphide bridges, two Ca^^ ions per 

molecule of protein and eight carbohydrate side chains, which account for about 20% of 

its molecular weight (-43 kDa; Welinder, 1979). Glycosylation is not required for its 

peroxidase action, since the recombinant enzyme produced in E. coli, which is not 

glycosylated, is a competent catalyst (Smith et al., 1990). HRP is extensively used in 

enzyme immunoassays and histochemistry as a reporter.

The plant hormone indole-3-acetic acid (lAA; 1, Figure 1.12) is involved in the 

regulation o f cellular growth, division and differentiation, as well as senescence and 

abscission of leaves (Engvild, 1989). The activity of this auxin is regulated through 

irreversible conversion via oxidation by peroxidases, leading to decarboxylation, or non

decarboxylation reactions. lAA can be produced in humans through deamination o f 

tryptamine by monoamine oxidase (Weissbach et al., 1959), at concentrations o f 0.61- 

3.32 pM in plasma (Martinez et al., 1983), and 23-30 pM in the cerebrospinal fluid 

(Anderson et al., 1984). Plasma concentration can rise up to 11 pM in case o f renal 

dysfunction (Qureshi and Baig, 1993). An increase in lAA was also observed in human 

oesophageal cancer tissues (Shimojo et al., 1997). Cancer tissue biopsies from five 

patients contained 4700-7400 ng lAA/g, while in the surrounding normal tissues lAA 

content was 90-390 ng/g. In each patient lAA levels in cancer specimens was always 

higher than in normal tissue (Shimojo et al., 1997). Other routes o f lAA production in 

animals are ingestion of fibres and metabolism by intestinal bacteria (Weissbach et al., 

1959).

The reaction between HRP and lAA has been analysed in depth but not yet 

completely elucidated. In contrast to most peroxidase reactions, it does not require H2O2 

(Dunford, 1999). The native HRP enzyme is a Fe"^ species, and the key oxidants in the 

catalytic cycle are a [Fe*^=0]*^ radical cation (compound (Cpd) I; Figure 1.12) and a
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Fe^^=0 species (Cpd II). The pathway involving Cpd III (also termed “oxidase” 

pathway) is relevant at low enzyme/sub strate ratios (Smith et ah, 1982) and explains the 

formation o f superoxide radicals (O2*'). However, at pH 7.4 neither the ferrous enzyme 

nor Cpd 111 were reported to be formed, and this pathway appeared less relevant under 

physiological conditions (Dunford, 1999). At neutral pH, the reaction is initiated by 

autoxidation o f lAA (1), by a highly efficient branched-chain mechanism (Dunford, 

1999). This is followed by a one-electron oxidation o f lAA to an indolyl radical cation 

(2), which very rapidly undergoes scission o f the exocyclic carbon-carbon bond to yield 

the carbon-centred skatole radical (3). In the presence o f oxygen, the skatole radical 

rapidly forms a peroxyl radical (4), which then decays in two ways. Combination and 

elimination by the Russell mechanism, in which two peroxyl radicals combine, form 

indole-3-aldehyde (5), indole-3-carbinol (6) and a singlet oxygen. This pathway appears 

not to occur at physiological pH (Candeias et al., 1994), and it is more likely that 

reduction and protonation of the peroxyl radical form skatole hydroperoxide (7), which 

reacts further with Cpd 1 to form indole-3-carbinol (6). Each hydroperoxide molecule 

can initiate another enzyme cycle, or decompose non-enzymatically to 3-methylene-2- 

oxindole (MOl, 8). MOl can react with cellular nucleophiles, e.g. protein thiols and 

DNA, to form adducts (9). In anoxic solution, decarboxylation o f the radical cation can 

still take place and the carbon-centred radical preferentially reacts with hydrogen donors 

(Augusto, 1993; Candeias et al., 1994).
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Figure 1.12. Possible mechanisms involved in the cytotoxic activation of indole-3-acetic acid 

(lAA) by horseradish peroxidase (HRP; adapted from Folkes and Wardman, 2001).

HRP can be activated to compound (Cpd) I by trace peroxides or lAA itself. lAA (1) is oxidised 

by HRP Cpd I and II to the radical cation (2), which fragments rapidly to yield the skatole 

radical (3). In anoxia this probably forms adducts, e.g. with DNA. In air, 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 (MOl, 8). MCI can react with cellular nucleophiles to form adducts (9).
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When activated by purified HRP, lAA was shown to inhibit colony formation in 

mammalian cells, while neither enzyme nor prodrug alone were cytotoxic at the 

concentration or times analysed (Folkes et ah, 1998, 1999). To date, the activated drug 

and the cellular targets have not yet been identified. The initial hypothesis was that the 

peroxyl radical (4) would initiate membrane lipid peroxidation (Folkes et al., 1998). 

This was indeed detected in phosphatidylcholine-cholesterol liposomes incubated with 

HRP and lAA (Candeias et al., 1995), and found to be prevented in the presence o f 

antioxidants such as aseorbate, Trolox, a-tocopherol and p-carotene (Candeias et al., 

1996). Moreover, lipid peroxidation in the presence of activated lAA analogues 

correlated well with their reaction rate with HRP (Candeias et al., 1995). However, no 

lipid peroxidation was detected in mammalian cells exposed to cytotoxic doses of 

HRP/IAA and, although Trolox was protective against cytotoxicity probably 

intercepting indole radicals, pre-loading the cells with a-tocopherol was ineffective 

(Folkes et al., 1999). On the other hand, incubation of the activated drug with plasmid 

DNA in a cell-free system resulted in the formation o f adducts and strand breaks, 

indicating that DNA damage could be involved in the observed cell kill (Folkes et al.,

1999).

The HRP/IAA system shows potential as an enzyme/prodrug combination, and 

besides GDEPT, specific HRP-targeting has been proposed using HRP-conjugated 

antibodies (ADEPT; Folkes et al., 1998) or polymers (PDEPT, polymer-directed 

enzyme/prodrug therapy; Connors et al., 1995; Folkes and Wardman, 2001). Non

specific activation of lAA in normal tissues is unlikely to take place, since in the 

absence o f hydrogen peroxide lAA is a poor substrate for mammalian peroxidases 

(Kobayashi et al., 1980). Endogenous myeloperoxidase (MPO) in human pro- 

myelocytic leukaemia lymphocytes (Folkes et al., 1998) and rat white blood cells (Pires 

de Melo et al., 1997, 1998) was notably less efficient than HRP in converting lAA into a 

cytotoxin at therapeutically significant prodrug doses. MPO could oxidise lAA to the 

skatole radical, but the reaction was inhibited after only a few minutes (Folkes et ah,

1998), probably because o f the formation of non-eyeling intermediates (Kettle and 

Winterboum, 1996). Although a detailed clinical study has not been performed, the 

effect o f lAA on blood glucose levels was evaluated in twelve patients with diabetes
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mellitus and six healthy volunteers (Mirsky and Diengott, 1956). After oral 

administration of 100 mg/kg lAA (0.57 mmol/kg), a small reduction in blood sugar 

concentration was observed, but no other effects were reported. In another study, eleven 

volunteers received between 3 and 10.5 g lAA orally, with no toxicity observed 

(Rysanek and Vitek, 1959).

1.4 Aim of the project

The aim o f this PhD project was the development o f a novel enzyme/prodrug 

combination for hypoxia- and radiation-mediated gene therapy.

Regions o f reduced oxygenation are known to occur in solid tumours and have 

been observed to affect the outcome o f different treatment modalities. However, since 

severe hypoxia is characteristic of the neoplastic microenvironment, such physiological 

condition may be exploited to provide a novel, selective gene therapy approach (Dachs 

et al., 1997). In this project the use o f the HRP/IAA system in hypoxia-regulated gene 

therapy was investigated. Materials and methods are described in Chapter 2. The 

cytotoxic potential and bystander killing of HRP/IAA GDEPT was analysed in vitro in a 

panel o f cell lines of human origin and under different oxygenation conditions (Chapter 

3). The mechanisms o f HRP/lAA-induced cell death was studied in detail in one of the 

cell lines adopted (Chapter 4). To further improve the efficacy of this GDEPT approach, 

the action o f ten lAA analogues in combination with HRP was evaluated under 

normoxic as well as extreme anoxic tumour conditions (Chapter 5). It is likely that, to be 

effective, gene therapy will need to be combined with conventional treatments such as 

radiotherapy. The effect o f clinically relevant doses o f radiation on HRP/IAA GDEPT 

was therefore studied (Chapter 6). Moreover, specific gene regulation was achieved by 

utilising synthetic promoters that respond to radiation as well as to hypoxia (Chapter 7). 

Chimeric promoters containing hypoxia regulatory elements (HREs), radiation 

responsive CArG elements or their combination were utilised for specific hypoxia- 

and/or radiation-mediated gene expression and prodrug activation.
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Chapter 2 
General materials and methods

2.1 Cell culture

Four established human cell lines were used in this study (Table 2.1). The cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies, 

Paisley, UK) supplemented with 10% foetal calf serum, 100 U/ml penicillin, 100 pg/ml 

streptomycin (Sigma Aldrich, Gillingham, UK), 2 mM L-glutamine (Life Technologies), 

in a humidified incubator at 37°C and 5% C02/air (normoxia).

Cell growth and viability were monitored by cell counting and trypan blue 

(Sigma Aldrich) exclusion assay. Cells were suspended in medium with trypan blue at 

the final concentration o f 0.2%, and living cells, which exclude the dye, were counted 

under the microscope.

All cells utilised were negative for mycoplasma infection, as tested by using the 

MycoTect kit (Life Technologies).

Cell line Cell type Source/Ref

T24

MCF-7

FaDu

HMEC-1

Bladder carcinoma

Mammary carcinoma

Nasopharyngeal squamous 

carcinoma 

Dermal micro vascular endothelium

European Collection o f Cell 

Cultures, Salisbury, UK 

European Collection of Cell 

Cultures 

American Type Culture 

Collection, Manassas, VA 

Ades at al., 1992

Table 2.1. Cell lines utilised in this work.
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2.2 Hypoxic conditions

For experiments under anoxic and hypoxic conditions, cells were plated in 6 cm oxygen- 

impermeable dishes (Permanox, Nalge Nunc International, Loughborough, UK). 

Permanox contains less dissolved oxygen than ordinary plastic, such as polystyrene, 

perspex, polypropylene and polycarbonate. Plastic dishes retain oxygen for many hours, 

which can diffuse to the attached cells (Chapman et al., 1970). Glass dishes, on the other 

hand, are not always a good alternative, since some cell lines do not attach as well as to 

plastic.

Experiments under anoxic conditions were carried out at 37°C in an anaerobic 

glove cabinet (DON Whitley Scientific Limited, Shipley, UK) with 5% CO2 , 5% H2 , 

90% N 2 and palladium catalyst. Alternatively, the cells were flushed continuously in air

tight boxes with a humidified gas mixture containing 5% CO2 and 95% N 2 (BOG Gases, 

London, UK), certified to contain <0.0005% O2 . The anoxia achieved in anaerobic 

glove cabinets was found to be more severe than that induced by gassing with CO2 and 

N2 , and differences could be detected for gene regulation, drug sensitivity and other 

assays (Dachs et al., 1997). Glove cabinets were designed for culturing obligate 

anaerobic bacteria and can maintain stringent anoxic conditions. They allow 

manipulations such as changing media, trypsinising and plating cells. The palladium 

catalyst combines any incoming oxygen with H2 to form water vapour, which is 

removed by using silica gel. The presence o f oxygen in the cabinet was continuously 

monitored with the Anaerobic indicator BR55 (Oxoid Ltd., Basingstoke, UK).

Hypoxic conditions were obtained by flushing air-tight perspex boxes with a 

humidified gas mixture o f 0.1% O2 , 5% CO2 and balance N 2 (BOG).

For all anoxic/hypoxic experiments, cultures were manipulated in the anaerobic 

cabinet, and plastics and fluids were pre-incubated in the cabinet for 24-48 h prior to use 

to remove residual oxygen.

2.3 DNA manipulations

DNA manipulations were carried out by standard procedures (Sambrook et al., 1989).
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2.3.1 Enzyme reactions

DNA was digested with restriction endonucleases (Life Technologies; Promega, 

Southampton, UK), using the manufacturers’ recommended reaction buffers and 

temperatures. Multiple digests were carried out in buffers compatible with the different 

endonucleases used. Digestion volumes varied depending on the amount o f DNA 

digested. In general, total volumes of 20-40 pi were composed of 10% DNA (0.1 -5 pg), 

Ix buffer, 2-5 units o f enzyme/pg DNA and distilled water (dH20). A unit is defined as 

the amount o f restriction enzyme necessary to digest 1 pg of DNA in 1 h.

In order to ligate incompatible restriction sites, double-stranded DNA ends were 

blunted by filling in with 1-5 units of DNA Pol I Large Klenow fragment (Promega)/pg 

DNA, the recommended reaction buffer and 0.05 mM deoxynucleotides (dNTPs), in a 

total volume of 20-60 pi, for 30 min at 37°C. The reaction was stopped at 75°C for 10 

min. Alternatively, the DNA was blunted with 0.5-1 unit o f Mung Bean endonuclease 

(Life Technologies)/pg DNA in Ix reaction buffer for 20 min at 30°C. The reaction was 

stopped by addition o f gel tracking dye (next section).

To prevent self-ligation o f vectors linearised with a single restriction enzyme, 5 ’ 

phosphates were removed fi-om the DNA fragments by using calf intestinal alkaline 

phosphatase (CIP; Life Technologies). The linearised plasmids were incubated with 1 

unit CIP/pg DNA, in a total volume o f 20-50 pi, for 30 min at 37°C. The reaction was 

stopped at 75°C for 10 min.

Enzymes were removed with the QIAquick PCR Purification kit (QIAgen, 

Crawley, UK), according to manufacturer’s instructions. The protocol ensures removal 

o f primers <10 bases, enzymes, salts and unincorporated nucleotides. 10 volumes of 

buffer PN were added and mixed with the reaction sample. Briefly, the mix was applied 

to a QIAquick column, previously placed in a 2 ml collection tube, and centrifuged for 1 

min at 6000 rpm. The column was washed with 750 pi 80% EtOH/buffer (PE) and 

centrifuged for 1 min at 6000 rpm. An additional centrifugation for 1 min at 13000 rpm 

allowed complete removal of residual EtOH. The DNA was eluted by adding 60 pi 

elution buffer EB to the column and centrifuging.
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2.3.2 Gel electrophoresis
For sizing and separation of DNA samples, a horizontal submerged agarose gel 

electrophoresis system was used. The concentration of agarose (Ultra Pure agarose for 

electrophoretic grade, Life Technologies) varied according to the size of the fragments 

o f interest. For example, 1% gels were used for 500-10"  ̂bp fragments, 2% for 50-500 bp 

fragments, 3% for <50 bp. Gels were prepared by dissolving the agarose in Ix TAE 

buffer (see below), containing ethidium bromide (final concentration of 100 pg/ml; 

Sigma Aldrich). The molten agarose was cast in a horizontal tray fitted with well- 

forming combs, and, once set, was submerged in Ix TAE buffer in the fiat-bed 

apparatus.

Prior to loading into individual wells, 1/6 total volume of gel tracking dye was 

added to the DNA solutions. The samples were electrophoresed at a constant voltage o f 

60-100 V, in parallel with an appropriate double-stranded DNA marker (bacteriophage X 

digested with Pst I, Life Technologies, or 100 bp DNA ladder, Promega). DNA bands 

were visualised using a 254 nm transilluminator. Gels were photographed using a 

Polaroid MP4 Land Camera and Polaroid 667 film type (Sigma Aldrich).

Buffers and solutions:

Tris base 242 g

Glacial acetic acid 57.1 ml

EDTA (0.5 M, pH 8.0) 100 ml

Distilled water (dHiO) to 1000 ml

This buffer can be stored at room temperature (rt).

Gel tracking dve (6x1:

Bromophenol blue 0.25 g

Sucrose 40.0 g

EDTA (0.5 M, pH 8.0) 4.0 ml

dHzO to 100 ml

It can be stored at rt.
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2.3.3 Extraction of DNA from gels
DNA bands were visualised with UV light and cut from the gel using a sterile blade. 

They were weighed in a 1.5 ml plastic tube, dissolved in three volumes of Nal solution 

(BIO-101, Vista, CA) and melted at 55°C. 10-15 pi EZ-glassmilk solution (BIO-101) 

was added to the molten slice and incubated for 5 min at rt. After centrifugation at 13000 

rpm in a microcentrifuge, the pellet was eluted with 25 pi sterile dHiO for 5-15 min at 

55°C. The solution was then vortexed, centrifuged and the supernatant was transferred to 

a new tube and stored at -20°C.

2.3.4 Ligation of DNA fragments into plasmid vectors
A number o f different plasmid vectors were used in this study. They are described with 

the specific manipulations in the results sections (Chapters 3-7). A general procedure for 

ligation is outlined here.

Both the insert and the vector were digested with their respective restriction 

enzymes. The DNA was electrophoresed, specific bands excised and extracted from the 

gel as described above. To estimate the amount of DNA extracted, the samples were run 

on a gel in parallel with markers of known molecular weight and concentration, and the 

intensities o f the isolated bands compared under UV light. Dividing the estimated DNA 

weight by the size o f the fragment, an approximation o f the relative molarities of both 

vector and insert was derived. The following reactions were set up: vector and insert at 

molecular ratios o f 1:2, 1:4, 1:8; vector alone and water, as negative controls.

Ligations were carried out overnight (o/n) at rt in 10 pi total volume, with 1 pi 

T4 DNA ligase (Life Technologies), and 2 pi 5x ligation buffer (Life Technologies).

2.4 Transformation of competent bacteria

The commercial competent cells used were E. coli Top 10 cells (Invitrogen). Their 

transformation efficiency is given by the manufacturer as >1.0 xlO* colonies/pg 

supercoiled plasmid DNA. Briefly, frozen cells were thawed on ice. 2-5 pi DNA (10-50 

ng) was added to 35 pi cells, and incubated for 30 min on ice to allow the DNA to be 

taken up. The samples were incubated for 30 s at 42°C in a waterbath and then for 2 min 

on ice. This treatment induces the enzymes involved in the repair of DNA and other
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cellular components, allowing the cells to recover from the unusual conditions o f the 

transformation process. It also substantially increases the transformation efficiency. 60- 

200 pi pre-warmed SOC medium (Invitrogen) was added to each transformation mixture 

(without antibiotic for selection) and the cells were shaken at 200-300 rpm for 1 h at 

37°C to allow expression o f the plasmid. Half the content o f each vial (-100 pi) was 

spread on LB agar (Sigma Aldrich) plates with the appropriate antibiotic for selection 

(30 pg/ml kanamycin, or 100 pg/ml ampicillin, both from Life Technologies) and 

incubated o/n at 37°C. A number of bacterial colonies were picked at random and grown 

in small-scale cultures (section 2.5.1) for subsequent DNA analysis.

2.5 Preparation of plasmid DNA

2.5.1 Small scale plasmid preparation
Single bacterial colonies were inoculated in 1 ml o f culture broth with the appropriate 

antibiotic for selection and grown o/n shaking at 200-300 rpm at 37°C. Cells were 

harvested by centrifugation at 13000 rpm for 1 min. The pellet was resuspended in 200 

pi Solution 1 (see below) and incubated for 5 min at rt. 400 pi Solution 2 was added, the 

sample was mixed and incubated for 5 min on ice. 300 pi ice cold Solution 3 was added, 

the sample was mixed and incubated for 5 min on ice. Cellular debris and denatured 

chromosomal DNA were pelleted by centrifugation at 13000 rpm for 10 min. 750 pi 

supernatant was removed to a fresh tube and an equal volume o f isopropanol was added. 

The plasmid DNA was precipitated by centrifugation at 13000 rpm for 10 min. The 

supernatant was discarded and the pellet washed with 100 pi 70% EtOH. The plasmid 

DNA was pelleted by centrifugation at 13000 rpm for 1 min, the supernatant was 

discarded and the pellet was air-dried and resuspended in 10-15 pi TE with 20 pg/ml 

RNase A (Sigma Aldrich).
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Buffers and solutions:

Solution 1 nOx stock):

Tris-Cl pH 8 (1 M) 25.0 ml

Glucose (20%, w/v) 45.5 ml

EDTA (0.5 M, pH 8.0) 20.0 ml

dH2 0  to 100 ml

This solution can be stored at rt.

Solution 2 (Ixh

N aO H (lO N ) 2.0 ml

SDS (25 %, w/v) 4.0 ml

dH2 0  to 100 ml

To be prepared fresh.

Solution 3 Hxh

K-acetate 147.0 g

Acetic acid pH to 4.8

dH20 to 500 ml

It can be stored at rt.

Tris-EDTA (TE):

Tris-base 1.21 g

EDTA 0.5 M pH 7.6 2 ml

dH20 to 500 ml

It can be stored at rt.

2.5.2 Large scale isolation of plasmid DNA

All the solutions were provided by the QIAfilter Plasmid Maxi kit (QIAgen).

Single bacterial colonies were inoculated into 100 ml of culture broth with the 

appropriate antibiotic for selection and grown o/n shaking at 200-300 rpm at 37°C. 1 ml
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was removed and glycerol was added to the final concentration o f 10%. The glycerol 

stabs were stored at -70°C for future use.

Following manufacturer’s instructions, cells were harvested by centrifugation at 

5000 rpm for 5 min in polycarbonate tubes. The pellet was resuspended in 10 ml Buffer 

PI. 10 ml Buffer P2 was added, the sample was mixed and incubated for 5 min at rt. 10 

ml ice cold Buffer P3 was added to the lysate and the sample was mixed, poured into the 

QIAfilter Cartridge and incubated for 10 min at rt. A QIAGEN-tip 500 was equilibrated 

by adding 10 ml Buffer QBT and allowing the column to empty by gravity flow. The 

plunger was inserted into the cartridge and the lysate filtered in the QIAGEN-tip. The 

lysate was allowed to enter the resin by gravity flow. The QIAGEN-tip containing DNA 

bound to a resin was washed twice with 30 ml Buffer QC. The plasmid DNA was eluted 

with 15 ml Buffer QF pre-heated at 65°C. 10.5 ml isopropanol was added and the 

plasmid DNA was precipitated by centrifugation at 10000 rpm for 30 min. The 

supernatant was discarded and the pellet washed with 5 ml 70% EtOH. The plasmid 

DNA was pelleted by centrifugation at 10000 rpm for 10 min, the supernatant was 

discarded, the pellet was air-dried and resuspended in 0.5 ml TE.

DNA concentration and purity were measured with a UV/visible 

spectrophotometer (Ultraspec II, LKB Biochrom, Cambridge). The concentration of 

double stranded DNA in ng/pl is obtained by multiplying the absorption reading at 260 

nm by the scaling factor 50 and the dilution factor. The purity is assessed from the ratio 

of the readings at 260 and 280 nm. An optimum value is in the range 1.8-2.0. A ratio 

greater than 2.0 indicates RNA contamination, one less than 1.8 suggests proteins in the 

sample. Samples were stored at -20°C.

2.6 DNA sequencing

The sequence integrity of the plasmids was confirmed using a Thermo Sequenase Cycle 

Sequencing Kit (Amersham Pharmacia Biotech, Amersham, UK) and a Gene Readir 

DNA Analyzer (LI-COR, Lincoln, USA). The kit consists o f four reagents each 

containing dNTP and ddNTP terminators of the same type and a DNA polymerase. The 

mix was added to a primer labelled with an infrared tag emitting at 800 nm, to allow 

fluorescence-based sequencing.
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Primers

To sequence the promoter region of the plasmids constructed (Chapter 7), the following 

custom primers (purchased from MWG-Biotech) were designed, based on the regions 

flanking the cloning sites in the commercial vector pCI-neo (Clontech, Basingstoke, 

UK):

To read in the forward direction (5’-^ 3 ’):

5’-AAA CGC CAG CAA CGC GGC C-3’ 

and in the reverse direction (3’->5’):

5’-GGT TCA CTA AAC GAG CTC TGC-3’

To determine the sequence o f the fragments inserted in the vector pBluescript-KS 

(Stratagene, Amsterdam, The Netherlands; Chapter 7), the following primers were 

designed according to manufacturer’s recommendations:

5’-AAT TAA CCC TCA CTA AAG GG-3 ’ (forward)

5’-GTA ATA CGA CTC ACT ATA GGG C -3’ (reverse)

Sequencing

For a 0.2 mm gel (41 cm gel system):

21 g urea 

23 ml ddHzO

4 ml formamide

8 ml Rapid gel (Amersham Pharmacia Biotech)

5 ml lOx TBE

were mixed in the above order, stirred at rt until solubilised and sonicated for 2-4 min to 

degas.

Before pouring the gel between the assembled glass plates, 75 ml TEMED (Sigma 

Aldrich) and 350 pi 10% ammonium persulphate (Sigma Aldrich) were added to the gel 

mixture. The gel was left to polymerise horizontally for at least 90 min.

For each dNTP, 1.5 pi terminator reagent (Amersham Pharmacia Biotech) was 

added to 4.5 pi master reagent mix in a Costar 96-well PCR plate. The reaction was
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overlaid with 20 pi Chill-out liquid wax (MJ Research Inc, Waltham, MA). The plate 

was placed in a thermocycler (Mastercycler gradient, Eppendorf, Cambridge, UK) and 

the programme, the profile o f which is specified below, was started.

At the end o f the programme, 4 pi loading dye (Amersham Pharmacia Biotech) 

was added to each reaction. The mixtures were heated to 65°C for 2 min, and 1 pi was 

loaded to each lane of the sequencing gel. The reactions can be stored at -20°C for a 

maximum of 24 h after addition of the loading dye.

The samples were electrophoresed o/n at a constant voltage o f 1800 V. The 

sequence was analysed using the BaseImagIR v 4 . 0  software (LI-COR).

Programme:

95°C for 1 min 

15 cycles of:

95°Cfor 10 s

Tm (melting temperature of the primer)-3°C for 30 s 

65°C for 30 s 

15 cycles of:

95°Cfor 10 s 

70°C for 30 s 

hold at 15°C.

Buffers and solutions:

Tris-borate-EDTA (TBE. 10x3

Tris-base 107.8 g

Boric Acid 27.5 g

EDTA 9.3 g

dHzO to 1 1

The pH should be between 8.3 and 8.7.
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Sequencing master reagent mix:

DMSO 1.4 Hi

Primer 1.5 pmole

Plasmid DNA 130 ng/kbp

ddHzO to 21 pi

2.7 Eukaryotic cell transfection

A variable fraction o f cells incorporate the exogenous DNA after transfection 

(transfection efficiency), which depends on the cell type and the method adopted. 

Transient transfectants can express the foreign gene for 1-7 days, but during replication 

the exogenous DNA is lost or integrated into their chromosomal DNA at one or more 

random locations. By adding a selectable marker (e.g., puromycin or neomycin) to the 

DNA vector, it is possible to identify stably transfected clones. These can be isolated 

and assayed for gene expression over many generations o f cell divisions.

A number o f non-viral methods have been developed for eukaryotic transfection 

(see section 1.2.1), including calcium phosphate precipitation, electroporation and 

cationic vesicles. In this study two types o f cationic vesicles were used, Lipofectin 

coupled with integrin-targeted peptides (Hart et al., 1998), or Lipofectamine.

2.7.1 Lipofectin and integrin-targeted peptides
Prior to use, the integrin-targeted peptides (sequence K iôGACRRETAWACG, Institute 

o f Child Health, London, UK; Hart et al., 1998) were cyclised o/n at 4°C at 0.1 mg/ml in 

OptiMEM (Life Technologies) and subsequently filter-sterilised and stored at -20°C.

24 h prior to transfection, exponentially growing mammalian cells were harvested, 

counted and plated in normoxia at 1-5 x 10  ̂per 6 cm dish (4-18 xlO^ cells/cm^).

The transfection mix was freshly prepared, containing a ratio o f 0.75:1.8:1 by 

weight o f Lipofectin (Life Technologies), peptides and plasmid DNA:

1.5 pi Lipofectin diluted in 200 pi OptiMEM

3.6 pg peptide, at 0.1 pg/ml in OptiMEM 

2 pg DNA in 200 pi OptiMEM.
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The components were mixed in the above order and left to form complexes for 2 h at rt. 

Prior to adding the mixture to the cells, OptiMEM was added to a total volume o f 1 ml.

The culture medium was removed and the cells were washed with excess PBS, 

followed by a wash in OptiMEM. 1 ml of transfection mix was added per dish and the 

cells were incubated for 5 h or o/n at 37°C in a humidified incubator. The transfection 

mix was removed and replaced with complete DMEM.

Transient transfectants were assayed for gene expression 24-48 h after 

transfection.

To obtain stable transfectant lines, clones were selected over two weeks in 

complete medium containing the neomycin analogue G418 (Life Technologies) at a 

concentration o f 0.5 mg/ml active drug. Separate clones were picked using a fine pipette 

into 24-well culture dishes, and cultures expanded in the presence of the selecting agent. 

Transgene expression was tested by using the appropriate assays.

2.7.2 Lipofectamine
Transfections were carried out as described above. The transfection mix in this case was:

10 pi Lipofectamine (Life Technologies) diluted in 45 pi OptiMEM 

5 pg DNA in 45 pi OptiMEM.

The components were left to form complexes for 30-45 min at rt, and, prior to 

adding the mixture to the cells, 1 ml OptiMEM was added. The cells were exposed to 

the transfection mix for 5-7 h at 37°C in the humidified incubator.

2.8 Detection of enhanced green fluorescent protein by flow cytometry

The enhanced green fluorescent protein (EGFP) is widely used as a marker for 

transfection efficiency and gene expression, although care should be taken when using it 

as a reporter under certain tumour conditions (Coralli et al., 2001). For gene regulation 

studies, conclusions about the rate o f transcription are drawn by analysing the strength 

o f the fluorescence signal. Work conducted in our group has shown that EGFP 

fluorescence was absent under anoxia and significantly lower under severe hypoxic
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conditions (0.02% O2), when compared to normoxic conditions (21% O2). After 5-10 h 

o f reoxygenation a full recovery of the fluorescence signal was observed. These findings 

suggest that it may be problematic to analyse EGFP production under complete anoxia 

and that, after severe hypoxia, it is necessary to incubate the cells in normoxia for 5-10 h 

prior to fluorescence analysis.

Transfectants containing EGFP were harvested using trypsin/EDTA, washed in 

PBS and resuspended in phenol red-free Hanks’ balanced salt solution (HESS, Life 

Technologies) at 5-10 xlO^ cells/ml. Relative fluorescence was detected by fluorescence 

activated cell sorting (FACS) analysis on a Becton Dickinson FACScan. As single cells 

pass through a laser beam, they scatter light and emit fluorescence, which varies 

depending on the physical characteristics o f the cells. EGFP has the following spectral 

characteristics: excitation maximum 488 nm, emission maximum 507 nm, and could be 

detected by the FL-1 detector at the FACScan utilised. Settings were left unchanged 

during all of the readings in individual experiments.

The data were analysed using dedicated software (CELLQuest for Apple 

Macintosh, Becton Dickinson, Franklin Lakes, NJ). Fluorescence was normalised to that 

of cells transfected with a control plasmid while gating against cell debris using forward 

vs. side scatter (FCS vs. SSC). Cells were scored as positive if  they showed an increase 

in fluorescence with respect to the control. The fraction o f cells expressing EGFP was 

calculated by subtracting the control from the sample test profile.

2.9 Immunofluorescence staining for HRP

1-2 xlO^ cells were plated on a coverslip in a 6 cm dish. The cells were fixed in 3% 

paraformaldehyde/PBS for 20 min at rt, rinsed with PBS and incubated in 15 mM 

glycine/PBS for 20 min at rt. Non-specific binding was blocked by two washes in wash 

buffer performed over a period o f 20 min. The primary antibody (rabbit polyclonal anti- 

HRP; Dako, Ely, UK) was diluted 1:200 in 10% FCS/wash buffer, centrifuged for 10 

min at 13000 rpm and incubated with the cell monolayers in a humidified chamber for 1 

h at rt. Following extensive rinsing in wash buffer (at least six washes o f 10 min each), 

the cells were exposed to the secondary antibody (TRITC-conjugated swine anti-rabbit 

immunoglobulins; Dako), diluted 1:200, as above. The six washes were repeated.
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followed by two rinses in PBS over 10 min. The coverslips were mounted on a 

microscope slide using Vectashield mounting medium (Vector Laboratories Inc., 

Burlingame, CA) and viewed using an Olympus BH-2 fluorescence microscope.

Alternatively, antibody-labelling was performed on cell suspensions, and was 

followed by FACS-analysis.

Buffers and solutions:

Wash buffer:

FCS 5.0 ml

Tween 20 (Sigma Aldrich) 1.0 ml

PBS to 100 ml

To be prepared fresh.

2.10 HRP activity assay

Cells in exponential growth were harvested by trypsinisation and resuspended in 0.5% 

hexadecyltrimethylammonium bromide (Sigma Aldrich). The cells were lysed by 

freeze/thawing three times in liquid nitrogen/37°C and by centrifugation in a 

microcentrifuge at 13000 rpm for 15 min. Supernatants were stored at -20°C.

Enzyme reactions were carried out at rt by diluting 40 pi supernatant in 80 mM 

phosphate buffer (pH 5.4), with 20 pi o f 88 mM 3,3’,5,5’-tetramethyl benzidine 

dihydrochloride (TMB, Sigma Aldrich) in 10% DMSO (Sigma Aldrich) and 3.0 mM 

H2O2 , in a total volume o f 2 ml. The absorbance was read at rt on a Hewlett Packard 

model 8452A diode array spectrophotometer. At 652 nm the absorbance spectrum 

(Figure 2.1.A) presented a peak that depends on HRP concentration (Bos et al., 1981). 

The absorbance at 652 nm (A652) was measured over 30 min at 1 min intervals. In the 

first 10 min, the absorbance increased linearly with time (Figure 2.1.B), and the rate was 

proportional to the amount o f HRP in the samples, as assessed in calibration curves 

using purified HRP enzyme (Figure 2.1.C). Samples were kept on ice during the assay.

The total cellular protein content in the samples was determined by using a 

commercial protein assay kit (Bio-rad, Hemel Hempstead, UK) against a standard 

protein curve. The HRP activity was expressed as units o f enzyme per pg of total
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cellular protein in the sample. A unit is defined as the amount o f  enzyme that produces 

an increase o f  one A652 unit per minute.
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Figure 2.1. Detection of HRP activity.

In the presence of HRP and H2O2 , the 

absorption spectrum of the oxidation 

product of the substrate TMB showed 

two peaks, at 370 and 652 nm (A). The 

absorbance at 652 nm (A652) was 

followed for 30 min using different 

concentrations of purified HRP (B). In 

the first 10 min a linear increase of A652 

was observed. The rate of increase 

depended linearly on enzyme 

concentration (C).
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Buffers and solutions:

Phosphate buffers:

50 mM PO4 buffer in sterile H2O, from 100 mM stock (Sigma Aldrich). Adjust pH to 

6 .0 .

80 mM PO4 buffer in sterile H2O, from 100 mM stock. Adjust pH to 5.4.

Filter sterilise. These buffers can be stored at 4°C.

0.5% Hexadecyltrimethylammonium Bromide:

Hexadecyltrimethylammonium Bromide (Sigma Aldrich) 100 mg

50 mM PO4 buffer, pH 6  20 ml.

This solution can be stored at -20°C.

2.11 Western blot

For Western blot analysis, cell monolayers were washed in ice-cold PBS and lysed in 

100 pi ice-cold lysis buffer. Equal quantities of proteins (about 20 pg) from such whole 

cell extracts were suspended in sample buffer, denatured at 95°C for 5 min, loaded into 

the wells of pre-cast polyacrylamide gels (Invitrogen-Novex, Groningen, Netherlands) in 

Ix running buffer (National Diagnostics, Hessle, UK) and subjected to SDS- 

polyacrylamide gel electrophoresis (PAGE) at a constant voltage of 125 V.

Proteins in the gel were transferred to nitrocellulose membranes (Genetic 

Research Instrumentation Ltd, Rayne, UK) by using an LKB-Pharmacia-Biotech semi

dry blotter, for 1 h at 0.8 mA/cm^ membrane surface area.

The membrane was rinsed in 0.1% Tween 20/PBS and incubated for 5-10 h in 

blocking solution at 4°C. After washing in Tween 20/PBS, immunoblotting was 

performed with primary antibodies for 1 h at rt or o/n at 4°C, on a shaker. The 

membrane was rinsed four times in Tween 20/PBS over 20 min and incubated with 

secondary HRP-conjugated immunoglobulins shaking for 1 h at rt. After four washes 

over 30 min, immunoreactive bands were detected by using the enhanced 

chemiluminescence technique (ECL kit, Amersham Pharmacia Biotech), according to 

manufacturer’s instructions. The membrane was exposed to a diographic film for 3-60
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min. The total protein content on the gel was visualised by staining at rt with a 

Coomassie blue stain solution for 2 h, and by removing excess staining solution o/n.

Buffers and solutions:

Lvsis buffer:

Tris-HCl, pH 7.5 50 mM

NaCl 100 mM

Triton-X 1%

EDTA 5 mM

Protease inhibitor cocktail (Sigma Aldrich) 10 pl/ml

Sample buffer:

0.5 M Tris-HCl, pH 6 . 8  1.0 ml

glycerol 0 . 8  ml

10% SDS 1.6 ml

P-mercaptoethanol 0.4 ml

0.05% bromophenol blue 0.2 ml

dH2 0  4.0 ml

Transfer buffer:

Tris 25 mM

Glycine 192 mM

Methanol 20 ml

dH2 0  to 1 0 0  ml

Membrane Blocking solution:

Tween 20 0.1 ml

Dry-powdered milk 5 g

PBS to 100 ml
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Antibody solution:

Tween-20 50 ]ul

BSA 1 g

PBS to 50 ml

Coomassie blue stain:

Methanol 50 ml

Acetic acid 10 ml

Coomassie blue 0.1 ml

dHiO to 1 0 0  ml

Filter the solution.

Destain solution:

Methanol 50 ml

Acetic acid 10 ml

dHiO to 1 0 0  ml

2.12 Irradiation procedure

Cells were irradiated using a Pantak IV X-ray generator, operated at 240 kV (HVL 1.3

mm Cu), at a dose rate o f 1. 6  Gy/min.

2.13 Clonogenic assay

Exponentially growing cells were harvested, plated at low density and allowed to adhere 

for 4-6 h. The cells were exposed to the drugs in HBSS in the 37°C incubator.

For experiments under anoxia/hypoxia, cells were preplated in the anaerobic 

cabinet and, after incubation for 5-6 h to ensure anoxic/hypoxic conditions, were 

exposed to the prodrugs in the cabinet or in perspex boxes flushed continuously with 

0 .1 % O2 .

Following drug exposure, the cells were rinsed with PBS and grown for 8-15 days 

in complete DMEM supplemented with feeder cells (V79 cells exposed to 250 Gy ^^Co
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irradiation). After fixation and staining with 2.5% crystal violet (Sigma Aldrich) w/v in 

isomethylated spirit (IMS), colonies of >50 cells were scored.

2.14 MTS proliferation assay

This assay consists o f a colorimetric method for determining the number of viable cells 

after drug exposure. The CellTiter 96^^ AQueous Assay (Promega) kit consists o f 3-(4,5- 

dimethylthiazol-2-yl)-5-(carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, 

inner salt (MTS) and an electron coupling reagent (phenazine methosulfate; PMS). MTS 

is bioreduced by dehydrogenase enzymes in metabolically active cells into a formazan 

that is soluble in the tissue culture medium. The amount of formazan formed, which is 

proportional to the number of living cells in culture, can be measured directly using a 

multiwell spectrophotometer at 492 nm, without additional processing.

The MTS assay was performed according to manufacturer’s instructions. Briefly, 

exponentially growing cells were plated in 96-well plates (2000 cells/well; 8  wells/drug 

concentration) and exposed to the prodrugs. After drug exposure, the cells were grown 

until the control wells (exposed to HBSS only) reached confluence. The culture medium 

was supplemented with MTS and PMS, at the final concentrations o f 166 pg/ml and 12.5 

pM, respectively. The reaction was left to take place for 2 h at 37°C in the dark, the 

plates were agitated to ensure complete mixing and scanned on a multiplate reader 

(Labsystems Multiskan MCC/340) at 492 nm. Cell growth was evaluated relative to 

HBSS-treated controls.

Buffers and solutions:

MTS stock:

MTS 42 mg

PBS 21 ml

Stir for 15 min or until MTS is completely dissolved. Adjust pH to 6.5 and filter

sterilise. The stock can be stored at -20°C protected from light.
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PMS stock:

PMS 9.2 mg

PBS 10 ml

Adjust pH to 6.5 and filter sterilise. The stock can be stored at -20°C protected from

light.

2.15 Statistical analysis

Significance tests were carried out on the data groups by using analysis o f variance 

(ANOVA) followed by pair-wise comparison between specific groups (Student r-test). 

Linear least square regressions and correlation analysis were performed by using a 

fitting package (JMP, SAS Institute Inc., Marlow, UK). Values o f p<0.05 were 

considered as significant.
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Chapter 3
Horseradish peroxidase/indole-3-acetic acid: a novel 

enzyme/prodrug combination for gene therapy of cancer

3.1 Introduction

GDEPT is a two-phase suicide gene therapy. Firstly, a gene encoding a foreign enzyme 

is delivered; secondly, a prodrug is administered and selectively converted into a 

cytotoxin by the enzyme synthesised at the target.

In the choice o f the appropriate enzyme/prodrug combination for cancer treatment 

a number o f issues have to be taken into account (section 1.2.5). Since 1986, when 

Moolten introduced the concept of suicide genes, several different GDEPT systems 

have been proposed, but none seem to fulfil all the required criteria (Connors, 1995; 

Knox, 1999). Even the HSV TK/GCV and the E. coli CD/5-FC combinations, currently 

adopted in clinical trials, present a number o f drawbacks. For example, since activated 

GCV and 5-FC interfere with DNA synthesis, they are not particularly suitable for the 

eradication o f the slowly dividing hypoxic population in solid tumours. Although 

tumour cells transfected with a hypoxia-induced CD-encoding gene could be sensitised 

to 5-FC during subsequent drug exposure in air (Dachs et al., 1997), no cell kill could 

be detected when CD-expressing cells were treated under anoxia (G.U. Dachs, 

unpublished observation). The potential o f other newly developed combinations, such as 

CPG2/CMDA and CYP/CP to successfully eradicate radioresistant hypoxic tumour 

cells is yet to be reported. There is therefore scope for a novel GDEPT system, effective 

against normoxic as well as hypoxic cells.

The enzyme HRP and the plant hormone lAA represent a novel enzyme/prodrug 

combination for anti-cancer strategies (section 1.3). When activated by purified HRP, 

lAA inhibited colony formation in mammalian cells, while neither enzyme nor prodrug 

alone were cytotoxic at the same concentrations or duration o f treatment (Folkes et al., 

1998, 1999). Binding to DNA was observed in a cell-free system, indicating that cell 

proliferation may not be required for the induced toxicity (Folkes et al., 1999).
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The experiments presented in this chapter aimed to determine the potential o f 

utilising the HRP/IAA system for GDEPT. Three human tumour cell lines and one 

endothelial cell line were transfected in vitro with plasmid vectors containing HRP 

coding sequences, and their sensitisation to lAA was evaluated under normoxic and 

anoxic conditions. The ability o f the HRP/IAA combination to induce a bystander effect 

was also studied.

3.2 Materials and methods

Further details on general methods and materials can be found in Chapter 2. 

Experimental methods specific to this chapter are described below.

3.2.1 Hypoxic conditions
For experiments under anoxic or hypoxic conditions, cells were incubated at 37°C in 

the anaerobic glove cabinet (anoxia), or in airtight perspex boxes flushed continuously 

with a humidified gas mixture containing 0 .1 % O2 (hypoxia).

3.2.2 Plasmid DNA and cell transfection
The plasmids pRK34-HRP (containing the HRP cDNA; Figure 3.1.A; Connolly et al., 

1994), pTK (bearing the HSV TK gene; Marples et al., 2000) and pCMV-CD4 

(containing the gene for the marker CD4; Dachs et ah, 2000) were kindly provided by 

Dr. D.F. Cutler (UCL), Dr. S.D. Scott (Gray Cancer Institute/Karmanos Cancer 

Institute) and Dr. G.U. Dachs, respectively.

To produce pEGFP-HRP (containing the HRP synthetic gene; Figure 3.1.B), 

pEGFP-N 1 (Clontech, Basingstoke, UK) was linearised with Ssp BI, the termini blunted 

using Mung Bean endonuclease and then digested with Xba I (all enzymes from Life 

Technologies). The HRP synthetic gene (Smith et ah, 1990) was excised from pBGS19- 

HRP (from Prof. A.T. Smith, University of Sussex, Brighton) by Hpa VXba I digestion 

and the resulting fragment ligated in frame to the 3 ’ end o f the EGFP coding sequence. 

The sequence integrity o f the construct was confirmed by automated sequencing 

(Cambridge Bioscience, Cambridge, UK).

The construct pEGFP-neo was made as follows, to contain an identical vector
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backbone as pTK. The EGFP coding sequence was excised from pEGFP-Nl by EcoK 

MNot I digestion and the resulting fragment inserted in the commercial vector pCI-neo 

(Promega, Southampton, UK), linearised with the same restriction enzymes.

In all plasmids, gene expression was controlled by the Cytomegalovirus (CMV) 

immediate early gene promoter.

B

CMV

PRK34-HRP 
5890 bp

HRP
(cDNA)

CMV

KDEL
Neomycin 

phosphotransferase

EGFP

HRP 
(synthetic gene)

Figure 3.1. HRP-containing plasmids utilised in this chapter.

A. The pRK34-HRP construct contained the HRP cDNA fused to the signal sequence from the 

human growth hormone (hGH) and the KDEL retention motif (Connolly et ah, 1994).

B. The HRP synthetic gene was inserted at the C-terminus of the enhanced green fluorescent 

protein (EGFP) in the commercial plasmid pEGFP-Nl.

Transient transfectants were obtained by exposing the cells to complexes of 

Lipofectin, integrin-targeted peptides and DNA (section 2.7.1), and were assayed for 

gene expression after 24 h. Transfection efficiency with the plasmid pRK34-HRP was 

analysed by immunofluorescence analysis (section 2.9). Transfection efficiency with the 

construct pTK was estimated by measuring the production of the marker protein EGFP 

in cells transfected under the same conditions with pEGFP-neo (section 2.8). Stable 

transfectants were isolated as described in section 2.7.1.
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3.2.3 Detection of HRP expression
Procedures were carried out as described in Chapter 2. HRP activity was analysed using 

a TMB assay, and expressed as units of enzyme per pg of total cellular protein. For 

Western blots, whole cell extracts were subjected to SDS-PAGE using 12% 

polyacrylamide gels. Proteins in the gel were transferred to nitrocellulose membranes, 

and immunoblotting was performed with primary rabbit polyclonal anti-HRP antibodies 

(Dako) diluted 1:1000, and secondary HRP-conjugated goat anti-rabbit 

immunoglobulins (Dako), diluted 1:2000.

3.2.4 Clonogenic assays
Exponentially growing cells were plated at low density on Petri dishes and exposed to 

lAA (Sigma Aldrich) or GCV (from Dr. E. Littler, GlaxoWellcome, Stevenage, UK) in 

HBSS for 2 h or 24 h.

To evaluate the cytotoxicity of lAA activated by exogenous HRP, 1.2 pg/ml 

purified HRP enzyme (Sigma Aldrich) was added to untransfected cells incubated with 

lAA.

For experiments under anoxia/hypoxia, cells were pre-plated in the anaerobic 

cabinet and, after incubation for 5-6 h in the cabinet or under 0.1% O2 to ensure 

anoxic/hypoxic conditions, they were exposed to the prodrugs.

To measure the bystander effect, cells transiently transfected with pRK34-HRP 

(HRP^) or pCMV-CD4 (HRP ) were mixed in different proportions and exposed to lAA 

for 24 h. After drug exposure, cells in the media and attached to the dishes were 

collected, counted using a haemocytometer and re-plated at low density for clonogenic 

survival.

In conditioned medium-switch experiments, HRP^ cells were exposed to HBSS 

containing a range o f lAA concentrations for 2 h. This medium was then transferred to 

pre-plated HRP' cells for a subsequent 2 h-incubation.

Surviving fractions were evaluated relative to HBSS-treated controls. The 

concentration o f prodrug required to reduce cell survival by 50% (IC50) was estimated 

from the survival curves.
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3.3 R esults

3.3.1 Cytotoxicity o f lAA activated by purified HRP in human cells

To evaluate the cytotoxic potential o f  lAA activated by exogenous HRP in human cells, 

untransfected human bladder carcinoma T24 cells were exposed for time intervals from 

15 min to 2 h to 0.1 mM lAA and 1.2 pg/ml purified HRP. Clonogenic assays showed a 

decrease in surviving fraction with increasing exposure time (Figure 3.2). The cells 

were also exposed to enzyme and prodrug independently and no significant cytotoxic 

effects were observed at the concentration/time indicated (Figure 3.2).

0.1
0.0 0.5 1.0 1.5 2.0

Time (h)

Figure 3.2. Cytotoxicity of lAA after activation by purified HRP.

T24 cells were incubated with lAA (0.1 mM) and purified HRP enzyme (1.2 pg/ml) for time 

intervals up to 2 h. The data are means of three independent clonogenic assay experiments 

(triplicate samples). Error bars are ±  standard error (SE). O: lAA; □: HRP; A; HRP + lAA.
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3.3.2 Transfection of human cells with HRP genes: HRP synthetic gene
For a gene therapy approach to be effective, selective cell kill should be observed when 

the prodrug is activated by the intracellularly produced enzyme. Two plasmid constructs 

containing either a synthetic HRP gene (pEGFP-HRP) or the HRP cDNA (pRK34- 

HRP) were used to test this strategy (Figure 3.1).

The HRP synthetic gene had been previously designed by Smith and co-workers 

(1990) to achieve high expression in E. coli and mammalian cells. However, studies in 

our laboratory showed that when the HRP synthetic gene was expressed in mammalian 

cells under the control o f the CMV promoter in the construct pBGS19-HRP no 

peroxidase activity could be detected (G.U. Dachs, personal communication). Correct 

folding of the protein might have been impaired (Hartmann and Ortiz de Montellano, 

1992; D.F. Cutler, personal communication), and extensions at either termini o f the 

HRP gene required (Connolly et al., 1994; Stinchcombe et al., 1995; Norcott et al., 

1996). Therefore, to stabilise the HRP and allow direct and easy detection of the protein 

in transfected cells, the synthetic gene was inserted at the C-terminus of EGFP in the 

plasmid pEGFP-N 1. A correct in-frame fusion of EGFP and HRP coding regions was 

obtained in the construct pEGFP-HRP (Figure 3.1.B), as confirmed by sequence 

analysis. To demonstrate that the EGFP-HRP fusion protein was produced and retained 

the characteristics of the two components, T24 cells were transfected with pEGFP-HRP 

and stable lines were obtained by selecting clones with the neomycin analogue G418. 

Fluorescence microscopy and FACS analysis confirmed that the fluorescent properties 

of EGFP were preserved, albeit with an emission intensity for EGFP-HRP ~2 orders of 

magnitude lower than for EGFP alone (Figure 3.3.A). FACS analysis also showed that 

only 57 (±3)% of the antibiotic-selected population produced the fusion protein (Figure 

3.3.A). HRP production was detected by Western blot analysis, enzyme activity assay 

and immunostaining (Figure 3.3.B, C, D). All assays confirmed that low levels o f 

EGFP-HRP protein were synthesised in the stable line. This was not exclusive to the 

specific stable clone, since low EGFP-HRP production was also detected in transient 

pEGFP-HRP-transfectants and other stable EGFP-HRP lines (results not shown). When 

the EGFP-HRP-transfectants were exposed for 2 h to a range of lAA concentrations.
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clonogenic assays revealed an increase in cellular sensitivity to the prodrug compared to 

EGFP-expressing controls (Figure 3.4). These results were encouraging, as they 

indicated that the prodrug could be activated to the toxic drug even at low levels o f 

HRP. However, in order to analyse the effects and mechanisms o f HRP-mediated 

GDEPT, more significant levels of protein synthesis and cell kill would have been 

preferable. We therefore tested the plasmid pRK34-HRP containing the HRP cDNA, 

which could be highly expressed in mammalian cells (Connolly et al., 1994). Moreover, 

transient rather than stable transfectants were used, since transient expression and lack 

of integration of the therapeutic gene are more likely to take place in vivo with current 

delivery systems (section 1.2.1). All subsequent experiments were therefore carried out 

using transiently transfected cells.
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Figure 3.3. Production of the EGFP-HRP fusion protein in stably transfected T24 cells.

A. FACS profile (EGFP expression) of stable EGFP-HRP-transfectants (solid histogram), 

EGFP-transfectants (-), and mock-transfected controls (-).

B. Western blot of HRP protein extracts of stable EGFP- (lane 1) and EGFP-HRP-transfectants 

(lane 2 ).

C. Peroxidase activity detected in EGFP- and EGFP-HRP-transfectants using a TMB enzyme 

assay. The means of three independent experiments (triplicate samples) ± SE are shown.

D. HRP immunostaining of EGFP-HRP-stable transfectants. The cells were labelled with 

primary anti-HRP and secondary TRITC-conjugated antibodies. The slides were viewed on 

an Olympus BH-2 fluorescence microscope (300x magnification).
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Figure 3.4. Sensitisation of cells transfected with the HRP synthetic gene to lAA.

Clonogenic survival of EGFP (O) and EGFP-HRP ( • )  stably transfected T24 cells exposed for 

2 h to lAA. Data are means of at least three independent experiments (triplicate samples) ± SE.

3.3.3 Transfection of human cells with HRP genes: HRP cDNA

To demonstrate feasibility of HRP-mediated GDEPT, four cell lines of human origin 

(T24 bladder carcinoma, MCE-7 breast adenocarcinoma, FaDu nasopharyngeal 

squamous carcinoma and HMEC-1 microvascular endothelial cells; Table 2.1) were 

transiently transfected with the pRK34-HRP construct (Figure 3.1.A). In this plasmid 

the HRP cDNA had previously been fused to the signal sequence from the human 

growth hormone (hGH) and the KDEL retention motif (Connolly et ah, 1994). The 

KDEL-tag causes accumulation of the HRP in the endoplasmic reticulum and the 

nuclear envelope (Figure 3.5), preventing secretion of the enzyme. This may be an 

advantage in vivo, where non-specific prodrug activation at sites distant from the 

tumour would be undesirable.
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Figure 3.5. Immunodetection of HRP in T24 cells transfected with the plasmid pRK34-HRP. 

Transient transfectants immunostained for HRP were examined on an Olympus BH-2 

fluorescence microscope (300x magnification). The KDEL tetrapeptide fused to the C-terminus 

of the HRP cDNA causes intracellular accumulation in the endoplasmic reticulum and the 

nuclear envelope.

As assessed by immunostaining and FACS analysis, the transfection efficiencies 

were 20-25% in T24, 16-20% in MCF-7, 10-14% in FaDu and 18-20% in HMFC-1 

cells (Table 3.1). As expected, untransfected cells and mock-transfected (HRP ) cells 

did not stain positive for HRP (results not shown). Synthesis of an immunoreactive 52 

kDa protein and competent peroxidase activity were confirmed in all HRP^ cells by 

Western blotting (Figure 3.6) and enzyme assay (Table 3.1). In T24, MCF-7 and FaDu 

cells HRP activity was 3.6±0.9, 1.1 ±0.6 and 0.810.2 xlO'^ units/pg total protein, 

respectively. Compared with the other lines, a higher peroxidase activity was detected in 

HMEC-1 cells (17±3 xlO'^ units/pg total protein), which may indicate an increased 

number of HRP-containing plasmids per cell, compared with the other lines. No 

detectable HRP protein production or catalyst activity could be measured in HRP' cells 

(data not shown). Expression of HRP did not affect the phenotype of the transfectants, 

as judged by plating efficiency, growth rate or morphology (results not shown).
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Cell line Transfeetion HRP activity IC50 (mM) IC50 (mM) Selectivity 

efficiency (%) (10'^ units/ HRP HRP^ index (SI)

f.ig total protein)

T24 20-25 3.6±0.9 1 . 8 0.05 36

T24 >4* 1 * >4*

MCF-7 16-20 1 . 1 +0 . 6 0.85 0 . 0 1 85

FaDu 10-14 0 .8 +0 . 2 3.3 0.06 55

HMEC-1 18-20 17+3 2.9* 0.96* 3

Table 3.1. Expression of HRP and sensitivity to lAA in human cell lines.

The transfection efficiency was determined by immunolabelling followed by FACS analysis; 

HRP activity was detected with a TMB assay. The selectivity index was expressed as the ratio 

of lAA concentration required to kill 50% (IC5 0) of HRP to HRP cells (clonogenic survival 

assay, except *: MTS assay).

marker T24
+

MCF-7
+

FaDu
+

HMEC-1
+

(1) (2) (3) (4) (5) (6) (7) (8) (9)

/  j P  .# #  # HRP

Figure 3.6. Production of HRP protein in transfected cells of human origin.

Western blot of extracts of HRP (lane 2) and of HRP T24 cells (lane 3); MCF-7 cells (lanes 4 

and 5); FaDu cells (lanes 6  and 7); HMFC-1 cells (lanes 8  and 9). A protein marker is in lane 1.

3.3.4 I n  v i t r o  efficacy of HRP/IAA GDEPT

Susceptibility of HRP-expressing T24, MCF-7 and FaDu cells to prodrug treatment was 

assessed by exposing the cells to increasing concentrations of lAA (Figure 3.7). After 

only 2 h-exposure, significant cell kill was induced in HRP-transfectants, while no 

toxicity was observed in HRP' cells (Figure 3.7.A). At non-toxic doses of lAA, a 1-2
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log cell kill was induced in HRP"  ̂ cells, even though less than 30% of the transient 

transfectants were shown to synthesise the foreign enzyme.

Above 4 mM lAA a rapid and dramatic decrease in survival was observed in both 

the HRP‘ and HRP"  ̂ populations (data not shown). This effect was due to the 

acidification o f the IAA-containing medium, since if the pH was adjusted to 7.4 no 

toxicity was detected in HRP' cells exposed for 2 h to up to 20 mM lAA (results not 

shown). Doses above 4 mM were therefore not included in subsequent survival curves.

A higher efficacy of the HRP/IAA combination was observed after prolonged (24 

h) incubation (Figure 3.7.C). In all the cell lines studied, expression o f the HRP enzyme 

significantly enhanced the sensitivity to lAA, with levels o f cell kill up to 4-5 log. Some 

toxicity was also observed in HRP cells at concentrations >1 mM (45% (T24), 24% 

(FaDu), 54% (MCF-7) cell kill after 1 mM lAA). Doses that reduced the surviving 

fraction to 50% (IC50) for HRP^ cells were compared to the corresponding values for the 

HRP populations, and the ratio o f IC50 for HRP cells to IC50 for HRP^ cells was 

defined as selectivity index (SI; Table 3.1). After 24 h incubation. Sis o f 36, 55 and 85 

were measured in T24, MCF-7 and FaDu cells, respectively. Inspection o f the survival 

curves up to 1 mM lAA revealed no major differences in the response o f these three 

tumour lines to HRP/IAA, although MCF-7 cells may be slightly more sensitive 

following both 2 h- and 24 h-exposure (Figure 3.7.A, C).

After 2 h, anoxic incubation did not significantly reduce the efficacy o f the 

system, and, after 24 h, a 50-fold increase in cytotoxicity was estimated for HRP^ 

compared to HRP' T24 cells (Figure 3.7.B, D). The shape of the anoxic survival curves 

and the lAA activation pathway (Dunford, 1999; Candeias et al., 1994) suggest that, 

compared to normoxia, different toxic metabolites may be involved in anoxic cell death, 

as discussed later (section 3.4).
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Figure 3.7. Toxicity of the HRP/IAA combination in human tumour cells.

HR?' and HRP cells were exposed to increasing concentrations of the prodrug lAA under 

normoxia (A, C) or anoxia (B, D) for 2 h (A, B) or 24 h (C, D).

The data are means of at least three independent clonogenic assay experiments (duplicate 

samples). Error bars are ± SE. The lines are interpolated. A: HRP' T24 cells; A: HRP T24 

cells; □; HRP MCF-7 cells; ■: HRP MCF-7 cells; O: HRP FaDu cells; ♦ :  HRP FaDu 

cells.
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The potential o f  the HRP/IAA combination to target the tumour vasculature was 

evaluated in the HMEC-1 endothelial cell line. The growth o f HMEC-1 cells was 

monitored using the MTS assay (section 2.14; Figure 3.8.A), since these cells do not 

form discrete colonies. For comparative purposes, the growth o f  T24 cells was analysed 

under the same experimental conditions (Figure 3.8.B). After 24 h lAA-treatm ent, 

inhibition o f  proliferation was detected in HRP^ HMEC-1 cells, following a dose 

response very similar to that o f  T24 HRP-transfectants (Figure 3.8). However, 

compared to HRP T24 cells, HRP HMEC-1 cells appeared more sensitive to lAA at 

concentrations >1 mM, resulting in a decrease in selectivity (SI (HM EC-1) = 3; SI 

(T24) >4, using the MTS assay; Table 3.1). This effect did not appear to depend on 

endogenous peroxidase levels, as assessed by TMB assay in HRP T24 and HM EC-I 

cells (data not shown).
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Figure 3.8. Effect of HRP/IAA in endothelial and bladder carcinoma cells.

Growth inhibition (MTS assay) of HRP and HRP human microvascular endothelial HMEC-1 

(A) and T24 bladder carcinoma (B) cells after 24 h normoxic exposure to lAA. O: HRP 

HMEC-1 cells; # :  HRP HMEC-1 cells; A: HRP T24 cells; A; HRP T24 cells. The means of 

three independent experiments ± SE are shown. The lines are interpolated.
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3.3.5 Bystander effect o f the H RP/IAA system

The bystander effect is defined here as the ability o f HRP-expressing cells to kill the 

neighbouring ones in the presence o f the prodrug lAA. Bystander killing is crucial for a 

successful GDEPT strategy, since, with the protocols currently adopted in clinical trials, 

the in vivo transfection efficiency is still low (section 1 .2 .1 ).

The bystander effect induced in vitro by the HRP/IAA system was examined in 

T24 cells. Populations of HRP and HRP^ cells mixed in varying proportions were 

exposed for 24 h to 0.5 mM lAA, which had little or no effect on cell survival in the 

mock-transfected population (less than one-half the IC50 in HRP T24 cells; Table 3.1). 

The percentage of HRP^ cells was assessed by immunostaining. Figure 3.9.A shows that 

the lAA prodrug was able to induce significant bystander killing under normoxic as 

well as anoxic conditions. 70-80% cell kill was achieved when only 5% of the 

population expressed HRP. Killing levels o f ~95% under normoxia and -99%  under 

anoxia were achieved when 20-25% of the cells were transfected with the HRP cDNA, 

which was the maximum transfection efficiency achievable in these experiments (Figure 

3.9.A). Under normoxia, this effect was not dependent on contact between HRP^ and 

HRP populations, since HRP' cells were killed when exposed to lAA pre-activated by 

HRP^ cells (medium-switch; Figure 3.9.B). No such transferability was seen under 

anoxia (Figure 3.9.D), indicating that the anoxic toxicity is likely to be due to short

lived reactive species. However, as the oxygen concentration was raised to 0.1%, 

transfer of the toxic product could be once again detected (Figure 3.9.C).
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Figure 3.9. Bystander effect of the HRP/IAA combination in T24 cells.

A. HRP and HRP T24 cells were mixed in various proportions and treated with 0.5 mM lAA 

for 24 h under normoxia ( • )  or anoxia (O).
B. Conditioned medium-switch experiments were performed by transferring lAA-containing 

media pre-incubated for 2 h with HRP cells to HRP cells, for a subsequent 2 h exposure. 

Normoxia. A: HRP cells + lAA; A: HRP cells + lAA; T :  HRP cells + pre-activated lAA.

C. Hypoxia. □: HRP cells + lAA under 0.1% O2 ; ■: HRP cells + lAA under 0.1% O2; ▼: 

activation of lAA by HRP cells under hypoxia, followed by media transfer to normoxic 

HRP cells; ♦ :  activation under hypoxia, followed by media transfer to hypoxic HRP cells.

D. Anoxia. O: HRP' cells + lAA under anoxia; • :  HRP cells + lAA under anoxia; ▼: 

activation of lAA with HRP cells under anoxia, followed by media transfer to normoxic 

HRP' cells; ♦ :  activation under anoxia, followed by media transfer to anoxic HRP cells.
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3.3.6 C ytotoxicity of the HSV TK /G C V  com bination in T24 cells

In order to compare the novel HRP/IAA combination with an established 

enzyme/prodrug system, T24 cells were transiently transfected with a plasmid 

containing the HSV TK coding sequence and exposed to GCV. Parallel transfections 

with the plasmid pEGFP-neo, containing an identical vector backbone as pTK, indicated 

a maximum transfection efficiency o f  60-70%. After a 2 h-incubation with GCV, no 

reduction in survival was detected in TK.̂  cells compared to the EGFP mock-transfected 

population (Figure 3.10.A). When the prodrug GCV was left to react for 24 h with the 

cell monolayers, a small increase in cytotoxicity (IC5 0 ) was induced in normoxic TK- 

transfectants compared to TK' cells (Figure 3.I0.B). Under anoxic conditions, no 

selective cytotoxicity could be measured at any doses o f  GCV tested (up to 5 mM; 

Figure 3.I0.B). Doses above I mM GCV appeared to be toxic in the mock-transfected 

cells under both normoxic and anoxic conditions.
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Figure 3.10. Cytotoxic activation of ganciclovir (GCV) in T24 cells.

T24 cells transiently transfected with the plasmid pTK and mock-transfected cells were exposed 

to GCV under normoxia or anoxia for 2 h (A) or 24 h (B). The data are means of three 

independent experiments (duplicate samples) ±  SE. The lines are interpolated. V: TK cells, 

normoxia; ▼: TK cells, normoxia; O: TK cells, anoxia; ♦ :  TK cells, anoxia.
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3.4 Discussion

The work presented in this chapter demonstrates the potential for utilising horseradish 

peroxidase (HRP) and indole-3-acetic acid (lAA) as a novel enzyme/prodrug 

combination for cancer gene therapy.

In initial studies, a synthetic HRP gene, constructed by using codons commonly 

found and highly expressed in both E. coli and mammalian genes (Smith et ah, 1990), 

was used. The synthetic gene was cloned into a plasmid vector fused to EGFP to 

increase HRP stability and allow direct protein detection in transfected cells (Figure 

3.1.B). Unfortunately, when the HRP was expressed in human cells the levels of 

enzyme produced, although high enough to induce selective cell kill in the presence of 

lAA, could not allow a detailed analysis of HRP-mediated GDEPT in vitro (Figures 3.3, 

3.4). Therefore the plasmid pRK34-HRP (Connolly, et al. 1994; Figure 3.1.A) was 

utilised to transfect four cell lines o f human origin. This plasmid construct, containing 

the HRP cDNA fused to the signal sequence from the hGH and the KDEL retention 

motif, has been previously used to monitor traffic through the Golgi apparatus, and 

shown to result in high HRP production levels in human cells (Connolly et al., 1994). 

Also, transient rather than stable transfectants were used, as they are more likely to 

mimic an in vivo scenario, where only a small fraction o f the population expresses the 

therapeutic gene.

The response o f the three tumour lines analysed, MCF-7 breast carcinoma, FaDu 

nasopharyngeal carcinoma and T24 bladder carcinoma cells, did not differ considerably 

(Figure 3.7; Table 3.1). After 24 h-incubation with lAA, at prodrug levels below 1 mM 

HRP expression conferred a slightly higher sensitivity to MCF-7 cells, whereas above 1 

mM HRP^ T24 cells were markedly more affected by the treatment. The p53  status did 

not appear to play a major role in the response o f these tumour lines to HRP/IAA, since 

MCF-7 cells have a wild type p53 gene (Wosikowski et al., 1995), while FaDu and T24 

cells are characterised by p53  non-sense and missense mutations at codons 248 and 126, 

respectively (Reiss et al., 1992; Kawasaki et al., 1996). HRP/IAA may therefore 

function efficiently in different tumours irrespective o fp53 status.
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HRP/IAA GDEPT induced significant inhibition o f proliferation also in HMEC-1 

endothelial cells (Figure 3.8.A; Table 3.1). This may represent an advantage if the 

tumour vasculature was to be targeted. Selective killing of the endothelial cells forming 

the lining of tumour blood vessels may cause malignant cells to starve of nutrients, 

producing an amplification of the cytotoxic effects (Chaplin and Dougherty, 1999). 

Also, endothelial cells lack drug resistance characteristic o f some neoplastic cells, 

requiring lower doses o f cytotoxic agents. Additionally, the vicinity to the blood stream 

would allow direct and simplified agent delivery. For HRP/IAA, low prodrug doses 

would need to be used, as lAA alone showed some toxicity in HRP endothelial cells 

(Figure 3.8.A; Table 3.1). This may limit therapeutic efficacy in vivo, although in 

preliminary studies 250 mg/kg lAA i.p. in mice resulted in tumour peak prodrug levels 

of ~1 mM, and plasma levels in excess of ~3 mM, with no associated toxicity (J. 

Tupper, Gray Cancer Institute, personal communication).

In order to investigate the potential o f the HRP/IAA combination to kill the 

hypoxic subpopulation in solid tumours, transfectants were exposed to lAA in an 

oxygen-ffee atmosphere and significant cell kill was measured (Figure 3.7.B, D). 

Different lAA-metabolites may be produced in oxic and anoxic cells. In the absence o f 

oxygen, the peroxyl radical and its decay products cannot be formed, but the skatole 

radical can (Figure 1.12, 3; Candeias et al., 1994). Skatole-type radicals readily abstract 

hydrogen from donor molecules and have been shown to react with biomolecules such 

as DNA (Folkes et al., 1999). In the absence of oxygen, they could therefore lead to cell 

damage by the formation o f secondary radicals in key biological targets. Involvement o f 

relatively short-lived reactive species is also suggested by the lack of transferability o f 

the toxic agent under anoxia (Figure 3.9.D). What remains to be clarified is how the 

peroxidase cycle is initiated under anoxia, since lAA did not reduce HRP under strict 

anaerobic conditions (Gazaryan et ah, 1996). Organic peroxides present as impurities in 

biological media or produced by the cells may be involved.

In normoxic cells, on the other hand, skatole radicals are more likely to react with 

oxygen to form peroxyl radicals (Augusto, 1993). Prompt attack by radicals on cellular 

targets in air as the main cause o f cell death may be ruled out, since conditioned
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medium-switch experiments under normoxia and hypoxia (0.1% O2 ; Figure 3.9.B, C) 

and incubation of mammalian cells with filtered products o f lAA oxidation (Folkes et 

al., 1998) indicated that the toxic agent is a stable species. Of the stable products, 

indole-3-carbinol (Figure 1.12, 6 ) was shown to be non toxic to V79 cells at 

experimentally produced concentrations, with or without HRP (Folkes and Wardman, 

2001). 3-methylene-2-oxindole (MCI; Figure 1.12, 8 ) has been reported to be toxic in E. 

coli and some plants, to react with glutathione and to bind to sulphhydryl regions of 

hi stone DNA or RNA (Folkes and Wardman, 2001). The role o f MOI in the HRP/IAA- 

induced toxicity is currently under investigation (Folkes et al., manuscript in 

preparation).

An essential requirement for GDEPT is that the activated drug should induce a 

bystander effect, whereby conversion o f the prodrug to the active form in the enzyme- 

modified cells leads to the killing o f adjacent untransfected ones. The killing o f 

neighbouring cells can be due to the transfer of toxic metabolic products through gap 

junctions, via apoptotic vesicles, or through the diffusion of soluble toxic metabolites 

(section 1.2.5). Our studies suggest that the HRP/IAA system can produce a strong 

bystander effect. At neutral pH lAA is hydrophilic (polar and soluble) and can cross cell 

membranes within a few minutes (Pires de Melo et al., 1997; Folkes et al., 1999). In all 

experiments presented here, HRP-transfectants were estimated to represent at best a 

quarter of the cells exposed to lAA, but this mixed population could be almost 

completely eradicated (Figure 3.7). In mixing experiments, approximately 70% and 

90% cell kill were observed under normoxia with only 5% and 20% of the cells 

expressing HRP, respectively (Figure 3.9.A). The effect does not appear to require 

contact between HRP and HRP^ cells, since incubation of HRP cells with pre-activated 

lAA resulted in cell death under both normoxia and hypoxia (0.1% O2 ; Figure 3.9.B, C). 

This compares very favourably with in vitro data on the bystander cytotoxicity o f other 

enzyme/prodrug systems. For example, 95% cell kill after GCV-treatment required 

expression o f HSV TK in 50% of the exposed population (Freeman et al., 1993). 

Similarly, CD production in 5% of the cells resulted in 50% cell eradication after 5-FC 

(Lawrence et al., 1998), and 90% growth inhibition could be achieved when 34-50% of
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the cells exposed to CB1954 produced the enzyme NTR (Bridgewater et ah, 1997; 

Spooner et ah, 2001). Importantly, an even more pronounced bystander effect was 

observed under anoxic conditions (Figure 3.9.A), which, as previously discussed, is 

likely to be due to short-lived reactive species.

Compared to HSV TK/GCV, in T24 cells in vitro HRP/IAA induced faster and 

more effective cell kill. HRP/IAA was selectively toxic after a brief 2 h-exposure 

(Figure 3.7.A, B), while HSV TK/GCV required a longer incubation to be effective 

(Figure 3.10). Moreover, after 24 h GCV-incubation, only a 4-fold increase in 

cytotoxicity (IC50) was induced in TK^ cells under normoxia, and no selective 

sensitisation could be detected under anoxia. In previous studies, 5-14 days growth in 

the presence of GCV was required to induce a 3 log increase in cell kill in transfected 

mammalian cells (e.g. Moolten, 1986; Freeman et ah, 1993). It is important to note that 

the T24 cell line is known to be resistant to a number of chemotherapeutic agents 

(Mizutani et ah, 1997). These cells were also more resistant to lAA when activated by 

purified HRP (Figure 3.2), compared to the mammalian cells used in previous studies 

(Folkes et ah, 1998, 1999). For instance, after 2 h-exposure to 0.1 mM lAA activated by 

1.2 pg/ml HRP 87% of T24 cells lost their clonogenic potential, while at the same 

concentration/time a 2 log cell kill was induced in V79 cells (Folkes et ah, 1998, 1999). 

Overall, the HRP/IAA combination compared favourably with established systems.

109



Chapter 4 
Mechanisms of HRP/IAA-mediated cell kill

4.1 Introduction

Understanding the processes induced by an anticancer agent may be important not only 

to deduce its mechanism of action but also to improve its therapeutic efficacy and 

targeting potential. So far, little is known about the cellular targets and the mechanisms 

of cell death involved in HRP/IAA-mediated toxicity.

Based on (not always distinct) differences in morphological, biochemical and 

molecular changes o f the dying cell, at least two modes o f cell death have been 

described: apoptosis and necrosis. Apoptosis, or programmed cell death, is an active 

regulatory process that occurs during the normal development o f tissues and organisms. 

It can also be induced in response to anticancer agents, radiation and hyperthermia, 

when DNA repair is saturated, and after removal of growth factors (reviewed by 

Lockshin et al., 2000). The most characteristic feature o f apoptosis is the active 

participation of the cell in its demise. The dying cell activates a cascade of molecular 

events that result in orderly degradation o f its constituents, with minimal impact on the 

surrounding tissue. Shrinkage and blebbing of the cytoplasm, chromatin condensation, 

loss o f distinct chromatin structure, nuclear fragmentation, formation o f apoptotic 

bodies, intact mitochondria and lysosomes are some o f the main characteristics of 

apoptosis (Wyllie, 1992). The membranes of cells undergoing apoptosis present 

structural and functional integrity, and the phospholipid phosphatidylserine (PS) is 

translocated from the inner to the outer leaflet. The activation o f endonucleases leads to 

the degradation o f the DNA at the intemucleosomal (linker) sections, generating a 

characteristic ladder pattern during gel electrophoresis. Also, in cells undergoing 

apoptosis, caspases (cysteine aspartate proteases), synthesised as inactive proenzymes, 

are processed by self-proteolysis and/or cleavage by other proteases into two subunits, 

which associate to form an active catalyst (Lockshin et al., 2000). Active caspases
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initiate a proteolytic cascade, which leads to the cleavage of numerous cytoplasmic and 

nuclear targets, including caspase-activated DNAase (CAD) and the DNA repair 

enzyme Poly (ADP-ribose) polymerase (PARP), which is inactivated by caspase 

cleavage (Kaufmann, 1989).

Necrosis is a passive and degenerative process, due to the general failure of 

cellular homeostasis and regulation following injury. In this case, swelling o f 

mitochondria, followed by rupture of the plasma membrane and release o f the 

cytoplasmic contents are among the early events (Lockshin et al., 2000). DNA 

degradation is not extensive, and the fragments generated are heterogeneous in size and 

do not form discrete bands during gel electrophoresis. Because o f the release o f many 

proteolytic enzymes, necrosis, in contrast to apoptosis, triggers an inflammatory reaction 

in vivo. However, on some occasions, depending on the cell type and the nature o f the 

factor affecting cell viability, the mode of cell death may be typical of neither necrosis 

nor apoptosis, lacking the characteristics of either of these mechanisms, or exhibiting 

features o f both (Collins et al., 1992).

The aim o f this chapter was the analysis of some o f the molecular and 

morphological features o f the dying cells treated with HRP/IAA gene therapy. The 

mode of cell death was examined by testing several characteristics o f apoptosis in HRP^ 

T24 cells exposed to lAA. The effect o f drug treatment on cell cycle progression was 

also investigated.

4.2 Materials and methods

Drug exposure was carried out under the same experimental conditions as for the 

cytotoxicity assays reported in Chapter 3. General methodologies are described in 

Chapter 2.

4.2.1 N uclear staining

To study nuclear integrity, chromatin condensation and the formation of micronuclei 

(MN), cells were treated for different time intervals on glass coverslips. After drug 

exposure, the media were removed and the cells fixed in 3.7% formaldehyde (Sigma
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Aldrich)/PBS for 15-20 min at room temperature (rt). The samples were washed three 

times in PBS to remove the fixative and permeabilised in 0.1% Triton (Sigma 

Aldrich)/PBS for 5 min, rt. The coverslips were rinsed three times with PBS and 

mounted on a microscope slide using Vectashield mounting medium with 4,6- 

diamidino-2-phenylindole (DAPI; Vector Laboratories Inc.) and viewed using a NIKON 

TE200 fluorescence microscope and a custom designed image acquisition software 

(Gray Cancer Institute). To quantify cells with condensed chromatin and MN, at least 

600 cells per sample were examined.

4.2.2 DNA fragmentation analysis by FACS
Following drug exposure, either the cells were assayed immediately or the drug- 

containing buffer was replaced with complete media and the cells were left to recover 

for 24 h or 48 h. To detect DNA fragmentation, cells and culture media were harvested, 

centrifuged and the pellet re-suspended in ice-cold 70% EtOH and incubated for 1 h on 

ice for fixation. After centrifugation, pellets were re-suspended in HBSS containing 

propidium iodide (PI) and RNase A at the final concentrations of 20 pg/ml, and 

incubated at rt for -30  min. Samples were analysed using FAC Scan and gated to exclude 

cellular debris.

4.2.3 Annexin V binding
For Annexin V staining, following drug exposure cells and culture media were 

harvested, washed twice in ice-cold PBS and re-suspended in binding buffer (10 mM 

Hepes/NaOH, 140 mM NaCl, 2.5 mM CaCl:) at 10  ̂cells/ml. 100 pi cell suspension was 

transferred to a 5 ml polystyrene Falcon tube (Becton Dickinson) and incubated for 15 

min with 0.5 pg/ml PI and 5 pi Annexin V-FITC (PharMingen, San Diego, CA) at rt, in 

the dark. Prior to FACS analysis (which was performed within 1 h), 400 pi binding 

buffer was added to the samples. Cells that showed increased FITC- or Pl-related 

fluorescence compared to controls exposed to HBSS only were scored as positive.

4.2.4 Detection of PARP cleavage

Cell monolayers were harvested by scraping in lysis buffer. In addition, in order to also 

collect the cells that detached from the monolayer, media were collected, eentrifuged.
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washed in ice-cold PBS, and re-suspended in lysis buffer containing the corresponding 

lysed monolayer. Whole cell extracts were subjected to SDS-PAGE using 6 % 

polyacrylamide gels, according to the protocol in section 2.11. Proteins in the gel were 

transferred to nitrocellulose membranes, and immunoblotting was performed with 

primary mouse monoclonal anti-PARP antibodies (Santa Cruz Biotechnology, Santa 

Cruz, CA) diluted 1:1000, and secondary HRP-conjugated goat anti-mouse 

immunoglobulins (Dako) diluted 1:2000.

4.2.5 Cell cycle analysis

Replacement of the methyl group of thymidine with halogen atoms of similar size, such 

as bromine, creates analogues like bromo-deoxyuridine (BrUdR), which are 

incorporated into elongating DNA via the same pathway as thymidine. Incorporated 

BrUdR can then be detected with specific antibodies, which recognise the small 

distortions caused in the DNA molecule (reviewed by Gray et al., 1986). For cell kinetic 

studies by flow cytometry, FITC-conjugated secondary antibodies and PI counter- 

staining for total DNA content are generally used. This way, the cells in S-phase at the 

time of BrUdR administration can be detected by increased green fluorescence and their 

progression through the cycle monitored with time.

Immediately before drug exposure, BrUdR was added to the culture medium at the 

final concentration of 2 pM and the cells were incubated for 25 min at 37°C. Following 

two washes in PBS, the cell monolayers were exposed to HBSS with or without lAA for 

up to 30 h. At 2 h-intervals, cells and media were harvested by scraping in 5 ml ice-cold 

PBS and centrifugation at 1200 rpm for 5 min. The pellets were re-suspended in 3 ml 

70% EtOH and stored at 4°C for immunostaining. Antibody staining was performed by 

incubating the samples in 0.1 mg/ml pepsin (Sigma Aldrich) in 2 M HCl for 20 min at rt, 

followed by three washes in PBS. After centrifugation, the pellets were re-suspended 

and exposed to 1:25 mouse anti-BrUdR (Sigma Aldrich) in 1.25% normal goat serum 

and 5% Tween 20 (both from Sigma Aldrich) in PBS for at least I h at rt. The samples 

were washed in PBS and incubated with 1:25 FITC-conjugated goat anti-mouse 

immunoglobulins (Sigma Aldrich) in the dark for 45-60 min at rt. The cells were rinsed 

in PBS and re-suspended in 20 pg/ml PI in PBS for FACS analysis. Cell debris and
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doublets were excluded from the analysis by gating. The data were displayed as two- 

parameter cytograms, green (FITC for BrUdR; FLl-H) versus red (PI; FL3-A) 

fluorescence intensities. Three subpopulations, representing G, cells (low green and low 

red fluorescence), G2/M cells (low green and high red) and S-phase cells (high green), 

could readily be detected.

4.3 Results

4.3.1 Chromatin condensation
Apoptosis is characterised by a number of morphological changes. Due to rapid 

dehydration, the cells often become diminished in size, and elongated or convoluted in 

shape. Chromatin condensation and the loss o f distinct chromatin structure occur in 

parallel with cell shrinkage, and they are usually followed by nuclear fragmentation 

(Wyllie, 1992). Distinct hyperchromicity and homogeneity characterise the ability of 

DNA in the fragmented nucleus to be stained with fluorochromes such as DAPI. 

Nuclear fragments, together with the constituents o f the cytoplasm, are then packaged 

into apoptotic bodies, which, enveloped in plasma membrane, detach from the dying 

cell.

The nuclear morphology o f T24 cells transiently transfected with the HRP cDNA 

and exposed to 3 mM lAA for 2, 4, 6 , 8 , 14, 18 and 24 h was monitored by fixation and 

staining with DAPI. After 2 h lAA-incubation, no major changes were observed (Figure 

4.1.D). However, from 4 h on, fluorescence microscopy revealed the presence of 

condensed chromatin, especially at the nuclear periphery (Figure 4.1.E-I). Some o f the 

cells treated with HRP/IAA presented highly damaged, shrunken, dehydrated nuclei 

(Figure 4.2.A). Similar damaged nuclei have been observed in T24 cells after co

administration of vitamins C and K3 (Gilloteaux et al., 2001).

Condensed chromatin and shrunken nuclei were also observed in T24 cells 

exposed to 667 pM cisplatin (CDDP, Platamine, Pharmacia & Upjohn, Milan, Italy) and 

0.2 pM staurosporine (Calbiochem, San Diego, Ca; Figure 4.1.B, C). No major changes 

were observed in the nuclei o f HRP^ cells exposed to HBSS (Figure 4.1.A) or CD4- 

transfectants exposed to lAA (data not shown).
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To test the involvement o f caspases in HRP/IAA-induced apoptosis, the cell- 

permeable caspase inhibitor o f broad specificity z-Val-Ala-Asp-CH] (zVAD.ftnk; 

Calbiochem) was administered during lAA treatment. Stained nuclei were analysed by 

fluorescence microscopy, the cells with condensed chromatin were counted and 

normalised to the total number o f cells in the observation field. At least 600 cells were 

examined. After 3 mM lAA for 24 h, in the presence o f 100 pM zVAD.fink HRP^ T24 

cells with condensed chromatin represented only 1.5% of the exposed population, versus 

3.9% without caspase inhibitor. zVAD.fink had no effect on HRP^ cells exposed to 

buffer or CD4^ cells incubated with lAA (results not shown).

Cells treated with HRP/IAA were also characterised by the presence o f 

micronuclear structures, probably due to nuclear fragmentation and to the formation of 

apoptotic bodies (Figure 4.2.B, C). Compared to HBSS-treated controls, the frequency 

of micronuclei (MN) in HRP^ cells was markedly increased after 6 h-exposure to 3 mM 

lAA (Figure 4.3). After 24 h, 0.109 (±0.008) MN/cell were detected in HRP/IAA- 

treated cells, against a baseline of 0.039 (±0.008) MN/cell in untreated CD4^ cells. 

zVAD.fink inhibited the formation o f MN, reducing their frequency to baseline levels 

(0.041 ±0.005 MN/eell after 24 h lAA and 100 pM zVAD.fink).

Condensed chromatin, MN and damaged nuclei were also selectively induced in 

HRP^ FaDu cells exposed to 3 mM lAA (data not shown).

4.3.2 DNA fragmentation

Activation of endonucleases that degrade DNA is another characteristic event o f 

apoptosis. DNA cleavage could be detected by staining DNA in ethanol-fixed cells with 

the DNA fluorochrome propidium iodide (PI). Following FACS analysis, the cells 

showed different degrees o f fluorescence depending on their DNA content. Figure 4.4 

shows the FACS profile o f permeabilised HRP^ T24 cells exposed to buffer alone, 

CDDP or lAA, fixed and stained with PI. Cells in the different phases of the division 

cycle at the time of assay can be detected. The appearance o f cells with low DNA 

content, below that of Gi cells (sub-Gi peak), has been considered to be a marker o f cell 

death by apoptosis (Afanas’ev et al., 1986).
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Figure 4.1. Chromatin condensation in T24 cells.

Nuclei were fixed, stained with DAPI and viewed using a NIKON TE200 fluorescence 

microscope (lOOx objective). Representative images are shown. Arrows indicate condensed 

nuclei.

A. HRP cells, no drug.

B. HRP cells + 667 pM cisplatin (CDDP), 24 h.

C. HRP cells + 0.2 pM staurosporine, 24 h.

D-I. HRP' cells + 3 mM lAA, 2 h (D), 4h (E), 6 h (F), 8 h (G), 14 h (H), 24 h (I).
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Figure 4.2. Examples of cells with damaged nuclei or micronuclei.

A. Damaged nuclei of HRP T24 cells exposed to 3 mM lAA. The arrows indicate 

representative structures.

B, C. Micronucleated cells (indicated by arrows) after exposure to HRP/IAA GDEPT.
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Figure 4.3. Induction of micronuclei (MN).

At different time intervals during treatment, T24 cells were fixed, the nuclei were stained with 

DAPI and visualised by fluorescent microscopy. At least 600 cells were examined per time 

point. The base line indicates the number of MN/cell in untreated CD4 cells.
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To monitor the apoptotic subdiploid population, HRP^ and CD4^ T24 cells were 

exposed for 24 h to 0.5 mM or 3 mM lAA. The cells were either assayed immediately 

after drug treatment, or grown in fresh complete medium for 24 h or 48 h and 

subsequently analysed. In each experiment, the percentage o f cells in the sub-Gi peak 

after lAA relative to buffer-treated controls (relative sub-Gj peak) was measured. 

Immediately after drug exposure, a significant increase in apoptotic HRP^ cells was 

detected at both concentrations o f prodrug (Figure 4.5. A). When the cells were assayed 

24 h or 48 h after HRP/IAA treatment, the relative sub-Gi peak was >1, but the increase 

was significant only after 3 mM lAA (Figure 4.5.A). In comparison, after 667 pM 

CDDP for 24 h, ~3-fold increase in sub-Gi cells was observed (data not shown).

After 3 mM lAA, the cells containing fragmented DNA represented 14% of the 

total population immediately after exposure, 58% at 24 h and 62% at 48 h. In the 

presence of 100 pM zVAD.fink the percentage o f sub-Gi cells was reduced by about 

one half, suggesting the involvement o f caspases in the process. The induction o f DNA 

fragmentation was also studied under anoxic conditions. When prodrug exposure was 

performed in the absence of oxygen, HRP^ T24 cells exposed to lAA presented a small 

(not significant) increase in the sub-Gi population compared to the HBSS-treated 

counterpart (Figure 4.5.B). This was due to high DNA fragmentation detected in the 

buffer-treated cells, whereas the percentage of sub-Gi cells exposed to lAA did not 

differ significantly compared to normoxia.

lAA-exposed CD4^ cells did not show any significant increase in the sub-Gi 

population under both normoxic and anoxic conditions.
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Figure 4.4. DNA fragmentation in T24 cells.

HRP* T24 cells exposed to buffer only, 667 pM cisplatin (CDDP), 0.5 mM or 3 mM lAA in air 

were fixed and stained with propidium iodide (PI). Gj, G2 and sub-G, cells are shown.
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Figure 4.5. HRP/IAA-induced DNA fragmentation.

HRP and CD4 T24 cells were exposed for 24 h to 0.5 mM or 3 mM lAA, under normoxic (A) 

or anoxic (B) conditions. The percentage of cells in the sub-G i peak after lAA relative to buffer- 

treated controls (relative sub-G, peak) was assessed immediately (0 h), 24 h or 48 h after 

exposure. The means of at least three independent experiments and SEs are indicated. *: 

significantly different from 1 (p<0.05).
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4.3.3 Annexin V binding

One of the early events o f apoptosis is the externalisation o f the phospholipid 

phosphatidylserine (PS), normally present on the cytoplasmic moiety o f the plasma 

membrane (Fadok et al., 1992). Annexin V is a protein with high affinity for PS that can 

bind to the cell surface o f cells undergoing apoptosis (Schutte et al., 1998). If Annexin V 

is conjugated with a fluorochrome such as FITC, apoptotic cells can be detected by 

using microscopy and flow cytometry procedures. Moreover, at these early stages 

apoptotic cells present an intact membrane and, if  not permeabilised, can exclude PI. 

The FACS profile o f T24 cells exposed to CDDP or HRP/IAA and subsequently stained 

with FITC-conjugated Annexin V and PI is shown in Figure 4.6. Four populations can 

be observed: living cells negative for both dyes (bottom left quadrants. Figure 4.6), early 

apoptotic cells positive for Annexin V only (bottom right quadrants), necrotic cells 

positive for PI only (top left), and late apoptotic/necrotic cells positive for both dyes (top 

right).

A significant increase in Annexin V binding was observed in HRP^ T24 cells 

incubated with lAA for 24 h, compared to buffer-treated controls (Figures 4.6, 4.7.A). 

Induction levels (fraction o f Annexin V-positive cells after lAA/fraction of Annexin V- 

positive cells after buffer only) o f 1.9+0.2 (0.5 mM lAA) and 6.1 ±1.5 (3 mM) were 

measured, with average percentages o f Annexin V-binding cells o f 10% and 25%, 

respectively. Cells transfected with the gene for the marker protein CD4 did not show 

any increase in Annexin V binding at either prodrug concentration, while 24 h- 

incubation with CDDP (667 pM) induced a 5.4-fold increase in Annexin V binding 

(Figure 4.7.A). Compared to HBSS-treated controls, the increase in Pl-positive cells in 

the drug-treated population was not significant (Figure 4.7.B). Moreover, the cells that 

were not able to exclude PI were also positive for Annexin V binding, suggesting that at 

the time of assay (and up to 24 h after drug exposure, data not shown), necrosis may not 

be the main death mechanism. The cells were also analysed after shorter incubation 

intervals with lAA (2 h or 6 h), but no significant increase either in Annexin V binding 

or in PI staining could be detected (results not shown).
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Figure 4.6. Annexin V and PI staining of T24 cells.

HRP T24 cells were exposed for 24 h to HBSS, 667 pM CDDP, 0.5 mM or 3 mM lAA, and 

assayed immediately after incubation.
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Figure 4.7. Annexin V binding and PI staining of T24 cells treated with HRP/IAA gene therapy. 

CD4 and HRP cells were exposed for 24 h to 0.5 mM lAA, 3 mM lAA or 667 pM CDDP. 

Relative Annexin V binding (A) and PI staining (B) were expressed as the percentage of 

positive cells after lAA/percentage of positive cells after buffer only. The means of three 

independent experiments ± SE are indicated. *: significantly different from 1 (p<0.05).
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4.3.4 PA R P degradation

When the apoptotic process is initiated, one o f  the downstream events o f  caspase-3 

activation is the cleavage o f  the DNA repair enzyme PARP into two inactive subunits o f  

27 kDa and 85 kDa (Pieper et al., 1999). In the last few years, PARP degradation has 

been used extensively as a marker o f  apoptosis.

PARP cleavage was monitored in HRP^ T24 cells treated with 3 mM lAA for up 

to 24 h by Western blotting. Only very little cleavage o f  PARP could be detected in the 

HRP/IAA-treated samples, as well as in cells exposed to 667 pM CDDP (Figure 4.8 

shows a typical experiment). To make sure that the absence o f  PARP degradation was 

not due to technical faults, human umbilical vein endothelial cells (HUVECs) exposed 

for 12 h to 0.2 pM staurosporine were used as a positive control (from Dr. C. Kanthou, 

Gray Cancer Institute). In this case, the 85 kDa subunit could be de detected (Figure 

4.8).

The lack o f PARP cleavage after HRP/IAA treatment was not limited to T24 cells, 

as it was also observed in the FaDu cell line (data not shown).

HRP/IAA CDDP
A

f
m 2h 4h 6h 8h 14h 18h 4h 8h H

Cleaved 
- PARP

Figure 4.8. Cleavage of PARP.

HRP T24 cells were exposed to 3 mM lAA and cell extracts were analysed by Western blotting 

after 2, 6, 8, 14 and 18 h. Alternatively, the cells were incubated with 667 pM CDDP for 4 or 8 

h. HUVECs treated with 0.2 pM staurosporine were used as positive controls (H). A protein 

marker (m) was run in parallel to the samples.
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4.3.5 Cell cycle analysis

In order to evaluate the effect o f HRP/IAA treatment on cell cycle progression, HRP^ 

and CD4^ T24 cells were pulse-labelled with BrUdR, and subsequently exposed to 

HBSS or 3 mM lAA for up to 30 h. This observation interval was chosen to monitor one 

whole division cycle, since analysis o f the growth o f cultured T24 cells indicated a 

doubling time o f -24  h (data not shown). Cell samples were collected every 2 h, and 

FACS-analysed after antibody and PI staining.

While cells exposed to buffer only showed a normal cell cycle progression, HRP^ 

cells incubated with lAA did not appear to progress through the cycle for the entire 

observation time (Figure 4.9). This cytotostatic effect was confirmed by the 

quantification o f the fraction of labelled cells in G| (Figure 4.10). Only cells exposed to 

HBSS appeared to enter a new division cycle.

The results were specifically dependent on the activated drug, as CD4^ cells 

exposed to the same dose o f lAA were not affected by prodrug treatment (data not 

shown).
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Figure 4.9. Cell cycle analysis of HRP/IAA-treated T24 cells.

HRP’ cells exposed to 3 mM lAA (+ lAA) or buffer only (- lAA) were pulse-labelled with 

BrUdR and analysed at 2 h intervals for 30 h. Selected profiles of a representative experiment 

are shown.
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Figure 4.10. Cell cycle progression of T24 cells.

The fraction of BrUdR-labelled cells in the G| phase in one representative experiment is shown. 

HRP T24 cells exposed to lAA ( A )  or buffer only (A ).

4.4 D iscussion

HRP/IAA is a novel anticancer system, and the chemical and biological pathways 

leading from prodrug activation to cytotoxicity arc yet to be elucidated. The experiments 

presented here were carried out in order to evaluate the death mechanisms induced in 

human tumour cells.

Several pathways leading to apoptosis have been reported in the literature. The 

apoptotic machinery can be broadly divided into “sensors” and “effectors”. Sentinels 

such as cell surface receptors that bind to survival or death factors (e.g. FAS ligand, 

TNF-a) are responsible for monitoring the extracellular environment for conditions that 

affect the decision of the cell to live or die. Intracellular sensors monitor abnormalities 

including DNA damage, oncogene activation, survival factor deficiency or hypoxia. For
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instance, the p53 tumour supressor protein, a key inducer o f the apoptotic cascade, can 

elicit apoptosis by upregulating expression o f Bax in response to sensing DNA damage 

(Hanahan and Weinberg, 2000). In turn proteins o f the Bcl-2 family, whose members 

have either pro-apoptotic (Bax, Bak, Bid, Bim) or antiapoptotic (Bcl-2, Bcl-XL, Bcl-W) 

function, act in part by governing mitochondrial death signalling through release o f 

cytochrome c, a potent catalyst o f apoptosis (Hanahan and Weinberg, 2000). Among the 

ultimate effectors o f apoptosis are an array o f intracellular proteases, including the set o f 

caspases, which can activate other caspases or execute the death programme through 

selective degradation o f subcellular structures, organelles and DNA.

Resistance to apoptosis can be acquired by cancer cells through a variety of 

strategies, the most common being mutations in the p53  gene, occurring in more than 

50% of human cancers (Hanahan and Weinberg, 2000). It is currently accepted that even 

in these cases the cells do not lose their apoptosis potential, but activate the death 

machinery at a substantially higher threshold (Lockshin et al., 2000). The redundancy of 

the regulatory and effector components holds implication for the development of 

antitumour therapies targeting one o f the many branches of the apoptotic signalling 

circuitry.

Identification o f apoptotic cells is undoubtedly complex, and some of the features 

associated with apoptosis may also accompany cell necrosis (Collins et al., 1992). 

Therefore apoptosis may be identified with a higher degree o f assurance only by using 

more than one assay.

Overall our results indicate that an apoptotic pathway may be activated by 

HRP/IAA gene therapy. Nuclear morphological features, DNA fragmentation and 

Annexin V binding could be selectively detected in the treated cells, and not in HRP or 

lAA controls (Figures 4.1-4.7). Caspases appear to be involved as effectors, since 

treatment with the general caspase inhibitor zVAD.fink decreased the fraction o f cells 

with MN by 30%, fragmented DNA by 50% and condensed chromatin by 60%. On the 

other hand, a functional p53 appears not to be required, since T24 and FaDu cells both 

express mutated forms o f this protein (Reiss et al., 1992; Kawasaki et al., 1996).
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However, very little degradation of one of the downstream targets o f caspase-3, 

PARP, could be detected. The DNA repair enzyme PARP is selectively activated by 

DNA strand breaks to catalyse the addition of long branched chains of poly (ADP- 

ribose) from its substrate nicotinamide adenine dinucleotide (NAD; Pieper et ah, 1999). 

Proteolytic cleavage o f PARP may occur when the cell is no longer able to repair or 

replicate its DNA and initiates the disassembly that ensures its commitment to 

apoptosis. However, the complete role o f PARP in the apoptotic process remains to be 

determined, since PARP'' cells display varying susceptibility towards apoptosis 

compared to their wild type counterparts (Pieper et al., 1999). Here very little PARP 

cleavage could be detected in FaDu and T24 cells treated with HRP/IAA as well as 

CDDP (Figure 4.8). This was surprising, as CDDP has been shown to induce apoptosis 

by a caspase 3-dependent pathway (Cenni et al., 2001), and degradation o f PARP has 

been also observed in p53  mutants (Hanai et al., 2001). Specific data on PARP cleavage 

in T24 and FaDu cells could not be found in the literature, but there is a growing body 

o f evidence that in many cell systems apoptosis may be atypical, lacking one or more of 

the features that characterise classical apoptosis (Cohen et al., 1992). Moreover, a third 

type of cell death, autoshizis, characterised by features common to apoptosis (decrease 

in cell volume, chromatin condensation at the nuclear periphery, cell blebbing, DNA 

cleavage) has been identified in T24 cells presenting nuclear damage similar to that 

shown in Figure 4.2.A (Gilloteaux et al., 2001).

When exposure to the same doses o f lAA was performed under anoxic conditions 

a small but not significant increase in apoptosis could be detected (Figure 4.5.B). This 

could indicate that not only different chemical but also biological mechanisms may be 

induced in the absence of oxygen, as discussed in Chapter 3. In particular, during the 

first 48 h after treatment, the percentage o f normoxic apoptotic cells increased, while a 

decrease of the relative sub-Gi peak was observed in the anoxic population (Figure 4.5). 

On the other hand, hypoxia itself can initiate apoptosis (section 1.1.1), making the 

detection of prodrug-induced effects over the background difficult. Indeed, the fraction 

o f sub-Gi cells exposed to buffer only under anoxia was almost doubled compared to
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normoxic HBSS-treated cells. More detailed studies need to be carried out to verify 

these hypotheses.

Cells that initiate apoptosis cannot be clonogenic, but the percentages o f apoptotic 

cells detected after HRP/IAA GDEPT cannot fully account for the killing levels 

measured with a clonogenic assay (Chapter 3). For example, 0.5 mM lAA induced up to 

30% sub-Gi and up to 10% Annexin V-positive cells in the HRP^ population, while 

clonogenicity revealed 94% cell kill after the same prodrug dose. Indeed PI staining of 

unfixed eells suggested that some cells underwent necrotic death, although the increase 

was not significant and restricted to the Annexin V-positive population (Figures 4.6, 

4.7.B). Several investigators have observed that cell sensitivity as assessed by 

clonogenic ability is greater than that measured by apoptosis assays (reviewed in Brown 

and Wouters, 1999). The relationship between apoptosis and clonogenic survival is 

complex and a correlation is yet to be demonstrated. Moreover, apoptosis is a dynamic 

process and could be underestimated by examining cells at a certain time point. In 

particular, at the time of deteetion the eells appeared not to have undergone mitosis yet, 

as suggested by the cell eyele profiles (Figures 4.9, 4.10). Delayed apoptosis, 

particularly important for /?5i-mutated cells (Brown and Wouters, 1999) may therefore 

be occurring.

Indeed, the signal to the cells to die could arise from their inability to progress 

through the eell cycle. HRP/IAA gene therapy caused a cytostatic effect, equally 

affecting all phases o f the division cycle (Figures 4.9, 4.10). Interestingly, in accordance 

with the clonogenic assays, almost the entire exposed population was affected, even 

though only ~20% expressed the HRP and were therefore able to aetivate lAA (Chapter 

3). This observation correlates with the survival data from the clonogenic assays that 

point towards a significant bystander effect of the HRP/IAA combination.

The initiating event triggering the apoptotic response is yet to be identified. 

Experiments carried out with the purified enzyme indicated binding and accumulation of 

[5-^H]IAA in the cell nucleus (Folkes and Wardman, 2001). Moreover, DNA adducts 

and strand breaks were observed in plasmid DNA incubated with activated lAA (Folkes
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et al., 1999), and extensive DNA fragmentation was revealed with pulsed field gel 

electrophoresis in T24 cells (data not shown). The results presented here may help in 

understanding the mode of action o f HRP/IAA-mediated toxicity, but further work is 

necessary to fully elucidate the initial damage and the pathways involved. Moreover, the 

impact of the observed apoptosis on tumour eradication will need to be assessed in in 

vivo models.
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Chapter 5
Choice of lAA prodrugs under oxic and anoxic tumour

conditions

5.1 Introduction

A number of criteria have been discussed for selecting enzyme/prodrug combinations in 

GDEPT, ADEPT and PDEPT approaches (section 1.2.5). Among the required 

properties are fast and efficient prodrug activation, even at low substrate concentrations, 

and high selectivity index. HRP is a robust and versatile enzyme, and, as for other 

enzyme/prodrug combinations, treatment efficacy of HRP/IAA could be improved by 

the use of prodrugs with higher affinity for HRP and lower basal toxicity in 

untransfected cells, compared to lAA.

The rate o f oxidation o f lAA analogues by HRP shows a marked dependence on 

components and substituent position (Candeias et al., 1997). In particular, the reaction 

velocity with the HRP form compound (Cpd) I (section 1.3) varies over four orders of 

magnitude within different indoles, being enhanced in the presence o f electron-donating 

groups.

To evaluate the potential o f optimising HRP-mediated gene therapy, the action of 

ten lAA derivatives was studied under normoxic as well as anoxic conditions. The data 

reported indicate that at least two analogues besides lAA induce efficient toxicity and 

bystander killing. O f these, 5-Br-IAA showed unexpected prompt and selective 

activation under anoxia.

5.2 Materials and methods

All methods are listed in Chapters 2 and 3.

The prodrugs utilised are illustrated in Figure 5.1. lAA, 1-Me-IAA, 2-Me-IAA, 5- 

MeO-IAA, 2-Me,5-MeO-IAA, 5-BnO-IAA, 5-F-IAA and 5-Br-IAA were purchased
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from Sigma Aldrich; 5-Ph-IAA, 6-F-IAA and 4-Cl-IAA were synthesised by Dr. S. 

Rossiter (Gray Cancer Institute; Rossiter et ah, manuscript in preparation).

C O 2 H

Re

lAA R|-6 = H
1-Me-IAA Ri = CH3; R2-6
2-Me-IAA R2 = % ; Ri,3,-6 = H
5-MeO-IAA Rs = CH3O; R]-4,6 = H
2-Me,5-MeO-IAA R2 = % ; Rs = CH3O; Ri, 3,_4, 6 -  H

5-BnO-IAA Rs -  c y * ’" ; Ri-4,6 = H

5-Ph-IAA Rs ■ ^ ; Ri-4,6 = H

6-F-IAA Re = F; Ri-s
4-Cl-IAA R4 = C1; Ri-3,S, 6“ H
5-F-IAA Rs = F; Ri-4,6 = H
5-Br-IAA Rs = Br; Ri-4,6 = H

Figure 5.1. Compounds tested in combination with the enzyme HRP for GDEPT.

5.3 Results

To identify novel, more potent prodrugs for GDEPT, a panel o f lAA derivatives (Figure 

5.1) were studied in combination with HRP. Human T24 bladder carcinoma cells were 

transiently transfected with plasmid constructs containing either the HRP cDNA 

(pRK34-HRP; HRP^ cells) or the gene for the marker CD4 (pCMV-CD4; HRP' cells).
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HRP immunostaining revealed a transfection efficiency o f 20-25% (section 3.3.3). The 

cells were subsequently exposed to IAA and analogues at the concentrations o f 0.1 mM 

and 1 mM, for 2 h or 24 h under normoxia or anoxia. Cell survival was measured by 

clonogenic assay (Figures 5.2, 5.3).

Among the compounds studied, prodrugs characterised by prompt normoxic (1- 

Me-IAA; 2-Me-IAA) as well as anoxic (in particular 5-Br-IAA) cytotoxic activation, 

high HRP^ cell kill and selectivity (1-Me-IAA; 5-Br-IAA; 5-F-IAA) were identified 

(Figures 5.2, 5.3). O f the other analogues, 5-MeO-IAA, 6-F-IAA and 4-Cl-IAA showed 

effects very similar to lAA under normoxia (Figure 5.2), but almost no selective 

cytotoxicity could be detected in anoxic HRP^ cells (Figure 5.3). 2-Me,5MeO-IAA 

induced very little toxicity in both HRP and HRP^ cells under any of the exposure 

conditions analysed (Figures 5.2, 5.3). 5-BnO-IAA and 5-Ph-IAA showed prompt and 

effective HRP^ cell killing under both normoxia and anoxia, but they also induced high 

non-specific toxicity in HRP control cells (Figures 5.2, 5.3).

The toxicity o f the different lAA derivatives under normoxia, as assessed by 

clonogenic survival assays in the experiments discussed above, was compared to the 

rate of reaction with HRP. The oxidation rate in the presence o f HRP Cpd I in air had 

been previously measured by L.K. Folkes (Gray Cancer Institute; Folkes et al., 

manuscript in preparation). A simple relationship could not be found. Surprisingly, after 

24 h-incubation with HRP^ cells, the lAA analogues that are not promptly oxidised by 

HRP (such as 5-F-IAA and 5-Br-IAA) resulted in the highest toxicity under normoxia 

(Figure 5.4). In particular, a significant positive correlation between reaction rate with 

Cpd I and surviving fraction was found, with correlation coefficients o f 0.86 for 0.1 mM 

and 0.89 for 1 mM prodrug (Figure 5.4). On the other hand, no correlation could be 

measured between oxidation rate and surviving fraction after 2 h drug exposure (data 

not shown).
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Figure 5.2. Use of lAA derivatives for GDEPT under normoxia.

T24 cells were exposed to a panel of lAA analogues (Figure 5.1) at the concentrations of 0.1 

mM (A, C) or 1 mM (B, D), for 2 h (A, B) or 24 h (C, D). □: HRP cells + 0.1 mM prodrug; ■: 

HRP cells + 0.1 mM prodrug; O; HRP cells + 1 mM prodrug; • :  HRP cells + 1 mM 

prodrug. The means of three independent clonogenic assay experiments ± SE are indicated. 

Prodrugs adopted in subsequent clonogenic survival studies are underlined.
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Figure 5.3. Use of lAA derivatives for GDEPT under anoxia.

Clonogenic survival of T24 cells exposed to lAA derivatives under anoxia, at the concentrations 

of 0.1 mM (A, C) or 1 mM (B, D), for 2 h (A, B) or 24 h (C, D). □: HRP' cells, 0.1 mM 

prodrug; ■: HRP cells, 0.1 mM prodrug; O: HRP cells, 1 mM prodrug; • :  HRP cells, 1 mM 

prodrug. The data are means of three independent experiments ± SB. Prodrugs adopted in 

subsequent clonogenic survival studies are underlined.
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Figure 5.4. Correlation between surviving fraction and oxidation rate of lAA and analogues.

The clonogenic survival of HRP T24 cells exposed to 0.1 mM (A) or 1 mM (B) prodrug under 

normoxia showed a positive correlation with the reaction rate with HRP Cpd I in air (from 

Folkes et ah, 2000).

137



1-Me-IAA, 2-Me-IAA, 5-F-IAA and 5-Br-IAA appeared particularly suitable for 

HRP-GDEPT, since they were characterised by high and prompt cytotoxicity as well as 

selectivity under normoxia and anoxia. Their action was further investigated in detailed 

clonogenic survival experiments using T24, MCF-7 and FaDu cells (Figures 5.5 and

5.6).

After 2 h, the response to the methylated compounds was similar to that of lAA 

(Figures 3.7, 5.5). On the other hand, little or no toxicity was detected in HRP^ cells, in 

particular in T24 cells, exposed for short intervals to 5-F-IAA or 5-Br-IAA (Figure 5.5). 

This was unexpected, since halogenated lAA derivatives showed increased toxicity 

compared to lAA when activated by purified HRP (Folkes et al., 2002). The drug batch, 

the number of cells plated and the transfection efficiency were therefore analysed, and 

found not to be responsible for the observed effect (results not shown). T24 cells were 

also more resistant than other tumour lines when exposed for up to 2 h to 5-F-IAA 

activated by purified HRP (Folkes et al., 2002). It is possible that under normoxia a 

longer activation interval is necessary in this cell line.

After prolonged incubation with the cellular monolayers (24 h), the prodrugs 

induced high and selective toxicity in HRP^ cells in all three tumour lines (Figure 5.6). 

In particular, 1-Me-IAA showed the highest selectivity indices (740 in T24, 71 in MCF- 

7 and 50 in FaDu cells; Table 5.1) and HRP^ cell death (Figure 5.6.A). 2-Me-IAA, on 

the other hand, induced surviving fractions o f less than 10% only at doses above 1 mM 

(Figure 5.6.B). 5-F-IAA, although very effective in T24 (SI = 88) and FaDu (SI = 60) 

cells, was characterised by non-specific toxicity in HRP' MCF-7 cells, resulting in a SI 

of only 1.6 in this line (Figure 5.6.C; Table 5.1). Finally, 5-Br-IAA was efficient and 

selective in all the lines analysed (Sis between 71 and 100; Figure 5.6.D; Table 5.1). In 

this case, prodrug levels up to 1 mM were studied, because o f toxicity in HRP' cells 

with higher concentrations.

1-Me-IAA and 5-Br-IAA were also effective in endothelial HMEC-1 cells (Figure

5.7). As observed with the model compound lAA, HRP HMEC-1 cells were more 

sensitive to the prodrugs than HRP T24 cells (data not shown).
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Figure 5.5. Cytotoxicity of lAA analogues under normoxia (2 h-exposure).

Clonogenic survival of HRP and HRP tumour cells exposed for 2 h to 1-Me-IAA (A), 2-Me- 

IAA (B), 5-F-IAA (C) and 5-Br-IAA (D). A: HRP T24 cells; A; HRP T24 cells; □: HRP 

MCF-7 cells; ■: HRP MCF-7 cells; O: HRP FaDu cells; ♦ :  HRP FaDu cells. Means and 

SEs of at least three independent experiments are indicated. The lines are interpolated.
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Figure 5.6. Cytotoxicity of lAA analogues under normoxia (24 h-exposure).

Clonogenic survival of HRP' and HRP tumour cells exposed for 24 h to 1-Me-IAA (A), 2-Me- 

IAA (B), 5-F-IAA (C) and 5-Br-IAA (D). A: HRP T24 cells; A: HRP T24 cells; □: HRP 

MCF-7 cells; ■; HRP MCF-7 cells; O; HRP FaDu cells; ♦ :  HRP FaDu cells. Means ± SE 

of at least three independent experiments are indicated. The lines are interpolated.
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Prodrug T24 T24 Selectivity MCF-7 MCF-7 Selectivit FaDu FaDu Selectivity

IC50 IC50 index IC50 IC50 y index IC50 IC50 index

(mM) (mM) (mM) (mM) (mM) (mM)

HRP HRP^ HRP HRP^ HRP HRP^

lAA 1.8 0.05 36 0.85 0.01 85 3.3 0.06 55

1-Me-IAA 3.7 0.005 740 0.5 0.007 71 3.5 0.07 50

2-Me-IAA >4 0.63 >6.3 3.4 0.1 34 >4 0.11 >36

5-F-IAA 3.5 0.04 88 0.4 0.25 1.6 1.2 0.02 60

5-Br-IAA 0.6 0.006 100 0.5 0.007 71 0.6 0.007 86

Table 5.1. Cytotoxic effect of lAA and derivatives under normoxia.

HRP’ and HRP^ T24, MCF-7 and FaDu cells were treated for 24 h with lAA and analogues. The 

selectivity index is expressed as the ratio of IC50 in HRP to HRP^ cells.

These four lAA derivatives were also tested in T24 cells under the extreme 

tumour conditions o f anoxia (Figure 5.8, 5.9; Table 5.2). Compared to normoxic 

exposure, the effects o f 1-Me-IAA, 2-Me-IAA and 5-F-IAA were not modified after 

either 2 h- (Figures 5.5, 5.8) or 24 h anoxic incubation (Figures 5.6, 5.9). Unexpectedly, 

5-Br-IAA showed selective toxicity under anoxia at 2 h, with 2-3 log cell death induced 

at 3 mM (Figure 5.8.D), whereas normoxic 2 h-treatment did not induce any measurable 

effects in both HRP and HRP^ cells at the concentrations analysed (Figure 5.5.D). This 

anoxic selectivity was lost after prolonged exposure (24 h; Figures 5.6.D, 5.9.D). The 5- 

Br-IAA-mediated cell kill in HRP^ cells was higher than that observed after anoxic 

treatment with any o f the other prodrugs tested.
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Figure 5.7. Effect of I AA analogues in human microvascular endothelial HMEC-1 cells.

HRP (O) and HRP ( • )  HMEC-1 cells were exposed to 1-Me-IAA (A) or 5-Br-IAA (B) for 24 

h. The means of at least three independent experiments ± SE are shown. The lines are 

interpolated.

Prodrug T24 

IC50 (mM) 

HRP

T24 

IC50 (mM) 

HRP^

Selectivity

index

lAA 3.1 0.06 52

1-Me 1.9 0.01 190

2-Me 3.6 0.1 36

5-F 2.3 0.03 77

5-Br 1 0.007 143

Table 5.2. Cytotoxic effect of lAA and derivatives under anoxia.

HRP and HRP T24 cells were exposed for 24 h in anoxia to lAA and analogues. The 

selectivity index is expressed as the ratio of IC50 in HRP to HRP cells.
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Figure 5.8. Cytotoxicity of lAA analogues under anoxia (2 h-exposure).

T24 cells transiently transfected with the HRP cDNA and mock-transfected cells were exposed 

to the prodrugs 1-Me-IAA (A), 2-Me-IAA (B), 5-F-IAA (C) and 5-Br-IAA (D) for 2 h. O; 

HRP cells; # :  HRP cells. The means of three independent experiments ± SE are indicated. 

The lines are interpolated.
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Figure 5.9. Cytotoxicity of lAA analogues under anoxia (24 h-exposure).

T24 cells transiently transfected with the HRP cDNA and mock-transfected cells were exposed 

to the prodrugs 1-Me-IAA (A), 2-Me-IAA (B), 5-F-IAA (C) and 5-Br-IAA (D) for 24 h. O: 
HRP cells; # :  HRP cells. The means of three independent experiments ± SE are indicated. The 

lines are interpolated.
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The ability o f 1-Me-IAA and 5-Br-lAA to induce bystander killing was tested, as 

described in section 3.2.4, by exposing HRP' and HRP^ T24 cells mixed in varying 

proportions to 0.5 mM 1-Me-lAA or 0.1 mM 5-Br-IAA (Figure 5.10). A bystander 

effect similar to that induced by activated lAA (Figure 3.9.A) was observed.
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Figure 5.10. Bystander effect of lAA analogues.

HRP and HRP T24 cells were mixed in the proportions indicated and treated with 0.5 mM 1- 

Me-IAA (A) or 0.1 mM 5-Br-IAA (B) for 24 h under normoxia ( • )  or anoxia (O). Means ± SE 

are indicated. The lines are interpolated.

5.4 Discussion

The possibility o f  enhancing the antitumour effect o f HRP-GDEPT was investigated 

using a panel o f  different lAA analogues. The screening o f  ten lAA derivatives in the
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four cell lines adopted in this study allowed the identification o f compounds 

characterised by prompt normoxic (1-Me-IAA; 2-Me-IAA; 5-MeO-IAA) or anoxic (5- 

Br-IAA) cytotoxic activation, high HRP^ cell death (5-Br-IAA; 4-Cl-IAA; 5-BnO-IAA; 

5-Ph-IAA; 5-F-IAA; 1-Me-IAA) or, most importantly, selectivity (1-Me-IAA; 5-Br- 

IAA; 5-F-IAA; Figures 5.2-5.9; Tables 5.1, 5.2). Some variations were observed in the 

response of cells of different origin, with lAA, 1-Me-IAA and 5-Br-IAA representing 

the most promising candidates for HRP-GDEPT. The choice o f the appropriate prodrug 

and dose may therefore depend on the tumour type, the hypoxic fraction and the 

pharmacokinetics in vivo.

HRP-catalysed reactions with lAA derivatives exhibit dramatic variations in rate 

constants with changes in substituents (Candeias et al., 1997). The presence o f electron- 

donating groups, such as methyl or methoxy, significantly enhanced the reaction rate 

constants with the intermediate Cpd I, commonly used as a measure of reactivity. For 

most substrates, oxidation by Cpd II is much slower and not considered relevant 

(Wardman, 2002). Ease of oxidation was thought to represent an important parameter in 

the choice of HRP-associated prodrugs, since in previous studies with the purified 

enzyme the analogues characterised by high reaction rate also induced high lipid 

peroxidation (Candeias et al., 1995). In this work, surviving fractions after different 

lAA analogues were shown to vary over 3 orders o f magnitude (Figures 5.2, 5.3), and 

an inverse correlation between the rate o f reaction o f the prodrugs with HRP and the 

toxicity of the active drug was observed (Figure 5.4). Although survival after 2 h- 

exposure did not correlate with reaction rate, after 24 h the compounds with the highest 

affinity for HRP were also the least toxic (Figure 5.4). Factors other than the rates of 

oxidation or decarboxylation by HRP may control activity. Components and substituent 

position may both be relevant to the cytotoxic potential, as seen from the different 

efficacy of I - and 2-Me-IAA, or 5- and 6-F-IAA (Figures 5.2, 5.3), for example. Similar 

results were observed when lAA analogues were activated by purified HRP (Folkes et 

al., 1999, 2002; Rossiter et al., manuscript in preparation). Nevertheless, care should be 

taken when comparing the GDEPT data with those obtained with the purified enzyme, 

as different levels of HRP are involved. For example, for GDEPT an average amount o f
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~2 xlO'^ ng HRP/cell (2-100 ng/ml) was detected, while 1.2 jag HRP/ml buffer were 

used in the experiments carried out by Folkes et al. (1998, 1999, 2002). This difference 

could affect the cytotoxic activation o f the prodrugs, since the reaction between HRP 

and lAA has been shown to depend on their relative concentration (Wardman, 2002).

The putative role of MOI (Figure 1.12, 8) in lAA-induced toxicity has been 

discussed previously (section 3.4). However, the toxicity o f halogenated MOI analogues 

does not clearly correlate with that o f the halogenated indole precursors (Folkes et al., 

manuscript in preparation). Also, the formation o f MOI does not explain the toxicity of 

2-Me-IAA, since méthylation at the indole 2-position should prevent the formation of a 

carbonyl group.

Interestingly, 5-Br-IAA showed very prompt and selective anoxic activation 

(Figure 5.8.D). This may be due to an enhanced rate of one of the as yet undetermined 

reaction pathways, for this particular analogue only. It may be possible for an 

intermediate radical to abstract bromine from the aromatic ring o f 5-Br-IAA to give an 

aryl radical species. Under anoxic conditions, this or other species may be long-lived 

enough to make a significant contribution to the enhanced cytotoxicity and bystander 

effect observed. Further conclusions cannot be easily drawn, as the toxic species and 

cellular targets involved in HRP-mediated toxicity are yet to be identified. A detailed 

analysis o f the cytotoxic pathways activated may contribute to the design o f the 

optimised prodrugs. Nevertheless, the in vitro analysis presented here allowed the 

identification o f compounds with potential not only in gene therapy strategies, but also 

in ADEPT and PDEPT approaches. Particular attention will be drawn to the action of 

HRP in combination with lAA, 1 -Me-IAA and 5-Br-IAA.
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Chapter 6
Oxic and anoxic enhancement of radiation-mediated toxicity 

by HRP/IAA gene therapy

6.1 Introduction

External beam radiation therapy remains one o f the most important treatment modalities 

for human cancers. However, injury to normal tissues restricts the total dose that can be 

delivered to eradicate the solid tumour. Multiple factors contribute to the resistance of 

solid malignancies to radiation-induced cell death, including intrinsic genetic and 

extrinsic physiological determinants. The presence of hypoxic regions is one of the most 

significant predictive factors, affecting the response to radiotherapy in a range of human 

tumour sites (section 1.1.1). Resistance to ionising radiation (IR) via the classical 

oxygen effect is unlikely to be the only explanation. Hypoxia-induced modifications of 

gene expression may also contribute to poor outlook, giving rise to more aggressive 

locoregional disease and enhanced invasive capacity (section 1.1.1).

A number of biological strategies are currently under investigation to overcome 

the limitations of dose delivery in conventional radiotherapy. O f interest here is the 

combination o f gene therapy approaches with IR (reviewed by Buchsbaum et al., 1996). 

In particular, GDEPT systems such as HSV TK/GCV and CD/5-PC induced selective 

enhancement of radiation-mediated toxicity, both in vitro and in vivo (section 1.2.5). 

Synergistic advantage has been demonstrated, and clinical trials are ongoing (Chikara et 

al., 2000; Freytag et al., 2000; Teh et al., 2001). Preliminary results indicate safety of 

combined HSV TK-GDEPT and radiotherapy in the treatment o f prostate cancer, with 

no added toxicity compared to the single treatments (Teh et al., 2001).

HRP-mediated GDEPT holds potential to selectively enhance radiation 

cytotoxicity. HRP/IAA was shown to induce DNA strand breaks and adducts (Folkes et 

al., 1999), and thiol depletion (Folkes et al., 2002). These biological alterations, besides 

causing direct cytotoxicity, may provide sensitisation to IR concomitantly administered. 

Therefore, the interaction of HRP/IAA with therapeutically significant doses of IR was
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evaluated under both oxic and anoxic conditions. Human tumour cells transfected with 

the HRP cDNA were exposed to lAA or the analogue 1 -Me-IAA in conjunction with X- 

rays.

6.2 Materials and methods

General methods can be found in Chapter 2.

6.2.1 Irradiation

For radiation treatment (exposure to 1-7 Gy X-rays), cells were incubated in air-tight 

aluminium boxes. For anoxic experiments, the boxes were flushed continuously with a 

humidified gas mixture containing 5% CO2 and 95% N2 and irradiated under anoxia.

6.2.2 Statistical analysis

Radiation survival data were compared by performing a multiple regression analysis. 

Values o f p<0.05 were considered as significant. The survival curves were analysed 

according to the single-hit multi-target (SHMT) model (SF = l-[l-exp(-dose/Do)]"), by 

using a non-linear fitting package (JMP, SAS Institute Inc., Marlow, UK). The SHMT 

rather than the linear-quadratic model was adopted, since it showed a better agreement 

with the experimental data. The sensitiser enhancement ratio (SER) was assessed from 

the survival curves by the ratio of doses o f radiation that reduced cell survival by 50%. 

Surviving fractions were normalised for plating efficiency o f mock-irradiated cells 

exposed to HBSS or prodrug. For each data point, at least three independent 

experiments (triplicate samples) were performed.
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6.3. R esults

Prior to combined radiation/GDEPT experiments, the effect o f  gene delivery on the 

radiation response o f  T24 cells was analysed. Untransfected cells and transient 

transfectants with plasmids containing either the HRP (HRP^) or the CD4 (CD4^) 

coding sequence were exposed to doses o f  X-rays ranging from 1 to 7 Gy. The intrinsic 

radiosensitivity o f  T24 cells was not significantly altered after transfection with either 

foreign gene (Figure 6.1 ).

1

?  0.1

0.01
2 4 6
Radiation Dose (Gy)

Figure 6.1. Response of T24 cells to X-irradiation.

Untransfected T24 cells and transfectants with the HRP or the CD4 coding sequence were 

exposed to increasing doses of IR. Means of at least three independent experiments ± SB are 

indicated. The lines are best-fit curves (SHMT model). O  ; untransfected T24 cells; -V-: 

CD4 cells; ; HRP cells.
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In the presence o f the prodrug lAA, a marked increase in sensitivity to radiation 

was selectively induced in HRP^ cells (Figure 6.2). HRP-expressing cells incubated for 

24 h with 0.1 mM or 0.5 mM lAA prior to (Figure 6.2.B) or immediately after (Figure 

6.2.D) irradiation demonstrated a significant enhancement of radiation-mediated 

toxicity. On the other hand, no significant difference in the response to radiation was 

observed in CD4^ exposed to lAA (Figure 6.2.A, C). The results shown in Figure 6.2 

did not change whether the prodrug was present or not at the time o f irradiation (data 

not shown).

The sensitiser enhancement ratio (SER) can be defined as the quotient o f two 

radiation doses which cause the same cell kill (Lambin et al., 2000). In this work, 50% 

cell kill was considered as an endpoint. The survival curves were analysed according to 

the SHMT model, normalising for the plating efficiency o f mock-irradiated cells 

exposed to the prodrug. In HRP^ T24 cells pre-incubated with lAA, SERs of 2.6 (O.I 

mM lAA) and 5.4 (0.5 mM IA A) were measured. Very similar values (2.5 and 5.6) 

were estimated when prodrug incubation was performed after irradiation.

To confirm the observed effect in another tumour cell line, FaDu cells were 

exposed to a single radiation dose in combination with HRP/IAA GDEPT. Similarly to 

T24 cells, after pre-incubation with lAA, HRP^ FaDu cells showed a significant 

increase in IR-induced cell kill, while the response o f control CD4^ FaDu cells was 

unaffected (Figure 6.3).
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Figure 6.2. Effect of HRP/IAA GDEPT on the radiosensitivity of T24 cells under normoxia.

CD4 (A, C) and HRP (B, D) cells were exposed to 0.1 mM or 0.5 mM lAA for 24 h prior to 

(A, B) or after (C, D) irradiation. The data are means ± SE. Lines are best-fit curves (SHMT 

model). Cell survival curves were normalised for the plating efficiency of mock-irradiated cells 

exposed to lAA, to account for drug toxicity. V —: CD4 T24 cells, no prodrug; -O’-: CD4 

cells + 0.1 mM lAA; O : CD4 cells + 0.5 mM lAA; - T —: HRP cells, no prodrug;

HRP cells + 0.1 mM lAA; ■  : HRP cells + 0.5 mM lAA.
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Figure 6.3. Effect of HRP/IAA GDEPT on the radiosensitivity of FaDu cells in normoxia.

CD4 and HRP cells were exposed to 0.1 mM or 0.5 mM lAA for 24 h prior to irradiation (5 

Gy). Means ± SE are shown. The surviving fraction at 5 Gy was normalised to exposure to lAA 

only. Hashed bars: CD4 cells; solid bars: HRP cells. *: significantly different from cells 

exposed to radiation only; **: significantly different from CD4 cells after identical treatment 

(p<0.05).

The efficacy and selectivity of HRP/IAA GDEPT may be improved by adopting 

different lAA derivatives (Chapter 5). Therefore, the use of I-Me-IAA in combination 

with IR was studied. As illustrated in Figure 6.4, HRP^ T24 cells exposed to 0.1 mM or 

0.5 mM I-Me-IAA before or after radiation showed increased cell kill compared with 

cells exposed to buffer only (Figure 6.4.B, D), while no sensitisation was induced in 

control CD4-transfectants (Figure 6.4.A, C). SER values were calculated to be 2.8 (0.1 

mM 1-Me-IAA) and 4.6 (0.5 mM I-Me-IAA), when the prodrug was administered for 

24 h before X-rays, and 2.1 and 3.0, respectively, if prodrug incubation took place 

immediately after irradiation. Therefore, no major differences were detected in the 

radiosensitisation potential of the two prodrugs tested (lAA and 1-Me-IAA), with lAA 

being slightly more potent.
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Figure 6.4. Combination of HRP/1-Me-IAA GDEPT with radiation.

CD4  ̂ (A, C) and HRP (B, D) cells were exposed to 0.1 mM or 0.5 mM 1-Me-IAA for 24 h 

prior to (A, B) or after (C, D) X-rays. The data are means of at least three independent 

experiments ± SE. Lines are best-fit curves. Cell survival curves were normalised to exposure to 

prodrug only. —V —; CD4 T24 cells, no prodrug; -0 - :  CD4  ̂ cells + 0.1 mM 1-Me-IAA; O : 

CD4" cells + 0.5 mM 1-Me-IAA; - T —: HRP cells, no prodrug; HRP cells + 0.1 mM 1- 

Me-IAA; B ; HRP cells + 0.5 mM 1-Me-lAA.
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A synergistic effect o f HRP/IAA GDEPT in combination with radiation could be 

o f even higher therapeutic impact if  effective in hypoxic cells, since the presence o f 

hypoxic areas in solid tumours has been shown to correlate with poor outcome after 

radiotherapy. T24 cells irradiated under anoxia showed an oxygen enhancement ratio 

(OER) of ~2, i.e. double the dose o f radiation was necessary to induce 50% cell kill 

compared with oxic cells. When pre-incubated with 0.1 mM lAA, HRP^ cells showed a 

3.6-fold increase in sensitivity to IR (Figure 6.5.B), and the OER was reduced to 1.2. 

The response of control cells transfected with the marker CD4 was not significantly 

different whether the monolayers were pre-exposed to lAA or buffer only (Figure 

6.5.A).

6.4. Discussion

The use of gene therapy protocols to enhance the effect o f IR holds promise for 

anticancer therapy. The results presented here show that human tumour cells engineered 

to express the plant enzyme HRP, which selectively activates the prodrug lAA into a 

cytotoxic agent, show a substantial increase in radiation-induced toxicity under 

normoxic as well as anoxic conditions.

Statistical evaluation o f combined radiation and GDEPT protocols had previously 

shown that in vitro SER values o f 1.2 can significantly increase local control after 

radiotherapy (Lambin et al., 2000). In our studies, values between 2.1 and 5.6 were 

measured under oxic conditions, depending on prodrug concentration. These values 

compare favourably with in vitro published data on other GDEPT approaches, as 

incubation with 5-FC induced a SER of 2.8 in CD^ cells (Khil et al., 1996), exposure to 

GCV resulted in a SER of ~2 in HSV TK^ cells (Kim et al., 1994) and the combined 

prodrugs induced an SER equal to 4.5 in cells producing a CD-HSV TK fusion protein 

(Blackburn et al., 1999). Moreover, HRP/IAA-mediated sensitisation could be detected 

at doses o f radiation as low as 1 Gy, indicating that doses used in a multiffactionated 

treatment (usually 2 Gy/ffaction over 6-8 weeks) in a clinical setting may be effective.

Significant synergy o f HRP/IAA GDEPT and X-ray exposure was also detected 

under the extreme condition o f anoxia. Anoxic HRP^ cells pre-exposed to 0.1 mM lAA
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were 3.6-fold more sensitive to radiation than buffer-treated controls, and the OER was 

reduced from 2 to 1.2.

HRP* anoxia :CD4* anoxia

0.1

0.010.01

Dos. (Gy)

0.001
8

Radiation
0.001 0 2 4 6 8

Figure 6.5. Effect of HRP/IAA GDEPT on the radiosensitivity of T24 cells under anoxia.

CD4 (A) and HRP (B) cells were exposed to 0.1 mM lAA for 24 h prior to irradiation. Means 

of three independent experiments (triplicate samples) ± SE are shown. Lines are best-fit curves. 

Cell survival was normalised to exposure to lAA, to account for drug toxicity. Survival data for 

oxic cells without lAA is shown for comparative purposes. —V —; CD4 T24 cells, no prodrug, 

normoxia; A  : CD4* cells, no prodrug, anoxia; -0 - :  CD4  ̂ cells + 0.1 mM lAA, anoxia; -▼ 

—: HRP cells, no prodrug, normoxia; A  : HRP cells, no prodrug, anoxia; HRP  ̂cells + 

0.1 mM lAA, anoxia. Inset: survival of CD4 cells irradiated in normoxia and anoxia replotted 

for clarity.

Delivery and expression o f a foreign gene alone (HRP or the marker CD4) did not 

alter cellular radiosensitivity. Similar findings were reported by other investigators who
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utilised retroviral (Kim et al., 1994; Khil et al., 1996) or adenoviral vectors (Hanna et 

al., 1997; Blackburn et al., 1999) for GDEPT. Moreover, Mansur et al. (2001) observed 

that neither retroviral nor liposome-mediated delivery of the glutathione peroxidase 

gene resulted in an effect on radiosensitivity of human T cells and Chinese hamster 

ovary (CHO) fibroblasts. On the other hand, an increase in sensitivity to IR was 

observed in cells transduced with Ads containing the CD gene even in the absence o f 5- 

FC (Pederson et al., 1997; Stackhouse et al., 2000).

True radiation sensitisers have no lethal effect o f their own. The prodrugs tested 

here reduced the survival of HRP^ cells to -30%  at 0.1 mM and -0.6%  at 0.5 mM after 

24 h (Chapter 3). Further selective toxicity could be achieved with the addition of IR. 

These concentrations o f prodrug were found to kill less than 20% of HRP T24 and 

FaDu cells, they are likely to be achievable in vivo (tumour prodrug levels of -1 mM 

can be obtained in mice, with no associated toxicity; J. Tupper, unpublished data), and 

therefore may represent a possible clinical scenario.

Limited transfection efficiency (10-14% in FaDu and 20-25% in T24 cells) 

compared with the levels of cell kill measured (Figures 6.2-6.5) indicated the induction 

of a bystander effect, whereby the activated prodrug induced radiosensitisation also in 

surrounding untransfected tumour cells.

Similar SERs were measured when prodrug incubation was performed prior to or 

after X-rays, suggesting that activated lAA may increase susceptibility to IR and also 

interfere with post-irradiation repair processes. To date, the activated drugs and the 

cellular targets involved in HRP/IAA-mediated cytotoxicity and radiosensitisation have 

not been identified. Exposure o f hamster fibroblast V79 cells to lAA or 5-F-IAA 

activated by purified HRP resulted in a decrease o f cellular glutathione (GSH) up to 

-70%  of control levels (Folkes et al., 2002). Moreover, the addition o f excess GSH to 

HRP/IAA-generated oxidation products significantly reduced cytotoxicity (Folkes et al., 

1998), suggesting that potentially cytotoxic products had reacted with this thiol. 

Depletion of intracellular thiols has been shown to have a radiosensitising effect in vitro
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(Clark et al., 1984; Vames et al., 1984; Biaglow et al., 1986) and in vivo (Bump et al., 

1982; Stevens et al., 1995). The effect has been observed under both oxic and anoxic 

conditions (Vames et al., 1984; Debieu et al., 1985), with preferential sensitisation o f 

cells at low or intermediate oxygen levels (Bump et al., 1982; Clark et al., 1984; Debieu 

et al., 1985; Scott et al., 1993; Stevens et al., 1995). GSH depletion did not induce any 

significant alteration o f the OER in normal mouse skin (Stevens et ah, 1995), V79 

(Mitchell et ah, 1983) and A549 human lung carcinoma cells (Biaglow et ah, 1983 a; 

Mitchell et ah, 1983). A decrease in OER has been observed in cells that show no oxic 

response to thiol depletion (Biaglow et ah, 1983 b).

However, GSH depletion is unlikely to be solely responsible for the effects shown 

in this chapter. The reduction in GSH levels observed by Folkes et ah (2002) is 

probably insufficient to account for the SERs achieved here, as a reduction o f >90% 

was shown to be necessary to achieve full radiosensitisation (Clark et ah, 1984). 

Moreover, GSH depletion would only be expected to radiosensitise prior to irradiation, 

while HRP/IAA was shown to induce sensitisation also after IR. Additional biochemical 

alterations, probably involving the DNA macromolecule, are likely to take place. 

Further studies are warranted to shed light on the possible mechanisms associated with 

HRP/IAA-mediated enhancement o f IR toxicity.

With 50% of all human cancer patients treated with radiation, improvement o f the 

efficacy of a radiotherapy schedule remains a major issue in cancer research and 

treatment. Numerous clinical trials have focused on combining IR with conventional 

chemotherapeutic agents, such as doxorubicin, methotrexate, 5-FU and CDDP (Stewart 

and Saunders, 1997). However, normal tissue toxicity remains a major limiting factor 

with these protocols. The results presented here demonstrate that lAA and 1-Me-IAA 

selectively enhance radiation-induced lethality in human tumour cells expressing the 

enzyme HRP at doses of prodrug achievable in vivo. In order to achieve a significant 

advantage by using combined gene therapy and radiotherapy protocols, prodrug 

activation should take place at the tumour site only. This can be obtained by selective 

HRP gene delivery and/or selective gene expression at the target, as suggested in 

Chapter 7.
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Chapter 7
Development of chimeric gene promoters responsive to 

hypoxia and ionising radiation for HRP/IAA GDEPT

7.1 Introduction

Tumour hypoxia, despite being an independent prognostic marker of poor treatment 

outcome, represents a physiological difference that may be exploited for selective cancer 

treatment. In particular, hypoxia-targeted GDEPT has the potential to overcome the 

radioresistance of poorly oxygenated cells, by taking advantage of the tumour-specificity 

o f the hypoxic microenvironment for gene delivery, gene expression and prodrug 

activation.

Hypoxia regulatory elements (HREs) are cw-acting sequences containing the core 

motif 5’-(AyO)CGT(G/C)(G/C)-3’ (section 1.2.3). They are found in the enhancer region 

of several hypoxia-regulated genes and contain the binding site of the transcription 

factor HIF-1. The high frequency of HIF-1 expression across human tumours of diverse 

tissue origin (Zhong et al., 1999; Talks et al., 2000) represents a possible therapeutic 

target for HRE-directed gene therapy o f the hypoxic environment (Dachs et al., 1997). 

Indeed, promoters containing HREs have been used to selectively control therapeutic 

gene expression in hypoxic cells (section 1.2.3).

Hypoxia-targeted gene therapy is likely to be part o f a combination therapy, and, 

with a view to targeting the oxic tumour population using conventional radiotherapy, 

increased therapeutic gain could be achieved both at the promoter and at the therapeutic 

gene level. The limitations o f dose delivery in radiotherapy might be overcome by gene 

therapy systems that can enhance IR-mediated cytotoxicity, such as HRP/IAA (Chapter 

6). Furthermore, radiation itself may be exploited for selective transgene expression, as 

it has been shown to activate a number o f genes involved in cell cycle progression, DNA 

damage sensing and repair (section 1.2.4). IR-mediated transcriptional activation o f the 

Egr-1 gene was demonstrated, and the essential sequences were identified as 10 

nucleotide motifs of the consensus sequence CC(A/T)6GG, also known as CArG
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elements (Datta et al., 1992). ROS were recognised to be involved in CArG-mediated 

induction, since a similar activation pathway was observed after cell exposure to H2O2 

or IR, which was abrogated by the concurrent use o f antioxidants (Datta et al., 1993). 

Efficacy and selectivity o f CArG-based promoters for cancer gene therapy has been 

demonstrated in vitro and in vivo (section 1.2.4).

As radiotherapy is likely to remain one o f the primary cancer treatment 

modalities, approaches to increase tumour cell kill for a given clinical dose have 

potential to improve patient treatment. Furthermore, new therapeutic systems that can 

also address the inherent problems of hypoxia may be particularly advantageous. The 

aim of the work presented in this chapter was the development o f vectors responsive to 

these tumour conditions, via the use o f novel, chimeric gene promoters containing HREs 

and CArG elements. The potential o f such promoters to successfully control HRP- 

mediated GDEPT was investigated.

7.2 Materials and methods

General methods are in Chapter 2.

7.2.1 Vector construction

The plasmids used in this chapter were constructed in collaboration with Dr. S.D. Scott. 

The backbone vector pCI-puro (Figure 7.1) was made by replacing the neomycin 

resistance cassette from pCI-neo (Clontech, Basingstoke, UK) with the puromycin 

resistance gene from pPUR (Clontech) as a Bam WMPvu II fragment (all enzymes from 

Life Technologies and Promega).

Chimeric promoters were produced by replacing the enhancer region o f the CMV 

gene promoter in pCI-puro with double-stranded linker molecules, derived from single

stranded oligo-deoxyribonucleotides (ODNs; from MWG-Biotech, Milton Keynes, UK; 

Table 7.1). Complementary ODNs were annealed by mixing 50 pmole of each ODN in a 

20 pi volume, heating to 55°C for 5 min, then cooling to rt. 0.5 pmole double-stranded 

linkers were inserted into 200 ng vector digested with the Bgl II and S g fl  enzymes.

The plasmids pPGKl-puro, pEpo-puro and pnVEGF-puro were constructed by 

inserting synthetic enhancers containing five copies o f the respective HRE units (Table
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7.1; Figure 7.2). The EGFP coding sequence was excised from pEGFP-Nl (Clontech) by 

EcoK MNot I digestion, and the resulting fragment inserted into each vector linearised 

with the same restriction enzymes (Figure 7.2). The plasmid containing nine CArG 

elements (pE9-EGFP; Figure 7.2) was donated by Dr. S.D. Scott (Scott et al., manuscript 

in preparation). For the constructs containing both HREs and CArG elements, pE9- 

EGFP was digested with Bgl II, treated with calf intestinal alkaline phosphatase, and the 

HREs were inserted directly upstream o f  the CArG elements. For pnVEGF/E9-EGFP, 

this meant the addition o f  a single linker containing five HRE units (Table 7.1; Figure 

7.2). For pPGKl/E9-EGFP and pEpo/E9-EGFP, two separate Bgl II cloning stages were 

needed, because o f  unit rearrangements. First, three HRE units were inserted upstream 

o f E9, followed by a further two HRE units making a total o f  five in the final enhancer 

(Table 7.1 ; Figure 7.2). The first sets o f  ODNs were designed to produce Bgl II ‘locks’, 

in order to allow the second linkers to be added without losing the first Bgl II 

recognition sequence. Finally, for the construct containing ten PGK-1 HRE units plus E9 

(pPGKl io/E9), two five-unit ODNs were cloned, in one ligation reaction, adjacently and 

immediately upstream o f E9 (Table 7.1).

69 / II ( 5 5 4 9 1  CMV

S g f l  ( 6 6 5 )

E coR  I (1097) 

A/of I (1131)

Ampicillin
resistance cassette ^  ^

Puromycin 
resistance cassette

B am  HI (3467)

Figure 7.1. The backbone vector pCI-puro.

The restriction sites utilised for the cloning procedures described in this chapter are indicated.
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HRP-containing plasmids were made by a two-stage process. First, the HRP 

cDNA from pRK34-HRP (Connolly et al., 1994) was subcloned into pBluescript KS 

(Stratagene Ltd., Cambridge, UK) using Bam HI. This construct was then digested with 

Sma MNot I, and the HRP fragment inserted into the series o f recipient vectors which 

had been linearised with EcoR I, blunt-ended with DNA Pol I Large Klenow fragment, 

and then Not I-digested.

Finally, to produce the pCD4 negative control plasmid, the CD4 gene was excised 

from pMACS 4.1 (Miltenyi Biotech, Bergisch Gladbach, Germany) by Xho MPst I 

digestion and inserted in pBluescript KS. The gene was then subcloned by EcoR MNot I 

digestion into pCI-puro. The sequence integrity of all plasmids was confirmed by DNA 

sequencing (section 2.6).

7.2.2 Cell transfection

Transfectants with the EGFP-constructs were obtained by using Lipofectamine (Life 

Technologies; section 2.7.2). Transient transfectants with the HRP-constructs were 

obtained by exposing the cells to complexes o f Lipofectin (Life Technologies), integrin- 

targeted peptides and DNA (section 2.7.1) for more efficient transfection. In all cases, 

the cells were exposed to hypoxia and/or IR 24 h after transfection.

7.2.3 Irradiation procedure

Cells were irradiated using a Pantak X-ray generator. For hypoxic irradiation, cells 

transfected in air were pre-equilibrated at 0.1% O2 for 24 h and then exposed to X-rays 

in airtight aluminium boxes. Gene expression was assayed 24 h post-irradiation.
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Plasmid

vector

ODN sequence

pPGKl 5 ’-GATCTGGCGCGCC(TGTCACGTCCTGCACGAC)5TTAATTAAGCGAT-3 ’ 

5’-CGCTTAATTAA(GTCGTGCAGGACGTGACA)5GGCGCGCCA-3’

pEpo 5’-GATCT(GGCCCTACGTGCTGTCTCACACA)5GCGAT-3’ 

5 ’-CGC(TGTGTGAGACAGCACGTAGGGCC)5 A-3 ’

pnVEGF 5 ’ -G ATC(TTGATACGTGCTGC ACG A)5GCGAT-3 ’ 

5’-CGC(TCGTGCAGCACGTATCAA)5-3’

pE9

step

5 ’-GATCT(CCTTATTTGG).CGAT-3 ’ 

5 ’ -CG(GGAAATAAGG)3 A-3 ’

pE9 

2"  ̂step

5 ’-CGCrCCTTATTTGG)AGCGAT-3 ’

5 ’-CGC(CCAAATAAGG)6GCGAT-3 ’

pPGKl/E9 

1®* step

5’-GATC(TGTCACGTCCTGCACGAC)3-3’ 

5 ’-GATC(GTCGTGCAGGACGTGACA>3-3 ’

pPGKl/E9 

2"  ̂step

5’-GATC(TGTCACGTCCTGCACGAC)2 -3’ 

5’-GATC(GTCGTGCAGGACGTGACA>2-3’

pEpo/E9 

1®‘ step

5 ’ -G ATCT(GGCCCT ACGTGCTGTCTC AC AC A>3G-3 ’ 

5 ’-GATCC(TGTGTGAGACAGCACGTAGGGCC)3 A-3 ’

pEpo/E9 

2"  ̂step

5’-GATCT(GGCCCTACGTGCTGTCTCACACA)2G-3’

5’-GATCC(TGTGTGAGACAGCACGTAGGGCC)2A-3’

pnVEGF/E9 5 ’ -G ATC(TTGATACGTGCTGC ACG A>5-3 ’ 

5’-GATC(TCGTGCAGCACGTATCAA>5 -3’

pPGKlio/E9 

2 steps

5’- GATC(TGTCACGTCCTGCACGAC)5-3’ 

5 ’-GATC(GTCGTGC AGGACGTGACA)5-3 ’

Table 7.1. Single-stranded oligo-deoxyribonucleotides (ODNs) used in this study.

The sequence of complementary ODNs for each plasmid vector is shown. For pE9, pPGKl/E9 

and pEpo/E9, two separate cloning stages were needed. The proposed HIF-1 binding sites are 

shown in bold, CArG elements are underlined. E9: 9 CArG elements; Epo: erythropoietin; 

PGKl: phosphoglycerate kinase-1; nVEGF: novel sequence based on the vascular endothelial 

growth factor (VEGF) HRE.
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BglW S g f \ E c o R Not

CMV enhancer 
(669 bp)

basal CMV EGFP

BglW S g f \

SxPGKI HRE 
(110 bp)

basal CMV EGFP

BglW S g f \

SxEpo HRE 
(123 bp)

basal CMV EGFP

BglW S g f \

SxnVEGF HRE 
(93 bp)

Bgl S g f \

E9 
(107 bp)

basal CMV

basal CMV EGFP

EGFP

Bgl  II Bgl  II {Bgl  II)

pEGFP

pPGK1-EGFP

pEpo-EGFP

pnVEGF-EGFP

PE9-EGFP

pPGK1/E9-EGFP

Bgl Bgl

pEpo/E9-EGFPE9
Epo Epo

Bgl Bgl

SxnVEGF HRE E9 pnVEGF/E9-EGFP

Bgl Bgl Bgl

pPGK1io/E9-EGFPE9
PGKl PGKl

basal CMV

basal CMV

basal CMV

basal CMV

EGFP

EGFP

EGFP

EGFP

PGKl PGKl
E9

Figure 7.2. Schematic representation of plasmid constructs containing the EGFP coding 

sequence used in this chapter.

All plasmids were based on the backbone vector pCI-puro (Figure 7.1). Restriction sites in 

brackets were deliberately deleted during the cloning procedure (Bgl II “locks”).
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7.2.4 Analysis o f gene expression

Transfectants were harvested, washed in PBS and re-suspended in HBSS. Relative 

EGFP fluorescence was measured by FACS analysis. Dead cells were gated out o f the 

analysis by forward and side scatter. Cells were scored as positive if  they showed an 

increased fluorescence with respect to control cells transfected with pCD4. The level of 

hypoxia- and/or IR-indueed EGFP expression was indicated as the percentage of EGFP- 

expressing cells in the treated sample, compared with the corresponding oxie/sham- 

irradiated sample transfected with the same plasmid. HRP activity was analysed as 

described previously (section 2.10).

7.2.5 C lonogenic assays

Following hypoxic and/or radiation exposure, HRP' and HRP^ cells were plated at low 

density, left to settle for 5-6 h and exposed to lAA in HBSS for 24 h in the 37°C 

incubator. Surviving fractions were normalised for plating efficiency o f cells exposed to 

HBSS only, after equal trigger treatment.

7.3 Results

7.3.1 C onstruction o f synthetic prom oters

Hypoxia- and radiation-responsive enhancer components were placed immediately 

upstream of the basal CMV gene promoter in all vector constructs (Figure 7.2). The 

synthetic promoters contained either five directly repeated HREs, derived from three 

different genes, or nine direetly repeated CArG elements (E9) derived from the Egr-1 

gene, or five HREs upstream of E9 (Figure 7.2). The three different HREs tested were 

from the human Epo gene, from the murine PGK-1 gene, and a novel sequence based on 

the human VEGF HRE (nVEGF; designed by Dr. A.V. Patterson, University of 

Manchester, Manchester, UK/University o f Auckland, Auckland, New Zealand). The 

Epo enhancer was composed of 24 bp units, including a second 5 bp element 3 ’ to the 

HIF-1 binding site, previously shown to be essential for hypoxia-inducibility (Wang and 

Semenza, 1993). The HRE from PGK-1 consisted o f an 18 bp sequence that could fully 

retain its enhancer activity (Firth et al., 1994). In the nVEGF enhancer, the core o f the 

HIF-1 binding site in the PGK-1 promoter, found to induce robust expression levels
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(Boast et al., 1999), was fused to the 5' sequences from the VEGF HRE, characterised by 

high inducibility (Shibata et ah, 2000).

7.3.2 Induction o f HRE and CA rG  enhancers by separate hypoxia or 

radiation treatm ents

The activity of the promoters was analysed in transient transfection experiments using 

human MCF-7 (breast adenocarcinoma) and T24 (bladder carcinoma) cells. Both cell 

lines were shown to express HIF-1 a  after hypoxic induction (An et ah, 1998; C. Coralli, 

personal communication).

Even outside their natural promoter context, all synthetic HRE enhancers were 

activated after 24 h hypoxic (0.1% O2) exposure, followed by 7 h reoxygenation, in both 

cell types (Figure 7.3). The fold induction of EGFP expression levels in hypoxic T24 

cells was 2.7 (±0.5), 3.0 (±0.4) and 2.1 (±0.2), using the PGKl, Epo and nVEGF 

enhancers, respectively. Similarly, 2.1- (±0.3), 2.5- (±0.4) and 2.6- (±0.6) fold 

inductions were seen in MCF-7 cells. Net expression levels under hypoxia from all 

HREs were equal to or greater than those of the strong, constitutive CMV promoter 

under normoxia. Interestingly, besides being activated by IR, the E9 enhancer also 

produced a 2.5- (±0.2) fold greater level o f EGFP expression in hypoxic compared with 

normoxic T24 cells (Figure 7.3). Only a marginal induction (1.3±0.1) was detected in 

hypoxic MCF-7 cells (Figure 7.3). Similarly, radiation was able to activate the PGKl 

and nVEGF HRE enhancers, but not Epo (Figure 7.4), with induction levels after 5 Gy 

of 2.4±0.9 (PGKl) and 1.7±0.1 (nVEGF) in T24 cells, and 1.7±0.3, and 1.3±0.1 in 

MCF-7, respectively. Radiation-inducibility o f the HREs has been confirmed in 

independent work (K.J. Williams, N. Chadderton and S. Robinson, University of 

Manchester, personal communication). Finally, the CMV promoter was slightly down- 

regulated by both treatments (Figures 7.3, 7.4).
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Figure 7.3. Induction of the synthetic promoters under hypoxia.

T24 (A) and MCF-7 (B) tumour cells transiently transfected with the constructs in Figure 7.2 

were incubated under 0.1% O2 for 24 h, followed by 7 h reoxygenation. The fold induction was 

defined as the ratio of EGFP expression after hypoxia compared with normoxic treatment. 

Results of at least three independent experiments (duplicate samples) ± SE are shown. *: 

significantly different from E9; significantly different from the corresponding HRE (p<0.05).
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Figure 7.4. Induction of the synthetic promoters following ionising radiation (IR).

T24 (A) and MCF-7 (B) transient transfectants were exposed to a trigger dose of 5 Gy. The fold 

induction was defined as the ratio of EGFP expression after IR compared with sham-treatment. 

Results are means of at least three independent experiments (duplicate samples) ± SE. **: 

significantly different from the corresponding HRE (p<0.05).
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Similar results were obtained by HRP activity assay in T24 cells transfected with 

the constructs in Figure 7.2, in which the EGFP coding sequence was replaced with the 

HRP cDNA (Figure 7.5). Unfortunately, due to the low sensitivity of the assay, a high 

variation within experiments resulted in standard errors that did not allow a further 

analysis of the results. It was therefore decided to proceed to measuring promoter 

activity by analysing the cytotoxic effect o f the HRP/IAA combination using clonogenic 

assays (section 7.3.5).

7.3.3 Induction of the HRE/CArG combinations by hypoxia or radiation
To obtain combined hypoxia- and radiation-inducible transcription from the same 

enhancer, chimeric promoters were constructed containing combinations o f HREs and 

CArG elements. Following hypoxia, all the enhancers tested showed some degree of 

induction, and, except for the PGK-1 HRE in T24 cells, the presence o f the E9 did not 

inhibit the hypoxic response o f the HREs. After 24 h 0.1% O2 treatment (Figure 7.3), 

PGK1/E9, Epo/E9 and nVEGF/E9 enhancers showed induction levels o f 1.4 (±0.2), 3.0 

(±0.6) and 2.0 (±0.4) in T24 cells, and o f 1.9 (±0.4), 3.4 (±0.2) and 1.3 (±0.2) in the 

MCF-7 cell line. The addition of a further five copies o f the PGK-1 HRE in the construct 

pPGKl]o/E9 did not significantly increase the hypoxia-inducibility in T24 cells (fold 

induction o f 1.7±0.3), and slightly diminished it in MCF-7 cells (1.4±0.5).

Analogously, all the HRE/E9 chimeric enhancers were activated to some extent by 

radiation. In T24 cells (Figure 7.4.A), fold-inductions were 1.9 (±0.6), 1.9 (±0.2), 1.5 

(±0.3) for PGK1/E9, Epo/E9 and nVEGF/E9 respectively. In MCF-7 cells (Figure

7.4.B), induction levels o f 1.2 (±0.1), 1.4 (±0.1) and 1.6 (±0.1) were observed. This 

compared with 1.8- (dtO.l) and 1.7-fold (±0.2) inductions when nine isolated CArG 

elements were similarly tested in T24 and MCF-7 cells, respectively.

The Epo/E9 combination was the most robust, both in terms o f absolute induction 

values and consistency o f response in individual experiments.
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Figure 7.5. Induction of HRP activity using synthetic promoters.

T24 transfectants with plasmids containing HRE or CArG enhancers controlling the expression 

of HRP were exposed to 0.1% O2 for 24 h followed by 7 h reoxygenation (A), or 5 Gy X-rays 

(B). The fold induction was defined as the ratio of HRP activity after hypoxia or radiation 

compared with mock treatment. Results of at least three independent experiments (duplicate 

samples) ± SE are shown.
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7.3.4 Induction o f enhancers by dual hypoxia and radiation treatm ent

The induction of the series o f enhancers was examined following hypoxic irradiation of 

transfected cells, in order to mimic treatment conditions within a solid tumour. All 

promoters tested showed activation after this dual treatment, in both cell lines (Figure

7.6). The greatest induction was seen with the Epo/E9 hybrid enhancer (3.0±0.4 in T24 

and 3.5+0.3 in MCF-7 cells), notably higher than with the individual components tested 

separately (2.0+0.2 (Epo) and 2.4+0.4 (E9) in T24 cells, 2.4+0.5 (Epo) and 1.7+0.3 (E9) 

in MCF-7 cells). However, for the other two HREs there appeared to be no advantage 

gained by combination with CArG elements. When the PGKl io/E9 enhancer was tested 

after hypoxic irradiation, the presence o f the extra five HREs did not change induction 

levels in MCF-7 cells, and caused a reduction in response in T24 cells. As expected, the 

CMV promoter showed no induction in either cell type (0.8+0.2 in T24 cells and 1.0±0.2 

in MCF-7 cells).

The Epo/E9 combination again proved to be the most responsive and provided the 

most useful profile in terms of low basal levels, high responsiveness and experimental 

reproducibility. It was thus chosen for subsequent GDEPT assays and compared with the 

model single enhancer components.

7.3.5 Hypoxia- and radiation-regulated H R P/IA A  G DEPT

Once the responsiveness o f the HRE/CArG promoters was assessed with the EGFP 

reporter, their potential to effectively control HRP/IAA GDEPT was assessed in vitro. 

For this purpose, the EGFP coding sequence was replaced with the HRP cDNA in the 

vectors containing either the full-length CMV promoter or the Epo, E9 or Epo/E9 

enhancers. The pCD4 plasmid encoding the marker CD4 was used as a negative control. 

After promoter induction by hypoxia and/or IR, transfected T24 cells were exposed to 

lAA for 24 h under normoxia. The lAA dose used (0.5 mM) chosen killed less than 20% 

HRP-negative cells (Chapter 3).

As expected, when the strong CMV promoter was used to control HRP expression, 

significant toxicity was seen in the presence o f lAA, although reduced after hypoxic pre

induction (Figure 7.7). When either the Epo or the Epo/E9 enhancers controlled HRP, 

75% and 80% cell death, respectively, was demonstrated after hypoxic promoter
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induction, while little toxicity was detected in uninduced oxic cells (Figure 7.7.A). 

Similarly, transfectants containing the pE9-HRP construct were more sensitive to lAA 

after a 5 Gy trigger dose as compared with sham irradiation (15% vs. 84% surviving 

fraction; Figure 7.7.B). The Epo/E9 promoter had a comparable effect to E9 after the 

same treatment (Figure 7.7.B). Finally, efficient and selective prodrug-mediated toxicity 

was observed when the Epo/E9 promoter controlled the expression o f HRP after hypoxic 

irradiation, reducing the survival fraction to 20% (Figure 1.1.C). In all cases, the induced 

synthetic promoters resulted in a surviving fraction comparable to that o f CMV in air. 

When T24 cells were transfected with the CMV-controlled pCD4 plasmid, little or no 

toxicity was detected under all treatment conditions (Figure 7.7).
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Figure 7.6. Induction of the synthetic promoters after dual hypoxia and radiation treatment.

T24 (A) and MCF-7 (B) transfectants were exposed to 0.1% O2 for 24 h, followed by 5 Gy X- 

rays administered under hypoxia. Levels of EGFP expression were assessed after 7 h 

reoxygenation. Results of at least three independent experiments (duplicate samples) ± SE are 

shown. *: significantly different from E9 (p<0.05).
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Figure 7.7. Hypoxia- and radiation-mediated HRP/IAA GDEPT.

T24 cells transfected with plasmid constructs containing the HRP cDNA controlled by HRE- 

and/or CArG-containing promoters were exposed to the inducing stimuli of hypoxia (A), 

radiation (B) or both (C). The cells were subsequently re-seeded at low density and incubated 

under normoxia for 24 h with 0.5 mM lAA. The control plasmid contains the CD4 coding 

sequence. Open symbols: oxic/sham-treated cells; solid symbols: hypoxic/irradiated cells. The 

means of three independent clonogenic survival experiments (triplicate samples) ± SE are 

shown.
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7.4 Discussion

Combining gene therapy and radiotherapy protocols has the potential to overcome many 

of the limitations of adverse tumour biology on cancer treatment. The combination o f 

HREs and radiation-responsive CArG elements was found to induce selective and robust 

transgene expression under separate or concomitant stimuli, and also to effectively 

control HRP-mediated GDEPT.

One of the main goals of gene therapy is to selectively express a therapeutic gene 

at the tumour site. Tumour-specific gene expression may increase anti-cancer efficacy 

and avoid side effects, even if the foreign DNA is delivered to normal tissues. In 

particular, artificial hybrid promoters can potentially target a wide range o f cancer types, 

without losing specificity. They are also characterised by flexibility, because several 

different elements can be arranged in various orders, numbers and relative orientations. 

Dual-specificity promoters have been described in the literature containing HREs in 

combination with oestrogen responsive promoters (Hernandez-Alcoceba et al., 2001), 

cytokine-inducible (Modlich et al., 2000) and hepatoma-associated enhancers (Ido et al.,

2001). The results shown here indicate that combinations o f HREs and CArG elements 

(also known as serum response elements or SREs) can act as gene enhancers, responding 

to hypoxic and radiation stimuli. In particular, the Epo/E9 enhancer showed good 

inducibility under all conditions, and the highest levels o f gene expression when both 

stimuli were present (Figures 7.3, 7.4, 7.6).

An example o f endogenous transcriptional co-operation between an HRE and a 

CArG element has been observed in the 5’ enhancer o f the murine glucose transporter 

(Glut)-l gene (Ebert et al., 1995). The same CArG sequence was shown to be 

responsible for HIP-1-independent hypoxic activation of the c-fos gene, via a mitogen- 

activated protein kinase (MAPK) pathway, involving the ternary complex factor Elkl 

(Müller et al., 1997). However, when isolated from its natural promoter context, this 

specific CArG element was found to respond poorly to IR (Scott et al., manuscript in 

preparation), and was therefore not adopted in the present study. The CArG elements 

used here, previously shown to be induced by X-ray doses as low as 1 Gy (Marples et
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al., 2000), were also responsive to hypoxia in T24 cells and, to a lesser extent, in MCF-7 

cells (Figure 7.3). Fast transcriptional inducibility of the Egr-1 gene after hypoxia has 

been observed in vivo in the lung of mice breathing ~6% O2 (Yan et al., 1999), and in 

vitro in endothelial cells (Lo et al., 2001) and mononuclear phagocytes (Yan et al., 1999, 

2000). Mutational analysis indicated that the distal Ets binding site (EBS)-SRE elements 

were critical for hypoxia-responsiveness (Yan et al., 1999). The Egr-1 hypoxic 

activation, via an Elkl/serum response factor (SRF) complex, was analogous to that o f 

c-fos (Müller et al., 1997; Yan et al., 1999). The effect reported here is most likely to be 

the result o f a hypoxic stress-associated pathway rather than a direct response to a 

change in ambient oxygen levels, the latter a specific characteristic o f HIF-1. ROS 

contribute to the induction of the CArG elements, as transcriptional activation was 

observed after IR as well as H2O2 exposure (Datta et al., 1992, 1993). Reoxygenation 

(Gonzalez-Flecha et al., 1993) and hypoxia itself (Chandel et al., 1998, 2000) increase 

the intracellular levels o f ROS, and indeed Egr-1 mRNA accumulated in mouse and rat 

kidney after ischemia/reperftision (Bonventre et al., 1991).

Three different HRE sequences were analysed, from the Epo and PGK-1 genes, 

and a novel element (nVEGF) based on a consensus derived from the VEGF and PGK-1 

HRE sequences (designed by Dr. A.V. Patterson). Although, nVEGF was more 

responsive than the other HREs under some circumstances, it didn’t exhibit an overall 

advantage (Figures 7.3, 7.4, 7.6). Also, no increase in gene expression was observed 

when five extra HREs were added in the PGKlio/E9 promoter, compared to PGK1/E9 

(Figures 7.3, 7.4, 7.6). A similar saturation effect has been observed for promoters 

containing more than five copies of the VEGF HRE (Shibata et ah, 2000), or duplicating 

an LDH-A HRE dimer or Eno-1 and PGK-1 trimers (Boast et al., 1999). On the other 

hand, a steep increase in hypoxia inducibility has been reported when the number o f 

copies o f Epo HREs was increased from six to nine (Ruan et al., 2001).

All HREs were significantly induced by hypoxia (Figure 7.3), with hypoxic gene 

expression as high as the strong CMV promoter. The PGKl and nVEGF enhancers were 

also activated by exposure to 5 Gy X-rays, while no radiation response was observed in 

the cells transfected with pEpo-EGFP (Figure 7.4). A cell line-dependent IR-inducibility
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of PGK-1, LDH-A and Epo HREs has been observed in another laboratory (Cbadderton, 

Robinson et ah, manuscript in preparation). Moreover, when the PGK HRE utilised in 

this chapter was inserted in the SV40 promoter, a 40-60-fold increase in luciferase 

activity was measured after 5 Gy administered under 1% O2 (N. Cbadderton, K.J. 

Williams, personal communication). Enhanced VEGF production after IR has been 

noted in tumour cells in vitro and in vivo, with a ~2-fold increase in VEGF levels 24 b 

after 5 Gy (Gorski et al., 1999). ROS have been shown to play a role in the expression of 

Epo, PGK-1 and VEGF in response to hypoxia (Chandel et al., 1998), by stabilising 

HIF-1 a  (Chandel et al., 2000). Differentiated C2C 12 myoblasts and endothelial cells 

exposed to ROS-producing agents exhibited a concentration dependent increase in 

VEGF production in vitro and in vivo (Kuroki et al., 1996; Chua et al., 1998; Kosmidou 

et al., 2001). Also, the flavoprotein diphenylene iodonium, which blocks ROS 

generation by NAD(P) oxidase, abolished the hypoxic induction o f HIF-1-regulated 

genes (Gleadle et al., 1995). On the other hand, H2O2 inhibited HIF-1 binding and Epo 

induction under hypoxia (Huang et al., 1996). This could be due to cellular damage by 

overwhelming antioxidant defences, since low H2O2 levels did allow induction of the 

Epo and Glut-1 HREs (Fandrey et al., 1997; Chandel et al., 2000). Further studies are 

required to elucidate the mechanisms involved in IR-mediated HRE induction.

Although responsive to the separate stimuli of hypoxia and radiation, isolated 

HREs and CArG elements did not show any further induction when both stimuli were 

concomitantly administered (Figures 7.3, 7.4, 7.6). However, some significant co

operation was observed when the combination enhancers were utilised (Figures 7.3, 7.4,

7.6).

The full-length CMV promoter was marginally down-regulated in T24 cells after 

hypoxic treatment (Figures 7.3, 7.6), which may explain the slightly reduced efficacy of 

HRP/IAA GDEPT under hypoxia and anoxia in the T24 cell line compared to normoxia 

(Figure 7.7.A; Chapter 3). This effect appears to depend on the cell type, since the CMV 

promoter was not affected by hypoxia in MCF-7 cells. In previous studies, positive, 

negative and negligible responses have been observed in a number o f different cell lines 

(Binley et al., 1999; Boast et al., 1999; Shibata et al., 2000; Cao et al., 2001). Also, post-
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transcriptional and post-translational modifications of the reporter EGFP were shown 

not be significantly influenced by exposure to an atmosphere o f 0.1% O2 , and, even 

under anoxia, were fully recovered after 5 h reoxygenation (Coralli et ah, 2001).

To determine whether hypoxia- and IR-mediated gene expression was applicable 

to HRP/IAA gene therapy, T24 cells were transiently transfected with constructs in 

which the inducible promoters controlled the production of HRP. After a trigger hypoxic 

incubation and/or X-ray dose, their sensitivity to the prodrug lAA was examined. As 

predicted, under normoxic conditions only cells transfected with pCMV-HRP were 

killed by lAA (Figure 7.7). However, prodrug incubation resulted in selective toxicity in 

transfectants when the inducible promoters were stimulated by hypoxia and/or IR 

(Figure 7.7). After induction o f the Epo/E9 enhancer, cell kill levels equivalent to those 

observed with the CMV promoter were observed, indicating the potential of this system. 

Even if only a fraction (about 20%) of the transient transfectants expressed the HRP, 

almost 90% cell death was measured. This observation is consistent with the bystander 

effect demonstrated previously with the HRP/IAA system (Chapter 3). lAA incubation 

was performed under normoxia for ease of experimental procedures, but the HRP/IAA 

system can induce cell death and bystander killing under hypoxia and anoxia (Chapter 

3). Moreover, HRP/IAA could significantly enhance the cytotoxic effects o f IR, when 

X-irradiation took place immediately before or after prodrug incubation (Chapter 6). 

This system may therefore be a promising candidate for use in a combined radiotherapy 

and gene therapy approach.
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Chapter 8 
General discussion and future directions

Anticancer strategies, in order to be o f any significant advantage, should be 

characterised by high specificity as well as efficacy. On this basis, gene-directed 

enzyme/prodrug therapy (GDEPT) was introduced, whereby the target cells are 

genetically modified to synthesise an enzyme able to convert a prodrug into a cytotoxin. 

In the present work, a novel system consisting of horseradish peroxidase (HRP) and 

indole-3-acetic acid (lAA) is proposed as an enzyme/prodrug combination for cancer 

gene therapy. In particular, this GDEPT approach was aimed at targeting the hypoxic 

areas o f solid tumours resistant to conventional treatment. The efficacy of HRP/IAA 

gene therapy and the induction o f a bystander effect were demonstrated in vitro under 

normoxic as well as hypoxic conditions (Chapter 3). To date, the chemical agents and 

the cellular targets involved in HRP/IAA-induced toxicity are unknown, but the results 

presented here indicate that an apoptotic pathway may be activated (Chapter 4). An 

enhancement of the therapeutic potential o f HRP-mediated GDEPT was demonstrated 

by adopting novel lAA analogues characterised by fast normoxic and hypoxic cytotoxic 

activation, high HRP^ cell kill or selectivity (Chapter 5). Moreover, with a view to 

combining GDEPT and radiotherapy protocols, the interaction with therapeutically 

significant doses o f ionising radiation (IR) was evaluated, and oxic and anoxic 

enhancement of IR toxicity was observed (Chapter 6). Finally, selective transgene 

expression and prodrug activation in hypoxic and/or irradiated cells was demonstrated 

by the use of synthetic promoters containing hypoxia regulatory elements (HREs) and 

IR-responsive CArG elements (Chapter 7).

For the choice o f effective enzyme/prodrug combinations for GDEPT, a number of 

criteria have been listed (Connors, 1995; Knox, 1999). As also done in an ADEPT 

context (Wardman, 2002), these requirements, which are not fulfilled by most o f the 

current systems, are compared here with the properties o f the HRP/IAA combination:
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Monomeric enzyme with no equivalent in humans. HRP is a monomeric 

glycoprotein, and glycosylation is not required for its activity (Welinder, 1979; Smith et 

ah, 1990). Human peroxidases are much less effective than HRP in oxidising lAA and 

analogues. lAA was moderately toxic to rodent neutrophils (-40%  loss o f viability after 

1 mM lAA for 24 h), while lymphocytes were not affected by lAA treatment (Fires de

Melo et al., 1997, 1998). This effect was attributed to endogenous myeloperoxidase
/

(MPO) activity, which in lymphocytes is 10-fold lower than in neutrophils (Pires de 

Melo et al., 1998). Analogously, human pro-myelocytic leukaemia lymphocytes (HL60) 

were moderately affected by lAA treatment, as 10 mM lAA for 1 h induced 25% cell 

kill only (Folkes et al., 1998). The formation of the skatole radical was detected, but the 

MPO/IAA reaction was inhibited after a few minutes (Folkes et al., 1998). Some 

toxicity was measured in lAA-treated endothelial HMEC-1 cells, but it did not appear to 

depend on endogenous peroxidase levels (section 3.3.4). Therefore the pathways leading 

to cytotoxic prodrug activation appear to be specific for HRP, and not for endogenous 

peroxidases.

Active at physiological pH. Although HRP activity may be higher at pH -5  

(Dunford, 1999), the experiments described in this work demonstrated significant 

cytotoxic prodrug activation at neutral pH.

Low Km and high kcat fo r  the prodrug. lAA and derivatives are notably better 

substrates for HRP than for other biological indoles, such as tryptophan (Wardman,

2002). Comparison o f the Km. with other enzymes may be misleading, as there is no 

evidence o f typical Michaelis and Menten kinetics for the HRP/IAA reaction (Candeias 

et al., 1997). However, one study provided a value o f ATm = 19 pM for lAA with 23 nM 

HRP at pH 5 and 25°C (Smith et al., 1982). For therapeutic purposes, prodrug activation 

should occur rapidly and at low concentrations of the substrate. Indeed, it was shown 

here that significant toxicity was induced in HRP-expressing cells after only 2 h- 

incubation, at levels of prodrug in the 0.1-1 mM range.

No co-substrate requirements. To activate lAA and analogues neither H2O2 nor 

other cofactors are required (Dunford, 1999).

Freely diffusible prodrug. At pH 7.4 lAA is hydrophilic and can cross cell 

membranes within a few minutes (Pires de Melo et al., 1997; Folkes et al., 1999).
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Bystander effect. A significant bystander effect was demonstrated with lAA and 

analogues, under oxic as well as hypoxic conditions, not dependent on cell-to-cell 

contact (Chapter 3). The half-life o f the active drug will need to be investigated in vivo, 

to ensure that no toxic species escape into the circulation to damage normal tissue.

High differential toxicity. After brief incubation intervals (2 h) with up to 20 mM 

lAA, no toxicity could be detected in HRP cells, while 3-4 mM induced 1-2 log cell kill 

in HRP-transfectants. Longer exposure times induced differential toxicities o f 36-85 

(IC50), depending on the tumour cell line. Higher differentials were measured using 

some lAA derivatives, such as 1-Me-IAA (selectivity index = 740 in T24 cells). 

However, in microvascular endothelial HMEC-1 cells lower selectivity was observed, 

compared to the tumour cell lines analysed. This may limit therapeutic efficacy.

Active drug neither phase specific nor proliferation dependent. HRP/IAA induced 

a cytostatic effect that appeared to be independent on cell cycle phase at the time o f 

exposure (Chapter 4). Further studies may be necessary using cells synchronised in 

different phases. Also, cytotoxicity in quiescent cells may be specifically measured by 

blocking cell proliferation during treatment.

Thus HRP/IAA appears to fulfil most requirements, justifying further work and its 

evaluation in in vivo models. A number o f factors need to be taken into account, such as 

prodrug levels and kinetics, tumour selectivity, normal tissue toxicity, local and distant 

bystander effect and host immunicity. The compounds lAA, 1-Me-IAA and 5-Br-IAA 

will be tested in animal models, on their own and, based on the radiosensitisation 

observed in vitro, in combination with IR. When X-irradiation took place immediately 

before or after prodrug incubation, sensitivity enhancement ratios (SERs) of 2.1-5.6 

under normoxia, and o f 3.6 under anoxic conditions were observed (Chapter 6). 

Statistical evaluation o f combined radiation and GDEPT protocols has shown that in 

vitro SER values of 1.2 can significantly increase local control after radiotherapy 

(Lambin et al., 2000). Therefore, it is possible that the HRP/IAA system may not only 

eradicate the hypoxic radioresistant tumour cells, but also directly enhance the cytotoxic 

effects of IR. The scheduling of a combination protocol should also be devised, in order 

to achieve maximum efficacy in vivo. Multiple dosing o f radiation and prodrug may be
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needed to maximise gene expression, direct cytotoxicity and radiosensitisation in 

hypoxic and/or irradiated areas.

Future work is recommended to assess the chemical agents and the cellular 

mechanisms involved in HRP/IAA-induced cell death and radiosensitisation. In 

particular it would be of interest to investigate if the DNA macromolecule is damaged in 

the exposed cells, as observed in a cell-free system (Folkes et al., 1999). High 

sensitivity in measuring DNA strand breaks within a cell population may be achieved 

with single-cell electrophoresis, or comet assay (Olive, 1999). Immunostaining the 

single cell preparations (Dachs et al., 1997) with anti-HR? antibodies may allow the 

identification of HRP-expressing and non-expressing damaged cells, giving further 

insights into the bystander effect of the HRP/IAA combination. The induction o f base 

damage and base loss may be evaluated by utilising purified repair enzymes such as AP- 

nucleases and DNA glycosylases (endonuclease III, endonuclease IV) and 

formamidopyrimidine-DNA glycosylase (Fpg protein), which are able to recognise 

specific lesions and convert them into strand breaks, detectable by comet assay 

(Chaudhry and Weinfeld, 1995; Banath et al., 1999).

HRP localisation within the transfected cell may play a role in lAA activation and 

cytotoxicity, due to proximity to the target molecules. The plasmids used in this work 

contained the HRP cDNA previously fused to the KDEL tetrapeptide, which caused its 

accumulation in the cytoplasm and the nuclear membrane. If DNA is the critical target, 

localisation o f the HRP in the nucleus via nuclear localisation sequences may result in 

enhanced toxicity. Nuclear accumulation and enhancement o f the bystander effect may 

also be achieved by fusing the HRP to the HSV virion protein VP22, which has been 

shown to export fusion transgene products from transfected to surrounding 

untransfected cells, where it specifically accumulates in the nucleus (Elliott and O ’Hare, 

1999). These genetic manipulations should not affect the catalytic properties of HRP, as 

it is a robust and efficient enzyme, able to retain at least 50% of its peroxidase activity 

when conjugated to polymers and antibodies (Folkes and Wardman, 2001).

To minimise IR- and drug-mediated toxicity to normal tissues, synthesis o f the 

prodrug activating enzyme has to be targeted to the tumour. Selective gene expression at
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the tumour site may be achieved by using promoters that respond to the tumour-specific 

stimulus of hypoxia. HREs are DNA sequences found in the regulatory regions o f a 

number o f genes responsive to tissue hypoxia, such as erythropoietin (Epo), 

phosphoglycerate kinase (PGK)-l and vascular endothelial growth factor (VEGF), and 

they have been successfully utilised to target therapeutic genes to the hypoxic tumour 

environment (Dachs et ah, 1997). Moreover, IR itself may be exploited for selective 

transgene expression, by induction of CArG elements from the early growth response 

(Egr)-1 gene. Chimeric promoters containing pentamers o f HREs from the human Epo 

and the murine PGK-1 genes, and a novel sequence based on the human VEGF HRE 

(nVEGF) were constructed (Chapter 7). Surprisingly, the PGKl and nVEGF enhancers 

were responsive not only to hypoxia (0.1% O2) but also to IR (5 Gy). In order to clarify 

this effect, future work will need to be carried out. For instance, to establish if the 

induction is due to transcriptional activation, reporter mRNA levels after IR will need to 

be analysed, and, to detect if  an HIF-1-associated pathway is activated, HIF-1 a  protein 

levels and HRE binding activity measured. In a similar fashion, when nine CArG 

elements controlled transgene expression, they were independently induced by IR as 

well as by hypoxia. Whether reactive oxygen species (ROS) generated during 

hypoxia/reoxygenation rather than a direct response to a decrease in oxygen levels are 

involved is yet to be elucidated.

In order to combine and enhance the response to the transcriptional stimuli o f 

hypoxia and IR, the HREs were inserted upstream to the CArG elements. These 

chimeric promoters containing combinations o f HREs and CArG elements retained the 

ability to respond to individual and dual trigger treatments, with the Epo HRE/CArG 

combination proving to be the most responsive and robust. The Epo and CArG 

enhancers, on their own or in combinations, could selectively sensitise hypoxic and/or 

irradiated cells to lAA, when regulating the HRP cDNA. Such chimeric promoters may 

therefore be an effective tool to control therapeutic gene expression within the tumour 

microenvironment in GDEPT approaches aimed at addressing the problem of hypoxia in 

radiotherapy.

Although selective gene expression is of paramount importance to minimise 

normal tissue toxicity, the use of inducible promoters may result in reduced therapeutic
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protein levels compared to those under the control of strong constitutive promoters. 

Further improvements to the system may be achieved by optimising the spacing between 

the elements, their orientation and position from the transcription start site. Moreover, in 

order to amplify suicide gene expression further, a molecular switch (Scott et al., 2000) 

could be utilised. The resultant high-level, stimuli-controlled expression system may 

provide sufficient therapeutic product in the tumour environment for future clinical 

application.

For a successful GDEPT, the prodrug should be able to reach the transfected cells. 

This may pose a particular problem in targeting cells under chronic hypoxia, since lAA 

will need to diffuse efficiently in the extravascular compartment to reach the HRP- 

expressing cells, located 100-200 pm away from the blood vessels. It is likely that lAA 

would reach populations at intermediate oxygen concentrations, closer to functional 

vessels, which appear to be critical in tumour response to fractionated radiotherapy 

(Wouters and Brown, 1997). Also, dynamic changes in microregional perfusion have 

been related to the formation of areas of acute, intermittent hypoxia, which may initially 

allow the delivery of the prodrug in the tumour mass, and, subsequently, activate a 

hypoxia-responsive promoter.

The diffusion properties of lAA and analogues in tumour conditions will have to 

be analysed. Tumour penetration may be improved by encapsulating the drug in carrier 

molecules, such as liposomes, hydrogels or polymers (reviewed by Langer, 1998). After 

prodrug delivery, tumour hypoxia may be increased by concomitant use of antivascular 

agents such as combretastatin A-4-P, which has been shown to induce a rapid shut-down 

o f tumour blood flow leading to significant hypoxia (Tozer et al., 1999, 2001).

Finally, as for all gene therapy strategies, gene delivery remains the main concern. 

To date, viral vectors are characterised by the highest transfection rates in vivo, and 

major clinical experience has been gained with adenoviruses. Modification o f the capsid 

proteins and fibre may allow increased selectivity via the recognition of cell-specific 

receptors, but biosafety is at present still disputable. Non-viral systems, although 

remarkably safe and easy to produce, are limited by poor gene transfer. Hypoxia-
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specific therapeutic strategies, such as bacteria and macrophages, may represent 

interesting approaches for hypoxia-targeted gene therapy. The analysis of their 

pathogenesis and the induced inflammation in humans are the main problems that will 

need to be answered in future clinical studies.

The need for local control in the cure of cancer is a matter of crucial importance. 

Therapeutic strategies aimed at delivering high and localised concentrations of cytotoxic 

agents to clinically resistant solid tumour populations may provide a fundamental 

clinical gain, improving not only the efficacy o f standard treatments, without concurrent 

systemic complications, but overall survival and patient quality of life.

Gene therapy is a promising approach, and 12 years after the approval o f the first 

clinical trial, it is still in the early stages o f development. Some major problems remain 

to be solved before these new strategies become routinely adopted in the clinic. One of 

the main challenges is the improvement o f gene delivery, and therefore therapeutic 

efficacy. Nevertheless, the results collected so far and their potential clinical application 

are encouraging, and illustrate both feasibility and future promise for cancer treatment. 

Clinical trials have already addressed the issues o f safety. As vector technology fulfils 

the requirement o f efficient delivery, it can be anticipated that the results observed in 

the pre-clinical studies will more quickly translate into clinical benefit.

These in vitro studies showed that the horseradish peroxidase/indole-3-acetic acid 

system has the potential for use in cancer gene therapy, particularly in cases currently 

refractory to treatment as a result o f inherent or hypoxia-mediated radioresistance. 

Taken collectively, these observations suggest that the use o f HRE- and CArG-mediated 

HRP-GDEPT may be an effective tool to target the microenvironment of solid 

malignancies.

185



References

Adachi Y, Tamiya T, Ichikawa T, Terada K, Ono Y, Matsumoto K, Furuta T, Hamada 

H, Ohmoto T. 2000. Experimental gene therapy for brain tumors using adenovirus- 

mediated transfer of cytosine deaminase gene and uracil phosphoribosyltransferase 

gene with 5-fluorocytosine. Hum Gene Ther 11: 77-89.

Adams GE, Cooke MS. 1969. Electron-aftinic sensitization. 1. A structural basis for 

chemical radio sensitizers in bacteria. Int J Radiat Biol Relat Stud Phys Chem Med 

15:457-471.

Adams GE, Asquith JC, Watts ME, Smithen CE. 1972. Radiosensitization o f hypoxic 

cells in vitro: a water-soluble derivative o f paranitroacetophenone. Nat New Biol 

239: 23-24.

Ades EW, Candal FJ, Swerlick RA, George VG, Summers S, Bosse DC, Lawley TJ. 

1992. HMEC-1: Establishment o f an immortalised human microvascular endothelial 

cell line. J Invest Dermatol 99: 683-690.

Aebersold DM, Burri P, Beer KT, Laissue J, Djonov V, Greiner RH, Semenza GL. 

2001. Expression o f hypoxia-inducible factor-1 a: a novel predictive and prognostic 

parameter in the radiotherapy of oropharyngeal cancer. Cancer Res 61: 2911-2916.

Afanas'ev VN, Korol BA, Mantsygin Y A, Nelipovich PA, Pechatnikov VA, Umansky 

SR. 1986. Flow cytometry and biochemical analysis o f DNA degradation 

characteristic of two types o f cell death. FEBS Lett 194: 347-350.

Aghi M, Kramm CM, Chou TC, Breakefield XO, Chiocca EA. 1998. Synergistic 

anticancer effects o f ganciclovir/thymidine kinase and 5-fluorocytosine deaminase 

gene therapies. J Natl Cancer Inst 90: 370-380.

Airley R, Loncaster J, Davidson S, Bromley M, Roberts S, Patterson A, Hunter R, 

Stratford 1, West C. 2001. Glucose transporter glut-1 expression correlates with 

tumor hypoxia and predicts metastasis-free survival in advanced carcinoma o f the 

cervix. Clin Cancer Res 7: 928-934.

186



Alarcon RM, Rupnow BA, Graeber TO, Knox SJ, Giaccia AJ. 1996. Modulation o f c- 

myc activity and apoptosis in vivo. Cancer Res 56: 4315-4319.

Âmellem O, Pettersen EO. 1991. Cell inactivation and cell cycle inhibition as induced 

by extreme hypoxia: the possible role of cell cycle arrest as a protection against 

hypoxia-induced lethal damage. Cell Prolif 24: 127-141.

An WG, Kanekal M, Simon MC, Maltepe E, Blagosklonny MV, Neckers LM. 1998. 

Stabilization of wild-type p53 by hypoxia-inducible factor 1 a. Nature 392: 405-408.

Anderson GM, Gemer RH, Cohen DJ, Fairbanks L. 1984. Central tryptamine turnover 

in depression, schizophrenia, and anorexia: measurement o f indole-3-acetic acid in 

cerebrospinal fluid. Biol Psychiatry 19: 1427-1435.

Anlezark GM, Melton RG, Sherwood RF, Coles B, Friedlos F, Knox RJ. 1992. The 

bioactivation o f 5-(aziridin-l-yl)-2,4-dinitrobenzamide (CB1954)-!. Purification and 

properties of a nitroreductase enzyme from Escherichia coli-a potential enzyme for 

antibody-direeted enzyme prodrug therapy (ADEPT). Biochem Pharmacol 44: 2289- 

2295.

Arany Z, Huang LE, Eckner R, Bhattacharya S, Jiang C, Goldberg MA, Bunn HF, 

Livingston DM. 1996. An essential role for p300/CBP in the cellular response to 

hypoxia. Proc Natl Acad Sci USA 93: 12969-12973.

Arteel GE, Thurman RG, Yates JM, Raleigh JA. 1995. Evidence that hypoxia markers 

detect oxygen gradients in liver: pimonidazole and retrograde perfusion o f rat liver. 

B rJ  Cancer 72: 889-895.

Augusto O. 1993. Alkylation and cleavage of DNA by carbon-centered radical 

metabolites. Free Radie Biol Med 15: 329-336.

Austin EA, Huber BE. 1993. A first step in the development of gene therapy for 

colorectal carcinoma: cloning, sequencing, and expression o f Eseherichia coli 

cytosine deaminase. Mol Pharmacol 43: 380-387.

Bagshawe KD, Sharma SK, Springer CJ, Antoniw P. 1995. Antibody directed enzyme 

prodrug therapy: a pilot-scale clinical trial. Tumor Targeting 1: 2110-2115.

187



Bailey SM, Knox RJ, Hobbs SM, Jenkins TC, Manger AB, Melton RG, Burke PJ, 

Connors TA, Hart lA. 1996. Investigation o f alternative prodrugs for use with E. coli 

nitroreductase in ‘suicide gene’ approaches to cancer therapy. Gene Therapy 3: 

1143-1150.

Balzarini J, Bohman C, Walker RT, De Clercq E. 1994. Comparative cytostatic activity 

of different antiherpetic drugs against herpes simplex virus thymidine kinase gene- 

transfected tumor cells. Mol Pharmacol 45: 1253-1258.

Balzarini J, Dégrève B, Andrei G, Neyts J, Sandvold M, Myhren F, De Clercq E. 1998. 

Superior cytostatic activity of the ganciclovir elaidic acid ester due to the prolonged 

intracellular retention of ganciclovir anabolites in herpes virus simplex type 1 

thymidine kinase gene-transfected tumor cells. Gene Therapy 5: 419-426.

Banath JP, Wallace SS, Thompson J, Olive PL. 1999. Radiation-induced DNA base 

damage detected in individual aerobic and hypoxic cells with endonuclease III and 

formamidopyrimidine-glycosylase. Radiat Res 151: 550-558.

Beck I, Weinmann R, Caro J. 1993. Characterization of hypoxia-responsive enhancer in 

the human erythropoietin gene shows presence o f hypoxia-inducible 120-Kd nuclear 

DNA-binding protein in erythropoietin-producing and nonproducing cells. Blood 82: 

704-711.

Becker A, Hansgen G, Blocking M, Weigel C, Lautenschlager C, Dunst J. 1998. 

Oxygenation of squamous cell carcinoma of the head and neck: comparison of 

primary tumors, neck node métastasés, and normal tissue. Int J Radiat Oncol Biol 

Phys 42: 35-41.

Beltinger C, Fulda S, Kammertoens T, Meyer E, Uckert W, Debatin KM. 1999. Herpes 

simplex virus thymidine kinase/ganciclovir-induced apoptosis involves ligand- 

independent death receptor aggregation and activation o f caspases. Proc Natl Acad 

Sci USA 96: 8699-8704.

Beltinger C, Fulda S, Kammertoens T, Uckert W, Debatin KM. 2000. Mitochondrial 

amplification o f death signals determines thymidine kinase/ganciclovir-triggered 

activation o f apoptosis. Cancer Res 60: 3212-3217.

188



B entires-Alj M, Hellin AC, Lechanteur C, Princen F, Lopez M, Fillet G, Gielen J, 

Merville MP, Hours V. 2000. Cytosine deaminase suicide gene therapy for peritoneal 

carcinomatosis. Cancer Gene Ther 7; 20-26.

Bernier J, Denekamp J, Rojas A, Minatel E, Horiot J, Hamers H, Antognoni P, Dahl O, 

Richaud P, van Glabbeke M, Pierart M. 2000. ARCON: accelerated radiotherapy 

with carbogen and nicotinamide in head and neck squamous cell carcinomas. The 

experience o f the Co-operative group of radiotherapy o f the european organization 

for research and treatment of cancer (EORTC). Radiother Oncol 55: 111-119.

Bi WL, Kim YG, Feliciano ES, Pavelic L, Wilson KM, Pavelic ZP, Stambrook PJ. 

1997. An HSV tk-mediated local and distant anti tumor bystander effect in tumors of 

head and neck origin in athymic mice. Cancer Gene Ther 4: 246-252.

Biaglow JE, Clark EP, Epp ER, Morse-Guadio M, Vames ME, Mitchell JB. 1983 a. 

Nonprotein thiols and the radiation response of A549 human lung carcinoma cells. Int 

J Radiat Biol Relat Stud Phys Chem Med 44: 489-495.

Biaglow JE, Vames ME, Clark EP, Epp ER. 1983 b. The role of thiols in cellular 

response to radiation and drugs. Radiat Res 95: 437-455.

Biaglow JE, Vames ME, Tuttle SW, Oleinick NL, Glazier K, Clark EP, Epp ER, 

Dethlefsen LA. 1986. The effect o f L-buthionine sulfoximine on the aerobic radiation 

response of A549 human lung carcinoma cells. Int J Radiat Oncol Biol Phys 12: 

1139-1142.

Bildirici L, Smith P, Tzavelas C, Horefti E, Rickwood D. 2000. Transfection o f cells by 

immunoporation. Nature 405: 298.

Binley K, Iqball S, Kingsman S, Naylor S. 1999. An adenoviral vector regulated by 

hypoxia for the treatment of ischemic disease and cancer. Gene Therapy 6: 1721- 

1727.

Bimer P, Schindl M, Obermair A, Plank C, Breitenecker G, Oberhuber G. 2000. 

Overexpression of hypoxia-inducible factor 1 a  is a marker for an unfavorable 

prognosis in early-stage invasive cervical cancer. Cancer Res 60: 4693-4696.

189



Bimer P, Schindl M, Obermair A, Breitenecker G, Oberhuber G. 2001. Expression of 

hypoxia-inducible factor 1 a  in epithelial ovarian tumors: its impact on prognosis and 

on response to chemotherapy. Clin Cancer Res 7: 1661-1668.

Bischoff JR, Kim DH, Williams A, Heise C, Hom S, Muna M, Ng L, Nye JA, 

Sampson-Johannes A, Fattaey A, McCormick F. 1996. An adenovims mutant that 

replicates selectively in p53-deficient human tumor cells. Science 274: 373-376.

Black ME, Newcomb TG, Wilson HMP, Loeb LA. 1996. Creation of dmg-specific 

herpes simplex vims type 1 thymidine kinase mutants for gene therapy. Proc Natl 

Acad Sci USA 93: 3525-3529.

Black ME, Kokoris MS, Sabo P. 2001. Flerpes simplex vim s-1 thymidine kinase 

mutants created by semi-random sequence mutagenesis improve prodmg-mediated 

tumor cell killing. Cancer Res 61: 3022-3026.

Blackbum RV, Galoforo SS, Corry PM, Lee YJ. 1998. Adenoviral-mediated transfer o f 

a heat-inducible double suicide gene into prostate carcinoma cells. Cancer Res 58: 

1358-1362.

Blackbum RV, Galoforo SS, Corry PM, Lee YJ. 1999. Adenoviral transduction o f a 

cytosine deaminase/thymidine kinase fusion gene into prostate carcinoma cells 

enhances prodmg and radiation sensitivity. Int J Cancer 82: 293-297.

Blancher C, Moore JW, Talks KL, Houlbrook S, Harris AL. 2000. Relationship of 

hypoxia-inducible factor (H IF)-la and HIF-2 a  expression to vascular endothelial 

growth factor induction and hypoxia survival in human breast cancer cell lines. 

Cancer Res 60: 7106-7113.

Boast K, Binley K, Iqball S, Price T, Spearman H, Kingsman S, Kingsman A, Naylor S. 

1999. Characterization o f physiologically regulated vectors for the treatment of 

ischemic disease. Hum Gene Ther 10: 2197-2208.

Bonventre JV, Sukhatme VP, Bamberger M, Ouellette AJ, Brown D. 1991. Localization 

of the protein product o f the immediate early growth response gene, Egr-1, in the 

kidney after ischemia and reperfusion. Cell Regul 2: 251-260.

190



Bos ES, van der Doelen AA, van Rooy N, Schuurs AH. 1981. 3,3',5,5'- 

Tetramethylbenzidine as an Ames test negative chromogen for horse-radish 

peroxidase in enzyme-immunoassay. J Immunoassay 2: 187-204.

Boyer PD, Chance B, Emester L, Mitchell P, Racker E, Slater EC. 1977. Oxidative 

phosphorylation and photo phosphorylation. Annu Rev Biochem 46: 955-1026.

Bridgewater JA, Springer CJ, Knox RJ, Minton NP, Michael NP, Collins MK. 1995. 

Expression o f the bacterial nitroreductase enzyme in mammalian cells renders them 

selectively sensitive to killing by the prodrug CB1954. Eur J Cancer 31 A: 2362- 

2370.

Bridgewater JA, Knox RJ, Pitts JD, Collins MK, Springer CJ. 1997. The bystander 

effect of the nitroreductase/CB 1954 enzyme/prodrug system is due to a cell- 

permeable metabolite. Hum Gene Ther 8: 709-717.

Brizel DM, Scully SP, Herrelson JM, Layfield LJ, Bean JM, Prosnitz LR, Dewhirst 

MW. 1996. Tumor oxygenation predicts for the likelihood o f distant métastasés in 

human soft tissue sarcoma. Cancer Res 56: 941-943.

Brizel DM, Sibley OS, Prosnitz LR, Scher RL, Dewhirst MW. 1997. Tumor hypoxia 

adversely affects the prognosis o f carcinoma of the head and neck. Int J Radiat Oncol 

Biol Phys 38: 285-289.

Brizel DM, Dodge RK, Clough RW, Dewhirst MW. 1999. Oxygenation o f head and 

neck cancer: changes during radiotherapy and impact on treatment outcome. 

Radiother Oncol 53: 113-117.

Brown JM. 1975. Selective radiosensitization o f the hypoxic cells of mouse tumors with 

the nitroimidazoles metronidazole and Ro 7-0582. Radiat Res 64: 633-647.

Brown JM. 1979. Evidence for acutely hypoxic cells in mouse tumours, and possible 

mechanisms o f reoxygenation. Br J Radiol 52: 650-656.

Brown JM, Giaccia AJ. 1998. The unique physiology of solid tumours: opportunities 

(and problems) for cancer therapy. Cancer Res 58: 1408-1416.

Brown JM, Wang LH. 1998. Tirapazamine: laboratory data relevant to clinical activity. 

Anticancer Drug Des 13: 529-539.

191



Brown JM, Wouters EG. 1999. Apoptosis, p53, and tumor cell sensitivity to anticancer 

agents. Cancer Res 59: 1391-1399.

Buchsbaum DJ, Raben D, Stackhouse MA, Khazaeli MB, Rogers BE, Rosenfeld ME, 

Liu T, Curiel DT. 1996. Approaches to enhance cancer radiotherapy employing gene 

transfer methods. Gene Therapy 3: 1042-1068.

Bump EA, Yu NY, Brown JM. 1982. Radiosensitization o f hypoxic tumor cells by 

depletion of intracellular glutathione. Science 217: 544-545.

Candeias LP, Folkes LK, Dennis MF, Patel KB, Everett SA, Stratford MRL, Wardman 

P. 1994. Free-radical intermediates and stable products in the oxidation of indole-3- 

acetic acid. J Phys Chem 98: 10131-10137.

Candeias LP, Folkes LK, Porssa M, Parrick J, Wardman P. 1995. Enhancement o f lipid 

peroxidation by indole-3-acetic acid and derivatives: substituent effects. Free Rad 

Res 23:403-418.

Candeias LP, Folkes LK, Wardman P. 1996. Enhancement of peroxidase-induced lipid 

peroxidation by indole-3-acetic acid: effect o f antioxidants. Redox Rep 2: 141-147.

Candeias LP, Folkes LK, Wardman P. 1997. Factors controlling the substrate specificity 

of peroxidases: kinetics and thermodynamics o f the reaction o f horseradish 

peroxidase compound I with phenols and indole-3-acetic acids. Biochemistry 36: 

7081-7085.

Cao XM, Koski RA, Gashler A, McKieman M, Morris CF, Gaffney R, Hay RV, 

Sukhatme VP. 1990. Identification and characterization o f the Egr-1 gene product, a 

DNA-binding zinc finger protein induced by differentiation and growth signals. Mol 

Cell Biol 10: 1931-1939.

Cao YJ, Shibata T, Rainov NG. 2001. Hypoxia-inducible transgene expression in 

differentiated human NT2N neurons-a cell culture model for gene therapy o f 

postischemic neuronal loss. Gene Therapy 8: 1357-1362.

Carey RW, Holland JF, Whang HY, Neter E, Bryant B. 1967. Clostridial oncolysis in 

man. Eur J Cancer 3: 37-46.

192



Carmeliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans K, Dewerchin M, Neeman 

M, Bono F, Abramovitch R, Maxwell P, Koch CJ, Ratcliffe P, Moons L, Jain RK, 

Collen D, Keshert E, Keshert E. 1998. Role o f HIF-1 a  in hypoxia-mediated 

apoptosis, cell proliferation and tumour angiogenesis. Nature 394: 485-490.

Carrero P, Okamoto K, Coumailleau P, O'Brien S, Tanaka H, Poellinger L. 2000. 

Redox-regulated recruitment o f the transcriptional coactivators CREB-binding 

protein and SRC-1 to hypoxia-inducible factor 1 a. Mol Cell Biol 20: 402-415.

Caruso M. 1996. Gene therapy against cancer and HIV infection using the gene 

encoding herpes simplex virus thymidine kinase. Mol Med Today 2: 212-217.

Caruso M, Panis Y, Gagandeep S, Houssin D, Salzmann JL, Klatzmann D. 1993. 

Regression o f established macroscopic liver métastasés after in situ transduction o f a 

suicide gene. Proc Natl Acad Sci USA 90: 7024-7028.

Cemazar M, Sersa G, Wilson J, Tozer GM, Hart SL, Grosel A, Dachs GU. 2002. 

Effective gene transfer to solid tumours using different non-viral gene delivery 

techniques: electroporation, liposomes and integrin-targeted vector. Cancer Gene 

Ther (In press).

Cenni B, Aebi S, Nehme A, Christen RD. 2001. Epidermal growth factor enhances 

cisplatin-induced apoptosis by a caspase 3 independent pathway. Cancer Chemother 

Pharmacol 47: 397-403.

Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon MC, Schumacker PT. 1998. 

Mitochondrial reactive oxygen species trigger hypoxia-induced transcription. Proc 

Natl Acad Sci USA 95: 11715-11720.

Chandel NS, McClintock DS, Feliciano CE, Wood TM, Melendez JA, Rodriguez AM, 

Schumacker PT. 2000. Reactive oxygen species generated at mitochondrial complex 

III stabilize hypoxia-inducible factor-1 a  during hypoxia. J Biol Chem 275: 25130- 

25138.

Chang TK, Weber GF, Crespi CL, Waxman DJ. 1993. Differential activation of 

cyclophosphamide and ifosfamide by cytochrome P450 2B ans 3A in human liver 

microsomes. Cancer Res 53: 5629-5637.

193



Chaplin DJ, Dougherty GJ. 1999. Tumour vasculature as a target for cancer therapy. Br 

J Cancer 80 (suppl 1): 57-64.

Chaplin DJ, Olive PL, Durand RE. 1987. Intermittent blood flow in a murine tumor: 

radiobiological effects. Cancer Res 47: 597-601.

Chaplin DJ, Acker B, Olive PL. 1989. Potentiation o f the tumor cytotoxicity of 

melphalan by vasodilating drugs. Int J Radiat Oncol Biol Phys 16: 1131-1135.

Chaplin DJ, Horsman MR, Trotter MJ. 1990. Effect o f nicotinamide on the 

microregional heterogeneity o f oxygen delivery within a murine tumor. J Natl 

Cancer Inst 82: 672-676.

Chaplin DJ, Horsman MR, Trotter MJ, Siemann DW. 1998. Therapeutic significance of 

microenvironmental facators. In: Molls M, Vaupel P editors. Blood perfusion and 

microenvironment of human tumours. Berlin: Springer-Verlag. pp. 133-143.

Chapman JD, Sturrock J, Boag JW, Crookall JO. 1970. Factors affecting the oxygen 

tension around cells growing in plastic Petri dishes. Int J Radiat Biol Relat Stud Phys 

Chem Med 17: 305-328.

Chapman JD, Baer K, Lee J. 1983. Characteristics of the metabolism-induced binding 

o f misonidazole to hypoxic mammalian cells. Cancer Res 43: 1523-1528.

Chapman JD, Engelhardt EL, Stobbe CC, Schneider RF, Hanks GE. 1998. Measuring 

hypoxia and predicting tumor radioresistance with nuclear medicine assays. 

Radiother Oncol 46: 229-237.

Chaudhry MA, Weinfeld M. 1995. The action o f Escherichia coli endonuclease III on 

multiply damaged sites in DNA. J Mol Biol 249: 914-922.

Chen L, Waxman DJ. 1995. Intratumoral activation and enhanced chemotherapeutic 

effect o f oxaphosphorines following cytochrome P450 gene transfer: development of 

a combined chemotherapy/cancer gene therapy strategy. Cancer Res 55: 581-589.

Chen L, Waxman DJ, Chen D, Kufe DW. 1996. Sensitization o f human breast cancer 

cells to cyclophosphamide and ifosfamide by transfer o f a liver cytochrome P450 

gene. Cancer Res 56: 1331-1340.

194



Chen SH, Chen XH, Wang Y, Kosai K, Finegold MJ, Rich SS, Woo SL. 1995. 

Combination gene therapy for liver metastasis o f colon carcinoma in vivo. Proc Natl 

Acad Sci USA 92: 2577-2581.

Chikara M, Vlachaki MT, Teh B, Aguilar L, Chiu KJ, Woo S, Berner B, Thompson TC, 

Butler EB, Aguilar-Cordova E. 2000. Development and progress on a phase II study 

evaluating HSV-tk+valacyclovir gene therapy in combination with radiotherapy for 

prostate cancer. Cancer Gene Ther 7 (suppl): S I7.

Chilov D, Camenisch G, Kvietikova I, Ziegler U, Gassmann M, Wenger RH. 1999. 

Induction and nuclear translocation o f hypoxia-inducible factor-1 (HIF-1):

heterodimerization with ARNT is not necessary for nuclear accumulation of HIF-1 a. 

JCell Sci 112: 1203-1212.

Christy B, Nathans D. 1989 a. DNA binding site o f the growth factor-inducible protein 

Zif268. Proc Natl Acad Sci USA 86: 8737-8741.

Christy B, Nathans D. 1989 b. Functional serum response elements upstream o f the 

growth factor- inducible gene zif268. Mol Cell Biol 9: 4889-4895.

Chua CC, Hamdy RC, Chua BH. 1998. Upregulation of vascular endothelial growth 

factor by H2O2 in rat heart endothelial cells. Free Radie Biol Med 25: 891-897.

Churchill-Davidson I. 1968. Hyperbaric oxygen and radiotherapy: clinical experiences. 

Nunt Radiol 34: 215-225.

Cirenei N, Colombo BM, Mesnil M, Benedetti S, Yamasaki H, Finocchiaro G. 1998. In 

vitro and in vivo effects o f retrovirus-mediated transfer of the connexin 43 gene in 

malignant gliomas: consequences for HSVtk/GCV anticancer gene therapy. Gene 

Therapy 5: 1221-1226.

Clark AJ, Iwobi M, Cui W, Crompton M, Harold G, Hobbs S, Kamalati T, Knox R, 

Neil C, Yuli F, Gusterson B. 1997. Selective cell ablation in transgenic mice 

expressing E. coli nitroreductase. Gene Therapy 4: 101-110.

Clark EP, Epp ER, Biaglow JE, Morse-Gaudio M, Zachgo E. 1984. Glutathione 

depletion, radiosensitization, and misodinazole potentiation in hypoxic Chinese 

hamster ovary cells by buthionine sulfoximine. Radiat Res 98: 370-380.

195



Clarke L, Waxman DJ. 1989. Oxidative metabolism of cyclophosphamide: 

identification of the hepatic monooxygenase catalysts of drug activation. Cancer Res 

49: 2344-2350.

Cobb LM, Connors TA, Elson LA, Khan AH, Mitchley BC, Ross WC, Whisson ME. 

1969. 2,4-dinitro-5-ethyleneiminobenzamide (CB1954): a potent and selective 

inhibitor of the growth o f the Walker carcinoma 256. Biochem Pharmacol 18: 1519- 

1527.

Cohen GM, Sun XM, Snowden RT, Dinsdale D, Skilleter DN. 1992. Key 

morphological features o f apoptosis may occur in the absence o f intemucleosomal 

DNA fragmentation. Biochem J 286: 331-334.

Collingridge DR, Young WK, Vojnovic B, Wardman P, Lynch EM, Hill SA, Chaplin 

DJ. 1997. Measurement of tumor oxygenation: a comparison between polarographic 

needle electrodes and a time-resolved luminescence-based optical sensor. Radiat Res 

147: 329-334.

Collins RJ, Harmon BV, Gobe GC, Kerr JF. 1992. Intemucleosomal DNA cleavage 

should not be the sole criterion for identifying apoptosis. Int J Radiat Biol 61: 451- 

453.

Colombo BM, Benedetti S, Ottolenghi S, Mora M, Polio B, Poli G, Finocchiaro G.

1995. The bystander effect-association of U-87 cel 1-death with ganciclovir-mediated 

apoptosis in nearby cells and lack o f effect in athymic mice. Hum Gene Ther 6: 763- 

772.

Compton SH, Mecklenbeck S, Mejia JE, Hart SL, Rice M, Cervini R, Barrandon Y, 

Larin Z, Levy ER, Bruckner-Tuderman L, Hovnanian A. 2000. Stable integration of 

large (>100 kb) PAC constructs in HaCaT kératinocytes using an integrin-targeting 

peptide delivery system. Gene Therapy 7: 1600-1605.

Connolly CN, Putter CE, Gibson A, Hopkins CR, Cutler DF. 1994. Transport into and 

out o f the Golgi complex studied by transfecting cells with cDNAs encoding 

horseradish peroxidase. J Cell Biol 127: 641-652.

196



Connors TA. 1995. The choice o f prodrugs for gene directed enzyme prodrug therapy of 

cancer. Gene Therapy 2: 702-709.

Connors TA, Whisson ME. 1966. Cure o f mice bearing advanced plasma cell tumors 

with aniline mustard: the relationship between glucuronidase activity and tumor 

sensitivity. Nature 210: 866-867.

Connors TA, Duncan R, Knox RJ. 1995. The chemotherapy of colon cancer. Eur J 

Cancer 31 A: 1373-1378.

Consalvo M, Mullen CA, Modesti A, Musiani P, Allione A, Cavallo F, Giovarelli M, 

Fomi G. 1995. 5-fluorocytosine-induced eradication o f murine adenocarcinomas 

engineered to express the cytosine deaminase suicide gene requires host immune 

competence and leaves efficient memory. J Immunol 154: 5302-5312.

Coralli C, Cemazar M, Kanthou C, Tozer GM, Dachs GU. 2001. Limitations of the 

reporter green fluorescent protein under simulated tumor conditions. Cancer Res 61: 

4784-4790.

Crystal RG. 1995. Transfer of genes to humans: early lessons and obstacles to success. 

Science 270: 404-410.

Crystal RG, Hiroschowitz E, Lieberman M. 1997. Phase I study of direct administration 

o f a replication deficient adenovirus vector containing the E. coli cytosine deaminase 

gene to metastatic colon carcinoma of the liver in association with the oral 

administration of the pro-drug 5-fluorocytosine. Hum Gene Ther 8: 985-1001.

Cui W, Gusterson B, Clark AJ. 1999. Nitroreductase-mediated cell ablation is very 

rapid and mediated by a p53-independent apoptotic pathway. Gene Therapy 6: 764- 

770.

Culver KW, Ram Z, Wallbridge S, Ishii H, Oldfield EH, Blaese RM. 1992. In vivo gene 

transfer with retroviral vector-producer cells for treatment o f experimental brain 

tumors. Science 256: 1550-1552.

Curiel DT, Agarwal S, Wagner E, Cotten M. 1991. Adenovirus enhancement of 

transferrin-polylysine-mediated gene delivery. Proc Natl Acad Sci USA 88: 8850- 

8854.

197



Dachs GU, Chaplin DJ. 1998. Microenvironmental control of gene expression: 

Implications for tumour angiogenesis, progression, and metastasis. Semin Radiat 

Oncol 8: 208-216.

Dachs GU, Tozer GM. 2000. Hypoxia modulated gene expression: angiogenesis, 

metastasis and therapeutic exploitation. Eur J Cancer 36: 1649-1660.

Dachs GU, Patterson AV, Firth JD, Ratcliffe PJ, Townsend KM, Stratford IJ, Harris 

AL. 1997. Targeting gene expression to hypoxic tumor cells. Nat Med 3: 515-520.

Dachs GU, Coralli C, Hart SL, Tozer GM. 2000. Gene delivery to hypoxic cells in vitro. 

Br J Cancer 83: 662-667.

Datta R, Rubin E, Sukhatme V, Qureshi S, Hallahan D, Weichselbaum RR, Kufe DW. 

1992. Ionizing radiation activates transcription of the EGRl gene via CArG 

elements. Proc Natl Acad Sci USA 89: 10149-10153.

Datta R, Taneja N, Sukhatme VP, Qureshi SA, Weichselbaum R, Kufe DW. 1993. 

Reactive oxygen intermediates target CC(A/T)6GG sequences to mediate activation 

of the early growth response 1 transcription factor gene by ionizing radiation. Proc 

Natl Acad Sci USA 90: 2419-2422.

Debieu D, Deschavanne PJ, Midander J, Larsson A, Malaise EP. 1985. Survival curves 

of glutathione synthetase deficient human fibroblasts: correlation between 

radio sensitivity in hypoxia and glutathione synthetase activity. Int J Radiat Biol Relat 

Stud Phys Chem Med 48: 525-543.

Dégrève B, De Clercq E, Balzarini J. 1999. Bystander effect o f purine nucleoside 

analogues in HSV-ltk suicide gene therapy is superior to that o f pyrimidine 

nucleoside analogues. Gene Therapy 6: 162-170.

Del Rowe J, Scott C, Werner Wasik M, Bahary JP, Curran WJ, Urtasun RC, Fisher B.

2000. Single-arm, open-label phase 11 study o f intravenously administered 

tirapazamine and radiation therapy for glioblastoma multiforme. J Clin Oncol 6: 

1254-1259.

Denning C, Pitts JD. 1997. Bystander effects o f different enzyme-prodrug systems for 

cancer gene therapy depend on different pathways for intercellular transfer o f toxic

198



metabolites, a factor that will govern clinical choice o f appropriate regimes. Hum 

Gene Ther 8: 1825-1835.

Dibbens JA, Miller DL, Damert A, Risau W, Vadas MA, Goodall GJ. 1999. Hypoxic 

regulation o f vascular endothelial growth factor mRNA stability requires the 

cooperation o f multiple RNA elements. Mol Biol Cell 10: 907-919.

Dilber MS, Smith CIE. 1997. Suicide genes and bystander killing: local and distant 

effects. Gene Therapy 4: 273-274.

Dilber MS, Abedi MR, Bjorkstrand B, Christensson B, Gahrton G, Xanthopoulos KG, 

Smith Cl. 1996. Suicide gene therapy for plasma cell tumors. Blood 88: 2192-2200.

Dilber MS, Abedi MR, Christensson B, Bjorkstrand B, Kidder GM, Naus CCG, 

Gahrton G, Smith CIE. 1997. Gap junctions promote the bystander effect of herpes 

simplex virus thymidine kinase in vivo. Cancer Res 57: 1523-1528.

Dilber MS, Phelan A, Aints A, Mohamed AJ, Elliott G, Smith CIE, O ’Hare P. 1999. 

Intercellular delivery of thymidine kinase prodrug activating enzyme by herpes 

simplex virus protein, VP22. Gene Therapy 6: 12-21.

Dische S. 1985. Chemical sensitizers for hypoxic cells: a decade o f experience in 

clinical radiotherapy. Radiother Oncol 3: 97-115.

Djeha AH, Hulme A, Dexter MT, Mountain A, Young LS, Searle PF, Kerr DJ, 

Wrighton CJ. 2000. Expression o f Escherichia coli B nitroreductase in established 

human tumor xenografts in mice results in potent anti tumoral and bystander effects 

upon systemic administration o f the prodrug CB1954. Cancer Gene Ther 7: 721-731.

Domin BA, Mahony WB, Zimmerman TP. 1993. Transport of 5-fluorouracil and uracil 

into human erythrocytes. Biochem Pharmacol 46: 503-510.

Drabek D, Guy J, Craig R, Grosvald F. 1997. The expression of bacterial nitroreductase 

in transgenic mice results in specific cell killing by the prodrug CBI954. Gene 

Therapy 4: 93-100.

Dranoff G, Jaffee E, Lazenby A, Golumbek P, Levitsky H, Brose K, Jackson V, 

Hamada H, Pardoll D, Mulligan RC. 1993. Vaccination with irradiated tumor cells 

engineered to secrete murine granulocyte-macrophage colony-stimulating factor

199



stimulates potent, specific, and long-lasting anti-tumor immunity. Proc Natl Acad Sci 

USA 90: 3539-3543.

Dranoff G, Soiffer R, Lynch T, Mihm M, Jung K, Kolcsar K, Licbstcr L, Lam P, Duda 

R, Mcntzcr S, Singer S, Tanabe K, Johnson R, Sober A, Bhan A, Cliff S, Cohen L, 

Parry G, Rokovich J, Richards L, Drayer J, Bems A, Mulligan RC. 1997. A phase I 

study of vaccination with autologous, irradiated melanoma cells engineered to 

secrete human granulocyte-macrophage colony stimulating factor. Hum Gene Ther 

8: 111-123.

Dunford HB. 1999. Heme Peroxidases. New York: Wiley-VHC.

Durand RE, Raleigh JA. 1998. Identification of non-proliferating but viable hypoxic 

tumour cells in vivo. Cancer Res 58: 3547-3550.

Ebert BL, Firth JD, Ratcliffe PJ. 1995. Hypoxia and mitochondrial inhibitors regulate 

expression o f glucose transporter-1 via distinct Cis-acting sequences. J Biol Chem 

270: 29083-29089.

Eck SL, Alavi JB, Alavi A, Davis A, Hackney D, Judy K, Mollman J, Phillips PC, 

Wheeldon EB, Wilson JM. 1996. Treatment o f advanced CNS malignancies with the 

recombinant adenovirus H5.010RSVTK: A phase I trial. Hum Gene Ther 7: 1465- 

1482.

el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent JM, Lin D, Mercer 

WE, Kinzler KW, Vogelstein B. 1993. W AFl, a potential mediator o f p53 tumor 

suppression. Cell 75: 817-825.

Elion GB. 1983. The biochemistry and mechanism of action o f acyclovir. Antimicrob 

Chemother 12 (suppl B): 9-17.

Elliott G, O’Hare P. 1997. Intercellular trafficking and protein delivery by a herpes 

virus structural protein. Cell 88: 223-233.

Elliott G, O’Hare P. 1999. Intercellular trafficking of VP22-GFP fusion proteins. Gene 

Therapy 6: 149-151.

Elshami AA, Saavedra A, Zhang H, Kucharczuk JC, Spray DC, Fishman GI, Amin KM, 

Kaiser LR, Albeda SM. 1996. Gap junctions play a role in the “bystander effect” of

200



the herpes simplex virus thymidine kinase ganciclovir system in vitro. Gene Therapy 

3:85-92.

Engvild KC. The death hormone hypothesis. 1989. Physiol Plant 77: 282-285.

Erbs P, Régulier E, Kintz J, Leroy P, Poitevin Y, Exinger F, Jund R, Mehtali M. 2000. 

In vivo cancer gene therapy by adenovirus-mediated transfer of a bifunctional yeast 

cytosine deaminase/uracil phosphoribosyltransferase fusion gene. Cancer Res 60: 

3813-3822.

Estruch EJ, Hart SL, Kinnon C, Winchester BG. 2001. Non-viral, integrin-mediated 

gene transfer into fibroblasts from patients with lysosomal storage diseases. J Gene 

Med 3: 488-497.

Evans SM, Hahn SM, Magarelli DP, Zhang PJ, Jenkins WT, Fraker DL, Hsi RA, 

McKenna WG, Koch CJ. 2001. Hypoxia in human intraperitoneal and extremity 

sarcomas. Int J Radiat Oncol Biol Phys 49: 587-596.

Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM. 1992. 

Exposure of phosphatidylserine on the surface of apoptotic lymphocytes triggers 

specific recognition and removal by macrophages. J Immunol 148: 2207-2216.

Fandrey J, Frede S, Ehleben W, Porwol T, Acker H, Jelkmann W. 1997. Cobalt chloride 

and desferrioxamine antagonize the inhibition o f erythropoietin production by 

reactive oxygen species. Kidney Int 51: 492-496.

Firth JD, Ebert BL, Pugh CW, Ratcliffe PJ. 1994. Oxygen-regulated control elements in 

the phosphoglycerate kinase I and lactate dehydrogenase A genes: similarities with 

the erythropoietin 3’ enhancer. Proc Natl Acad Sci USA 91: 6496-6500.

Folkes LK, Wardman P. 2001. Oxidative activation o f indole-3-acetic acids to cytotoxic 

species-a potential new role for plant auxins in cancer therapy. Biochem Pharmacol 

61: 129-136.

Folkes LK, Candeias LP, Wardman P. 1998. Towards targeted “oxidation therapy” of 

cancer: peroxidase-catalyzed cytotoxicity o f indole-3-acetic acids. Int J Radiat Oncol 

Biol Phys 42: 917-920.

201



Folkes LK, Dennis MF, Stratford MRL, Candeias LP, Wardman P. 1999. Peroxidase- 

catalyzed effects o f indole-3-acetic acid and analogues on lipid membranes, DNA, 

and mammalian cells in vitro. Biochem Pharmacol 57: 375-382.

Folkes LK, Greco O, Dachs GU, Stratford MRL, Wardman P. 2002. 5-Fluoroindole-3- 

acetic acid: a prodrug activated by a peroxidase with potential for use in targeted 

cancer therapy. Biochem Pharmacol. 63: 265-272.

Fomace AJ Jr. 1992. Mammalian genes induced by radiation. Annu Rev Genet 26: 507- 

526.

Fox ME, Lemmon MJ, Mauchline ML, Davis TO, Giaccia AJ, Minton NP, Brown JM. 

1996. Anaerobic bacteria as a delivery system for cancer gene therapy: in vitro 

activation o f 5-fluorocytosine by genetically engineered clostridia. Gene Therapy: 

173-178.

Freeman SM, Abboud CN, Whartenby KA, Packman CH, Koeplin DS, Moolten FL, 

Abraham GN. 1993. The “bystander effect” : tumor regression when a fraction o f the 

tumor mass is genetically modified. Cancer Res 53: 5274-5283.

Freeman SM, McCune C, Robinson W, Abboud CN, Abraham GN, Angel C, Marrogi 

A. 1995. The treatment o f ovarian cancer with a gene modified cancer vaccine: a 

phase I study. Hum Gene Ther 6: 927-939.

Freeman SM, Ramesh R, Marrogi AJ. 1997. Immune system in suicide gene therapy. 

Lancet 349: 2-3.

Frei E, Teicher BA, Holden SA, Cathcart KNS, Wang Y. 1988. Preclinical studies and 

clinical correlation o f the effect o f alkylating dose. Cancer Res 48: 6417-6423.

Freytag SO, Kim JH, Khil MS, Nafziger D, Menon M, Peabody J, Strieker H, Deperalta- 

Venturina M, Pegg J, Aguilar-Cordova E. 2000. Phase I study o f replication- 

competent adenovirus-mediated double suicide gene therapy for local recurrence of 

prostate cancer after definitive radiation-therapy. Cancer Gene Ther 7 (suppl): S I8.

Friedlos F, Denny WA, Palmer BD, Springer CJ. 1997. Mustard prodrugs for activation 

by Escherichia coli nitroreductase in gene-directed enzyme prodrug therapy. J Med 

Chem 40: 1270-1275.

202



Friedlos F, Court S, Ford M, Deimy WA, Springer CJ. 1998. Gene-directed enzyme 

prodrug therapy: quantitative bystander cytotoxicity and DNA damage induced by 

CB1954 in cells expressing bacterial nitroreductase. Gene Therapy 5: 105-112.

Fyles AW, Milosevic M, Wong R, Kavanagh MC, Pintilie M, Sun A, Chapman W, 

Levin W, Manchul L, Keane TJ, Hill RP. 1998. Oxygenation predicts radiation 

response and survival in patients with cervix cancer. Radiother Oncol 48: 149-156.

Fyles AW, Milosevic M, Wong R, Pintilie M, Syed A, Hill RP. 2000. Anemia, hypoxia 

and transfusion in patients with cervix cancer: a review. Radiother Oncol 57: 13-19.

Gagandeep S, Brew R, Green B, Christmas SE, Klatzmann D, Poston GJ, Kinsella AR. 

1996. Prodrug-activated gene therapy: Involvement o f an immunological component 

in the “bystander effect”. Cancer Gene Ther 3: 83-88.

Gazaryan IG, Lagrimini LM, Ashby GA, Thomeley RN. 1996. Mechanism of indole-3- 

acetic acid oxidation by plant peroxidases: anaerobic stopped-flow

spectrophotometric studies on horseradish and tobacco peroxidases. Biochem J 313: 

841-847.

Ge K, Xu L, Zheng Z, Xu D, Sun L, Liu X. 1997. Transduction of cytosine deaminase 

gene makes rat glioma cells highly sensitive to 5-fluorocytosine. Int J Cancer 71: 

675-679.

Ghoumari AM, Mouawad R, Zerrouqi A, Nizard C, Provost N, Khayat D, Naus CCG, 

Soubrane C. 1998. Actions o f HSVtk and connexin43 gene delivery on gap 

junctional communication and drug sensitization in hepatocellular carcinoma. Gene 

Therapy 5: 114-1121.

Giaccia AJ. 1996. Hypoxic stress proteins: Survival of the fittest. Semin Radiat Oncol 

6: 46-58.

Gilloteaux J, Jamison JM, Arnold D, Taper HS, Summers JL. 2001. Ultrastructural 

aspects o f autoschizis: a new cancer cell death induced by the synergistic action o f 

ascorbate/menadione on human bladder carcinoma cells. Ultrastruct Pathol 25: 183- 

192.

203



Gius D, Cao XM, Rauscher FJ 3rd, Cohen DR, Curran T, Sukhatme VP. 1990. 

Transcriptional activation and repression by Fos are independent functions: the C 

terminus represses immediate-early gene expression via CArG elements. Mol Cell 

Biol 10: 4243-4255.

Gleadle JM, Ebert BL, Ratcliffe PJ. 1995. Diphenylene iodonium inhibits the induction 

of erythropoietin and other mammalian genes by hypoxia. Implications for the 

mechanism of oxygen sensing. Eur J Biochem 234: 92-99.

Gomez-Navarro J, Curiel DT, Douglas JT. 1999. Gene therapy for cancer. Eur J Cancer 

35:2039-2057.

Gonzalez-Flecha B, Cutrin JC, Boveris A. 1993. Time course and mechanism of 

oxidative stress and tissue damage in rat liver subjected to in vivo ischemia- 

reperfusion. J Clin Invest 91: 456-464.

Gorski DH, Beckett MA, Jaskowiak NT, Calvin DP, Mauceri HJ, Salloum RM, 

Seetharam S, Koons A, Hari DM, Kufe DW, Weichselbaum RR. 1999. Blockade o f 

the vascular endothelial growth factor stress response increases the antitumor effects 

o f ionizing radiation. Cancer Res 59: 3374-3378.

Graeber TG, Osmanian C, Jacks T, Housman DE, Koch CJ, Lowe SW, Giaccia AJ.

1996. Hypoxia-mediated selection o f cells with diminished apoptotic potential in 

solid tumours. Nature 379: 88-91.

Graham CH, Forsdike J, Fitzgerald CJ, Macdonald-Goodfellow S. 1999. Hypoxia- 

mediated stimulation of carcinoma cell invasiveness via upregulation o f urokinase 

receptor expression. Int J Cancer 80: 617-623.

Grau C, Overgaard J. 1988. Effect of cancer chemotherapy on the hypoxic fraction o f a 

solid tumor measured using a local tumor control assay. Radiother Oncol 13: 301- 

309.

Gray LH, Conger AD, Ebert M, Hormsey S, Scott OC. 1953. Concentration o f oxygen 

dissolved in tissues at the time o f irradiation as a factor in radiotherapy. Br J Radiol 

26: 638-648.

204



Gray JW, Dolbeare F, Pallavicini MG, Beisker W, Waldman F. 1986. Cell cycle 

analysis using flow cytometry. Int J Radiat Biol Relat Stud Phys Chem Med 49: 237- 

255.

Green NK, Youngs DJ, Neoptolemos JP, Friedlos F, Knox RJ, Springer CJ, Anlezark 

GM, Michael NP, Melton RG, Ford MJ, Young LS, Kerr DJ, Searle PF. 1997. 

Sensitization of colorectal and pancreatic cancer cell lines to the prodrug 5-(aziridin-

l-yl)-2,4-dinitrobenzamide (CB1954) by retroviral transduction and expression of 

the E. coli nitroreductase gene. Cancer Gene Ther 4: 229-238.

Griffiths JR. 1991. Are cancer cells acidic? Br J Cancer 64: 425-427.

Griffiths L, Binley K, Iqball S, Kan O, Maxwell P, Ratcliffe P, Lewis C, Harris A, 

Kingsman S, Naylor S. 2000. The macrophage-a novel system to deliver gene 

therapy to pathological hypoxia. Gene Therapy 7: 255-262.

Haberkom U, Oberdorfer F, Gebert J, Morr I, Haach K, Weber K, Lindauer M, 

Vankaick G, Schackert HK. 1996. Monitoring gene-therapy with cytosine 

deaminase-in vitro studies using tritiated 5-fluorocytosine. J Nucl Med 37: 87-94.

Haffty BG, Son YH, Papac R, Sasaki CT, Weissberg JB, Fischer D, Rockwell S, 

Sartorelli AC, Fischer JJ. 1997. Chemotherapy as an adjunct to radiation in the 

treatment of squamous cell carcinoma o f the head and neck: Results o f the Yale 

mitomycin randomized trials. J Clin Oncol 15: 268-276.

Haisma HJ, Pinedo HM, Rijswijk A, der Meulen-Muileman I, Sosnowski BA, Ying W, 

Beusechem VW, Tillman BW, Gerritsen WR, Curiel DT. 1999. Tumor-specific gene 

transfer via an adenoviral vector targeted to the pan-carcinoma antigen EpCAM. 

Gene Therapy 6: 1469-1474.

Hall EJ. 1994. Radiobiology for the radiologist, 4th edition. Philadelphia: Lippincott.

Hallahan DE, Dunphy EJ, Virudachalam S, Sukhatme, Kufe DW, Weichselbaum RR. 

1995 a. c-jun and Egr-1 partecipate in DNA synthesis and cell survival in response to 

ionizing radiation. J Biol Chem 270: 30303-30309.

205



Hallahan DE, Mauceri HJ, Seung LP, Dunphy EJ, Wayne JD, Hanna NN, Toledano A, 

Hellman S, Kufe DW, Weichselbaum RR. 1995 b. Spatial and temporal control of 

gene therapy using ionizing radiation. Nat Med 1: 786-791.

Hamstra DA, Rice DJ, Fahmy S, Ross BD, Rehemtulla A. 1999 a. Enzyme/prodrug 

therapy for head and neck cancer using a catalytically superior cytosine deaminase. 

Hum Gene Ther 10: 1993-2003.

Hamstra DA, Rice DJ, Pu A, Oyedijo D, Ross BD, Rehemtulla A. 1999 b. Combined 

radiation and enzyme/prodrug treatment for head and neck cancer in an orthotopic 

animal model. Radiat Res 152: 499-507.

Hanahan D, Weinberg RA. 2000. The hallmarks o f cancer. Cell 100: 57-70.

Hanai A, Yang WL, Ravikumar TS. 2001. Induction o f apoptosis in human colon 

carcinoma cells HT29 by sublethal cryo-injury: mediation by cytochrome c release. 

Int J Cancer 93: 526-533.

Hanna NN, Mauceri HJ, Wayne JD, Hallahan DE, Kufe DW, Weichselbaum RR. 1997. 

Virally directed cytosine deaminase/5-fluorocytosine gene therapy enhances 

radiation response in human cancer xenografts. Cancer Res 57: 4205-4209.

Harari OA, Wickham TJ, Stocker CJ, Kovesdi I, Segal DM, Huehns TY, Sarraf C, 

Haskard DO. 1999. Targeting an adenoviral gene vector to cytokine-activated 

vascular endothelium via E-selectin. Gene Therapy 6: 801-807.

Harbottle RP, Cooper RG, Hart SL, Ladhoff A, McKay T, Knight AM, Wagner E, 

Miller AD, Coutelle C. 1998. An RGD-oligolysine peptide: a prototype construct for 

integrin-mediated gene delivery. Hum Gene Ther 9: 1037-1047.

Hart SL, Knight AM, Harbottle RP, Mistry A, Hunger HD, Cutler DP, Williamson R, 

Coutelle C. 1994. Cell binding and internalization by filamentous phage displaying a 

cyclic Arg-Gly-Asp-containing peptide. J Biol Chem 269: 12468-12474.

Hart SL, Harbottle RP, Cooper R, Miller A, Williamson R, Coutelle C. 1995. Gene 

delivery and expression mediated by an integrin-binding peptide. Gene Therapy 2: 

552-554.

206



Hart SL, Collins L, Gustafsson K, Fabre JW. 1997. Integrin-mediated transfection with 

peptides containing arginine-glycine-aspartic acid domains. Gene Therapy 4: 1225- 

1230.

Hart SL, Arancibia-Carcamo CV, Wolfert MA, O'Reilly NJ, Ali RR, Coutelle C, 

George AJ, Harbottle RP, Knight AM, Larkin DF, Levinsky RJ, Seymour LW, 

Thrasher AJ, Kinnon C. 1998. Lipid-mediated enhancement o f transfection by a 

nonviral integrin-targeting vector. Hum Gene Ther 9: 575-585.

Hartmann C, Ortiz de Montellano PR. 1992. Baculovirus expression and 

characterization of catalytically active horseradish peroxidase. Arch Biochem 

Biophys 297: 61-72.

Harvey BG, Worgall S, Ely S, Leopold PL, Crystal RG. 1999. Cellular immune 

responses o f healthy individuals to intradermal administration o f an E1-E3- 

adenovirus gene transfer vector. Hum Gene Ther 10: 2823-2837.

Hasan NM, Adams GE, Joiner MC, Marshall JF, Hart IR. 1998. Hypoxia facilitates 

tumour cell detachment by reducing expression o f surface adhesion molecules and 

adhesion to extracellular matrices without loss o f cell viability. Br J Cancer 77: 

1799-1805.

Heacock CS, Sutherland RM. 1986. Induction characteristics o f oxygen regulated 

proteins. Int J Radiat Oncol Biol Phys 12: 1287-1290.

Herman JR, Alder HL, Aguilar-Cordova E, Rojas-Martinez A, Woo S, Timme TL, 

Wheeler TM, Thompson TC, Scardino PT. 1999. In situ gene therapy for 

adenocarcinoma of the prostate: a phase I clinical trial. Hum Gene Ther 10: 1239- 

1249.

Hernandez-Alcoceba R, Pihalja M, Nunez G, Clarke MF. 2001. Evaluation o f a new 

dual-specificity promoter for selective induction apoptosis in breast cancer cells. 

Cancer Gene Ther 8: 298-307.

Hill RP, Gulyas S, Whitmore GF. 1986. Studies o f the in vivo and in vitro cytotoxicity 

of the drug RSU-1069. Br J Cancer 53: 743-751.

207



Hill SA, Pigott KH, Saunders MI, Powell ME, Arnold S, Obeid A, Ward G, Leahy M, 

Hoskin PJ, Chaplin DJ. 1996. Microregional blood flow in murine and human 

tumours assessed using laser Doppler microprobes. Br J Cancer 27: S260-S263.

Hockel M, Schlenger K, Aral B, Mitze M, Schaffer U, Vaupel P. 1996. Association 

between tumor hypoxia and malignant progression in advanced cancer o f the uterine 

cervix. Cancer Res 56: 4509-4515.

Hockel M, Schlenger K, Hockel S, Aral B, Schaffer U, Vaupel P. 1998. Tumor hypoxia 

in pelvic recurrences of cervical cancer. Int J Cancer 79: 365-369.

Hoganson DK, Chandler LA, Fleurbaaij GA, Ying W, Black ME, Doukas J, Pierce GF, 

Baird A, Sosnowski BA. 1998. Targeted delivery o f DNA encoding cytotoxic 

proteins through high-affinity fibroblast growth factor receptors. Hum Gene Ther 9: 

2565-2575.

Holder JW, Elmore E, Barrett JC. Gap junction function and cancer. 1993. Cancer Res 

53:3475-85.

Hoskin PJ, Saunders MI, Phillips H, Cladd H, Powell ME, Goodchild K, Stratford MR, 

Rojas A. 1997. Carbogen and nicotinamide in the treatment o f bladder cancer with 

radical radiotherapy. Br J Cancer 76: 260-263.

Hoskin PJ, Saunders MI, Dische S. 1999. Hypoxic radio sensitizers in radical 

radiotherapy for patients with bladder carcinoma: hyperbaric oxygen, misonidazole, 

and accelerated radiotherapy, carbogen, and nicotinamide. Cancer 86: 1322-1328.

Huang LE, Arany Z, Livingston DM, Bunn HE. 1996. Activation o f hypoxia-inducible 

transcription factor depends primarily upon redox-sensitive stabilization o f its a  

subunit. J Biol Chem 271: 32253-32259.

Huang LE, Gu J, Schau M, Bunn HF. 1998. Regulation of hypoxia-inducible factor 1 a  

is mediated by an 0 2 -dependent degradation domain via the ubiquitin-proteasome 

pathway. Proc Natl Acad Sci USA 95: 7987-7992.

Huber BE, Austin ES, Good SS, Knick VC, Tibbels S, Richards CA. 1993. In vivo 

antitumor activity of 5-fluorocytosine on human colorectal carcinoma cells 

genetically modified to express cytosine deaminase. Cancer Res 53: 4619-4626.

208



Huber BE, Austin HA, Richards CA, Davis ST, Good SS. 1994. Metabolism of 5- 

fluorocytosine to 5-fluorouracil in human colorectal tumor cells transduced with the 

cytosine deaminase gene: significant antitumor effects when only a small percentage 

o f tumor cells express cytosine deaminase. Proc Natl Acad Sci USA 91: 8302-8306.

Hughes CS, Shen JW, Subjeck JR. 1989. Resistance to etoposide induced by three 

glucose-regulated stresses in Chinese hamster ovary cells. Cancer Res 49: 4452- 

4454.

Hum Gene Ther. 2000. 11: 2543-2619.

Ichikawa T, Tamiya T, Adachi Y, Ono Y, Matsumoto K, Furuta T, Yoshida Y, Hamada 

H, Ohmato T. 2000. In vivo efficacy and toxicity o f 5-fluorocytosine/cytosine 

deaminase gene therapy for malignant gliomas mediated by adenovirus. Cancer Gene 

Ther 7: 74-82.

Ido A, Uto H, Moriuchi A, Nagata K, Onaga Y, Onaga M, Hori T, Hirono S, Hayashi 

K, Tamaoki T, Tsubouchi H. 2001. Gene therapy targeting for hepatocellular 

carcinoma: selective and enhanced suicide gene expression regulated by a hypoxia- 

inducible enhancer linked to a human a-fetoprotein promoter. Cancer Res 61: 3016- 

3021.

Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, Salic A, Asara JM, Lane WS, 

Kaelin WG Jr. 2001. HIP a  targeted for VHL-mediated destruction by proline 

hydroxylation: implications for O2 sensing. Science 292: 464-468.

Izquierdo M, Martin V, de Felipe P, Izquierdo JM, Perez-Higueras A, Cortes ML, Paz 

JF, Isla A, Blazquez MG. 1996. Human malignant brain tumor response to herpes 

simplex thymidine kinase (HSVtk)/ganciclovir gene. Gene Therapy 3: 491-495.

Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell SJ, Kriegsheim A, 

Hebestreit HF, Mukheiji M, Schofield CJ, Maxwell PH, Pugh CW, Ratcliffe PJ.

2001. Targeting of HIF-1 a  to the von Hippel-Lindau ubiquitylation complex by O2- 

regulated prolyl hydroxylation. Science 292: 468-72.

Jaffar M, Naylor MA, Robertson N, Lockyer SD, Phillips RM, Everett SA, Adams GE, 

Stratford IJ. 1998. 5-substituted analogues o f 3-hydroxymethyl-5-aziridinyl-1 -

209



methyl-2-[lH-indole-4,7-dione]prop-2-en-l-ol (E09, NSC 382459) and their 

regioisomers as hypoxia-selective agents: structure-cytotoxicity in vitro. Anticancer 

Drug Des 13: 105-123.

Jain RK. 1988. Determinants o f tumor blood flow: a review. Cancer Res 48: 2641-2658.

Janssen YM, Van Houten B, Borm PJ, Mossman BT. 1993. Cell and tissue responses to 

oxidative damage. Lab Invest 69: 261-274.

Jenkins RG, Herrick SE, Meng QH, Kinnon C, Laurent GJ, McAnulty RJ, Hart S. 2000. 

An integrin-targeted non-viral vector for pulmonary gene therapy. Gene Therapy 7: 

393-400.

Jiang BH, Agani F, Passaniti A, Semenza GL. 1997. V-SRC induces expression of 

hypoxia-inducible factor 1 (HIF-1) and transcription o f genes encoding vascular 

endothelial growth factor and enolase 1: involvement of HIF-1 in tumor progression. 

Cancer Res 57: 5328-5335.

Joki T, Nakamura M, Ohno T. 1995. Activation of the radiosensitive EGR-1 promoter 

induces expression o f the herpes simplex virus thymidine kinase gene and sensitivity 

of human glioma cells to ganciclovir. Hum Gene Ther 6: 1507-1513.

Kallio PJ, Wilson WJ, O'Brien S, Makino Y, Poellinger L. 1999. Regulation of the 

hypoxia-inducible transcription factor 1 a  by the ubiquitin-proteasome pathway. J 

Biol Chem 274: 6519-6525.

Kanai F, Lan KH, Shiratori Y, Tanaka T, Ohashi M, Okudaira T, Yoshida Y, Wakimoto 

H, Hamada H, Nakabayashi H, Tamaoki T, Omata M. 1997. In vivo gene therapy for 

a-fetoprotein-producing hepatocellular carcinoma by adenovirus-mediated transfer 

o f cytosine deaminase gene. Cancer Res 57: 461-465.

Kaneko Y, Tsukamoto A. 1995. Gene therapy o f hepatoma: bystander effects and non- 

apoptotic cell death induced by thymidine kinase and ganciclovir. Cancer Lett. 96: 

105-110.

Kastan MB, Zhan Q, el-Deiry WS, Carrier F, Jacks T, Walsh WV, Plunkett BS, 

Vogelstein B, Fomace AJ Jr. 1992. A mammalian cell cycle checkpoint pathway 

utilizing p53 and GADD45 is defective in ataxia-telangiectasia. Cell 71: 587-597.

210



Kaufmann SH. 1989. Induction o f endonucleolytic DNA cleavage in human 

myelogenous leukemia cells by etoposide, camptothecin, and other cytotoxic 

anticancer drugs: a cautionary note. Cancer Res 49: 5870-5878.

Kawasaki T, Tomita Y, Bilim V, Takeda M, Takahashi K, Kumanishi T. 1996. 

Abrogation of apoptosis induced by DNA-damaging agents in human bladder-cancer 

cell lines with p21AVAFl/CIPl and/or p53 gene alterations. Int J Cancer 68: 501- 

505.

Kawashita Y, Ohtsuru A, Kaneda Y, Nagayama Y, Kawazoe Y, Eguchi S, Kuroda H, 

Fujioka H, Ito M, Kanematsu T, Yamashita S. 1999. Regression o f hepatocellular 

carcinoma in vitro and in vivo by radiosensitizing suicide gene therapy under the 

inducible and spatialcontrol o f radiation. Hum Gene Ther 10: 1509-1519.

Kettle AJ, Winterboume CC. 1996. Reaction mechanisms o f myeloperoxidase. In: 

Obinger C, Burner U, Ebermann R, Penel C, Greppin H editors. Plant peroxidases: 

biochemistry and physiology. Geneva: University o f Geneva Press, pp. 134-139.

Khan AC, Ross WCJ. 1967. Tumor growth inhibitory nitrophenylaziridines and related 

compounds: structure activity relationships. Chem-Biol Interact 1: 27-47.

Khil MS, Kim JH, Mullen CA, Kim SH, Freytag SO. 1996. Radio sensitization by 5- 

fluorocytosine of human colorectal carcinoma cells in culture transduced with 

cytosine deaminase gene. Clin Cancer Res 2: 53-57.

Khuri FR, Nemunaitis J, Ganly I, Arseneau J, Tannock IF, Romel L, Gore M, Ironside 

J, MacDougall RH, Heise C, Randlev B, Gillenwater AM, Bruso P, Kaye SB, Hong 

WK, Kim DH. 2000. A controlled trial o f intratumoral ONYX-015, a selectively- 

replicating adenovirus, in combination with cisplatin and 5-fluorouracil in patients 

with recurrent head and neck cancer. Nat Med 6: 879-885.

Kievit E, Bershad E, Ng E, Sethna P, Dev I, Lawrence TS, Rehemtulla A. 1999. 

Superiority o f yeast over bacterial cytosine deaminase for enzyme/prodrug gene 

therapy in colon cancer xenografts. Cancer Res 59: 1471-1421.

Kievit E, Nyati MK, Ng E, Stegman LD, Parsels J, Ross BD, Rehemtulla A, Lawrence 

TS. 2000. Yeast cytosine deaminase improves radiosensitization and bystander effect

211



by 5-fluorocytosine of human colorectal cancer xenografts. Cancer Res 60: 6649- 

6655.

Kim CY, Tsai MH, Osmanian C, Graeber TG, Lee JE, Giffard RG, Di Paolo JA, Peehl 

DM, Giaccia AJ. 1997. Selection o f human cervical epithelial cells that possess 

reduced apoptotic potential to low-oxygen conditions. Cancer Res 57:4200-42004.

Kim JH, Kim SH, Brown SL, Freytag SO. 1994. Selective enhancement by an antiviral 

agent of the radiation-induced cell killing o f human glioma cells transduced with 

HSV-tk gene. Cancer Res 54: 6053-6056.

Kim JH, Kolozsvary A, Rogulski K, Khil MS, Brown SL, Freytag SO. 1998. Selective 

radiosensitization o f 9L glioma cells in the brain transduced with double suicide 

fusion gene. Cancer J Sci Am 4: 364-369.

Kimura H, Braun RD, Ong ET, Hsu R, Secomb TW, Papahadjopoulos D, Hong K, 

Dewhirst MW. 1996. Fluctuations in red cell flux in tumour microvessels can lead to 

transient hypoxia and reoxygenation in tumour parenchyma. Cancer Res 56: 5522- 

5528.

Kim D, Martuza RL, Zwiebel J. 2001. Replication-selective virotherapy for cancer: 

Biological principles, risk management and future directions. Nat Med 7: 781-787.

Kjellen E, Joiner MC, Collier JM, Johns H, Rojas A. 1991. A therapeutic benefit from 

combining normobaric carbogen or oxygen with nicotinamide in fractionated X-ray 

treatments. Radiother Oncol 22: 81-91.

Klatzmann D, Valery CA, Bensimon G, Marro B, Boyer O, Mokhatari K, Diquet B, 

Salzmann JL, Philippon J. 1998 a. A phase I/II study of herpes simplex type 1 

thymidine kinase “suicide” gene therapy recurrent glioblastoma. Hum Gene Ther 9: 

2595-2604.

Klatzmann D, Cherin P, Bensimon G, Boyer O, Coutellier A, Charlotte F, Boccaccio C, 

Salzmann JL, Herson S. 1998 b. A phase I/II dose-escalation study of herpes simplex 

virus type 1 thymidine kinase “suicide” gene therapy for metastatic melanoma. Hum 

Gene Ther 9: 2585-2594.

212



Knocke TH, Weitmann HD, Feldmann HJ, Selzer E, Potter R. 1999. Intratumoral pO]- 

measurements as predictive assay in the treatment of carcinoma of the uterine cervix. 

Raditother Oncol 53: 99-104.

Knox RJ. 1999. Gene-directed enxyme prodrug therapy (GDEPT) of cancer. In: Melton 

RG, Knox RJ editors. Enzyme-prodrug strategies for cancer therapy. New York: 

Kluwer Academic/Plenium Publisher, pp. 209-243.

Knox RJ, Boland MP, Friedlos F, Coles B, Southan C, Roberts JJ. 1988 a. The 

nitroreductase enzyme in Walker cells that activates 5-(aziridin-l-yl)-2,4- 

dinitrobenzamide (CB1954) to 5-(aziridin-l-yl)-4-hydroxylamino-2-nitrobenzamide 

is a form of NAD(P)H dehydrogenase (quinone) (EC 1.6.99.2). Biochem Pharmacol 

37:4671-4677.

Knox RJ, Friedlos F, Jatman M, Roberts JJ. 1988 b. A new cytotoxic, DNA interstrand 

crosslinking agent, 5-(aziridin-l-yl)-4-hydroxylamino-2-nitrobenzamide, is formed 

from 5-(aziridin-l-yl)-2,4-dinitrobenzamide (CB1954) by a nitroreductase enzyme 

in Walker carcinoma cells. Biochem Pharmacol 37: 4661-4669.

Knox RJ, Friedlos F, Sherwood RF, Melton RG, Anlezark GM. 1992. The bioactivation 

of 5-(aziridin-l-yl)-2,4-dinitrobenzamide (CB1954)-II. A comparison o f an 

Escherichia coli nitroreductase and Walker DT diaphorase. Biochem Pharmacol 44: 

2297-2301.

Kobayashi S, Sugioka K, Nakano M, Takyu C, Yamagishi A, Inaba H. 1980. Excitation 

of indole acetate in myeloperoxidase-HiO: system: possible formation o f indole 

acetate cation radical. Biochem Biophys Res Commun 93: 967-973.

Koritzinsky M, Wouters BG, Amellem O, Pettersen EO. 2001. Cell cycle progression 

and radiation survival following prolonged hypoxia and re-oxygenation. Int J Radiat 

Biol 77:319-328.

Koshikawa N, Takenaga K, Tagawa M, Sakiyama S. 2000. Therapeutic efficacy o f the 

suicide gene driven by the promoter of vascular endothelial growth factor gene 

against hypoxic tumor cells. Cancer Res 60: 2936-2941.

213



Kosmidou I, Xagorari A, Roussos C, Papapetropoulos A. 2001. Reactive oxygen 

species stimulate VEGF production from C2C 12 skeletal myotubes through a 

PI3K/Akt pathway. Am J Physiol Lung Cell Mol Physiol 280: L585-592.

Koukourakis MI, Giatromanolaki A, Skarlatos J, Corti L, Blandamura S, Piazza M, 

Gatter KC, Harris AL. 2001. Hypoxia inducible factor (HIF-1 a  and HIF-2 a) 

expression in early esophageal cancer and response to photodynamic therapy and 

radiotherapy. Cancer Res 61: 1830-1832.

Koyama F, Sawada H, Hirao T, Fujii H, Hamada H, Nakano H. 2000. Combined suicide 

gene therapy for human colon cancer cells using adenovirus-mediated transfer of 

Escherichia coli cytosine deaminase gene and Escherichia coli uracil 

phosphoribosyltransferase gene with 5-fluorocytosine. Cancer Gene Ther 7: 1015- 

1022.

Krtolica A, Ludlow JW. 1996. Hypoxia arrests ovarian carcinoma cell cycle 

progression, but invasion is unaffected. Cancer Res 56: 1168-1173.

Kung AL, Wang S, Klco JM, Kaelin WG, Livingston DM. 2000. Suppression o f tumor 

growth through disruption of hypoxia-inducible transcription. Nat Med 6: 1335- 

1340.

Kunishige I, Samejima Y, Moriyama A, Saji F, Murata Y. 1998. cAMP stimulates the 

bystander effect in suicide gene therapy of human choriocarcinoma. Anticancer Res 

18:3411-3419.

Kuriyama S, Kikukawa M, Masui K, Okada H, Nakatani T, Sakamoto T, Yohiji H, 

Fukui H, Ikenaka K, Mullen CA, Tsujii T. 1999 a. Cytosine deaminase/5- 

fluorocytosine gene therapy can induce efficient anti-tumor effects and protective 

immunity in immunocompetent mice but not in athymic nude mice. Int J Cancer 81 : 

892-597.

Kuriyama S, Mitoro A, Yamazaki M, Tsujinoue H, Nakatani T, Akahane T, Toyokawa 

Y, Kojima H, Okamoto S, Fukui H. 1999 b. Comparison of gene therapy with the 

herpes simplex virus thymidine kinase gene and the bacterial cytosine deaminase 

gene for the treatment o f hepatocellular carcinoma. Scand J Gastroenterol 34: 1033- 

1041.

214



Kuroki M, Voest EE, Amano S, Beerepoot LV, Takashima S, Tolentino M, Kim RY, 

Rohan RM, Colby KA, Yeo KT, Adamis AP. 1996. Reactive oxygen intermediates 

increase vascular endothelial growth factor expression in vitro and in vivo. J Clin 

Invest 98: 1667-1675.

Lambin P, Theys J, Landuyt W, Rijken P, van der Kogel A, van der Schueren E, 

Hodgkiss R, Fowler J, Nuyts S, de Bruijn E, Van Mellaert L, Anne J. 1998. 

Colonisation o f Clostridium in the body is restricted to hypoxic cells and necrotic 

areas o f tumours. Anaerobe 4: 183-188.

Lambin P, Nuyts S, Landuyt W, Theys J, De Bruijn E, Anne J, Van Mellaert L, Fowler 

J. 2000. The potential therapeutic gain o f radiation-associated gene therapy with the 

suicide gene cytosine deaminase. Int J Radiat Biol 76: 285-293.

Langer R. 1998. Drug delivery and targeting. Nature 392: 5-10.

Lawrence TS, Rehemtulla A, Ng EY, Wilson M, Trosko JE, Stetson PL. 1998. 

Preferential cytotoxicity of cells transduced with cytosine deaminase compared to 

bystander cells after treatment with 5-fluorocytosine. Cancer Res 58: 2588-2593.

Leek RD, Lewis CE, Whitehouse R, Greenall M, Clarke J, Harris AL. 1997. 

Association o f macrophage infiltration with angiogenesis and prognosis in invasive 

breast carcinoma. Cancer Res 56: 4625-4629.

Lemmon MJ, van Zijl P, Fox ML, Giaccia AJ, Minton NP, Brown JM. 1997. Anaerobic 

bacteria as a gene delivery system that is controlled by the tumor microenvironment. 

Gene Therapy 4: 791-796.

Li PX, Ngo D, Brade AM, Klamut HJ. 1999. Differential chemosensitivity o f breast 

cancer cells to ganciclovir treatment following adenovirus-mediated herpes simplex 

virus thymidine kinase gene transfer. Cancer Gene Ther 6: 179-190.

Liu SC, Shibata T, Giaccia AJ, Minton NP, Brown JM. 2000. Antitumor efficacy o f 

systemically delivered gene therapy using anaerobic bacteria as the tumour targeting 

delivery system. 11^ Intnatl Conf Chem Mod Cancer Treatm, October 5-7, Banff, 

Alberta, Canada, pp. 179-180.

215



Lo LW, Cheng JJ, Chiu JJ, Wung BS, Liu YC, Wang DL. 2001. Endothelial exposure 

to hypoxia induces Egr-1 expression involving PKC a -mediated Ras/Raf-l/ERKl/2 

pathway. J Cell Physiol 188: 304-312.

Lockshin RA, Osborne B, Zakeri Z. 2000. Cell death in the third millennium. Cell 

Death Differ 7: 2-7.

Lohr M, Bago ZT, Bergmeister H, Ceijna M, Freund M, Gelbmann W, Gunzburg WH, 

Jesnowski R, Hain J, Hauenstein K, Henninger W, Hoffmeyer A, Karle P, Kroger 

JC, Kundt G, Liebe S, Losert U, Muller P, Probst A, Puschel K, Renner M, Renz R, 

Sailer R, Salmons B, Walter I, et al. 1999. Cell therapy using microencapsulated 293 

cells transfected with a gene construct expressing CYP2B1, an ifosfamide converting 

enzyme, instilled intra-arterially in patients with advanced-stage pancreatic 

carcinoma: a phase I/II study. J Mol Med 77: 393-398.

Lohr M, Hoffmeyer A, Kroger J, Freund M, Hain J, Holle A, Karle P, Knofel WT, 

Liebe S, Muller P, Nizze H, Renner M, Sailer RM, Wagner T, Hauenstein K, 

Gunzburg WH, Salmons B. 2001. Microencapsulated cell-mediated treatment of 

inoperable pancreatic carcinoma. Lancet 357: 1591-1592.

Madan A, Curtin PT. 1993. A 24-base-pair sequence 3' to the human erythropoietin 

gene contains a hypoxia-responsive transcriptional enhancer. Proc Natl Acad Sci 

USA 90: 3928-3932.

Malmgren RA, Flanigan CC. 1955. Localization o f the vegetative form of Clostridium 

tetani in mouse tumours following intravenous spore administration. Cancer Res 15: 

473-478.

Maltepe E, Schmidt JV, Baunoch D, Bradfield CA, Simon MC. 1997. Abnormal 

angiogenesis and responses to glucose and oxygen deprivation in mice lacking the 

protein ARNT. Nature 386: 403-407.

Manome Y, Wen PY, Chen L, Tanaka T, Dong Y, Yamazoe M, Hirshowitz A, Kufe 

DW, Fine HA. 1996. Gene therapy for malignant gliomas using replication 

incompetent retroviral and adenoviral vectors encoding the cytochrome P450 2B1 

gene together with cyclophosphamide. Gene Therapy 3: 513-520.

216



Mansur DB, Kataoka Y, Grdina DJ, Diamond AM. 2001. Radio sensitivity of 

mammalian cell lines engineered to overexepress cytosolic glutathione peroxidase. 

Radiat Res 155: 536-542.

Mar EC, Chiou JF, Cheng YC, Huang ES. 1985. Human cytomegalovirus-induced 

DNA polymerase and its interaction with the triphosphates o f l-(2'-deoxy-2'-fluoro- 

beta-D-arabinofuranosyl)-5-methyluracil, -5-iodocytosine, and -5-methylcytosine. J 

Virol 56:846-851.

Marais R, Spooner RA, Light Y, Martin J, Springer CJ. 1996. Gene-directed enzyme 

prodrug therapy with a mustard prodrug/carboxypeptidase G2 combination. Cancer 

Res 56: 4735-4742.

Marais R, Spooner RA, Stribbling SM, Light Y, Martin J, Springer CJ. 1997. A cell 

surface tethered enzyme improves efficiency in gene-directed enzyme prodrug 

therapy. Nat Biotechnol 15: 1373-1377.

Markert JM, Medlock MD, Rabkin SD, Gillespie GY, Todo T, Hunter WD, Palmer CA, 

Feigenbaum F, Tomatore C, Tufaro F, Martuza RL. 2000. Conditionally replicating 

herpes simplex virus mutant, G207 for the treatment of malignant glioma: results of a 

phase I trial. Gene Therapy 7: 867-874.

Marples B, Scott SD, Hendry JH, Embleton MJ, Lashford LS, Margison GF. 2000. 

Development of synthetic promoters for radiation-mediated gene therapy. Gene 

Therapy 7: 511-517.

Marshall E. 1999. Gene therapy death prompts review o f adenovirus vector. 1999. 

Science 286: 2244-2245.

Martin J, Stribbling SM, Poon GK, Begent RH, Napier M, Sharma SK, Springer CJ.

1997. Antibody-directed enzyme prodrug therapy: pharmacokinetics and plasma 

levels o f prodrug and drug in a phase I clinical trial. Cancer Chemother Pharmacol 

40: 189-201.

Martinez E, Artigas F, Sunol C, Tusell JM, Gelpi E. 1983. Liquid-chromatographic 

determination o f indole-3-acetic acid and 5-hydorxyindole-3-acetic acid in human 

plasma. Clin Chem 29: 1354-1357.

217



Matsubara H, Kawamura K, Sugaya M, Koide Y, Gunji Y, Takenaga K, Asano T, 

Ochiai T, Sakiyama S, Tagawa M. 1999. Differential efficacy o f suicide gene 

therapy by herpes simplex virus-thymidine kinase gene reflects the status o f p53 

gene in human esophageal cancer cells. Anticancer Res 19: 4157-4160.

Mauceri HJ, Hanna NN, Wayne JD, Hallahan DE, Hellman S, Weichselbaum RR. 1996. 

Tumor necrosis factor-a (TNF- a) gene therapy targeted by ionizing radiation 

selectively damages tumor vasculature. Cancer Res 56: 4311-4314.

Maxwell PH, Pugh CW, Ratcliffe PJ. 1993. Inducible operation of the erythropoietin 3' 

enhancer in multiple cell lines: evidence for a widespread oxygen-sensing 

mechanism. Proc Natl Acad Sci USA 90: 2423-2427.

Maxwell PH, Dachs GU, Gleadle JM, Nicholls LG, Harris AL, Stratford IJ, Hankinson 

O, Pugh CW, Ratcliffe PJ. 1997. Hypoxia-inducible factor-1 modulates gene 

expression in solid tumors and influences both angiogenesis and tumour growth. 

Proc Natl Acad Sci USA 94: 8104-8109.

Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME, W ykoff 

CC, Pugh CW, Maher ER, Ratcliffe PJ. 1999. The tumour suppressor protein VHL 

targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 399: 271- 

275.

McGinn CJ, Kinsella TJ. 1993. The clinical rationale for S-phase radio sensitization in 

human tumors. Curr Probl Cancer 17: 273-321.

McMasters RA, Saylors RL, Jones KE, Hendrix ME, Moyer MP, Drake RR. 1998. Lack 

o f bystander killing in herpes simplex virus thymidine kinase-transduced colon cell 

lines due to deficient connexin43 gap junction formation. Hum Gene Ther 9: 2253- 

2261.

McNeish lA, Green NK, Gilligan MG, Ford MJ, Mautner V, Young LS, Kerr DJ. 1998. 

Virus directed enzyme prodrug therapy for ovarian and pancreatic cancer using 

retrovirally delivered E. coli nitroreductase and CB1954. Gene Therapy 5: 1061- 

1069.

218



Melcher A, Todryk S, Hardwick N, Ford M, Jacobson M, Vile RG. 1998. Tumor 

immunogenicity is determined by the mechanism of cell death via induction of heat 

shock protein expression. Nat Med 4: 581-587.

Melton RG, Sherwood RF. 1996. Antibody-enzyme conjugates for cancer therapy. J 

Natl Cancer Inst 88: 153-165.

Mesnil M, Yamasaki H. 2000. Bystander effect in herpes simplex virus-thymidine 

kinase/ganciclovir cancer gene therapy: role o f gap-junctional intercellular 

communication. Cancer Res 60: 3989-3999.

Mesnil M, Piccoli C, Tiraby G, Willecke K, Yamasaki H. 1996. Bystander killing of 

cancer cells by herpes simplex virus thymidine kinase gene is mediated by 

connexins. Proc Natl Acad Sci USA 93: 1831-1835.

Michael NP, Brehm JK, Anlezark GM, Minton NP. 1994. Physical characterisation of 

the Escherichia coli B gene encoding nitroreductase and its over-expression in 

Escherichia coli K12. FEMS Microbiol Lett 124: 195-202.

Miller DG, Adam MA, Miller AD. 1990. Gene transfer by retrovirus vectors occurs 

only in cells that are actively replicating at the time o f infection. Mol Cell Biol 10: 

4239-4242.

Minchinton AI, Durand RE, Chaplin DJ. 1990. Intermittent blood flow in the KHT 

sarcoma-flow cytometry studies using Hoechst 33342. Br J Cancer 62: 195-200.

Mir LM, Glass LF, Sersa G, Teissie J, Domenge C, Miklavcic D, Jaroszeski MJ, 

Orlowski S, Reintgen DS, Rudolf Z, Belehradek M, Gilbert R, Rols MP, Belehradek 

J Jr, Bachaud JM, DeConti R, Stabuc B, Cemazar M, Coninx P, Heller R. 1998. 

Effective treatment o f cutaneous and subcutaneous malignant tumours by 

electrochemotherapy. Br J Cancer 77: 2336-2242.

Miralbell R, Momex F, Greiner R, Bolla M, Storme G, Hulshof M, Bernier J, 

Denekamp J, Rojas AM, Pierart M, van Glabbeke M, Mirimanoff RO. 1999. 

Accelerated radiotherapy, carbogen, and nicotinamide in glioblastoma multiforme: 

report of European Organization for Research and Treatment o f Cancer trial 22933. J 

Clin Oncol 17:3143-3149.

219



Mirsky lA, Diengott D. 1956. Hypoglycemic action o f indole-3-acetic acid by mouth in 

patients with diabetes mellitus. Proe Soc Exp Biol Med 93: 109-110.

Mitchell JB, Russo A, Biaglow JE, McPherson S. 1983. Cellular glutathione depletion 

by diethyl maleate or buthionine sulfoximine: no effect o f glutathione depletion on 

the oxygen enhancement ratio. Radiat Res 96: 422-428.

Mizutani Y, Okada Y, Yoshida O, Fukumoto M, Bonavida B. 1997. Doxorubicin 

sensitizes human bladder carcinoma cells to Fas-mediated cytotoxicity. Cancer 79: 

1180-1189.

Modlich U, Pugh CW, Bicknell R. 2000. Increasing endothelial cell specific expression 

by the use o f heterologous hypoxic and cytokine-inducible enhancers. Gene Therapy 

7: 896-902.

Mohindra JK, Rauth AM. 1976. Increased cell killing by metronidazole and 

nitrofurazone of hypoxic compared to aerobic mammalian cells. Caneer Res 36: 930- 

936.

Moolten FL. 1986. Tumor chemosensitivity conferred by inserted herpes thymidine 

kinase genes: paradigm for a prospective cancer control strategy. Cancer Res 46: 

5276-5281.

Mullen CA, Kilstrup M, Blaese RM. 1992. Transfer o f the bacterial gene for cytosine 

deaminase to mammalian eells confers lethal sensitivity to 5-fluorocytosine: A 

negative selection system. Proc Natl Acad Sci USA 89: 33-37.

Mullen CA, Coale MM, Lowe R, Blaese RM. 1994. Tumors expressing the cytosine 

deaminase suicide gene can be eliminated in vivo with 5-fluorocytosine and induce 

protective immunity to wild type tumor. Cancer Res 54: 1503-1506.

Müller JM, Krauss B, Kaltschmidt C, Baeuerle PA, Rupee RA. 1997. Hypoxia induces 

c-fos transcription via a mitogen-activated protein kinase-dependent pathway. J Biol 

Chem 272: 23435-23439.

Nettelbeck DM, Jerome V, Muller R. 2000. Gene therapy: designer promoters for 

tumour targeting. Trends Genet 16: 174-181.

220



Niculescu-Duvaz D, Niculescu-Duvaz I, Friedlos F, Martin J, Spooner RA, Davies L, 

Marais R, Springer CJ. 1998. Self-immolative nitrogen mustard prodrugs for suicide 

gene therapy. J Med Chem 41: 5297-5309.

Niculescu-Duvaz I, Niculescu-Duvaz D, Friedlos F, Spooner RA, Martin J, Marais R, 

Springer CJ. 1999. Self-immolative anthracycline prodrugs for suicide gene therapy. 

J Med Chem 42: 2485-2489.

Nishida M, Futami S, Morita I, Maekawa K, Murota SI. 2000. Hypoxia-reoxygenation 

inhibits gap junctional communication in cultured human umbilical vein endothelial 

cells. Endothelium 7: 279-286.

Norcott JP, Solari R, Cutler DF. 1996. Targeting o f P-selectin to two regulated secretory 

organelles in PC 12 cells. J Cell Biol 134: 1229-1240.

Nordsmark M, Overgaard J. 2000. A confirmatory prognostic study on oxygenation

status and loco-regional control in advanced head and neck squamous cell carcinoma 

treated by radiation therapy. Radiother Oncol 57: 39-43.

Nordsmark M, Overgaard M, Overgaard J. 1996. Pretreatment oxygenation predicts

radiation response in advanced squamous cell carcinoma o f the head and neck. 

Radiother Oncol 41:31 -39.

Nordsmark M, Alsner J, Keller J, Nielsen OS, Jensen OM, Horsman MR, Overgaard J. 

2001 a. Hypoxia in human soft tissue sarcomas: Adverse impact on survival and no 

association with p53 mutations. Br J Cancer 84: 1070-1075.

Nordsmark M, Loncaster J, Chou SC, Havsteen H, Lindegaard JC, Davidson SE, Varia 

M, West C, Hunter R, Overgaard J, Raleigh JA. 2001 b. Invasive oxygen 

measurements and pimonidazole labeling in human cervix carcinoma. Int J Radiat 

Oncol Biol Phys 49: 581-586.

Ohwada A, Hiroshowitz EA, Crystal RG. 1996. Regional delivery o f an adenovirus 

vector containing the Escherichia coli cytosine deaminase gene to provide local 

activation o f 5-fluorocytosine to suppress the growth o f colon carcinoma metastatic 

to liver. Hum Gene Ther 7: 1567-1576.

221



Oldfield EH, Ram Z, Culver KW, Blaese RM, DeVroom HL, Anderson WF. 1993. 

Gene therapy for the treatment o f brain tumors using intra-tumoral transduction with 

the thymidine kinase gene and intravenous ganciclovir. Hum Gene Ther 4: 39-69.

Olive PL. 1999. DNA damage and repair in individual cells: applications of the comet 

assay in radiobiology. Int J Radiat Biol 75: 395-405.

O’Malley BW Jr, Chen SH, Schwartz MR, Woo SL. 1995. Adenovirus-mediated gene 

therapy for human head and neck squamous cell cancer in a nude mouse model. 

Cancer Res 55: 1080-1085.

Overgaard J, Horsman MR. 1997. Overcoming hypoxic cell radioresistance. In: Steel 

GG editor. Basic clinical Radiobiology. London: Arnold, pp. 141-151.

Palù G, Caravaggioni A, Calvi P, Franchin E, Pizzato M, Boschetto R, Parolin C, 

Chilosi M, Ferrini S, Zanusso A, Colombo F. 1999. Gene therapy o f glioblastoma 

multiforme via combined expression o f suicide and cytokine genes: a pilot study in 

humans. Gene Therapy 6: 330-337.

Pandha HS, Martin LA, Rigg A, Hurst HC, Stamp GWH, Sikora K, Lemoine NR. 1999. 

Genetic prodrug activation therapy for breast cancer: a phase I clinical trial o f erbB-

2-directed suicide gene expression. J Clin Oncol 17: 2180-2189.

Park JY, Elshami AA, Amin K, Rizk N, Kaiser LR, Albelda SM. 1997. Retinoids 

augment the bystander effect in vitro and in vivo in herpes simplex virus thymidine 

kinase ganciclovir-mediated gene therapy. Gene Therapy 4: 909-917.

Parkes RJ, Hart SL. 2000. Adhesion molecules and gene transfer. Adv Drug Deliv Rev 

44: 135-152.

Partridge SE, Aquino-Parsons C, Luo C, Green A, Olive PL. 2001. A pilot study 

comparing intratumoral oxygenation using the comet assay following 2.5% and 5% 

carbogen and 100% oxygen. Int J Radiat Oncol Biol Phys 49: 575-580.

Patterson AV, Harris AL. 1999. Molecular chemotherapy for breast cancer. Drugs 

Aging 14: 75-90.

222



Patterson AV, Stratford IJ. 1999. Redox-dependent GDEPT: Combining hypoxia- 

responsive transcriptional control with oxygen-sensitive prodrug metabolism. Clin 

Cancer Res 5 (suppl): SS505.

Patterson AV, Saunders MP, Chinje EC, Talbot DC, Harris AL, Stratford IJ. 1997. 

Overexpression of human NADPH:cytochrome c (P450) reductase confers enhanced 

sensitivity to both tirapazamine (SR 4233) and RSU 1069. Br J Cancer 76: 1338- 

1347.

Patterson AV, Robinson SK, Stratford IJ. 2000. Evaluation of hypoxia-selective gene 

therapy in vitro and in vivo: exploiting solid tumor physiology to co-localize 

“suicide” flavoenzyme expression and prodrug activation. Proc Am Assoc Cancer 

Res 41: 733.

Patterson LH, McKeown SR, Robson T, Gallagher R, Raleigh SM, Orr S. 1999. 

Anti tumour prodrug development using cytochrome P450 (CYP) mediated 

activation. Anticancer Drug Des 14: 473-486.

Pavlovic J, Nawrath M, Tu R, Heinicke T, Moelling K. 1996. Anti-tumor immunity is 

involved in the thymidine kinase-mediated killing of tumors induced by activated Ki- 

ras(G12V). Gene Therapy 3: 635-643.

Pawelek JM, Low KB, Bermudes D. 1997. Tumor-targeted Salmonella as a novel 

anticancer vector. Cancer Res 57: 4537-4544.

Pederson LC, Buchsbaum DJ, Vickers SM, Kancharla SR, Mayo MS, Curiel DT, 

Stackhouse MA. 1997. Molecular chemotherapy combined with radiation therapy 

enhances killing o f cholangiocarcinoma cells in vitro and in vivo. Cancer Res 57: 

4325-4332.

Pederson LC, Vickers SM, Buchsbaum DJ, Kancharla SR, Mayo MS, Curiel DT, 

Stackhouse MA. 1998. Combined cytosine deaminase expression, 5-fluorocytosine 

exposure, and radiotherapy increases cytotoxicity to cholangiocarcinoma cells. J 

Gastrointest Surg 2: 283-291.

Pieper AA, Verma A, Zhang J, Snyder SH. 1999. Poly (ADP-ribose) polymerase, nitric 

oxide and cell death. Trends Pharmacol Sci 20: 171-181.

223



Pierrefite-Carle V, Baqué P, Gavelli A, Mala M, Chazal M, Gugenheim J, Bourgeon A, 

Milano G, Staccini P, Rossi B. 1999. Cytosine deaminase/5-fluorocytosine-based 

vaccination against liver tumors: evidence o f distant bystander effect. J Natl Cancer 

Inst 91: 2014-2019.

Pigott KH, Hill SA, Chaplin DJ, Saunders MI. 1996. Microregional fluctuations in 

perfusion within human tumours detected using laser Doppler flowmetry. Radiother 

Oncol 40: 45-50.

Pires de Melo M, Pithon Curi TC, Curi R, Di Mascio P, Cilento G. 1997. Peroxidase 

activity may play a role in the cytotoxic effect o f indole acetic acid. Photochem 

Photobiol 65: 338-341.

Pires de Melo M, Curi TC, Miyasaka CK, Palanch AC, Curi R. 1998. Effect o f indole 

acetic acid on oxygen metabolism in cultured rat neutrophil. Gen Pharmacol 31: 573- 

578.

Pugh CW, O'Rourke JF, Nagao M, Gleadle JM, Ratcliffe PJ. 1997. Activation o f 

hypoxia-inducible factor-1; definition of regulatory domains within the alpha 

subunit. J Biol Chem 272: 11205-11214.

Qureshi GA, Baig SM. 1993. The role o f tryptophan, 5-hydroxy indole-3-acetic acid 

and their protein binding in uremic patients. Biochem Mol Biol Int 29: 411-419.

Rainov NG. 2000. A phase III clinical evaluation o f herpes simplex virus type 1 

thymidine kinase and ganciclovir gene therapy as an adjuvant to surgical resection 

and radiation in adults with previously untreated glioblastoma multiforme. Hum 

Gene Ther 11: 2389-2401.

Raleigh JA, Calkins-Adams DP, Rinker LH, Ballenger CA, Weissler MC, Fowler WC 

Jr, Novotny DB, Varia MA. 1998. Hypoxia and vascular endothelial growth factor 

expression in human squamous cell carcinomas using pimonidazole as a hypoxia 

marker. Cancer Res 58: 3765-3768.

Ram Z, Walbridge S, Heiss MD, Culver KW, Blease RM, Oldfield EH. 1994. In vivo 

transfer o f the interlukin-2 gene: negative tumorocidal results in experimental brain 

tumors. J Neurosurg 80: 535-540.

224



Ram Z, Culver KW, Oshiro EM, Viola JJ, DeVroom HL, Otto E, Long Z, Chiang Y, 

McGarrity GJ, Muul LM, Katz D, Blease RM, Oldfield EH. 1997. Therapy of 

malignant brain tumors by intratumoral implantation o f retroviral vector-producing 

cells. Nat Med 12: 1354-1361.

Ramesb R, Marrogi AJ, Munsbi A, Abboud CN, Freeman SM. 1996. In vivo analysis of 

the “bystander effect” : A cytokine cascade. Exp Hematol 24: 829-838.

Rautb AM, Mobindra JK, Tannock IF. 1983. Activity of mitomycin C for aerobic and 

hypoxic cells in vitro and in vivo. Cancer Res 43: 4154-4158.

Reiss M, Brash DE, Munoz-Antonia T, Simon JA, Ziegler A, Vellucci VF, Zhou ZL. 

1992. Status of the p53 tumor suppressor gene in human squamous carcinoma cell 

lines. Oncol Res 4: 349-357.

Reynolds TY, Rockwell S, Glazer PM. 1996. Genetic instability induced by the tumor 

microenvironment. Cancer Res 56: 5754-5757.

Richard DE, Berra E, Gotbie E, Roux D, Pouyssegur J. 1999. p42/p44 mitogen- 

activated protein kinases pbospborylate bypoxia-inducible factor 1 a  (HIF-1 a) and 

enhance the transcriptional activity o f HIF-1. J Biol Cbem 274: 32631-32637.

Riese NE, Buswell L, Noll L, Pajak TF, Stetz J, Lee DJ, Coleman CN. 1997. 

Pharmacokinetic monitoring and dose modification o f etanidazole in the RTOG 85- 

27 phase III bead and neck trial. Int J Radiat Oncol Biol Pbys 39: 855-858.

Rinscb C, Régulier E, Déglon N, Dalle B, Beuzard Y, Aebiscber P. 1997. A gene 

therapy approach to regulated delivery o f erythropoietin as a function o f oxygen 

tension. Hum Gene Ther 8: 1881-1889.

Riscbin D, Peters L, Hicks R, Hughes P, Fisher R, Hart R, Sexton M, D’Costa I, von 

Roemeling R. 2001. Phase I trial o f concurrent tirapazamine, cisplatin, and 

radiotherapy in patients with advanced head and neck cancer. J Clin Oncol 19: 535- 

542.

Robbins PD, Ghivizzani SC. 1998. Viral vectors for gene therapy. Pharmacol Ther 80: 

35-47.

225



Rodriguez R, Ritter MA, Fowler JF, Kinsella TJ. 1994. Kinetics o f cell labeling and 

thymidine replacement after continuous infusion o f halogenated pyrimidines in vivo. 

Int J Radiat Oncol Biol Phys 291: 105-113.

Rofstad EK. 2000. Microenvironment-induced cancer metastasis. Int J Radiat Biol 76: 

589-605.

Rogulski KR, Kim JH, Kim SH, Freytag SO. 1997 a. Glioma cells transduced with an 

Escherichia coli CD/HSV-1 TK fusion gene exhibit enhanced metabolic suicide and 

radiatiosensitivity. Hum Gene Ther 8: 73-85.

Rogulski KR, Zhang K, Kolozsvary A, Kim JH, Freytag SO. 1997 b. Pronounced 

anti tumor effects and tumor radiosensitization o f double suicide gene therapy. Clin 

Cancer Res 3: 2081-2088.

Rosenberg SA, Aebersold P, Cometta K, Kasid A, Morgan RA, Moen R, Karson EM, 

Lotze MT, Yang JC, Topalian SL. 1990. Gene transfer into humans-immunotherapy 

of patients with advanced melanoma using tumor-infiltrating lymphocytes modified 

by retroviral transduction. N Engl J Med 323: 570-578.

Roth JA, Nguyen D, Lawrence DD, Kemp BL, Carrasco CH, Person DZ, Hong WK, 

Komaki R, Lee JJ, Nesbitt JC, Pisters KM, Putnam JB, Schea R, Shin DM, Walsh 

GL, Dolormente MM, Han Cl, Martin FD, Yen N, Xu K, Stephens LC, McDonnell 

TJ, Mukhopadhyay T, Cai D. 1996. Retrovirus-mediated wild-type p53 gene transfer 

to tumors of patients with lung cancer. Nat Med 2: 985-991.

Ruan H, Su H, Hu L, Lambom KR, Kan YW, Deen DF. 2001. A hypoxia-regulated 

adeno-associated virus vector for cancer-specific gene therapy. Neoplasia 3: 255- 

263.

Russo CA, Weber TK, Volpe CM, Stoler DL, Petrelli NJ, Rodriguez-Bigas M, Burhans 

WC, Anderson GR. 1995. An anoxia inducible endonuclease and enhanced DNA 

breakage contributors to genomic instability in cancer. Cancer Res 55: 1122-1128.

Ryan HE, Lo J, Johnson RS. 1998. HIF-1 a  is required for solid tumor formation and 

embryonic vascularization. EMBO J 17: 3005-3015.

226



Rysânek K, Vitek V. 1959. Increased excretion o f 5-hydroxy-indole-acetic acid after the 

administration of 3-indole-acetic acid (heteroauxine). Experientia 15: 217-218.

Sakamoto KM, Bardeleben C, Yates KE, Raines MA, Golde DW, Gasson JC. 1991. 5' 

upstream sequence and genomic structure o f the human primary response gene, 

EGR-1/TIS8. Oncogene 6: 867-871.

Sambrook J, Fritsch EF, Maniatis T. Molecular cloning. 1989. A laboratory manual. 

2nd edition. Cold Spring Harbor: Cold Spring Harbor Laboratory Press.

Sanna K, Rofstad EK. 1994. Hypoxia-induced resistance to doxorubicin and 

methotrexate in human melanoma cell lines in vitro. Int J Cancer 5: 258-262.

Saunders MP, Patterson AV, Chinje EC, Harris AL, Stratford IJ. 2000. 

NADPH:cytochrome c (P450) reductase activates tirapazamine (SR4233) to restore 

hypoxic and oxic cytotoxicity in an aerobic resistant derivative of the A549 lung 

cancer cell line. Br J Cancer 82: 651-656.

Schmaltz C, Hardenbergh PH, Wells A, Fisher DE. 1998. Regulation o f proliferation- 

survival decisions during tumor cell hypoxia. Mol Cell Biol 18: 2845-2854.

Schutte B, Nuydens R, Geerts H, Ramaekers F. 1998. Annexin V binding assay as a 

tool to measure apoptosis in differentiated neuronal cells. J Neurosci Methods 86: 

63-69.

Scott OCA, Reveesz L, Eldegren M. 1993. The ‘X model’: A modified version o f the 

competition theory. Int J Radiat Biol 64: 367-373.

Scott SD, Marples B, Hendry JH, Lashford LS, Embleton MJ, Hunter RD, Howell A, 

Margison GP. 2000. A radiation-controlled molecular switch for use in gene therapy 

o f cancer. Gene Therapy 7: 1121-1125.

Seung LP, Mauceri HJ, Beckett MA, Hallahan DE, Heilman S, Weichselbaum RR. 

1995. Genetic radiotherapy overcomes tumor resistance to cytotoxic agents. Cancer 

Res 55: 5561-5565.

Shalev M, Kadmon D, Teh BS, Butler EB, Aguilar-Cordova E, Thompson TC, Herman 

JR, Alder HL, Scardino PT, Miles BJ. 2000. Suicide gene therapy toxicity after

227



multiple and repeat injections in patients with localized prostate cancer. J Urology 

163: 1747-1750.

Shand N, Weber F, Mariani L, Bernstein M, Gianella-Borradori A, Long Z, Sorensen 

AG, Barbier N. 1999. A phase 1-2 clinical trial o f gene therapy for recurrent 

glioblastoma multiforme by tumor transduction with herpes simplex thymidine 

kinase gene followed by ganciclovir. Hum Gene Ther 10: 2325-2335.

Sheldon PW, Foster JL, Fowler JF. 1974. Radiosensitization of C3H mouse mammary 

tumours by a 2-nitroimidazole drug. Br J Cancer 30: 560-535.

Shen J, Hughes C, Chao C, Cai J, Bartels C, Gessner T, Subjeck J. 1987. Coinduction of 

glucose-regulated proteins and doxorubicin resistance in Chinese hamster cells. Proc 

Natl Acad Sci USA 84: 3278-3282.

Sheridan MT, West CM, Cooper RA, Stratford IJ, Logue JP, Davidson SE, Hunter RD. 

2000. Pretreatment apoptosis in carcinoma o f the cervix correlates with changes in 

tumour oxygenation during radiotherapy. Br J Cancer 82: 1177-1182.

Shibata T, Akiyama N, Noda M, Sasai K, Hiraoka M. 1998. Enhancement of gene 

expression under hypoxic conditions using fragments of the human vascular 

endothelial growth factor and the erythropoietin genes. Int J Radiat Oncol Biol Phys 

42:913-916.

Shibata T, Giaccia AJ, Brown JM. 2000. Development o f a hypoxia-responsive vector 

for tumor-specific gene therapy. Gene Therapy 7: 493-498.

Shimizu S, Eguchi Y, Kosaka H, Kamiike W, Matsuda H, Tsujimoto Y. 1995. 

Prevention o f hypoxia-induced cell death by Bcl-2 and Bcl-xL. Nature 374: 811-813.

Shimojo E, Yamaguchi I, Murofushi N. 1997. Increase o f indole-3-acetic acid in human 

oesophageal cancer tissue. Proc Japan Acad 73: 182-185.

Short MP, Choi BC, Lee JK, Malick A, Breakefield XO, Martuza RL. 1990. Gene 

delivery to glioma cells in rat brain by grafting of a retrovirus packaging cell line. J 

Neurosci Res 27: 427-439.

228



Simoes S, Slepushkin V, Caspar R, de Lima MC, Duzgunes N, 1998. Gene delivery by 

negatively charged ternary complexes of DNA, cationic liposomes and transferrin or 

fusigenic peptides. Gene Therapy 5; 955-964.

Smith AM, Morrison WL, Milham PJ. 1982. Oxidation of indole-3-acetic acid by 

peroxidase: involvement of reduced peroxidase and compound III with superoxide as 

a product. Biochemistry 21: 4414-4419.

Smith AT, Santama N, Dacey S, Edwards M, Bray RC, Thomeley RN, Burke JF. 1990. 

Expression o f a synthetic gene for horseradish peroxidase C in Escherichia coli and 

folding and activation of the recombinant enzyme with Ca^^ and Heme. J Biol Chem 

265: 13335-13343.

Smythe WR, Hwang HC, Elshami AA, Amin KM, Eck SL, Davidson BL, Wilson JM, 

Kaiser LR, Albelda SM. 1995. Treatment of experimental human mesothelioma 

using adenovirus transfer of the herpes simplex thymidine kinase gene. Ann Surg 

222: 78-86.

Soengas MS, Alarcon RM, Yoshida H, Giaccia AJ, Hakem R, Mak TW, Lowe SW.

1999. Apaf-1 and caspase-9 in p53-dependent apoptosis and tumor inhibition. 

Science 284: 156-159.

Soiffer R, Lynch T, Mihm M, Jung K, Rhuda C, Schmollinger JC, Hodi FS, Liebster L, 

Lam P, Mentzer S, Singer S, Tanabe KK, Cosimi AB, Duda R, Sober A, Bhan A, 

Daley J, Neuberg D, Parry G, Rokovich J, Richards L, Drayer J, Bems A, Clift S, 

Dranoff G, et al. 1998. Vaccination with irradiated autologous melanoma cells 

engineered to secrete human granulocyte-macrophage colony-stimulating factor 

generates potent antitumor immunity in patients with metastatic melanoma. Proc Natl 

Acad Sci USA 27: 13141-13146.

Somiari S, Glasspool-Malone J, Drabick JJ, Gilbert RA, Heller R, Jaroszeski MJ, 

Malone RW. 2000. Theory and in vivo application o f electroporative gene delivery. 

Mol Ther 2: 178-187.

Spooner RA, Maycroft KA, Paterson H, Friedlos F, Springer CJ, Marais R. 2001. 

Appropriate subcellular localisation o f prodrug-activating enzymes has important 

consequences for suicide gene therapy. Int J Cancer 93: 123-130.

229



Springer CJ, Niculescu-Duvaz I. 1996. Gene-directed enzyme prodrug therapy 

(GDEPT): choice of prodrugs. Adv Drug Deliv Rev 22: 351-364.

Springer CJ, Antoniw P, Bagshawe KD, Searle F, Bisset GM, Jarman M. 1990. Novel 

prodrugs which are activated to cytotoxic alkylating agents by carboxypeptidase G2. 

J Med Chem 33: 677-681.

Springer CJ, Poon GK, Sharma SK, Bagshawe KD. 1994. Analysis o f antibody-enzyme 

conjugate clearance by investigation o f prodrug and active drug in an ADEPT 

clinical study. Cell Biophys 24-25: 193-207.

Staba MJ, Mauceri HJ, Kufe DW, Hallahan DE, Weichselbaum RR. 1998. Adenoviral 

TNF-a ha gene therapy and radiation damage tumor vasculature in a human 

malignant glioma xenograft. Gene Therapy 5: 293-300.

Stackhouse MA, Pederson LC, Grizzle WE, Curiel DT, Gebert J, Haack K, Vickers SM, 

Mayo MS, Buchsbaum DJ. 2000. Fractionated radiation therapy in combination with 

adenoviral delivery o f the cytosine deaminase gene and 5-fluorocytosine enhances 

cytotoxic and antitumor effects in human colorectal and cholangiocarcinoma models. 

Gene Therapy 7: 1019-1026.

Stevens G, Joiner M, Joiner B, Johns H, Denekamp J. 1995. Radiosensitization o f mouse 

skin by oxygen and depletion of glutathione. Int J Radiat Oncol Biol Phys 33: 399- 

408.

Stewart FA, Saunders MI. 1997. Combined radiotherapy and chemotherapy: clinical 

application and evaluation. In: Steel GG editor. Basic clinical Radiobiology. London: 

Arnold, pp. 195-202.

Stinchcombe JC, Nomoto H, Cutler DF, Hopkins CR. 1995. Anterograde and retrograde 

traffic between the rough endoplasmic reticulum and the Golgi complex. J Cell Biol 

131: 1387-1401.

Stockhammer G, Brotchi J, Leblanc R, Bernstein M, Schackert G, Weber F, Ostertag C, 

Mulder NH, Mellstedt H, Seiler R, Yonekawa Y, Twerdy K, Kostron H, De Witte O, 

Lambermont M, Velu T, Laneuville P, Villemure JG, Rutka JT, Wamke P, Laseur 

M, Mooij JJ, Boethius J, Mariani L, Gianella-Borradori A, et al. 1997. Gene therapy

230



for glioblastoma multiform: in vivo tumor transduction with the herpes simplex 

thymidine kinase gene followed by ganciclovir. J Mol Med 75: 300-304.

Stone HB, Brown MJ, Phillips TL, Sutherland RM. 1993. Oxygen in human tumours: 

correlations between methods of measurement and response to therapy. Radiat Res 

136:422-434.

Stratford IJ, Workman P. 1998. Bioreductive drugs into the next millennium. 

Anticancer Drug Des 13: 519-528.

Stratford IJ, O'Neill P, Sheldon PW, Silver AR, Walling JM, Adams GE. 1986. RSU 

1069, a nitroimidazole containing an aziridine group. Bioreduction greatly increases 

cytotoxicity under hypoxic conditions. Biochem Pharmacol 35: 105-109.

Stribbling SM, Friedlos F, Martin J, Davies L, Spooner RA, Marais R, Springer CJ.

2000. Regressions of established breast carcinoma xenografts by carboxypeptidase 

0 2  suicide gene therapy and the prodrug CMDA are due to a bystander effect. Hum 

Gene Ther 11: 258-292.

Stubbs M. 1999. Application o f magnetic resonance teehniques for imaging tumour 

physiology. Acta Oncol 38: 845-853.

Sundfor K, Lymg H, Rofstad EK. 1998. Tumor hypoxia and vascular density as 

predictors of metastasis in squamous cell carcinoma o f the uterine cervix. Br J 

Cancer 76: 822-827.

Szary J, Missol E, Tamawaski R, Szala S. 1997. Selective augmentation o f radiation 

effects by 5-fluorocytosine on murine B16(F10) melanoma cells transfected with 

cytosine deaminase gene. Cancer Gene Ther. 4: 269-272.

Takahashi T, Carbone D, Takahashi T, Nau MM, Hida T, Linnoila I, Ueda R, Minna 

JD. 1992. Wild-type but not mutant p53 suppresses the growth of human lung cancer 

cells bearing multiple genetic lesions. Cancer Res 52: 2340-2343.

Takahashi T, Namiki Y, Ohno T. 1997. Induction o f the suicide HSV-TK gene by 

activation o f the Egr-1 promoter with radioisotopes. Hum Gene Ther 8: 827-833.

Talks KL, Turley H, Gatter KC, Maxwell PH, Pugh CW, Ratcliffe PJ, Harris AL. 2000. 

The expression and distribution of the hypoxia-inducible factors HIF- 1 a  and HIF-

231



2 a  in normal human tissues, cancers, and tumor- associated macrophages. Am J 

Pathol 157:411-421

Tannock IF. 1968. The relation between cell proliferation and the vascular system in a 

transplanted mouse mammary tumour. Br J Cancer 22: 258-273.

Teh BS, Aguilar-Cordova E, Kemen K, Chou C, Shalev M, Vlachaki MT, Miles B, 

Kadmon D, Mai W, Caillouet J, Davis M, Ayala G, Wheeler T, Brady J, Carpenter 

LS, Lu HH, Chiu JK, Woo SY, Thompson T, Butler EB. 2001. Phase I/II trial 

evaluating combined radiotherapy and in situ gene therapy with or without hormonal 

therapy in the treatment o f prostate cancer-A preliminary report. Int J Radiat Oncol 

Biol Phys 51: 605-613.

Teicher BA, Lazo JS, Sartorelli AC. 1981. Classification o f antineoplastic agents by 

their selective toxicities toward oxygenated and hypoxic tumor cells. Cancer Res 41 : 

73-81.

Thomlinson RH, Gray LH. 1955. The histological structure o f some human lung 

cancers and the possible implication for radiotherapy. Br J Cancer 9: 539-549.

Thust R, Tomicic M, Klocking R, Voutilainen N, Wutzler P, Kaina B. 2000. 

Comparison o f the genotoxic and apoptosis-inducing properties o f ganciclovir and 

penciclovir in Chinese hamster ovary cells transfected with the thymidine kinase 

gene o f herpes simplex virus-1: Implications for gene therapeutic approaches. Cancer 

Gene Ther 7: 107-117.

Topf N, Worgall NR, Hackett NR, Crystal RG. 1998. Regional ‘pro-drug’ gene therapy: 

intravenous administration o f an adenoviral vector expressing the E. coli cytosine 

deaminase gene and systemic administration of 5-fluorocytosine suppresses growth 

o f hepatic metastasis of colon carcinoma. Gene Therapy 5: 507-513.

Touraine RL, Vahanian N, Ramsey WJ, Blaese RM. 1998. Enhancement o f the herpes 

simplex virus thymidine kinase ganciclovir bystander effect and its antitumour 

efficacy in vivo by pharmacologic manipulation of gap junctions. Hum Gene Ther 9: 

2385-2391.

232



Townsend SE, Allison JP. 1993. Tumor rejection after direct costimulation o f CD8+ T 

cells by B7-transfected melanoma cells. Science 259: 368-370.

Tozer GM, Prise VE, Wilson J, Locke RJ, Vojnovic B, Stratford MR, Dennis ME, 

Chaplin DJ. 1999. Combretastatin A-4 phosphate as a tumor vascular-targeting 

agent: early effects in tumors and normal tissues. Cancer Res 59: 1626-1634.

Tozer GM, Prise VE, Wilson J, Cemazar M, Shan S, Dewhirst MW, Barber PR, 

Vojnovic B, Chaplin DJ. 2001. Mechanisms associated with tumor vascular shut

down induced by combretastatin A-4 phosphate: intravital microscopy and 

measurement of vascular permeability. Cancer Res 61: 6413-6422.

Trinh QT, Austin EA, Murray DM, Knick VC, Huber BE. 1995. Enzyme/prodrug gene 

therapy: comparison o f cytosine deaminase/5-fluorocytosine versus thymidine 

kinase/ganciclovir enzyme/prodrug systems in a human colorectal carcinoma cell 

line. Cancer Res 55: 4808-4812.

Trono D. 2000. Lentiviral vectors: turning a deadly foe into a therapeutic agent. Gene 

Therapy 7: 20-23.

Tsai-Morris CH, Cao XM, Sukhatme VP. 1988. 5’ flanking sequence and genomic 

structure of Egr-1, a murine mitogen inducible zinc finger encoding gene. Nucleic 

Acids Res 16: 8835-8846.

Uckert W, Kammerton T, Haack K, Qin Z, Gebert J, Schendel DJ, Blankenstein T. 

1998. Double suicide gene (cytosine deaminase and herpes simplex virus thymidine 

kinase) but not single gene transfer allows reliable elimination o f tumor cells in vivo. 

Hum Gene Ther 9: 855-865.

Vames ME, Biaglow JE, Roizin-Towle L, Hall EJ. 1984. Depletion o f intracellular 

GSH and NPSH by buthionine sulfoximine and diethyl maleate: factors that 

influence enhancement of aerobic radiation response. Int J Radiat Oncol Biol Phys 

10: 1229-1233.

Vaupel P, Hockel M. 1998. Oxygenation of human tumours. In: Molls M, Vaupel P 

editors. Blood perfusion and microenvironment o f human tumours. Berlin: Springer- 

Verlag. pp. 63-72.

233



Vaupel P, Kallinowski F, Okunieff P. 1989. Blood flow, oxygen and nutrient supply, 

and metabolic microenvironment o f human tumors: a review. Cancer Res 49: 6449- 

6465.

Vaupel P, Schlenger K, Knoop C, Hockel M. 1991. Oxygenation of human tumors: 

evaluation of tissue oxygen distribution in breast cancers by computerized O2 tension 

measurements. Cancer Res 51: 3316-3322.

Vile RG, Nelson JA, Castleden S, Chong H, Hart JR. 1994. Systemic gene therapy of 

murine melanoma using tissue-specific expression o f the hsvtk gene involves an 

immune component. Cancer Res 54: 6228-6234.

Vile RG, Castleden S, Marshall J, Camplejohn R, Upton C, Chong H. 1997. Generation 

o f an anti-tumour immune response in a non-immunogenic tumour: HSVtk killing in 

vivo stimulates a mononuclear cell infiltrate and a Thl-like profile o f intratumoural 

cytokine expression. Int J Cancer 71: 267-274.

Wagner E, Zenke M, Cotten M, Beug H, Bimstiel ML. 1990. Transferrin-polycation 

conjugates as carriers for DNA uptake into cells. Proc Natl Acad Sci USA 87: 3410- 

3414.

Wagner E, Plank C, Zatloukal K, Cotten M, Bimstiel ML. 1992. Influenza virus 

hemagglutinin HA-2 N-terminal fusogenic peptides augment gene transfer by 

transferrin-polylysine-DNA complexes: toward a synthetic virus-like gene-transfer 

vehicle. Proc Natl Acad Sci USA 89: 7934-7938.

Walenta S, Wetterling M, Lehrke M, Schwickert G, Sundfor K, Rofstad EK, Mueller- 

Klieser W. 2000. High lactate levels predict likelihood o f métastasés, tumor 

recurrence, and restricted patient survival in human cervical cancers. Cancer Res 60: 

916-921.

Wang GL, Semenza GL. 1993. General involvement o f hypoxia-inducible factor 1 in 

transcriptional response to hypoxia. Proc Natl Acad Sci USA 90: 4304-4308.

Wang GL, Semenza GL. 1996. Oxygen sensing and response to hypoxia by mammalian 

cells. Redox Report 2: 89-96.

234



Wang GL, Jiang BH, Rue EA, Semenza GL. 1995. Hypoxia-inducible factor 1 is a 

basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl 

Acad Sci USA 92: 5510-5514.

Wardman P. 2002. Indole-3-acetic acids and horseradish peroxidase: a new 

prodrug/enzyme combination for targeted cancer therapy. Curr Pharm Des (In press).

Weber GF, Waxman DJ. 1993. Activation o f the anti-cancer drug ifosphamide by rat 

liver microsomal P450 enzymes. Biochem Pharmacol 45: 1685-1694.

Weedon SJ, Green NK, McNeish lA, Gilligan MG, Mautner V, Wrighton CJ, Montain 

A, Young LS, Kerr DJ, Searle PP. 2000. Sensitisation o f human carcinoma cells to 

the prodrug CB1954 by adenovirus vector-mediated expression o f E. coli 

nitroreductase. Int J Cancer 86: 848-854.

Wei MX, Tamiya T, Chase M, Boviatsis EJ, Chang TK, Ko wall NW, Hochberg FH, 

Waxman DJ, Breakefield XO, Chiocca EA. 1994. Experimental tumor therapy in 

mice using the cyclophosphamide-activating cytochrome P450 2B1 gene. Hum Gene 

Ther 5: 969-978.

Wei MX, Tamiya T, Rhee RJ, Breakefield XA, Chiocca A. 1995. Diffusible cytotoxic 

metabolites contribute to the in vitro bystander effect associated with the 

cyclophosphamide/cytochrome P450 2B1 cancer gene therapy paradigm. Clin 

Cancer Res 1: 1171-1177.

Wei SJ, Chao Y, Shih YL, Yang DM, Hung YM, Yang WK. 1999. Involvement o f Fas 

(CD95/APO-1) and Fas ligand in apoptosis induced by ganciclovir treatment of 

tumor cells transduced with herpes simplex virus thymidine kinase. Gene Therapy 6: 

420-431.

Weichselbaum RR, Hallahan DE, Beckett MA, Mauceri HJ, Lee H, Sukhatme VP, Kufe 

DW. 1994. Gene therapy targeted by radiation preferentially radiosensitizes tumor 

cells. Cancer Res 54: 4266-4269.

Weissbach H, King W, Sjoerdsma A, Udenffiend A. 1959. A mathod for estimation of 

indole-3-acetic acid in tissues. J Biol Chem 234: 81-86.

235



Welinder KG. 1979. Amino acid sequence studies o f Horseradish peroxidase. Eur J 

Biochem 96: 483-502.

Wenger RH, Gassmann M. 1997. Oxygen(es) and the hypoxia-inducible factor-1. Biol 

Chem 378: 609-616.

West CM, Cooper RA, Loncaster JA, Wilks DP, Bromley M. 2001. Tumor vascularity: 

a histological measure o f angiogenesis and hypoxia. Cancer Res 61: 2907-2910.

Westphal EM, Ge J, Catchpole JR, Ford M, Kenney SC. 2000. The 

nitroreductase/CB 1954 combination in Epstein-Barr virus-positive B-cell lines: 

induction of bystander killing in vitro and in vivo. Cancer Gene Ther 7: 97-106.

Wiener CM, Booth G, Semenza GL. 1996. In vivo expression o f mRNAs encoding 

hypoxia-inducible factor 1. Biochem Biophys Res Commun 225: 485-488.

Wilson KM, Stambrook PJ, Bi WL, Pavelic ZP, Pavelic L, Gluckman JL. 1996. HSV-tk 

gene therapy in head and neck squamous cell carcinoma. Enhancement by the local 

and distant bystander effect. Arch Otolaryngol Head Neck Surg 122: 746-749.

Wosikowski K, Regis JT, Robey RW, Alvarez M, Buters JT, Gudas JM, Bates SE. 

1995. Normal p53 status and function despite the development of drug resistance in 

human breast cancer cells. Cell Growth Differ 6: 1395-1403.

Wouters BG, Brown JM. 1997. Cells at intermediate oxygen levels can be more 

important than the "hypoxic fraction" in determining tumor response to fractionated 

radiotherapy. Radiat Res 147: 541-550.

Wright MJ, Wightman LM, Lilley C, de Alwis M, Hart SL, Miller A, Coffin RS, 

Thrasher A, Latchman DS, Marber MS. 2001. In vivo myocardial gene transfer: 

optimization, evaluation and direct comparison o f gene transfer vectors. Basic Res 

Cardiol 96: 227-236.

Wu GY, Wu CH. 1987. Receptor-mediated in vitro gene transformation by a soluble 

DNA carrier system. J Biol Chem 262: 4429-4432.

Wybranietz WA, Prinz F, Spiegel M, Schenk A, Bitzer M, Gregor M, Lauer UM. 1999. 

Quantification of VP22-GFP spread by direct fluorescence in 15 commonly used cell 

lines. Gene Med 1: 265-274.

236



Wyllie AH. 1992. Apoptosis and the regulation of cell numbers in normal and 

neoplastic tissues: an overview. Cancer Metastasis Rev 11: 95-103.

Xie Y, Gilbert JD, Kim JH, Freytag SO. 1999. Efficacy of adenovirus-mediated CD/5- 

FC and HSV-1 thymidine kinase/ganciclovir suicide gene therapies concomitant with 

p53 gene therapy. Clin Cancer Res 5: 4224-4232.

Yan SF, Lu J, Zou YS, Soh-Won J, Cohen DM, Buttrick PM, Cooper DR, Steinberg SF, 

Mackman N, Pinsky DJ, Stem DM. 1999. Hypoxia-associated induction o f early 

growth response-1 gene expression. J Biol Chem 274: 15030-15040.

Yan SF, Lu J, Zou YS, Kisiel W, Mackman N, Leitges M, Steinberg S, Pinsky D, Stem 

D. 2000. Protein kinase C-beta and oxygen deprivation. A novel Egr-1-dependent 

pathway for fibrin deposition in hypoxemic vasculature. J Biol Chem 275: 11921- 

11928.

Yao KS, Clayton M, O'Dwyer PJ. 1995. Apoptosis in human adenocarcinoma HT29 

cells induced by exposure to hypoxia. J Natl Cancer Inst 87: 117-122.

Yazawa K, Fujimori M, Amano J, Kano Y, Taniguchi S. 2000. Bifidobacterium longum 

as a delivery system for cancer gene therapy: selective localization and growth in 

hypoxic tumors. Cancer Gene Ther 7: 269-274.

Zander R, Vaupel P. 1985. Proposal for using a standardized terminology on oxygen 

transport to tissue. Adv Exp Med 191: 965-970.

Zhang WW. 1999. Development and application of adenoviral vectors for gene therapy 

o f cancer. Cancer Gene Ther 6: 113-138.

Zhong H, Agani F, Baccala AA, Laughner E, Rioseco-Camacho N, Isaacs WB, Simons 

JW, Semenza GL. 1998. Increased expression o f hypoxia inducible factor-1 a  in rat 

and human prostate cancer. Cancer Res 58: 5280-5284.

Zhong H, De Marzo AM, Laughner E, Lim M, Hilton DA, Zagzag D, Buechler P, 

Isaacs WB, Semenza GL, Simons JW. 1999. Overexpression of hypoxia-inducible 

factor Ik in common human cancers and their metastasis. Cancer Res 59: 5830-5835.

237



Publications
(Generated from work carried out as part of this thesis. Pubblications avaliable at 

the time of submission are included)

Greco O, Folkes LK, Wardman P, Tozer GM, Dachs GU. 2000. Development of a 

novel enzyme/prodrug combination for gene therapy o f cancer: horseradish 

peroxidase/indole-3-acetic acid. Cancer Gene Ther 7: 1414-1420.

Greco O, Rossiter S, Kanthou C, Folkes LK, Wardman P, Tozer GM, Dachs GU. 2001. 

Horseradish peroxidase-mediated gene therapy: choice o f prodrugs in oxic and 

anoxic tumor conditions. Mol Cancer Ther 1: 151-160.

Greco O, Tozer GM, Dachs GU. 2002. Oxic and anoxic enhancement o f radiation- 

mediated toxicity by horseradish peroxidase/indole-3-acetic acid gene therapy. 2002. 

Int J Radiat Biol 68: 173-181..

Folkes LK, Greco O, Dachs GU, Stratford MRL, Wardman P. 2002. 5-Fluoroindole-3- 

acetic acid: a prodrug activated by a peroxidase with potential for use in targeted 

cancer therapy. Biochem Pharmacol 63: 265-272.

Reviews

Greco O, Patterson AV, Dachs GU. 2000. Can gene therapy overcome the problem of 

hypoxia in radiotherapy? J Radiat Res 41: 201-212.

Greco O, Dachs GU. 2001. Gene-directed enzyme/prodrug therapy o f cancer: historical 

appraisal and future prospectives. J Cell Physiol 187: 22-36.

Marples B, Greco O, Joiner MC, Scott SD. 2002. Molecular approaches to chemo- 

radiotherapy. Eur J Cancer 38: 231-239.

Book chapters

Dachs GU, Greco O, Tozer GM. 2002. Targeting cancer with gene therapy using 

hypoxia as a stimulus. In: Springer CJ editor. Suicide gene therapy: Methods and 

protocols for cancer. Totowa: The Human Press Inc. (In press).

238



Greco O, Folkes LK, Wardman P,Tozer GM, Dachs GU. A novel enzyme/prodrug 

combination for gene therapy of cancer: Horseradish Peroxidase/Indole-3-Acetic Acid. 

In: Stato dell’arte e prospettive della radiobiologia in Italia, Italian Society for Radiation 

Research (SIRR) (In press).

239



©2000 Nature America, Inc. 0929-I903/00/$I5.00/+0 
WWW. nature, com/cgt

PRELIMINARY REPORT
Development of a novel enzyme/prodrug 
combination for gene therapy of cancer: 
horseradish peroxidase/indole-3-acetic acid
Olga Greco, Lisa K. Folkes, Peter Wardman, Gillian M. Tozer, and Gabi U. Dachs

G ray L aboratory Cancer Research Trust, Mount Vernon Hospital, Northwood, M iddlesex HA6 2JR, UK.

This p a p e r d em o n s tra te s  th e  p o ten tia l for u tiliz ing  th e  p lan t en zy m e , h o rserad ish  p e ro x id a se  (H R P ), in a g e n e -d ire c te d  en zy m e  
p ro d ru g  th e rap y  con tex t. H um an  T24 b lad d e r ca rc in o m a  cells  tran sfec ted  w ith  a m a m m a lia n  exp ress io n  v ec to r co n ta in in g  th e  HRP 
cD N A  w e re  se lec tive ly  sensitized  to  the  n on tox ic  p lan t h o rm one, in d o le -3 -a c e tic  a c id  (lA A ). T he H R P /IA A -in d u ced  cell kill w as 
effec tive  in no rm o x ic  an d  anox ic  cond itio n s. T he ac tiv a ted  d rug  is a lo n g - liv e d  sp e c ie s  a b le  to  cross cell m em b ran es, an d  cell 
c o n ta c t a p p e a rs  no t to  b e  requ ired  for a  b ystander effect to  tak e  p lace . T hese  p re lim in ary  results suggest th a t th e  delivery  o f th e  HRP 
g en e  to  h u m an  tum ors fo llow ed  by lAA trea tm en t m ay prov ide a novel c a n c e r  g e n e -d ire c te d  e n z y m e  p ro d ru g  th erap y  a p p ro ach , 
w ith  p o ten tia l to  ta rget hypoxic cells. Cancer Gene Therapy (2000) 7, 1414-1420

Key words: Cene-directed enzym e/prodrug therapy; HRP; lAA; hypoxia; bladder carcinoma; ganciclovir.

G ene-directed enzyme prodrug therapy (GDEPT) 
consists of a two-phase molecular chemotherapy. 

Firstly, a gene encoding a foreign enzyme is delivered to 
the target cells; secondly, a prodrug is administered and 
selectively converted to a cytotoxin by the enzyme 
synthesized at the target. To obtain specificity, therapeutic 
gene expression can be regulated by tumor-specific or tumor 
condition-specific promoters (reviewed in Ref.’).

The most well-known example of enzyme/prodrug 
combination in cancer GDEPT is the herpes simplex virus 
thymidine kinase (HSV TK)/ganciclovir (GCV)^ cur
rently adopted in clinical trials. Because activated GCV 
interferes with DNA synthesis, the HSV TK/GCV system is 
particularly suitable for the eradication of rapidly dividing 
tumor cells invading nonproliferating tissue. However, it is 
not the combination of choice to target the slowly dividing 
hypoxic population in solid tumors,'*'̂  which has been 
shown to contribute to resistance of human tumors to 
chemotherapy and radiotherapy (reviewed in Ref.* )̂.

The horseradish peroxidase (HRP) and the plant hormone, 
indole-3-acetic acid (lA A ), represent a novel enzyme/ 
prodrug combination, with potential for hypoxia-regulated 
gene therapy.  ̂When reacting with lAA, HRP does not require 
hydrogen peroxide and is characterized by a different 
substrate specificity and reaction pathway from the mamma
lian myeloperoxidase.*’̂  At neutral pH, lAA is oxidized by

HRP compound I to a radical cation, which undergoes 
scission of the exocyclic carbon-carbon bond to yield the 
carbon - centered skatolyl radical* (Fig 1:2,3). In the presence 
of oxygen, the skatolyl radical rapidly forms a peroxyl radical 
(Fig 1:4), which then decays to a number of products, the 
major ones being indole-3 -carbinol, oxindole-3 -carbinol, 
and 3 - methylene - 2 - oxindole* (Fig 1:5). In anoxic solution, 
decarboxylation o f the radical cation can still take place and 
the carbon-centered radical preferentially reacts with hydro
gen donors’®'  ̂ (Fig 1).

When activated by purified HRP, lAA was shown to 
inhibit colony formation in mammalian cells, whereas, 
neither enzyme nor prodrug alone was cytotoxic at the same 
concentration or times. Endogenous peroxidases in 
human tumor cells’  ̂ and rat leukocytes and phagocytes’'* 
were significantly less efficient in converting LAA into a 
cytotoxin. Moreover, no major toxicity has been observed in 
patients after oral administration of 100 mg/kg lAA.’^

The aim of the current study was to determine the 
potential o f utilizing the HRP-encoding gene for cancer 
GDEPT. Human tumor cells were transfected in vitro with 
the HRP cDNA and their sensitization to LAA was 
evaluated in normoxic and anoxic conditions. The ability 
of the HRP/IAA combination to induce a bystander effect 
was also studied.

Received May 18, 2000; accepted September 3, 2000.
Address correspondence and reprint requests to Dr. Gabi U. Dachs, 

Gray Laboratory Cancer Research Trust, Mount Vernon Hospital, PO 
Box 100, Northwood, Middlesex HA6 2JR, UK. E-mail address: 
dachs@graylab.ac. uk

MATERIALS AND METHODS

Cell culture

Human bladder carcinoma T24 cells (European Collection of 
Cell Cultures, Salisbury, UK) were maintained in Dulbecco’s
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Figure 1. P o ss ib le  m e c h a n is m s  involved in toxicity of lAA. lAA (1 ) is 
o x id ized  by H R P  to  th e  rad ica l ca tio n  ( 2 ) , w hich f ra g m e n ts  rap id ly  to 
yield th e  skato ly l rad ica l (3 ) . In an o x ia , th is  p robab ly  fo rm s a d d u c ts , 
e .g .,  w ith D N A .’°  O th e rw ise , th e  skato ly l rad ical p rom ptly  r e a c ts  with 
o x y g en  to  form  th e  peroxy l rad ica l (4 ) , w hich, via a  h y d ro p e ro x id e  
a n d  r e d u c t io n / re a r ra n g e m e n t, fo rm s 3 - m e th y le n e - 2 -o x in d o le  ( 5 ) .  
T h e  la tte r  c a n  re a c t  w ith ce llu la r n u c leo p h ile s  ( N u ) ,  e .g ..  p ro te in  
th io ls , a n d  DNA to  form  a d d u c ts . ’ ’

m odified  E agle’s m edium  (D M E M , Life T echnologies, 
Paisley, U K ) supplem ented with 10% fetal c a lf  serum  
(S igm a, G illingham , U K ), 2 mM L-glutam ine (L ife  
T e ch n o lo g ies), 100 U /m L  penicillin  (S ig m a ) , 100 /ig /m L  
streptom ycin (S ig m a ) , and incubated in a hum idified  
incubator at 37°C  and 5% COg/air. For experim ents in 
anoxic conditions, ce lls  were incubated in an anaerobic g lo v e  
cabinet (D o n  W hitley Scientific, Shipley, U K ) with 5% C O i, 
5% Hz, 90%  Nz and palladium  catalyst at 37°C . O nly ce lls  
w hich tested negative for m ycoplasm a infection were utilized.

Plasmid D N A a n d  cell transfection

T he plasm ids, p R K 3 4 -H R P ’'̂  and pC I-T K ,’’ were kindly  
provided by Dr. D.F. Cutler (U C L , London) and Dr. S .D . 
Scott (G ray Laboratory). The constructs o f  pCI-EGFP w ere 
m ade as fo llow s to contain an identical vector backbone as 
pCI-TK: the enhanced green fluorescent protein (E G F P )  
gene w as excised  from p E G F P -N I (C lontech , Basingstoke, 
U K ) by £coRI/A^orI d igestion (en zym es from Life  
T ech nolog ies) and the resulting fragment inserted in the 
com m ercial vector p C I-n eo  (Prom ega, Southam pton, U K ),  
linearized with the sam e restriction enzym es. The sequence  
integrity o f  the plasm ids w as confirm ed using a Therm o  
Sequenase C ycle  Sequencing Kit (A m ersham  Pharmacia 
Biotech, Am ersham , U K ) and G ene Readir D N A  A nalyzer  
(L I-C O R , L incoln , N E ).

Transient transfectants were obtained by exp osin g  T 24  
cells  to com p lexes o f  integrin-targeted peptides (Dr. S.L. 
Hart, ICH, London, U .K .), Lipofectin (L ife  T ech nolog ies)  
and D N A  as described previously,'^ and w ere assayed for 
gen e expression after 24  hours.

Transfection effic ien cy  with the plasmid p R K 34-H R P  
w as analyzed by im m unofluorescence analysis ( se e  Immu- 
nojluorescence s ta in in g ) .  Transfection effic iency with the 
construct pCI-TK w as estim ated by m easuring the produc
tion o f  the marker protein EGFP in cells transfected under

1

C
o

O)c
■>

3
(/)

0.1
0.0 0.5 1.0 1.5 2.0

Tim e (h)

Figure 2. Cytotoxicity  of lAA a f te r  a c tiv a tio n  by purified H R P . T 24  
ce lls  w e re  in c u b a te d  with lAA (0 .1  m M ) a n d  purified  H R P  e n z y m e  
( 1 .2  / /g /m L )  for tim e in te rv a ls  up  to  2  h o u rs . T h e  d a ta  a r e  w e ig h ted  
m e a n s  of th re e  in d e p e n d e n t e x p e rim e n ts  (trip lica te  s a m p l e s ) . E rror 
b a r s  a r e  ± S E . A'- H R P +  lAA; O; lAA; □ : H R P.

the sam e conditions with pCI-EGFP. Intracellular EGFP  
(excitation  m axim um , 4 8 8  nm; em ission  m axim um , 507  
n m ) w as detected by fluorescence-activated  cell sorting  
(F A C S ) on a Becton D ickinson  FACScan. C ells w ere scored  
as positive i f  they sh ow ed  an increased fluorescence with  
respect to untransfected cells.

Im m unofluorescence staining

A ntibody staining on paraform aldehyde-fixed  transfected  
and untransfected T 24  ce lls w as carried out as reported 
previously.'*^ Rabbit polyclonal an ti-H R P  (D ak o , Ely, U K )  
diluted 1:200 w as used as the primary antibody; TR ITC - 
conjugated sw ine antirabbit im m unoglobulins (D a k o )  were  
diluted 1:200 as secondary antibodies. S lid es w ere view ed  
using an O lym pus B H -2  fluorescence m icroscope. A lter
natively, to m easure the transfection effic ien cy  with the 
plasm id p R K 34-H R P , cell suspensions w ere F A C S -an a
lyzed  after im m unostaining.

HRP activity assay

The HRP activity w as analyzed using a m odified  3 ,3 ',5 ,5 '-  
tetram ethylbenzidine dihydrochloride assay. Transfected  
and untransfected ce lls  were harvested and resuspended  
in 0.5%  hexadecyltrim ethylam m onium  brom ide (S ig m a )  
in 50  mM phosphate buffer (pH  6 .0 ) .  C ells w ere lysed by
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fe c te d  T 24  ce lls . A: T 2 4  ce lls  tran sien tly  
t ra n s fe c te d  witfi th e  p la sm id  p R K 3 4 -H R P  
c o n ta in in g  th e  H R P  cDNA w e re  s ta in e d  
w ith p rim ary  a n t i-H R P  a n d  s e c o n d a ry  
T R IT C -la b e le d  an tib o d ie s , an d  e x a m in e d  
o n  a n  O ly m p u s  B H -2  f lu o re sc e n c e  m icro 
s c o p e  (m ag n ifica tio n : xSO O ). T h e  KDEL 
te lra p e p tid e  fu s e d  to  th e  C - te rm in u s  of 
th e  H R P  cD N A  c a u s e s  in tracellu la r a c c u 
m ulation  in th e  e n d o p la sm ic  reticu lum  a n d  
th e  n u c le a r  en v e lo p e . B: W e ste rn  b lotting 
of e x tra c ts  of H R P - t ra n s fe c te d  T 24  ce lls  
( la n e  1 ) a n d  of u n tra n s fe c te d  ce lls  ( la n e  
2 ) .  T w o p ro te in  m a rk e rs  a r e  ind ica ted . C : 
H R P  activ ity  p e r  ce llu lar p ro te in  c o n te n t 
(A 6 5 2 // ;g  to ta l ce llu lar p ro te in ) d e te c te d  
in t r a n s f e c te d  a n d  u n tra n s fe c te d  ce lls  
u s in g  a  m odified  TfVIB e n z y m e  a s s a y .  
T h e  m e a n s  of th re e  e x p e rim e n ts  (tripli
c a te  s a m p le s )  ± S E  a r e  sh o w n .
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freezing/thawing three times in liquid nitrogen at 37°C 
and by centriftigation in a microfiige for 15 minutes at
13,000 rpm. Enzyme reactions were carried out at room 
temperature by diluting 20 jA. supernatant in 80 mM 
phosphate buffer (pH 5.4), 3.2 mM 3,3',5,5'-tetramethyl- 
benzidine dihydrochloride (Sigma), 3.0 mM H2O2 in a 
total volume of 2 mL. Absorbance at 652 nm (A652) was 
read at room temperature over 60 minutes at 1 -minute 
intervals on a Hewlett Packard model 8452A diode array 
spectrophotometer. The total cellular protein content in the 
samples was determined by using a commercial protein 
assay kit (Lowry procedure. Sigma). The HRP activity 
was expressed as the absorbance measured after 60 min/ 

of total cellular protein in the sample.
The HRP content in transfected cells was also evaluated. 

The A652 rate of increase up to 10 minutes (linear least 
square regression) and the A652 at 60 minutes were 
estimated and compared to calibration curves obtained with 
purified HRP (results not shown). The HRP content was 
then normalized to the total protein content in the sample.

Western blotting

Western blotting analysis of HRP protein was conducted as 
previously described.^® Briefly, cell monolayers were 
resuspended in Laemmli sample buffer and whole cell 
extracts were subjected to sodium dodecyl sulfate poly
acrylamide gel electrophoresis ( 1 2 % polyacrylamide gels, 
ProtoGel, National Diagnostic, Atlanta, GA). Proteins in 
the gel were transferred to nitrocellulose membranes 
(Genetic Research Instrumentation, Rayne, UK) using an 
LKB-Pharmacia semidry blotter. Immunoblotting was 
performed with primary rabbit polyclonal anti-HRP anti
bodies and secondary HRP-conjugated goat antirabbit 
immunoglobulins (Dako). Detection of immunoreactive 
bands was performed using the enhanced chemilumines- 
cence technique (ECL kit, Amersham Pharmacia Biotech).

Clonogenic assays

Exponentially growing transfected and untransfected cells 
were plated at low density on Petri dishes and exposed to 
lAA (Aldrich, Gillingham, UK), with or without 1.2 //g/mL  
HRP, or GCV (from Dr. E. Littler, Glaxo Wellcome, 
Stevenage, UK) for 2 or 24 hours in phenol red-free 
Hanks’ balanced salt solution (HBSS, Life Technologies) in 
the 37°C incubator.

Alternatively, cells were preplated in the anaerobic cabinet 
and, after incubation for 5 -6  hours, were exposed to the 
prodrugs for 2 or 24 hours in anoxic conditions. All plastics 
and media were preincubated in anoxia for 48 hours before 
use to remove residual oxygen.

In conditioned medium-switch experiments, HBSS con
taining a range of concentrations of lAA was transferred after 
a 2 -hour incubation with transient transfectants to preplated 
untransfected cells and left to react for 2  hours with the cell 
monolayers.

Following drug exposure, cells were rinsed with PBS and 
grown for 10 days in complete DMEM si^plemented with 
feeder cells ( V79 cells exposed to 250 Gy Co irradiation). 
After fixation and staining with 2.5% wt/vol crystal violet

(Sigma) in isomethylated spirit, colonies of >50 cells were 
scored. Surviving fractions were evaluated relative to 
HBSS-treated controls. The concentration of prodrug 
required to reduce cell survival by 50% (IC50) was 
estimated from the survival curves.

RESULTS

Cytotoxicity of lAA activated by purified HRP in human 
cells

In our GDEPT strategy, we aim to sensitize the target cells 
to the prodrug lAA activated by the enzyme HRP. 
Consequently, human bladder carcinoma T24 cells were 
exposed for time intervals from 15 minutes to 2  hours to 0 . 1 

mM LAA and 1.2 p g /mL purified HRP. Clonogenic assays 
showed a decrease in surviving fraction with increased 
exposure time (Fig 2). The cells were also exposed to the 
enzyme and prodrug independently and no significant 
cytotoxic effects were observed at the concentration / time 
indicated (Fig 2).

Transfection of human cells with the HRP-encoding gene

The T24 cells were transiently transfected with the pRK34- 
HRP plasmid and 20-26%  transfection efficiency was 
observed from immunostaining followed by FACS analysis.

Immunolabeling for HRP protein in transfectants is 
shown in Figure 3A. HRP is evident in the cytoplasm and 
the nuclear membrane. This is consistent with the fact that 
in the pRK34-HRP construct, the HRP cDNA had been 
previously fused to the signal sequence from the human 
growth hormone and the KDEL retention m otif,a llow in g  
the HRP to be accumulated in the endoplasmic reticulum 
and the nuclear envelope. Untransfected cells and EGFP- 
expressing cells did not stain positive for HRP (results not 
shown). Synthesis o f an immunoreactive protein of correct 
size (about 52 kDa) was confirmed by Western blotting 
(Fig 3B).

Increase in peroxidase activity of 60-fold was observed in 
HRP transfectants compared to untransfected T24 cells (Fig 
3C). An HRP content of 18±1 pg///g total cellular protein 
was estimated in transfectants.

In vitro efficacy of the HRP/IAA system

Figure 4 shows the effect o f increasing lAA concentration 
on clonogenicity of transfected and untransfected T24 
cells. After only 2 -hour prodrug incubation under 
normoxic or anoxic conditions, increased cytotoxicity in 
HRP-expressing cells was detected (Fig 4A ). At nontoxic 
doses of LAA, one- to two-log cell kill was induced in 
HRP-positive cells, even though only 20-26%  of the 
transient transfectants was shown to synthesize the foreign 
enzyme. Expression o f the HRP gene per se did not affect 
the transfectants, as judged by plating efficiency, prolifera
tion rate, or microscopic appearance in the absence of lAA 
(results not shown). Cells transiently transfected with the 
plasmid, pEGFP-Nl, incubated with LAA gave the same 
response as the untransfected population (data not 
shown).

Cancer C en e  Therapy, Vol 7, N o 11, 2000
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Figure 4. T oxicity  of th e  FHRP/IAA c o m b in a tio n  in T 2 4  ce lls . 
T ra n s fe c te d  a n d  u n tra n s fe c te d  ce lls  w e re  e x p o s e d  to  in c rea s in g  
c o n c e n tra t io n s  of th e  p ro d rug  lAA in a ir a n d  in a n  o x y g e n - f re e  
a tm o s p h e re  (c a ta ly s t- in d u c e d  a n o x ia )  for 2  (A ) o r 24  h o u rs  (B ). 
O nly 2 0 - 2 6 %  of th e  ce lls  w a s  e s tim a te d  to  s y n th e s iz e  th e  FHRP 
pro te in . C o n d itio n ed  m e d iu m -sw itc h  e x p e rim e n ts  (A ) w e re  p e r
fo rm ed  by tra n sfe rrin g  lA A -co n ta in in g  m e d iu m  p re in c u b a te d  for 2 
h o u rs  with H R P  tra n s fe c ta n ts  to  u n tra n s fe c te d  ce lls  for a  s u b s e q u e n t  
2 -h o u r  e x p o s u re . T h e  d a ta  a r e  m e a n s  of a t  le a s t  th re e  in d e p e n d e n t 
e x p e rim e n ts  (d u p lic a te  s a m p le s ) .  E rror b a r s  a r e  ± S E . T h e  lines a re  
in te rp o la ted . A : u n tra n s fe c te d  ce lls  in air; A : H R P - t ra n s fe c te d  ce lls  
in air; # :  u n tra n s fe c te d  ce lls -t-p reco n d itio n ed  m ed iu m  in air; □ : 
u n tra n s fe c te d  ce lls  in an o x ia ; ■ :  tr a n s fe c te d  ce lls  in a n o x ia .

lA A  doses above 4 mM  produced a significant decrease o f  
the m edium  pH affecting cell survival, and therefore were  
not included in the survival curves. W hen the m edium  pH  
w as adjusted to 7 .4, no toxicity w as detected in untransfected  
T 24 ce lls  exposed  for 2 hours to up to 20  m M  lA A  (results 
not sh o w n ).

A higher efficacy o f  the H R P /IA A  system  w as observed  
after 2 4 -h o u r  incubation (F ig  4 B ) .  In H R P -exp ressin g  
cells , 95%  co lon y  inhibition w as induced at doses o f  lA A
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Figure 5. C yto tox ic  ac tiv a tio n  of G CV  in T 2 4  ce lls . T 2 4  ce lls  
tra n sien tly  t ra n s fe c te d  with th e  p la sm id  pCI-TK  c o n ta in in g  th e  HSV 
TK g e n e  a n d  u n tra n s fe c te d  ce lls  w e re  e x p o s e d  to  G C V  in air a n d  in 
a n o x ia  for 2  (A ) or 2 4  h o u rs  (B ). T h e  m e a n s  of th r e e  in d e p e n d e n t 
ex p e rim e n ts  (d u p lic a te  s a m p le s )  ± B E  a r e  in d ica ted . T h e  lines  a r e  
in te rp o la ted , U n tra n s fe c te d  ce lls  in air; T ;  TK - tra n s fe c te d  ce lls  in 
air; <>; u n tra n s fe c te d  ce lls  in an o x ia ; ♦ :  tr a n s fe c te d  ce lls  in an o x ia .

around 1 m M . A  2 8 -fo ld  increase in cy totox icity  in air and a 
5 0 -fo ld  increase in anoxia w ere estim ated for transfected  
com pared to un transfected ce lls , as assessed  by equivalent 
doses to reduce surviving fraction to 50%  (IC50).

A noxic incubation did not reduce the efficacy  o f  the 
system . The shape o f  the anoxic survival curves and the lA A  
activation pathway*^’’’ suggest that different toxic m etabo
lites m ay be involved  in the induced cell death.

lA A -con ta in in g  m edium , preconditioned by transfected  
cells , reduced the c lon ogen ic ity  o f  untransfected ce lls  (F ig
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4A ), suggesting a potential bystander effect of this 
approach.

Cytotoxicity of the HSV TK/GCV combination in 724 cells

In order to compare the novel HRP/IAA combination with 
an established enzyme/prodrug system, T24 cells were 
transiently transfected with the HSV TK gene and exposed to 
GCV. From parallel transfections with the plasmid pCI- 
EGFP, a transfection efficiency of 60-70%  was estimated. 
After a 2 -hour incubation with GCV, no reduced survival 
was detected in TK-expressing cells compared to the 
untransfected population (Fig 5A). When the prodrug 
GCV was left to react for 24 hours with the cell monolayers, 
a 4 -fold increase in cytotoxicity (IC5 0 ) was induced in oxic 
TK transfectants (Fig 5B). In anoxic conditions, no 
selective cytotoxicity could be measured at any dose of 
GCV tested (up to 5 mM) (Fig 5B). Doses above I mM 
GCV appeared to be toxic in the untransfected cells under 
both oxic and anoxic conditions.

DISCUSSION

This preliminary report demonstrates the potential for 
utilizing HRP and lAA as a novel enzyme/prodrug 
combination for cancer gene therapy.

The efficacy of the HRP/IAA system was evaluated in 
vitro by exposing human tumor T24 cells transiently 
transfected with an expression vector containing the HRP 
cDNA to the prodrug IA A. Significant cytotoxicity could be 
evoked after 2 -hour exposure and was further increased after 
24-hour incubation. Up to two-log cell kill was induced at 
nontoxic doses o f lAA. In order to investigate the potential 
of the HRP/IAA combination to kill the hypoxic subpopula
tion in solid tumors, transfectants were exposed to lAA in an 
oxygen-free atmosphere. These extreme tumor conditions 
did not reduce the efficacy of the system and significant cell 
kill was measured.

Different lAA metabolites may be produced in oxic and 
anoxic cells. In the absence of oxygen, the peroxyl radical 
and its decay products cannot be formed, but the skatolyl 
radical can'^ (Fig 1:3). Skatolyl-type radicals readily 
abstract hydrogen fi-om donor molecules and have been 
shown to react with biomolecules such as DNA.” They 
could therefore lead to cell damage by the formation of 
secondary radicals in key biological targets. In normoxic 
cells, however, skatolyl radicals are more likely to react with 
oxygen to form peroxyl radicals. ' ' Prompt attack by radicals 
on cellular targets in air may be ruled out because 
conditioned medium-switch experiments (Fig 4A) and 
incubation of mammalian cells with filtered products o f LAA 
oxidation^^ indicate that the toxic agent is a stable long-lived 
species. Of the stable products, indole-3-carbinol is 
nontoxic to V79 cells at experimentally produced concentra
tions, with or without HRP. ' 3 - Methylene - 2 - oxindole (Fig 
1:5) has been reported to be toxic in Esherichia coli and 
some plants, to react with glutathione, and to bind to 
sulfhydryl regions of histone DNA or RNA.^’ The role of 3- 
methylene-2 - oxindole in the HRP/IAA-induced toxicity is 
currently under investigation.

The shape of the survival curves also suggests that 
different cytotoxic mechanisms could be induced at low and 
high concentrations o f lAA and that the threshold dose for 
the second pathway to prevail is reached more rapidly in the 
presence of oxygen (Fig 4). Further work is under way to 
identify the toxic species and the critical cellular targets at 
different oxygen concentrations. To date, lipid peroxidation 
observed in liposome models^^ could not be detected in 
mammalian cells exposed to oxidized LAA, whereas, 
incubation o f plasmid DNA with the activated drug resulted 
in the formation o f DNA adducts and strand breaks.”

Our studies suggest that the HRP/IAA system can 
produce a bystander effect. In all experiments, HRP- 
expressing cells were estimated to represent about a quarter 
of the population exposed to lAA, but this mixed population 
could be almost completely eradicated (Fig 4). This 
bystander effect does not appear to require cell contact, 
unlike HSV TK/GCV,^^ because the cells were sparsely 
seeded in order to avoid cell-cell adhesion during drug 
exposure and colony formation. Moreover, incubation of 
HRP-negative cells with preactivated LAA resulted in cell 
death (Fig 4A ), indicating that the observed bystander 
phenomenon was due to the transfer of a soluble toxic 
compound able to cross cell membranes.

It is important to note that the cell line utilized in this 
study is known to be resistant to a number o f chemother
apeutic drugs.̂ "* Moreover, T24 cells are characterized by a 
p53  nonsense mutation at codon 126 that appears to be 
involved in resistance to apoptosis induced by DNA- 
damaging agents.”  ̂ This cell line was also more resistant to 
lAA when activated by purified HRP (Fig 2) compared to 
the mammalian cells used in previous studies.” ’*̂  After 2- 
hour exposure to 0.1 mM lAA activated by 1.2 /ig/mL 
HRP, 87% of T24 cells lost their clonogenic potential, 
whereas, at the same concentration / time, a two-log cell kill 
was induced in V79 cells.” The low apoptotic potential 
of the T24 cells may also explain their poor response to 
HSV TK/GCV, which had been demonstrated to induce 
programmed cell death.^  ̂ After 24-hour incubation, only a
4 -fold increase in cytotoxicity (IC5 0 ) was induced in air, 
and no selective sensitization could be detected in anoxic 
TK-expressing T24 cells. In previous studies,̂ *̂  ̂ at least a 
three-log increase in cytotoxicity has been detected when 
transfected mammalian cells were grown for 5 -1 4  days in 
the presence o f GCV.

This preliminary in vitro study showed that the HRP/IAA 
system has the potential for use in cancer gene therapy and 
that in vivo testing is now warranted. Taken collectively, 
these observations support the further development o f this 
GDEPT approach.
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Horseradish Peroxidase-mediated Gene Therapy: Choice of 
Prodrugs in Oxic and Anoxic Tumor Conditions^

O lga G reco, S haron  R ossiter, C hryso K anthou, 
Lisa K. Folkes, P e te r W ardm an, Gillian M. Tozer, 
an d  Gabi U. D achs^
Gray C ancer Institute, M iddlesex HA6 2JR, United Kingdom

A b strac t
We have previously proposed the  plant enzyme 
horseradish  peroxidase (HRP) and the  plant horm one 
indole-3-acetic acid (lAA) a s  an enzym e/prodrug 
com bination for cancer gene therapy. In the  current 
study, w e evaluated the potential of HRP/IAA for gene- 
d irected enzym e/prodrug therapy in th ree human 
tum or cell lines (T24 bladder carcinom a, MCF-7 breast 
adenocarcinom a, and FaDu nasopharyngeal squam ous 
carcinoma) and one endothelial cell line (HMEC-1). The 
action of 10 lAA analogues in combination with HRP 
w as studied  in vitro in normoxic conditions a s  well as 
in th e  extrem e tum or conditions of anoxia. Com pounds 
characterized by prom pt normoxic or anoxic cytotoxic 
activation and high HRP transfectan t killing or 
selectivity were identified. Som e variations w ere 
observed in the response of cells of different origin, 
with lAA, 1-Me-IAA, and 5-Br-IAA representing the 
m ost promising candidates for HRP gene therapy. In 
particular, 5-Br-IAA show ed a very prom pt and 
selective activation in anoxia. A strong bystander effect 
w as produced by activated lAA and analogues because 
70-90%  cell kill w as obtained when only 5% of the 
cells expressed  the  HRP enzyme. These results 
indicate tha t HRP/IAA represen ts an effective system  
for enzym e/prodrug-based an ticancer approaches, and 
further im provem ents could be achieved by th e  use of 
novel lAA derivatives.

In troduction
One of the major goals of antitumor therapies is to target 
toxic agents to tumor cells selectively and specifically while 
sparing normal tissue from damage. This may be achieved 
by gene therapy that can combine highly specific gene de
livery and gene expression. To date, more than 400 gene

Received 8/13/01; revised 10/8/01; ac cep te d  10/10/01.
The c o s ts  of publication of this article w ere defrayed in part by th e  
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C ancer R esearch  Grant 98-278.
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Institute, P. O. Box 100, Northwood, M iddlesex HA6 2JR, United King
dom . Phone: 44-1923-828-611; Fax: 44-1923-835-210; E-mail: dachs®  
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therapy clinical trials have been undertaken worldwide, more 
than half of which relate to cancer (1).

A promising approach in the design of therapeutic genes 
for cancer gene therapy is suicide gene therapy or GDEPT.^ 
GDEPT is a two-step strategy: initially, a foreign gene en
coding a nontoxic enzyme is delivered to the tumor. In a 
second step, a prodrug is administered, which is converted 
into a potent cytotoxin by the enzyme expressed at the target 
(reviewed in Ref. 2).

In the choice of the appropriate combination for GDEPT, a 
number of properties should be considered. The enzyme 
should have high catalytic activity under physiological con
ditions and fast and efficient prodrug activation even at low 
concentrations of the substrate (high and low K^, with
out dependence on further catalysis by other cellular en
zymes. The induced cytotoxicity should be cell cycle phase 
or proliferation independent to kill a wide range of tumor cell 
populations. The toxic agent should also have a half-life that 
allows transport to the surrounding untransfected cells (by
stander effect) but ensures that any drug escaping into the 
circulation will t>e inactive. The bystander phenomenon, ini
tially described by Moolten (3), can tie defined as an exten
sion of the killing effects of the active drug to untransfected 
neightx)hng cells. This implies that even if only a fraction of 
the target cells are genetically modified and express the 
therapeutic gene, tumor eradication may still be achieved.

We have developed a novel GDEPT system consisting of 
HRP and the nontoxic plant hormone lAA (4). Using this 
system, we demonstrated fast and efficient in vitro prodrug 
activation in a preliminary report (4). When compared with 
the well-established herpes simplex virus-1 thymidine 
kinase/ganciclovir combination, HRP/I/\A showed increased 
in vitro toxicity in normoxia and, more significantly, in the 
extreme tumor conditions of anoxia. This could imply a ther
apeutic advantage because hypoxia is common to solid tu
mors and presents an adverse prognostic indicator (re
viewed in Ref. 5). The HRP/IAA system has the potential to be 
used in a variety of anticancer strategies (6). Besides GDEPT, 
specific HRP targeting to the tumor could t>e achieved with 
HRP-conjugated antitx)dies [antibody-directed enzyme/pro
drug therapy (7)] or polymers [polymer-directed enzyme/pro
drug therapy (8)]. lAA is well tolerated in humans (9), and 
nonspecific activation in normal tissue is unlikely to take 
place kiecause mammalian peroxidases failed to convert it 
into a cytotoxin at therapeutically significant prodrug doses 
(10-12).

^T h e  abbreviations u sed  are: GDEPT, gene-d irected  enzym e/prodrug 
therapy; HRP, horseradish  peroxidase; lAA, indole-3-acetic acid; CMV, 
cytom egalovirus; MTS, 3-(4,5-dim ethylthiazol-2-yi)-5-(carboxymethoxy- 
phenyi)-2-(4-suifophenyl)-2H-tetrazoiium inner salt; SI, selectivity index.
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In th e  p resen t work, w e evaluate the  potential of HRP/IAA 
for GDEPT in th ree hum an tum or cell lines and one e n d o 
thelial cell line. The action of 10 \AA derivatives in com bina
tion with HRP w as studied  in norm oxic and  anoxic condi
tions. The d a ta  reported  indicate tha t a t least tw o analogues 
b e s id e s  lAA induce efficient toxicity and  b y stander killing, 
su ggesting  the efficacy and selectivity of th e  HRP/IAA sy s
tem  for enzym e/p rod rug -based  an ticancer app ro ach es .

M a te ria ls  and M etho ds
Cell Culture. T24 b ladder carcinom a and  MCF-7 m am m ary 
ad enocarc inom a (both from th e  E uropean Collection of Cell 
Cultures, Salisbury, United Kingdom), FaDu nasopharyngeal 
sq u a m o u s carcinom a (American Type Culture Collection, 
M anassas, VA), and HMEC-1 derm al m icrovascular e n d o 
thelial (13) cell lines w ere m aintained in DMEM (Life T ech
nologies, Inc., Paisley, United Kingdom) supp lem en ted  with 
10%  PCS, 100 units/ml penicillin, 100 /ig/m l streptom ycin 
(Sigm a Chem ical Co. Aldrich, Gillingham, United Kingdom), 
and  2 mw L-glutamine (Life Technologies, Inc.) in a  humidified 
incubator a t 37°C and  5%  CO^/air. Only cells that tes te d  
negative for Mycoplasma infection w ere used.

Hypoxic Conditions. For experim ents in anoxic and hy
poxic conditions, cells w ere incubated  a t 37°C in an an ae r
obic glove cabinet (DON Whitley Scientific Limited, Shipley, 
United Kingdom) with 5%  COg, 5%  Hg, 90%  Ng, and palla
dium catalyst (anoxia) or in air-tight P erspex  b o x es flushed 
continuously with a  humidified g a s  mixture containing 0 . 1  % 
Og, 5%  COg, and 94.9%  Ng (hypoxia). For all anoxic/hypoxic 
experim ents, cu ltures w ere m anipulated in the  anaerob ic 
cabinet, and  p lastics and  fluids w ere p reincubated  in the  
cab inet for 2 4 -4 8  h before u se  to rem ove residual oxygen.

Plasmid DNA and Cell Transfection. The plasm id 
pRK34-HRP (14) w as kindly provided by Dr. D. F. Cutler 
(University College London, London, United Kingdom); the  
control plasm id pCMV-CD4 w as constru c ted  a s  d escribed  
previously (15). In both ca se s , g en e  expression  w as driven by 
the  CMV early prom oter. T ransient tran sfec tan ts  w ere o b 
tained by exposing th e  cells to com plexes of DNA, Lipofectin 
(Life Technologies, Inc.), and in tegrin-targeted pep tid es (16) 
and  a ssa y e d  for gen e  expression  after 24 h.

Detection of HRP Expression. Antibody staining w as 
carried out by fixing cell su sp en s io n s  in 3%  paraform alde
hyde (Sigma Chemical Co. Aldrich)/PBS for 20 min at room 
tem peratu re. After centrifugation, th e  pellets w ere rinsed in 
PBS and  incubated  for 15 min at room  tem peratu re  in 15 mw 
glycine (Sigma Chemical Co. Aldrich)/PBS. Nonspecific 
binding w as blocked by the addition of w ash buffer [5% 
FCS/1 % Tween 20 (Sigma Chemical Co. Aldrich)/PBS]. The 
sam p les w ere centrifuged and incubated  for 1 h a t room  
tem p era tu re  with rabbit polyclonal anti-HRP (Dako, Ely, 
United Kingdom) diluted 1:200 in 10%  FC S/w ash buffer. 
After extensive rinsing in w ash buffer (at least th ree times), 
the  sam p les w ere resu sp en d ed  in TRITC-conjugated sw ine 
antirabbit immunoglobulins (Dako) diluted 1:200 in 10%  
FC S/w ash buffer (1 h, room tem perature). The cells w ere 
rinsed in w ash buffer and  resu sp en d ed  in HBSS (Life T ech
nologies, Inc.) for fluorescence-activated  cell-sorting analy
sis on a Becton Dickinson FACScan. Cells w ere sc o red  a s

CO2H

lAA : = H
1-Me-IAA :R , = CH,; Rz.6 = H
2-M e-IAA Rj = CH,; R 1.3.-6 = H
5-M eO-IAA :R , = C H ,0 ; R|-l, 6 = H
2-M e,5-M eO-IAA Rz = CH,; R; = CH,

5-B nO -IA .\ R, = Q - C H f ; Rm .6 = 11

5-Ph-IAA :R , = O" ; R i-*.6 = n

6-F-lAA : R* = F; R,-5 - H
4-CI-lAA ; R. = €1; R..3,5.^=H
5-F-i.AA :R , = F; R|-t,6 = H
5-Br-IAA :R , = Br; R i-1.6 = H

Fig. 1. P r o d r u g s  s t u d i e d  in  c o m b in a t io n  w i t h  t h e  e n z y m e  H R P  f o r  g e n e  

t h e r a p y .

positive if they show ed  an increase in fluo rescence  with 
re sp ec t to C D 4-expressing  cells.

HRP activity w as analyzed using a  m odified 3 ,3 ',5 ,5 '-  
tetram ethylbenzidine dihydrochloride (Sigm a Chem ical Co. 
Aldrich) assay , a s  describ ed  previously (4). The total cellular 
protein con ten t in the sam p les w as determ ined  by using a 
com m ercial protein a s sa y  kit (Bio-Rad, Hemel H em pstead , 
United Kingdom). The HRP activity w as ex p ressed  a s  units of 
enzym e per m icrogram  of total cellular protein. A unit is 
defined a s  the am ount of enzym e that p ro d u ces an increase 
of 1 unit of a b so rb an c e  a t 652 nm (Ag^g ^m) per minute.

For W estern blots, cell ex trac ts w ere su b jec ted  to  SDS- 
PAGE a s  d escribed  previously (4). D etection of im m unore
active b an d s w as perform ed using th e  en h an ce d  chem ilu- 
m inescence  techn ique (ECL kit; A m ersham  Pharm acia 
Biotech, A m ersham , United Kingdom).

Com pounds. The \AA analo g u es u sed  are  illustrated in 
Fig. 1. lAA, 1-Me-I/\A, 2-Me-IAA, 5-MeO-l/AA, 2-M e,5-M eO - 
l/\A, 5-BnO-l/\A, 5-F-l/VA, and  5-Br-l/\A w ere p u rch ase d  from 
Sigm a Chemical Co. Aldrich.

5-Ph-l/V\, 6 -F-l/\A, an d  4-CI-l/\A w ere p repared  a s  follows, 
using adap ta tions of p ro ced u res describ ed  previously in the 
literature (17-19). A solution of th e  indole (2-10 mmol) in 
tetrahydrofuran w as coo led  to 0°C, an d  n-butyllithium (1.1 
equivalents) w as ad d ed . The yellow solution w as stirred at 
0°C for 20 min, zinc chloride (1.1 eq . of a  1 m  solution in 
diethyl ether) w as a d d ed , and  th e  mixture w as stirred for 2  h 
a t room  tem perature. Ethyl b ro m o ace ta te  (1.1 eq.) w as 
ad d ed , and th e  mixture w as stirred overnight. After th e  a d 
dition of water, the  mixture w as partitioned into ethyl ace ta te  
an d  1 M HCI. The organic layer w as dried (M gSO J, the 
solvent w as rem oved in vacuo, and  the  crude  p roduct w as 
purified by flash colum n chrom atography  (3:1, hexane:ethyl 
ace ta te) to  furnish the  substitu ted  ethyl indo le-3-ace ta te . The 
es te r  w as heated  under reflux in a solution of NaOH in 1:1 
m ethanokw ater for 4 h. The indole w as precip ita ted  by ac id 
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ification (HCI) an d  purified by recrystallization from  ch loro
form  o r m ethano l:w ater. All air- and  w ater-sensitive  reac tio n s 
w ere  carried  ou t u n d er nitrogen. G lassw are  w as oven-d ried  
a n d  co o le d  in an  anh y d ro u s a tm o sp h e re  b efo re  u se . P ro d 
u c ts  w ere  analyzed  for purity using  a  W aters Integrity high- 
pe rfo rm an ce  liquid ch rom ato g rap h y  m a ss  sp e c tro m e te r  sy s 
tem , n u c lea r  m agnetic  re so n a n c e  sp e c tra  w ere  re co rd ed  on 
a  Je o l MY60 sp e c tro m ete r , an d  m elting p o in ts (uncorrected) 
w ere  m easu red  using  a  G allenkam p ho t p la te  a p p a ra tu s . 
E lem ental an a ly ses  w ere carried  o u t by M edac (Egham , 
U nited Kingdom) an d  w ere in a g reem en t with ca lcu la ted  
values.

Clonogenic Assay. Exponentially grow ing cells w ere  
p la ted  a t low d ensity  and  e x p o se d  to  lAA or derivatives for 2 
o r 24  h in p heno l-red -free  H BSS in a  5%  COg incubato r a t  
37°C . For e x p erim en ts  und er anoxia/hypoxia, cells w ere  p re
p la ted  in th e  an aero b ic  cab in e t an d , after incubation  for 5 - 6  
h in th e  cab in e t or un d er 0 . 1 %  Og to  e n s u re  anoxic/hypoxic 
cond itions, ex p o se d  to  th e  p rodrugs.

In cond itioned  m edium -sw itch  experim en ts, ce lls tra n s 
fe c te d  with pRK34-HRP (HRP^) w ere  e x p o se d  to  H BSS 
con tain ing  a  ran g e  of lAA c o n cen tra tio n s  for 2 h. This m e
dium  w a s  su b seq u en tly  transferred  to  p rep la ted  cells tra n s 
fe c te d  with th e  control plasm id pCM V-CD4 (HRP~) for a  
su b s e q u e n t 2 -h incubation.

T o m e a su re  th e  b y sta n d e r effect, H RP^ an d  H R P ' p o p 
ulations w ere  m ixed in different p roportions an d  e x p o se d  to  
lAA for 24  h. After d rug  exp o su re , ce lls  w ere c o u n ted  using 
a  h em o cy to m ete r  an d  rep la ted  a t low den sity  for c lonogen ic  
survival.

After trea tm en t, cells w ere  rinsed  with PB S  a n d  grow n for 
8 - 2 0  d a y s  in co m p le te  DMEM su p p le m e n te d  with fe e d e r 
ce lls  (V79 cells ex p o se d  to  250 Gy of ®°Co Irradiation). After 
fixation a n d  stain ing  with 2 .5%  (w/v) crystal violet (Sigm a 
C hem ical C o. Aldrich) in isom ethy la ted  spirit, co lon ies of 
> 5 0  ce lls w ere  sc o red . Surviving frac tions w ere  evalu a ted  
relative to  H B S S -trea ted  con tro ls. T he co n cen tra tio n  of p ro
d rug  requ ired  to  red u ce  cell survival by 50%  (IC5 0 ) w a s  
e s tim a ted  from  th e  survival cu rves. At leas t th re e  in d ep en d 
e n t ex p erim en ts  w ere  co n d u c te d  (triplicate sam ples).

Growth Inhibition. C ells w ere  p rep la ted  in 96-well p la te s  
( 2 0 0 0  cells/w ell, 8  w ells/drug  concen tra tion ) and  ex p o se d  to  
th e  p ro d ru g s  a s  d esc rib ed  in th e  prev ious sec tio n . After d rug 
ex p o su re , th e  ce lls w ere  grow n until contro l p la te s  reach ed  
c o n flu en ce  (3 -5  days) an d  a s s a y e d  using  th e  CellTiter 96  
AQueous A ssay  (Prom ega, S o u th am p to n , United Kingdom) 
acco rd in g  to  m anufactu re r’s  instructions. Briefly, th e  cu ltu re  
m edium  w a s  su p p le m e n te d  with MTS an d  p h en az in e  m eth o - 
su lfa te  a t  final co n cen tra tio n s  of 166 p,g/ml a n d  12.5 jllm, 
respectively , and  left to  reac t for 2 h. T he p la te s  w ere  ag i
ta te d  to  e n su re  co m p le te  mixing an d  sc a n n e d  on a  m ultiplate 
re a d e r  (L ab sy stem s M ultiskan M CC/340) a t 492 nm . Cell 
d en sity  w a s  ev a lu a ted  relative to  H B S S -trea ted  con tro ls. T he 
IC5 0  w a s  e s tim a te d  from  th e  cu rves.

R esu lts
HRP/IAA Gene Therapy of Human Cells. To d e m o n s tra te  
w ide applicability  of H R P -m ediated  GDEPT, four cell lines of 
hum an  origin (T24 b lad d er carc inom a, M CF-7 b re a s t a d e n o 

carc inom a, FaDu naso p h ary n g ea l sq u a m o u s  carc inom a, and  
m icrovascu lar endothelial cell line HMEC-1) w ere  evaluated . 
C ells w ere  transiently  tra n sfe c te d  with th e  pR K 34-H R P co n 
s tru c t, in w hich th e  HRP cDNA w a s  previously fu sed  to  th e  
signal s e q u e n c e  from th e  hum an grow th h o rm one an d  th e  
KDEL retention  m otif (14). T he KDEL ta g  c a u s e s  accu m u la 
tion of th e  HRP in th e  e n d o p la sm ic  reticulum  an d  th e  nuclear 
en v e lo p e  (4, 14), preventing  se c re tio n  of th e  enzym e. This 
w ould b e  an  a d v a n ta g e  in vivo, w here  nonspecific  p rodrug 
activation  a t s ite s  d is tan t from  th e  tum or is undesirab le . As 
a s s e s s e d  by im m unostain ing , th e  transfec tion  efficiencies 
w ere  2 0 -2 5 %  in T24 cells, 1 6 -2 0 %  in M CF-7 cells, 1 0 -1 4 %  
in FaDu cells, an d  1 8 -2 0 %  in HMEC-1 cells. A s ex p ec ted , 
u n tran sfec ted  ce lls an d  m o ck -tran sfe c ted  (H R P ')  ce lls  ex 
p re ss in g  th e  m arker CD4 did no t s ta in  positive for HRP 
(results no t show n). S y n th esis  of an  im m unoreactive M,.
52 ,000  protein an d  c o m p e te n t p e ro x id ase  activity w ere  c o n 
firm ed in all HRP+ cells by W estern  blotting (resu lts no t 
show n) an d  HRP a ssa y . In T24, M CF-7, a n d  FaDu cells, HRP 
activity w as  3 .6  ±  0.9, 1.1 ±  0.6, an d  0 .8  ±  0 .2  x  1 0 '=  
units//u.g to tal pro tein , respectively . C o m p ared  with th e  o th er 
cell lines, a  h igher p e ro x id a se  activity w a s  d e te c te d  in 
HMEC-1 cells (17 ±  3 x  1 0 “ = units/jug to tal protein), which 
w a s  c o n s is te n t with an  in c rease d  num b er of H R P-containing 
p lasm ids/cell, co m p a re d  with th e  o th e r  cell lines. No d e te c t
ab le  HRP protein  p roduction  o r ca ta ly s t activity cou ld  b e  
m e a su re d  In H R P ' cells (data  no t show n).

S usceptib ility  of H R P -expressing  T24, M CF-7, an d  FaDu 
cells to  p rod rug  tre a tm e n t w a s  a s s e s s e d  by ex p o sin g  th e  
ce lls  to  increasing  c o n cen tra tio n s  of \AA (Fig. 2). R esu lts on 
T24 ce lls confirm ed findings rep o rted  previously (4). After 
only a  2 -h ex p o su re , significant cell killing w a s  indu ced  in 
HRP tran sfec tan ts , w h e re a s  no  toxicity w a s  o b se rv e d  in 
H R P ' ce lls (Fig. 24). H ow ever, ab o v e  4  mM, a  rapid  and  
d ram atic  d e c re a s e  in survival w a s  o b se rv e d  b o th  in th e  
H R P ' an d  H R P^ p opu la tions. This effect w a s  d u e  to  a  
significant acidification o f th e  l/^ -c o n ta in in g  m edium  b e 
c a u s e  w hen  th e  pH w a s  a d ju s te d  to  7 .4 , no  toxicity w as  
d e te c te d  in H R P ' cells e x p o s e d  for 2 h to  up  to  20  mM lAA 
(results no t show n). D o ses  ab o v e  4 mM w ere  th ere fo re  not 
included in th e  survival cu rves.

A h igher efficacy of th e  HRP/IAA com bination  w a s  o b 
se rv ed  after p ro longed  (24 h) incubation  (Fig. 28). In all o f th e  
cell lines s tu d ied , ex p ress io n  o f th e  H RP en zym e significantly 
en h a n c e d  sensitivity  to  lAA, with levels of cell kill of u p  to  4 - 5  
logs. S o m e  toxicity w a s  a lso  o b se rv e d  in H R P ' ce lls  a t 
co n cen tra tio n s  >  1 mM. E quivalent d o s e s  th a t re d u c e d  th e  
surviving fraction to  5 0%  (IC5 0 S) for H R P^ cells  w ere  co m 
p a re d  with th e  co rre sp o n d in g  H R P ' popu la tions. T he ratios 
of IC5 0  for H R P ' cellsilCso for H RP^ cells w ere  defined  a s  SI. 
After a  24-h  incubation . S is  of 3 6 ,5 5 , an d  85  w ere  m ea su re d  
in T24, M CF-7, a n d  FaDu cells, respectively . After analysis of 
th e  full survival cu rves, th e  r e sp o n s e  of th e s e  th re e  tu m o r cell 
lines to  HRP/IAA w a s  n o t found  to  differ con sid erab ly  a t 
d o s e s  of p rod rug  below  1 mM (Fig. 28), with M CF-7 cells 
being  slightly m ore  sensitive. At h igher co n c e n tra tio n s  of lAA, 
H RP^ T24 ce lls sh o w ed  an  in c rease  in cell kill o f 1 -2  logs 
c o m p a re d  with H RP^ FaDu an d  M CF-7 cells.
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Fig. 2. H R P / I A A  G D E P T .  G l o n o g e n i c  s u r 

v i v a l  o f  H R P  a n d  H R P *  t u m o r  c e l l s  e x 

p o s e d  f o r  2  h  {A) o r  2 4  h  ( S )  t o  I n c r e a s i n g  

c o n c e n t r a t i o n s  o f  t f i e  p r o d r u g  lA A .  A ,  H R P '  

1 2 4  c e l l s ;  ▲ . H R P *  1 2 4  c e l l s ;  □ ,  H R P  

M C F - 7  c e l l s ;  ■ .  H R P '  M C F - 7  c e l l s ;  0 ,  

H R P '  F a D u  c e l l s ;  ♦ .  H R P '  F a D u  c e l l s .  

M e a n s  a n d  S E s  o f  a t  l e a s t  t f i r e e  in d e p e n d e n t  

e x p e r i m e n t s  a r e  i n d i c a t e d .  T h e  l i n e s  a r e  i n 

t e r p o l a t e d .

Fig. 3. G r o w t h  in h i b i t i o n  ( M T S  a s s a y )  o f  H R P '  

a n d  H R P ’ h u m a n  m ic r o v a s c u la r  e n d o t h e l i a l  

H M E C - 1  (A )  a n d  T 2 4  b l a d d e r  c a r c in o m a  (S )  c e l l s  in  

t h e  p r e s e n c e  o f  lA A .  O ,  H R P '  H M E C - 1  c e l ls ;  • ,  

H R P  ' H M E C - 1  c e l ls ;  A ,  H R P  T 2 4  c e l ls ;  A, H R P  ' 

T 2 4  c e l ls .  T h e  m e a n s  o f  t h r e e  in d e p e n d e n t  e x p e r 

im e n t s  i  S E  a r e  s h o w n .  T h e  l in e s  a r e  i n t e r p o la t e d .
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The potential of the  HRP/IAA com bination to  target the  
tum or vascu latu re w as evaluated  in th e  HMEC-1 endothelial 
cell line. The growth of HMEC-1 cells w as m onitored using 
the  MTS assa y  (Fig. 3A) b e c a u se  th e s e  cells do  not form 
d isc re te  colonies. For com parative pu rposes , th e  growth of 
T24 cells w as analyzed under th e  sam e experim ental condi
tions (Fig. 36). After 24 h of lAA treatm ent, inhibition of 
proliferation w as d e tec ted  in HRP^ HMEC-1 cells, following 
a  d o se  resp o n se  very similar to  that of T24 HRP tran sfec tan ts  
(Fig. 3). However, com pared  with H RP" T24 cells, H RP" 
HMEC-1 cells ap p ea red  to be  m ore sensitive to lAA, resulting 
in a  d e c re a se  in selectivity (HMEC-1 cells, SI = 3; T24 cells, 
SI >  4, a s  a s s e s se d  using the  MTS assay).

Use of lAA Derivatives for GDEPT. To increase th e  a n 
titum or potential of th e  HRP/I/\A system , a  panel of lAA 
derivatives (Fig. 1) w ere stud ied  in com bination with HRP.

5-MeO-IAA, 6 -F-IAA, and 4-CI-IAA show ed  effects very 
similar to  lAA in norm oxia (Fig. 4), but alm ost no se lective 
cytotoxicity could be  d e tec ted  in H RP" cells in anoxia (Fig. 
5). 2-Me,5MeO-IAA induced nearly no toxicity in both  H RP"

and  HRP * cells under any of th e  exposu re  conditions a n a 
lyzed (Figs. 4 and  5). 5-BnO-IAA and  5-Ph-l/\A  sh ow ed  fast 
and  effective HRP" cell killing in both norm oxia an d  anoxia, 
but they  also induced high nonspecific toxicity in HRP" 
control cells (Figs. 4 and  5).

The action of th e  co m p o u n d s characterized  by prom pt 
norm oxic (1-Me-IAA and  2-Me-l/\A) a s  well a s  anoxic (in 
particular, 5-Br-IAA) cytotoxic activation and  high H R P" cell 
kill and  selectivity (1-Me-IAA, 5-Br-IAA, an d  5-F-l/\A) w as 
further investigated in detailed  survival experim en ts using 
different cell types. T24, MCF-7, and  FaDu cells w ere ex 
po se d  for 2 or 24 h to  th e  analo g u es 1-Me-I/\A, 2-Me-IAA, 
5-F-IAA, and 5-Br-IAA in normoxia.

After prolonged incubation with the cellular m onolayers (24 
h), the  p rodrugs stud ied  induced high and selective sensiti
zation in HRP" cells in all th ree  tum or lines (Fig. 6 ) and  in 
HMEC-1 cells (data not show n). In particular, 1-Me-IAA 
show ed  th e  h ighest S is (SI = 740 in T24, 71 in MCF-7, and 
50 in FaDu cells) and  H RP" cell kill, especially  a t low d o se s  
(Fig. 6 A). 2-Me-IAA, on th e  o ther hand, induced surviving
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Fig. 4. U s e  o f  lA A  d e r iv a t i v e s  f o r  G D E P T  in  n o r m o x ia .  T 2 4  c e l l s  were e x p o s e d  t o  a  p a n e l  o f  lA A  a n a lo g u e s  ( F ig .  1) a t  t h e  c o n c e n t r a t io n s  o f  0 .1  m w  (A  a n d  

C )  o r  1 m M  ( S  a n d  D )  f o r  2  h  (A  a n d  B) o r  2 4  h  ( C  a n d  D ) .  □ ,  H R P  c e l l s ,  0 .1  m M  p r o d r u g ;  ■ .  H R P ^  c e l ls ,  0 .1  m M  p r o d r u g ;  O ,  H R P  c e l ls ,  1 m M  p r o d r u g ;  

# ,  H R P  * c e l l s ,  1 m M  p r o d r u g .  T h e  m e a n s  o f  t h r e e  in d e p e n d e n t  c l o n o g e n i c  a s s a y  e x p e r im e n t s  ±  S E  a r e  in d ic a t e d .  P r o d r u g s  a d o p t e d  in  s u b s e q u e n t  s u r v iv a l  

s t u d i e s  a r e  underlined.

frac tions of less than 10%  only a t d o se s  above 1 mivi (Fig. 
6 6 ). 5-F-IAA, although very effective in T24 (SI = 8 8 ) and 
FaDu (SI = 60) cells, w as characterized  by nonspecific tox
icity in HRP MCF-7 cells, resulting in a  SI of only 1 . 6  in this 
cell line (Fig. 6 C). Finally, 5-Br-IAA w as efficient an d  selective 
in all of th e  cell lines analyzed (Sis w ere betw een  71 and 100; 
Fig. 60) In this ca se , prodrug levels of up to 1 rriM w ere 
s tud ied  b ec a u se  of toxicity in H RP" cells.

The above-m entioned  lAA derivatives w ere a lso  tes te d  in 
com bination with HRP in T24 cells in th e  ex trem e tum or 
conditions of anoxia (Fig. 7). C om pared  with norm oxic ex 
posure, th e  effects of lAA, 1-Me-IAA, 2-Me-IAA, and 5-F-IAA 
w ere not modified after either a  2 -h (data not show n) or a 
24-h incubation (Figs. 26 , 5, and  7, A -D ). Similar findings 
w ere obtained  after hypoxic (0.1%  Og) lAA treatm ent (data 
not shown). Unexpectedly, 5-Br-IAA show ed toxicity in an 
oxia a t 2 h, with 2 -3  log cell kill induced at 3 mw (Fig. 76), 
w h ereas normoxic 2 -h treatm ent did not induce any m e a s
urable effects in both HRP" and  HRP" cells a t th e  c o n cen 
trations analyzed (data not shown). This anoxic selectivity 
w as lost after prolonged exposu re  (24 h; Figs. 6 0  and 76), 
a lthough the  5-Br-IAA-mediated cell kill in HRP" cells w as 
higher than that observed  after anoxic treatm ent with any of 
the  o ther p rodrugs tes ted .

Bystander Effect of the HRP/IAA System. The by
sta n d e r effect can  be  defined a s  th e  ability of H R P-express- 
ing cells to kill neighboring HRP cells in th e  p re se n c e  of the  
prodrug \AA. B ystander killing is crucial for a  successfu l 
GDEPT stra tegy  b e c a u se  with the  pro toco ls currently 
ad o p ted  in clinical trials, th e  in vivo transfection  efficiency is 
unlikely to be  equal to  1 0 0 %.

T he b y sta n d e r e ffec t in d u ced  in vitro by th e  HRP/I/\A 
sy s tem  w as exam in ed  in T24 ce lls by ex p o sin g  p o p u la 
tio n s of HRP and  HRP ' ce lls  m ixed in varying p ro p o r
tio n s to  \AA, 1-M e-I/V\, or 5-Br-l/\A  for 24 h. T he c o n c e n 
tration  of p ro d ru g s  u se d  in th e s e  ex p erim en ts  w a s  ch o sen  
to  b e  less  th an  o ne-half th e  IC5 0  in H R P" T24 cells, i.e., 0.5 
mM lAA, 0 .5 mM 1-Me-IAA, an d  0.1 mM 5-Br-l/\A , which 
had  little or no effect on  cell survival in th e  m o c k -tra n s
fe c te d  population . T he p e rc e n ta g e  of H R P ' ce lls  w as 
a s s e s s e d  by im m unostain ing . Fig. 8  sh o w s  th a t th e  th ree  
p ro d ru g s w ere  ab le  to  ind u ce  significant b y s ta n d e r  killing 
in norm oxic a s  well a s  in anoxic cond itio n s. A to tal of 
6 0 -7 0 %  of th e  ce lls in th e  norm oxic cu ltu re  m ixture could 
b e  killed w hen only 5%  e x p re sse d  HRP. A cell kill of 
8 0 -9 5 %  w as ach iev ed  w hen  2 0 -2 5 %  of ce lls w ere  tr a n s 
fec ted  with th e  HRP g e n e , w hich w as  th e  m axim um  tra n s 
fection  efficiency ach iev ab le  in th e s e  ex p e rim en ts  (Fig. 8 ).
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Fig. 5. U se  o f lAA deriva tives for GDEPT in anoxia . C lo n o g en ic  survival of T24 c e lls  e x p o s e d  to  lAA deriva tives  in an o x ia  a t c o n c e n tra tio n s  of 0.1 mM (A 
an d  C) o r 1 mM (B a n d  O) for 2  fi an d  S) o r  24  h (C an d  D). □ ,  H R P ' cells, 0.1 mM prodrug ; ■ . H R P* cells , 0.1 mM prodrug; O, H R P ' cells, 1 mM prodrug; 
# ,  H RP * cells , 1 mM prodrug . T he d a ta  a re  th e  m e a n s  of th re e  in d ep e n d e n t ex p e rim e n ts  ±  SE. P ro d ru g s  a d o p te d  in s u b s e q u e n t  survival s tu d ie s  a re  
underlined.

This effect w as  no t d e p e n d e n t on c o n ta c t b e tw een  HRP^ 
an d  H R P " p o p u la tio n s  b e c a u s e  H R P" ce lls w ere  killed 
w hen e x p o se d  to  lAA p reac tiv a ted  by HRP^ cells (m edi- 
um -sw itch  ex perim en ts), a s  w e have  show n previously (4).

An even g rea te r bystander effect w as o b served  in anoxia: 
80%  (for lAA) to 96%  (for 5-Br-IAA) cell kill occurred  when 
only 5%  of th e  ex p o sed  population w ere HRP^ (Fig. 8 ), and 
2 -log killing w as induced at th e  h ighest concentration  of 
HRP+ cells (20%). In con trast to  w hat w as observed  in 
norm oxia, th e  toxic p roduct g enera ted  in anoxia w as not 
transferab le  in m edium -sw itch experim ents (results not 
show n). However, transfer of cytotoxicity could b e  d e tec ted  
w hen th e  oxygen concentration  w as raised  to 0 . 1  % (data not 
show n).

D iscussion
W e have previously show n th e  potential of th e  HRP/IAA 
com bination for GDEPT of can ce r (4). In th e  p resen t study, 
th e  action of HRP GDEPT w as validated in four cell lines of 
hum an origin. The re sp o n se  of the  th ree tum or cell lines 
analyzed, MCF-7 b reast adenocarcinom a, FaDu n a so p h a 
ryngeal carcinom a, and T24 b ladder carcinom a cells, did not 
differ considerab ly  (Fig. 2). After a  24-h incubation with lAA at

prodrug levels below 1 mM, HRP expression  conferred  a 
slightly higher sensitivity to  MCF-7 cells, w hereas at prodrug 
levels above 1 mM, HRP ' T24 cells w ere m arkedly more 
affected  by th e  treatm ent. The p 5 3  s ta tu s  d o e s  not ap p ea r to 
play a  m ajor role in th e  re sp o n se  of th e se  tum or cell lines to 
HRP/I/\A b e c a u se  MCF-7 cells have a  w ild-type p53  gene  
(20), w hereas FaDu and  T24 cells are characterized  by p53 
n o n se n se  and  m issen se  m utations at c o d o n s  248 an d  126, 
respectively (21, 22). HRP/IAA m ay therefore function effi
ciently in th e  m any tum ors exhibiting m utant p53 pheno
types.

HRP/I/\A GDEPT also  induced  significant inhibition of pro
liferation in HMEC-1 endothelial cells (Fig. 3A). This could 
rep resen t an ad v an tag e  if th e  tum or vascu latu re w as to be 
targeted . Selective killing of th e  endothelial cells forming the  
lining of tum or blood v esse ls  m ay c a u se  m alignant cells to 
sta rve  for lack of nutrients, producing an amplification of the  
cytotoxic effects. Also, endothelial cells lack the  drug resis t
an ce  characteristic  of neop lastic  cells, requiring lower d o se s  
of cytotoxic agen ts , an d  th e  vicinity to  th e  blood stream  
allow s direct and simplified ag en t delivery. For HRP/IAA, low 
prodrug d o se s  would b e  u se d  b e c a u se  \AA a lone show ed  
som e toxicity in H RP" cells (Fig. 3A). Thus far, th e  effects of
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Fig. 6. C yto toxicity  of lAA a n a lo g u e s  in n o r
m oxia. C lo n o g en ic  survival of H R P ’  a n d  HRP* 
tu m o r ce lls  e x p o s e d  for 24  h to  1-Me-IAA (A),
2-M e-IAA (B). 5-F-IAA (C), a n d  5-Br-IAA (D). A, 
H R P -  T24 cells; ▲, H R P* 1 2 4  cells; □ ,  H R P ’  
M CF-7 cells; ■ , H R P ' M CF-7 cells; 0 .  HRP 
FaD u cells; ♦ ,  HRP* FaDu cells. M ean s and  
S E s  of a t leas t th re e  in d ep e n d e n t e x p e rim en ts  
a re  in d ica ted . T he lines a re  in te rpo la ted .
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HRP/IAA have not been  te s te d  in normal ceils o ther than 
HMEC-1 cells, but preliminary in vivo s tu d ies  indicate very 
low toxicity of the prodrug and th e  activated  drug in non
can ce r tissue.'*

The possibility of enhancing the antitumor effect of HRP 
GDEPT w as investigated in a panel of different lAA analogues. 
The screening of 10 lAA derivatives in the four cell lines adopted  
in this study allowed the  identification of com pounds charac
terized by fast normoxic (1-Me-IA/^ 2-Me-IAA, and 5-MeO-IAA) 
or anoxic (5-Br-IAA) cytotoxic activation, high HRP^ cell kill 
(5-Br-IAA, 4-CI-IAA, 5-BnO-IAA, 5-Ph-IAA, 5-F-IAA, and 1-Me- 
IAA), or selectivity [1-Me-I/\A, 5-Br-IAA, and 5-F-IAA (Figs.
4-7)]. Som e variations were observed in the response of cells of 
different origin, with lAA, 1-Me-IAA, and 5-Br-IAA representing 
the m ost promising candidates for HRP GDEPT. In particular,
5-Br-IAA show ed very prompt and selective anoxic activation 
(Fig. 7, E and F). The choice of the appropriate prodrug and 
d o se  may therefore depend on the tum or type, the hypoxic 
fraction, and the pharm acokinetics in vivo.

HRP activation of th e  l/\A prodrug in the p re sen c e  of 
oxygen lead s to formation of a  stab le  toxic product, and th e

toxicity is transferab le  to HRP" cells under norm oxia (4, 10) 
or hypoxia (0.1%  Og: resu lts not show n). However, no such 
transferability w as seen  under anoxia (data  not show n), in
dicating that th e  anoxic toxicity is c au sed  by relatively sho rt
lived reactive sp ec ies . The initial activation of \AA by HRP 
g en e ra te s  a  radical sp e c ie s  (skatole radical), which is fol
lowed by a com plex se ries  of reactions with several possib le  
pathw ays involving short-lived radical in term edia tes and 
longer-lived sp e c ie s  (6 ). In norm oxia, 3-m ethylene-2-oxin- 
dole is likely to  be  involved in H R P-m ediated cell death.^ 
U nder anoxic conditions, th e  pathw ay leading to  3-m ethyl- 
en e- 2 -oxindole would not be  available, and  o ther toxic s p e 
c ies are  likely to  be involved, a s  d isc u sse d  in Ref. 4. In the 
c a s e  of 5-Br-IAA, th e  early toxicity after 2 h of incubation in 
anoxia may b e  du e  to  an en h an ce d  rate  of on e  of th e se  a s  yet 
undeterm ined reaction pathw ays, for this particular analogue 
only. Further work will co n cen tra te  on th e  analysis of the  
cytotoxic pathw ays at different oxygen concen tra tions.

The variation in toxicity of the  co m p o u n d s analyzed d o es  
not ap p ea r to  d ep en d  on th e  rate  of oxidation in th e  p re sen c e  
of HRP b ec a u se  no correlation could be  m easu red  betw een

‘ L  K. Folkes, u n p u b lish ed  d a ta . ' S. R ossiter, u n p u b lish ed  d a ta .
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Fig. 7. C yto toxicity  of lAA a n d  a n a lo g u e s  in 
anox ia . T24 cells  tran sien tly  tra n s fe c te d  witfi 
tfie  HRP cDNA an d  m o ck - tra n s fe c te d  cells 
w e re  e x p o s e d  for 24  h to  p ro d ru g s  lAA (A), 
1-Me-IAA (B). 2-Me-IAA (C). a n d  5-F-IAA (D) 
o r e x p o s e d  to  5-Br-IAA for 2 fi (£) o r  24  h (F). 
A - F :  O , HRP cells; # .  H R P ' cells . Tfie 
m e a n s  of tfiree  in d ep e n d e n t e x p e rim e n ts  ±  
SE a re  in d ica ted . T he lines a re  in te rp o la ted .
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oxidation rate'* (6 ) and surviving fraction after a  2 -h drug 
exposu re . U nexpectedly, after a  24 h-incubation with HRP" 
cells, th e  lAA analogues th a t a re  not prom ptly oxidized by 
HRP (such a s  5-F-IAA and 5-Br-IAA) resulted  in th e  highest 
toxicity. C om ponen ts and  substituen t position m ay both be 
relevant to the  cytotoxic potential, a s  se en  from th e  different 
efficacies of 1 -Me-IAA and  2-Me-IAA or 5-F-IAA an d  6 -F-IAA 
(Figs. 4 -7 ). for exam ple.

G ene delivery to tum ors in vivo is unlikely to lead to the 
modification of 100% of the  target cells. Therefore, an essential

requirem ent for GDEPT is that the  activated drug should induce 
a  bystander effect, whereby conversion of the prodrug to the 
active form in the enzyme-modified cells leads to the  killing of 
ad jacent untransfected ones. The killing of neighboring cells 
can  b>e due to the transfer of toxic metatx)lic products through 
gap  junctions (23). via apoptotic vesicles (24). or through the 
diffusion of soluble toxic metatxjlites (25. 26). Our stud ies su g 
g est that the HRP/IAA system  can produce a  strong bystander 
effect. In all experim ents. HRP transfectants were estim ated to 
represent a t best a  quarter of the cells exposed  to lAA, but this
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Fig. 8. B y s ta n d e r  e ffec t of th e  HRP/IAA com b in a tio n . HRP an d  H RP ' T24 ce lls  w ere  m ixed  in th e  p ro p o rtio n s  ind ica ted  an d  t re a te d  with 0 .5  mw lAA (A),
0 .5  mM 1-M e-IAA (S), o r  0.1 m u  5-Br-IAA (C) for 24  h in norm oxia  ( • )  o r  an o x ia  (O). M ean s  ±  SE a re  in d ica ted . T he lines a re  in te rp o la ted .

mixed population could be alm ost completely eradicated 
(Fig. 2). Transient rather than stable lines were used  b ecause  
transient expression and lack of integration of the therapeutic 
gene are m ore likely to take place in vivo with current viral or 
nonviral delivery system s {e.g., adenoviruses and cationic lipo
som es). In mixing experiments, approximately 70%  and 90%  
cell kill w as observed, with only 5%  and 20%  of the cells 
expressing HRP, respectively (Fig. 8 ). The effect d o es not ap 
pear to require contact betw een HRP and HRP ' populations 
t>ecause incubation of H R P ' cells with preactivated lAA re
sulted in cell death  under both normoxia (4) and hypoxia (0.1% 
O2 ). This com pares very favorably with in vitro da ta  on the 
bystander cytotoxicity of other enzym e/prodrug system s. For 
exam ple, 95%  cell kill after ganciclovir treatm ent required ex
pression of herpes simplex virus-1 thymidine kinase in 50%  of 
the exposed  population (24). Similarly, expression of cytosine 
deam inase in 5%  of the cells resulted in 50%  cell eradication 
after 5-fluorocytosine (27), and 90%  growth inhibition could be 
achieved w hen 3 4 -5 0 %  of the cells exposed to CB1954 pro
duced  the enzym e nitroreductase (26,28). Importantly, an even 
m ore pronounced bystander effect w as observed in anoxic 
conditions (Fig. 8 ), which, as d iscussed  previously, is likely to be 
due  to short-lived reactive species.

The prodrug concentrations used in the in vitro bystander 
cytotoxicity experim ents fall within the range of concentrations 
that could be achieved in vivo. In preliminary in vivo studies, 250 
mg/kg lAA and 50 mg/kg 5-F-IAA i.p. in mice resulted in tumor 
prodrug levels of —1 and ~ 0 .2  mM, respectively, and plasm a 
levels in e x cess  of —1-3 mM.® No adverse effects were re
corded in normal tissues. Nevertheless, to achieve prodrug 
activation at the target only, current work is focused on placing 
the HRP gene under the control of hypoxia-responsive prom ot
ers,^ which may ensure selective therapeutic gene  expression 
at the tum or site (29).

® U np u b lish ed  o b se rv a tio n s .
 ̂O. G reco , B. M arp les, G. U. D achs, K. J . W illiams, A. V. P a tte rso n , an d

S. D. S c o tt. C him eric  g e n e  p ro m o te rs  re sp o n s iv e  to  hypoxia  an d  ionizing 
rad ia tion  for u s e  in c a n c e r  g e n e  th erap y , su b m itte d  for publication.

In sum m ary, HRP rep re sen ts  an  effective enzym e for u se  in 
com bination with th e  lAA prodrug and its analogues. We are 
currently investigating th e  u se  of this com bination for GDEPT 
in vivo in HRP-modified tum or xenografts of the b ladder and 
nasopharyngeal carcinom a cell lines d escribed . The in vitro 
analysis p resen ted  here allow ed the identification of co m 
p o u n d s with potential not only in gen e  therapy  stra teg ies , but 
also  in antibody-directed  enzym e/prodrug therapy and  poly
m er-directed  enzym e/prodrug therapy  ap p ro ach es . Particu
lar attention will be  draw n to th e  action of HRP in com bina
tion with lAA, 1-Me-IAA, and 5-Br-IAA.
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Oxic and anoxic enhancem ent of radiation-m ediated toxicity by 
horseradish peroxidase/indole-3-acetic acid gene therapy
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Abstract.
Purpose: T o evaluate the interaction o f  horseradish perox
idase (H R P)/indoIe-3-acetic acid (lAA) gene therapy with 
therapeutically relevant doses o f  radiation.
Materials and methods: H um an T 24  bladder and FaDu nasopharyn
geal carcinom a cells were transiently transfected with the H R P  
cD N A  using a non-viral delivery m ethod. H R P  expression was 
confirmed by im m unostain and enzym e activity assay. T he cells 
were exposed to LAA or the analogue 1-M e-IAA in conjunction  
with X -rays in air or in anoxic conditions, and cytotoxicity was 
determ ined by clonogenic assay.
Results: A  significant and selective enhancem ent o f  radiation- 
m ediated cytotoxicity was observed. Pre-incubation with the 
prodrugs induced sensitizer enhancem ent ratios (SER) ranging  
from 2.6 (0.1 m M  LAA) to 5.4 (0.5 m M  LAA). Radiosensitization  
was also observed when prodrug exposure was perform ed im m e
diately after irradiation (SE R  —2 .1 -5 .6 ), or in anoxic conditions 
(SER =  3.6).
Conclusions: T h e use o f  gene therapy protocols to enhance the 
effect o f  ion izing radiation holds prom ise for anticancer therapy. 
T he data suggest that the com bination o f  H R P/L A A  gene  
therapy with ionizing radiation could present therapeutic advant
ages in the treatment o f  solid m alignancies, in particular to target 
the hypoxic population, which has been shown to correlate with 
poor outcom e after radiotherapy.

1. Introduction
T h e use o f  suicide genes for cancer treatm ent is a 

prom ising approach that has shown selectivity and  
efficacy in experim ental systems as well as clinical 
trials (for a recent review, see G reco and D achs  
2001). Suicide gene therapy, or gene-directed  
en zym e/prodrug therapy (G D EPT), is a two-step  
strategy in which a therapeutic gene encod ing a n on 
toxic enzym e is delivered to the tum our. In the 
second step, a prodrug is adm inistered and converted  
into a potent cytotoxin by the enzym e synthesized at 
the target. A n  im portant feature o f  G D E P T  is the 
bystander effect (Pope et al. 1997), w hich can be  
defined as an extension o f  the killing effects o f the 
active drug to untransfected neighbouring cells. T his  
im plies that even i f  only a fraction o f the target cells

* A uthor for correspondence, e-mail: dachs@ gci.ac.uk  
Tum our M icrocirculation Group, Gray C ancer Institute, 
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are genetically m odified and express the therapeutic 
gene, tum our eradication m ay still be achieved.

External beam  radiation therapy rem ains one o f  
the m ost im portant treatm ent m odalities for hum an  
cancers. T h e tolerance o f norm al tissues to treatment- 
induced injury restricts the total dose that can be 
delivered to eradicate the solid tum our. M ultiple 
factors contribute to the resistance o f  solid m alignanc
ies to radiation-induced cell death, including intrinsic 
genetic and extrinsic physiological determ inants. T h e  
presence o f  hypoxic regions is one o f  the m ost 
significant adverse factors, affecting the response to 
radiotherapy in a range o f  hum an tum our sites (Brizel 
et al. 1997, 1999, Fyles et al. 1998, Nordsm ark et al. 
1998, K nocke et al. 1999). H ow ever, resistance to 
radiation via the classical oxygen effect is unlikely to 
be the only explanation (H ockel et al. 1999). H ypoxia- 
induced m odifications o f  gene expression m ay also 
contribute to poor outlook, giving rise to m ore 
aggressive locoregional disease and enhanced  invas
ive capacity (Alarcon et al. 1996, G raeber et al. 1996, 
Sundfor et al. 1998).

A num ber o f  b iological strategies are currently 
under investigation to overcom e the lim itations o f  
dose delivery in conventional radiotherapy. For 
exam ple, the com bination o f  gene therapy  
approaches with ionizing radiation has b een  analysed  
(reviewed in Buchsbaum  et al. 1996). In particular, 
the w idely used G D E P T  systems o f  herpes sim 
plex v irus-1 thym idine kinase (H SV  T K )/g a n c i
clovir (G CV) and cytosine deam inase (C D )/5 -  
fluorocytosine (5-FC) induced selective enhance
m ent o f  radiation-m ediated toxicity, both in vitro 
(Kim  et al. 1994, K hil et al. 1996) and in vivo (K im  
et al. 1995, H an na et al. 1997, Pederson et al. 1997, 
Rogulski et al. 1997). Synergistic advantage was dem 
onstrated, and clinical trials are ongoing, where doses 
o f  prodrugs can be delivered in com bination  with  
radiotherapy w ithout severe toxicity to the patients 
(Chikara et al. 2000, Freytag et al. 2000). Furtherm ore, 
exploiting the tum our-specihcity o f  the hypoxic  
m icroenvironm ent for gene delivery, gene expression  
and prodrug activation, hypoxia-targeted G D E P T  
has the potential to contribute to overcom ing the
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ra d io re s is ta n c e  o f  p o o rly  o x y g e n a te d  tu rn  o u r  a reas  
(G reco  et al. 2000a).

A nove l G D R P 4  system  is c u rre n tly  b e in g  
d e v e lo p e d , w h ich  consists o f  the  p e ro x id a se  from  
h o rse ra d ish  (H R P ) an d  the  p la n t h o rm o n e  indo le - 
3 -ace tic  a c id  (lA A ; G reco  et al. 2000b). In vitro s tud ies  
d e m o n s tra te d  th a t in H R P - tra n s fe c te d  h u m a n  
tu m o u r  cells p ro d ru g  a c tiv a tio n  w as p ro m p t an d  
effic ien t (G reco  et al. 2000b). C y to to x ic ity  co u ld  b e  
evoked  w ith in  a  2  h ex p o su re , a n d  it w as fu r th e r  
in c re a se d  a f te r  24 h in c u b a tio n . T h e  H R P /IA A  c o m 
b in a tio n  re su lted  in fas te r a n d  m o re  effective cell kill 
th a n  H S V  T K / G C V ,  in p a r t ic u la r  in th e  ex tre m e  
tu m o u r  c o n d itio n s  o f  a n o x ia  (G reco  et al. 2000b). 
T h e  tox ic  ag en ts  a n d  th e  ce llu la r  ta rg e ts  invo lved  in 
H R P /IA A -m e d ia te d  tox ic ity  a re  ye t to  be id en tif ied . 
A t n e u tra l  p H , lA A  is o x id ized  by  H R P -c o m p o u n d  
I (C p d  I, figu re  1) to a ra d ic a l c a tio n , w h ich  
u n d e rg o e s  scission o f  th e  exocyclic  c a rb o n - c a rb o n  
b o n d  to  y ield  th e  c a rb o n -c e n tre d  skatoly l rad ica l 
(D u n fo rd  1999, figure 1). In  th e  p re sen ce  o f  oxygen , 
the  skato ly l ra d ic a l rap id ly  fo rm s a  p e ro x y l rad ica l, 
w h ich  th e n  decays to  a  n u m b e r  o f  p ro d u c ts , th e  
m a jo r  o n es  b e in g  in d o le -3 -c a rb in o l, o x in d o le - 
3 -ca rb in o l a n d  3 -m e th y len e -2 -o x in d o le  (M O I). In  
an o x ic  so lu tio n , d e c a rb o x y la tio n  o f  th e  ra d ic a l c a tio n  
can  still take  p lace  a n d  the  c a rb o n -c e n tre d  rad ica l 
p re fe re n tia lly  reac ts  w ith  h y d ro g e n  d o n o rs  (C a n d e ia s  
et al. 1994). T h e  skato ly l ra d ic a l is very  reac tiv e

H,C O O H

Cpd I or 

C pd II

H R P _____ ^  C p d l
(F e ll! ) IIFe ivrl

“  A \
lAA ' C pd II ^ \AA

(F e  IV)

CH ,C O O H

anoxia
H , 0 0

DMA a d d u c ts  an d  
s tra n d  b rea k s

c \  N ucleophiles
H (Nu)

Figure 1. Activation o f indolc-3-acetic acid (lA.A) in the pres
ence o f horseradish peroxidase (HRP). lA.A (1) is oxidized  
to the radical cation (2), which fragments rapidly to yield 
the skatolyl radical (3). In anoxia this probably forms 
D N A  adducts and strand breaks. Otherwise, the skatolyl 
radical promptly reacts with oxygen to form the peroxyl 
radical (4), which by further steps leads to 3-methylene- 
2-oxindole (M OI, 5). M O I can react with cellular nucleo
philes, for example protein thiols and DN.A, to form 
adducts (6).

to w ard s D N A  (Folkes et al. 1999) a n d  lip ids. In  oxic 
co n d itio n s , M O I h as  b e e n  re p o r te d  to re a c t wiffi 
ce llu la r  n u c leo p h ile s  such  as th io ls , D N A  a n d  
su lp h h y d ry l g ro u p s  in en zy m es o r  h is to n e  (Folkes 
an d  W a rd m a n  2001). T h e se  p a th w a y s  a p p e a r  to be  
specific for H R P , as m a m m a lia n  p e ro x id a se s  fa iled  
to  c o n v e rt lA A  in to  a  cy to to x in  a t th e ra p e u tic a lly  
sign ifican t p ro d ru g  doses (P ires de  M elo  et al. 1997, 
1998, Folkes et al. 1998). A lso, LVA is w ell to le ra te d  
in h u m a n s , as a f te r  o ra l a d m in is tra tio n  o f  1 0 0  m g /k g  
IA.A (0.57 m m o l/k g )  no  s ign ifican t side effects w e re  
re p o r te d  (M irsky  a n d  D ie n g o tt 1956).

B esides c au sin g  d ire c t cy to to x ic ity , H R P /IA A -  
in d u c e d  D N A  s tra n d  b reak s  a n d  a d d u c ts  (Folkes et al.
1999) a n d /o r  th io l d e p le tio n  (Folkes et a i ,  in press) 
m ay  p ro v id e  se n s itiz a tio n  to o th e r  tre a tm e n ts , such  
as ra d ia tio n , c o n c o m ita n tly  a d m in is te re d . T h e re fo re , 
th e  p o te n tia l o f  th e  H R P /L A A  c o m b in a tio n  to se lec t
ively e n h a n c e  ra d ia tio n  cy to to x ic ity  w as in v es tig a ted  
in vitro. In  th e  p re s e n t s tudy , h u m a n  tu m o u r  cells 
tran sfec ted  w ith  th e  H R P  cD N A  w ere  ex p o sed  to 
LA.A o r the  a n a lo g u e  1-M e-IA A  in c o n ju n c tio n  w ith  
X -ray s. T h e  in te ra c tio n  o f  th e  G D E P T  p ro to c o l w ith  
th e ra p e u tic a lly  s ign ifican t doses o f  io n iz in g  ra d ia tio n  
w as ev a lu a te d  in ox ic  a n d  an o x ic  co n d itio n s .

2. M aterials and m ethods

2.1. Cell culture

T 2 4  b la d d e r  c a rc in o m a  cells (E u ro p e a n  C o llec tio n  
o f  C ell C u ltu re s , S a lisb u ry , U K ) a n d  F aD u , n a so 
p h a ry n g e a l sq u a m o u s  c a rc in o m a  cells (A m erican  
T y p e  C u ltu re  C o lle c tio n , M an assas , VA, U SA ) 
w ere  m a in ta in e d  in D u lb e c c o ’s m o d ified  E ag le ’s 
m e d iu m  (D M E M , Life T ech n o lo g ie s , Paisley , U K ) 
su p p le m e n te d  w ith  10% fetal c a lf  se ru m  (S igm a 
A ld rich , G illin g h a m , U K ), 2 mM  L -g lu tam ine  (Life 
T ech n o lo g ies), lO O U /m l pen ic illin  (S igm a A ld rich ), 
1 0 0 /tg /m l s tre p to m y c in  (S igm a A ld rich ), a n d  in 
c u b a te d  in  a  h u m id if ied  in c u b a to r  a t 37°C  a n d  
5%  C O g /a i r .  O n ly  cells th a t  te s ted  n eg a tiv e  for 
m y co p la sm a  in fec tio n  w ere  u tilized .

2.2. Anoxic conditions

For e x p e rim e n ts  in  an o x ic  co n d itio n s , cells 
w ere  p la te d  in 6  cm  o x y g e n -im p e rm e a b le  d ishes 
(P e rm an o x , N alge N u n c  In te rn a t io n a l, L o u g h 
b o ro u g h , U K ) a n d  in c u b a te d  a t 37°C  in an  a n a e ro b ic  
glove c ab in e t (D O N  W h itley  S cien tific  L im ited , 
S h ip ley , U K ) w ith  5%  C O 2 , 5%  H 2 , 90%  N 2 a n d  
p a lla d iu m  ca ta ly st, o r , for ra d ia tio n  tr e a tm e n t, in a ir 
tig h t a lu m in iu m  b o x es flu shed  co n tin u o u s ly  w ith  a
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hum idified gas m ixture containing 5% C O 2 and 95% 
N 2 . All sam ple m anipulations were carried out in the 
anaerobic cabinet. Plastics and m edia were pre
incubated in anoxia for 48 h before use to rem ove 
residual oxygen.

2.3. Plasmid DNA and cell transfection

T h e plasm id p R K 34-H R P  (C onnolly et al. 1994) 
was kindly provided by D r D . F. Cutler, U C L , 
London. T h e  control plasm id p C M V -C D 4, con
taining the gen e for the marker protein C D 4, was 
constructed as described previously (D achs et al.
2000). In both  cases, gene expression was driven by  
the strong cytom egalovirus (CM V) early prom oter.

Transient transfectants were obtained by exposing  
the cells in air to com plexes o f  integrin-targeted  
peptides, lipofectin (Life Technologies) and D N A  
(Hart et al. 1998), and were assayed for gene 
expression after 24 h. Transfection efficiency with  
the plasm id p R K 34-H R P  was analysed by  
im m unofluorescence analysis (§2.4).

2.4. Immunofluorescence staining

A ntibody staining was carried out by fixing cell 
suspensions in 3% paraform aldehyde (Sigm a  
A ldrich)/P B S for 20 min at room  tem perature (RT). 
After centrifugation the pellets w ere rinsed in PBS 
and incubated for 15 min at R T  in 15 m M  glycine 
(Sigm a A ld rich)/P B S. N on-specific binding was 
blocked by addition o f  the wash buffer (5% F C S/1%  
T w een  20 (Sigm a A ldrich)/PB S). T h e sam ples were 
centrifuged and incubated for 1 h at R T  in rabbit 
polyclonal an ti-H R P  (Dako, Ely, U K ) diluted 1:200 
in 10% F C S /w a sh  buffer. Following extensive rinsing 
in wash buffer (at least three tim es), the sam ples were 
re-suspended in T R IT C -conjugated  swine anti-rabbit 
im m unoglobulins (Dako) diluted 1:200 in 10% 
F C S /w a sh  buffer and incubated for 1 h at R T . T he  
cells were rinsed in wash buffer and re-suspended  
in H anks’ balanced  salt solution (H BSS; Life 
Technologies) for FACS analysis on  a Becton  
D ickinson FAC Scan. Cells were scored as positive if  
they showed an increased fluorescence with respect 
to control cells transfected with pC M V -C D 4.

2.5. H R P activity assay

H R P  activity was analysed using a m odified 3,3% 
5,5-tetram ethylbenzid ine dihydrochloride (TM B; 
Sigm a Aldrich) assay, as described previously (Greco  
et al. 2000b). T h e total cellular protein content in the 
samples was determ ined by using a com m ercial 
protein assay kit (Bio-rad, H em el H em pstead, U K ).

2.6. Prodrug exposure

Exponentially growing cells were plated at low  
density and exposed  to lA A  or 1-M e-IAA (Sigm a  
Aldrich) in phenol-red-free H B SS for 24 h in the 
37°C incubator. A lternatively, cells were pre-plated  
in the anaerobic cabinet and, after allow ing the cells 
to settle for 5 - 6  h, they were exposed  to the prodrugs 
for 24 h in anoxic conditions.

2.7. Irradiation procedure

Cells w ere irradiated at 37°C using a Pantak X -ray  
generator, operated at 240 kVp (H V L  1.3 m m  Cu), 
at a dose rate o f 1.6 G y /m in . For irradiation in 
anoxic conditions, the cells were exposed  to X-rays 
in air-tight alum inium  boxes flushed with the 
hum idified anoxic gas mixture.

2.8. Clonogenic assay

Following drug exposure a n d /o r  irradiation, cells 
were rinsed with PBS and grown for 7 -1 0  days in 
com plete D M E M  supplem ented with feeder cells 
(V 79 cells exposed to 250 G y ^°Co irradiation) at 
37°C in water-saturated environm ent. After fixation  
and staining with 2.5% crystal violet (Sigm a Aldrich) 
w /v  in isom ethylated spirit (IM S), colonies o f  > 5 0  
cells w ere scored. Surviving fractions were norm al
ized for plating efficiency o f  m ock-irradiated cells 
exposed to H B SS or prodrug. For each data point, 
at least three independent experim ents (triplicate 
samples) w ere perform ed.

2.9. Statistical analysis

Radiation survival data were com pared by per
form ing a m ultiple regression analysis. Values o f  
/? < 0 .0 5  were considered as significant. T h e sur
vival curves were analysed according to the single
hit m ulti-target (SH M T ) m odel (S F =  1 — [1 — 
exp ( — dose /D o )] " ), b y using a non-linear fitting pack
age (JM P; SAS Institute Inc, M arlow , U K ). T h e  
S H M T  rather than the linear-quadratic m odel was 
adopted, since it showed a better agreem ent with the 
experim ental data. T h e sensitizer enhancem ent ratio 
(SER) was assessed from  the survival curves by the 
ratio o f  doses o f  radiation that reduce cell survival 
by 50%.

3. Results
Im m unolabelling o f  H R P  follow ed by FACS ana

lysis indicated that hum an T 24  bladder carcinom a  
cells and FaDu nasopharyngeal squam ous carcinom a
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cells ex p o sed  to co m p lex es o f  in te g rin - ta rg e te d  p e p 
tides, lip o fec tin  a n d  p lasm id  D X A  (p R K 3 4 -H R P ; 
C o n n o lly  et al. 1994) co u ld  be tran s ien tly  tran sfec ted  
w ith  th e  H R P  cD N A . T ran sfec tio n  efhc ienc ies  o f  
20 25%  fo r T 2 4  cells a n d  10 14% for F aD u  cells 
w ere  m e a s u re d . S yn thesis o f  a  c o m p e te n t p e ro x id ase  
w as c o n firm e d  in th e  H R P -e x p re ss in g  (H R P  ) cells 
by  e n z y m e  ac tiv ity  assay (d a ta  n o t show n).

F ig u re  2 show s th e  su rv ival o f  H R P ^  cells a n d  o f  
c o n tro l cells, tran sfec ted  w ith  th e  m a rk e r  C D 4  
( C D 4 ^ ) ,  e x p o sed  for 24 h to  tw o  doses o f  th e  p ro 
d ru g s a n d  1-M e-IA A . In c u b a tio n  o f  T 2 4  cells 
w ith  LAA w as p e rfo rm e d  in a ir  as w ell as in the 
e x tre m e  tu m o u r  co n d itio n s  o f  an o x ia . A t th e  doses 
o f  0.1 a n d  0 .5  m M  no  cy to to x ic  effects w ere  m e a su re d  
in c o n tro l C D 4  cells. O n  th e  o th e r  h a n d , H R P  
cells co u ld  b e  selectively  sens itized  to  lA A  a n d  its 
a n a lo g u e  in a  d o se -d e p e n d e n t fash ion  (figure 2). N o  
m a jo r  d iffe ren ces w ere  d e te c te d  in the  re sp o n se  o f  
the  tw o lines u n d e r  e ith e r  o x y g en a tio n  c o n d itio n , 
a n d  7 0 -8 0 %  (0 .1 m M ) o r 8 6 -9 4 %  (0.5 m M ) cell kill 
w ere  m e a su re d . D e ta iled  e v a lu a tio n  o f  th e  re sp o n se  
o f  T 2 4  a n d  F aD u  cells to  H R P / L A \  G D E P T  has 
b een  re p o r te d  e lsew here  (G reco  et al. 2 000b , G reco  
et a i ,  in  p ress).

P r io r  to  c o m b in e d  r a d ia t io n /G D E P T  e x p e rim e n ts , 
the  effect o f  gene  d e livery  on  th e  ra d ia tio n  response  
o f  T 2 4  cells w as an a ly sed . U n tra n s fe c te d  cells an d  
tra n s ie n t tra n sfe c ta n ts  w ith  e ith e r  th e  H R P  o r  the  
C D 4  g en e  w ere  ex p o sed  to  doses o f  X -ray s  ra n g in g  
from  1 to  7 G y. T h e  in trin sic  rad io sen sitiv ity  o f

T24, CD4’+IAA, air \SM  T24, CD4>IAA, anoxia 

H  T24. HRPVlAA, air EHH T24, HRP‘+IAA, anoxia 

^  FaDu, CD4*+IAA, air ^  T24, CD4*+1-Me-IAA. air 

BB I FaDu, HRP'+IAA, air □  T24, HRP*+1-Me-IAA, air

05C
>
oCO
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Figure 2. Cytotoxicity o f H R P /IA A  G DEPT. T 24  bladder 

carcinoma and FaDu nasopharyngeal carcinoma cells 
transiently transfected with the H RP cD N A  (H R P") or 
the C D 4 (C D f^ ) gene were exposed for 24 h to 0.1 m M  
and 0.5 m M  lAA or 1-Me-I.A..'\, in air or in anoxia. The  
data are means of at least three independent experiments 
(triplicate samples). Error bars are +  standard error (SE).

u n tra n sfe c te d  T 2 4  cells w as n o t s ign ifican tly  a lte re d  
a f te r  tran sfec tio n  w ith  e ith e r  fo re ign  g en e  (d a ta  
no t show n). O n ly  G D 4 tra n sfe c ta n ts  w ere  u sed  in 
fu r th e r  e x p e rim e n ts  as co n tro ls .

In the p re sen ce  o f  th e  p ro d ru g  I/VA, a m a rk e d  
in c rease  in sensitiv ity  to  ra d ia tio n  w as selectively  
in d u c e d  in H R P  cells (hgu re  3). N o  sign ifican t 
d iffe rence  in th e  re sp o n se  to  ra d ia tio n  w a s  ob serv ed  
in  G D 4 *  cells in c o m b in a tio n  w ith  LAA (figure 3A ,C ). 
O n  th e  o th e r  h a n d , H R P  cells in c u b a te d  for 24 h 
w ith  0.1 o r 0 .5  m M  LA.A p r io r  to  (figure 3B) o r 
im m ed ia te ly  a f te r  (figure 3D ) ir ra d ia tio n  d e m o n 
s tra te d  a sign ifican t e n h a n c e m e n t o f  ra d ia tio n -  
m e d ia te d  tox ic ity . T h e  resu lts  show n  in figure 3 d id  
n o t c h an g e  w h e th e r  th e  p ro d ru g  w as p re s e n t o r n o t 
a t th e  tim e o f  ir ra d ia tio n  (d a ta  n o t show n).

T o  co n firm  th e  o b se rv e d  effect in a n o th e r  tu m o u r  
cell line , F aD u  cells w ere  e x p o sed  to a sing le  ra d ia tio n  
dose  in c o m b in a tio n  w ith  H R P /IA A . S im ila rly  to 
T 2 4  cells, a f te r  p re - in c u b a tio n  w ith  lA A , H R P  ^

CD4* p re-irrad iallon

t

C D 4’ p o s t-irrad ia lion  -  ,

H R P  p re -» rrad ia tio r

H R P  postHrradiatK>n -

Radiation Dose (Gy)

Figure 3. Effect o f H RP/IA.A G D EPT on the radiosensitivity 
of T 24 cells in air. C D 4" (A, C) and HRP^ (B, D) cells 
were exposed to 0.1 or 0.5 mM LA.\ for 24 h prior to (A, 
B) or after (C, D) irradiation. The data are m ean s± S E . 
Lines are best-lit curves (SH M T model). Cell survival 
curves were normalized for the plating efiiciency o f mock- 
irradiated cells exposed to LAA, to account for drug 
toxicity. — V  — , C D 4* T 24  cells, no prodrug; - 0 - ,  
GD4" ce Ils 4- 0 .1 mM LAA; C D 4" cells 4- 0.5 mM
LAA; , HRP" cells, no prodrug; HRP"
ce Ils 4- 0.1 mM LA.A; H RP" ce Ils 4- 0.5 mM IA.A.
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F aD u  cells sh o w ed  a sign ifican t in c rea se  in ra d ia tio n -  
in d u c e d  cell kill, w hile th e  response  o f  co n tro l C D 4  * 
cells w as u n affec ted  (hgure  4).

S E R  can  b e  d e h n e d  as the  q u o tie n t o f  tw o ra d i
a tio n  doses w h ich  cause  th e  sam e cell kill (L am b in  
et al. 2000). In th is w ork , 50%  cell kill w as co n s id e red  
as a n  e n d p o in t. T h e  su rv ival cu rves w ere  an a ly sed  
a c c o rd in g  to  th e  S H M T  m o d e l, n o rm a liz in g  fo r the  
p la tin g  efficiency o f  m o c k - irra d ia te d  cells ex p o sed  to  
th e  p ro d ru g . In  H R P *  T 2 4  cells p re - in c u b a te d  w ith  
lA A , S E R  values o f  2 .6  (0.1 m M  lA A ) a n d  5 .4  (0.5 m M  
lA A ) w ere  m easu red . Very s im ila r va lues (2.5 a n d  
5.6) w ere  e s tim a te d  w h en  p ro d ru g  in c u b a tio n  w as 
p e rfo rm e d  a fte r  ir ra d ia tio n .

In  a  p rev io u s  s tudy , it w as sh o w n  th a t th e  efficacy 
a n d  selectiv ity  o f  H R P /IA A  G D E P T  co u ld  be  
im p ro v e d  by a d o p tin g  d iffe ren t IA.A d e riv a tiv es  
(G reco  et a i ,  in press). O u r  resu lts  in d ic a te d  th a t in 
T 2 4  cells 1-M e-IA A  co u ld  in d u ce  a  h ig h e r  selectiv ity  
in d ex  an d  b y s ta n d e r  killing th a n  IA  A, b o th  in a ir  
a n d  an o x ia . T h e  use o f  th e  1-M e-IA A  in  c o m b in a tio n  
w ith  io n iz ing  ra d ia tio n  w as th e re fo re  s tu d ied . As 
illu s tra ted  in h g u re  5, H R P  T 2 4  cells ex p o sed  to
0.1 o r  0.5  m M  1-M e-IA A  be fo re  o r a f te r  ra d ia tio n  
show ed  in c rea sed  cell kill c o m p a re d  w ith  cells 
ex p o sed  to  bu ffer o n ly  (figure 5B ,D ), w hile  no  sens it
iza tio n  w as in d u c e d  in c o n tro l cells (h g u re  5A ,C ). 
S E R  values w ere  ca lc u la ted  to  be 2 .8  (0.1 m M  1-M e- 
IAA) a n d  4 .6  (0.5 mM  1-M e-IA A ), w h en  th e  p ro d ru g  
w as a d m in is te re d  for 24 h b e fo re  X -ray s , a n d  2.1 a n d
3.0, respective ly , if  p ro d ru g  in c u b a tio n  took  p lace  
im m ed ia te ly  a fte r  ir ra d ia tio n .

A synerg istic  effect o f  H R P /IA A  G D E P T  in c o m 
b in a tio n  w ith  ra d ia tio n  co u ld  be o f  even  h ig h e r 
th e ra p e u tic  im p ac t if  effective in hy^^oxic cells, since
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Figure 4. ElTcct o f H R P /I .\A  G D EPT on the radioscnsitivily 
of FaDu cells in air. CD4^ and F1R.P  ̂ cells were exposed 
to 0.1 or 0.5 m M  E4.4 for 24 h prior to irradiation (5 Gy). 
Means ±  SE are shown. Per cent surv ival at 5 Gy was 
normalized to exposure to L\.4 only. Hashed bars: CD4^  
cells; solid bars: HRP" cells. "Significantly différent from 
cells exposed to radiation only (/><0.05).

the  p re sen ce  o f  h y pox ic  a rea s  in solid  tu m o u rs  has 
b een  show n to  c o rre la te  w ith  p o o r  o u tc o m e  a f te r  
rad io th erap y .

1 2 4  cells ir ra d ia te d  in an o x ia  show ed  a n  oxygen  
e n h a n c e m e n t ra tio  (O E R ) o f  ~ 2 ,  i.e. d o u b le  th e  
dose o f  ra d ia tio n  w as n ecessary  to  in d u c e  50%  cell 
kill c o m p a re d  w ith  oxic cells. W h e n  p re - in c u b a te d  
w ith  0.1 mM lA A , H R P  cells sh o w ed  a 3 .6 -fo ld  
in c rease  in sensitiv ity  to  ra d ia tio n  (h g u re  6 B), a n d  
th e  O E R  w as re d u c e d  to  1.2. T h e  re sp o n se  o f  co n tro l 
cells tran sfec ted  w ith  th e  m a rk e r  C D 4  w as n o t signi- 
h can tly  d iffe ren t w h e th e r  th e  m o n o la y e rs  w ere  
p re -e x p o se d  to  lA A  o r bu ffe r on ly  (hgu re  6 A).

4. Discussion

T h e  use o f  g en e  th e ra p y  p ro to co ls  to  e n h a n c e  the  
effect o f  io n iz in g  ra d ia tio n  ho lds p ro m ise  for

CD 4 p re-irrad iatio fi
" '  I _ •>I ■ ' " I  "  I ' '

H R P ' p ro -irrad iation

0 001 

C C D 4 ' post-irrad ia lio n

0 001 
D . H RP* post-irrad ia tion

. ' 2 4 0 ^  z
Radiation (Gy)

Figure 5. Com bination o f H R P /1 -M e-E \.\ G D E PT  with radi
ation. C D 4^ (A, C) and HRP" (B, D) cells were exposed  
to 0.1 or 0.5 m M  l-M e-IA .\ for 24 h prior to (A, B) or 
after (C, D) X-rays. The data are means o f at least three- 
independent experiments (triplicate samples). Error bars 
are ± S E . The lines are best-fit curves. Cell survival 
curves were normalized to exposure to l-M e-IA.-\ only, 
to account for drug toxicity. — V —, C D 4" T 24 cells, 
no prodrug; - O -, C D 4" cells +  0.1 m M  l-Me-LAA; • 
CD 4" cells4 -0 .5  m M  l-Me-EAA; H RP" cells, no
prodrug; HRP" cellsd-0.1 m M  l-Me-LA.A; ,
HRP" cells4 -0 .5 m M  1-Me-LAA.
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Figure 6. Eflccl o f HRP/L-VA G D E PT  on the radiosensitivity 
o f T 2 4  cells in anoxia. C D 4" (A) and HRP" (B) cells 
were exposed to 0.1 m M  lAA for 24 h prior to irradiation. 
M eans +  SE are shown. Lines are best-fit curxes. Cell 
survival was normalized to exposure to \ W ,  to account 
for drug toxicity. Surxival data for oxic cells without 
are shown for comparative purposes. — V  — , C D 4" T 24  
cells, no prodrug, air; ••'A'", C D 4" cells, no prodrug, 
anoxia; - 0 - ,  C D 4" c e lls+ 0 . I m M  IA.A, anoxia; ,
HRP" cells, no prodrug, air; ' A - , HRP" cells, no 
prodrug, anoxia; HRP" cells4- 0.1 m M  I.A.A, anoxia.

a n tic a n c e r  th e ra p y . T h e  resu lts  in th is stu d y  show  
th a t h u m a n  tu m o u r  cells e n g in e e re d  to  exp ress  the  
p la n t e n z y m e  h o rse ra d ish  p e ro x id a se  (H R P ), w h ich  
selectively  ac tiv a te s  the  p ro d ru g  in d o le -3 -a ce tic  ac id  
(I A A) in to  a  cy to tox ic  ag en t, show  a n  inc rease  in 
ra d ia tio n - in d u c e d  tox ic ity  in oxic as w ell as in an o x ic  
cond itions.

S ta tis tic a l ev a lu a tio n  o f  c o m b in e d  ra d ia tio n  an d  
G D E P T  p ro to c o ls  has show n  th a t in vitro S E R  values 
o f  1.2 c a n  sign ifican tly  in crease  local co n tro l a fte r 
ra d io th e ra p y  (L am b in  et al. 2000). In  th e  p re se n t 
stud ies, v a lu es be tw een  2.1 a n d  5 .6  w ere m ea su re d  
in ox ic  co n d itio n s , d e p e n d in g  on p ro d ru g  c o n c e n tra 
tion . M o re o v e r , th e  sen s itiza tio n  effect co u ld  be  
d e te c te d  a t doses o f  ra d ia tio n  as low  as 1 G y, in d ic a t
ing  th a t  m u ltif ra c tio n a te d  tre a tm e n t (usually  2 
G y /f r a c t io n , o v e r 6 - 8  w eeks) in a c lin ica l se ttin g  
m ay  b e  effective. N o  m a jo r  d iffe rence  w as d e te c te d  
in th e  ra d io se n s itiz a tio n  p o te n tia l o f  the  tw o p ro d ru g s  
te s ted  (lA A  a n d  1-M e-IA A ), w ith  lA A  b e in g  slightly 
m o re  p o te n t (figures 3 a n d  5).

D e liv e ry  o f  a  fo re ign  g ene  a lo n e  (H R P  o r th e  
m a rk e r  C D 4 ) d id  n o t itse lf a lte r  ce llu la r  rad io sen sitiv 
ity. S im ila r find ings w ere  re p o r te d  by  o th e r  inves tig 
a to rs  w h o  u tilized  re tro v ira l (K im  et al. 1994, 1995, 
K h il et al. 1996) o r a d e n o v ira l v ec to rs  (H a n n a  et al. 
1997, B lack b u rn  et al. 1999, V alerie  et al. 2000) for 
G D E P T . M o re  im p o rta n tly , M a n s u r  et al. (2001) 
o b se rv ed  th a t n e ith e r  re tro v ira l n o r  liposom e- 
m e d ia te d  de liv e ry  o f  th e  g lu ta th io n e  p e ro x id ase

(G P X ) gene re su lted  in a n  effect on  rad io sen sitiv ity  
o f  h u m a n  I cells a n d  C h in ese  h a m s te r  o v a ry  (C H O ) 
fib rob lasts. O n  th e  o th e r  h a n d , a n  in c rease  in sensitiv 
ity to  ra d ia tio n  w as o b se rv ed  in cells tr a n sd u c e d  w ith  
ad e n o v iru s  c o n ta in in g  th e  cy to s ine  d e a m in a se  g en e  
(P ed erso n  et al. 1997, S tack lio u se  et al. 2000).

T ru e  ra d ia tio n  sens itize rs h av e  no  le th a l effect o f  
th e ir  ow n. T h e  doses o f  p ro d ru g  te s ted  re d u c e d  th e  
su rv ival o f  H R P  cells to  ~ 3 0 %  a t 0.1 m M  a n d  
~ 0 .6 %  a t 0 .5  m M  a fte r  24 h (figure 2). F u r th e r  se lec t
ive tox ic ity  co u ld  be  ach ie v ed  w ith  th e  a d d it io n  o f  
ra d ia tio n . T h e se  levels o f  p ro d ru g  w ere  fo u n d  to be 
less th a n  o n e -h a lf  th e  c o n c e n tra tio n  re q u ire d  to 
re d u c e  cell su rv ival by 50%  (IC 50) in  H R P  T 2 4  
a n d  F aD u  cells (G reco  et a i ,  in press). D oses in this 
ra n g e  a re  likely to  be a ch ie v ab le  in vivo a n d  m ay  
re p re se n t a possib le  c lin ica l scen a rio . In  m ice, 
250  m g /k g  lA A  a n d  50 m g /k g  5 -F -IA A  i.p . re su lted  
in  tu m o u r  p ro d ru g  levels o f  ~ 0 .5 m M  a n d  ~ 0 .2 m M  
respec tive ly , a n d  p la sm a  levels in excess o f  ~  1 mM, 
w ith  no  a sso c ia ted  to x ic ity  (a u th o rs ’ ow n  u n p u b lish e d  
o b se rv a tio n s). A lso, tra n s ie n t r a th e r  th a n  stab le  tr a n s 
fec tan ts  w ere  u tilized  in th is study  in  o rd e r  to  m im ic  
a  c lin ical g en e  th e ra p y  p ro to co l.

L im ited  tran sfec tio n  efficiency (1 0 -1 4 %  in FaD u  
a n d  20-25%  in T 2 4  cells) c o m p a re d  w ith  th e  levels 
o f  cell kill w as m e a s u re d  (figures 2 -6 ) ,  th e re fo re  a 
b y s ta n d e r  effect w as in d u c e d , w h e reb y  th e  ac tiv a te d  
p ro d ru g  in d u c e d  tox ic ity  an d  ra d io se n s itiz a tio n  also  
o f  su r ro u n d in g  u n tra n s fe c te d  tu m o u r  cells. A c tiv a ted  
IA .\  can  cross cell m e m b ra n e s  (Folkes et al. 1999) 
a n d  has b een  o b se rv ed  to  in d u ce  s tro n g  b y s ta n d e r  
k illing, w ith  no  re q u ire m e n t fo r ce ll-to -ce ll c o n ta c t 
(G reco  et al. 2000b).

S ign ifican t synergy  o f  H R P /IA A  G D E P T  a n d  
X -ra y  ex p o su re  w as also  d e te c te d  in th e  e x trem e  
tu m o u r  co n d itio n  o f  an o x ia . A n o x ic  H R P  cells p r e 
ex p o sed  to  0.1 m M  lA A  w ere  3 .6 -fo ld  m o re  sensitive 
to  ra d ia tio n  th a n  b u ffe r- tre a te d  c o n tro ls , a n d  th e  
O E R  w as re d u c e d  fro m  2 to 1.2. H y p o x ic  ra d io se n s it
iza tio n  m ay  re su lt in in c rea sed  th e ra p e u tic  effec t
iveness, a n d  be  ex p lo ited  for h y p o x ia - ta rg e te d  gene  
th e ra p y  (D ach s  et al. 1997). T o  th e  a u th o r s ’ k n o w 
ledge, this is th e  first re p o r t d e m o n s tra t in g  efficacy 
o f  a  c o m b in e d  ra d ia tio n  a n d  G D E P T  p ro to c o l in 
oxic as w ell as a n o x ic  c o n d itio n s . H R P / I A A  w as also  
tox ic  in cells a t in te rm e d ia te  oxygen  c o n c e n tra tio n s  
(G reco  et a i ,  in p ress), w h ich  a p p e a r  to  b e  im p o r ta n t 
fo r th e  o u tco m e  o f  a  f ra c tio n a te d  ra d io th e ra p y  s c h e d 
ule  (WoLiters a n d  B row n 1997).

S im ila r S E R  va lues w ere  m e a su re d  w h en  p ro d ru g  
in c u b a tio n  w as p e rfo rm e d  p r io r  to  o r a f te r  X -ray s, 
suggesting  th a t a c tiv a te d  I/VA m ay  in c re a se  susc
ep tib ility  to  io n iz in g  ra d ia tio n  a n d  also  in te rfe re  
w ith  p o s t- ir ra d ia tio n  re p a ir  p rocesses. T o  d a te , th e
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activated drugs and the cellular targets involved in 
H R P /IA A -m ed iated  cytotoxicity and radiosensitiza
tion have not been identified. H owever, o f the stable 
oxic products, 3-m ethylene-2-oxindole (M O I, figure 1) 
has been reported to be toxic in Escherichia coli and 
som e plants, to react with glutathione (GSH) and to 
bind to sulphhydryl regions o f histone D N A  or R N A  
(Folkes and W ardman 2001). Exposure o f hamster 
fibroblast V 79  cells to LAA or 5-F-IAA activated by 
purified H R P  resulted in a decrease o f  cellular G SH  
up to ~ 7 0 %  o f control levels (Folkes et al., in press). 
Also, when activated lA A  was incubated with plasmid  
D N A  in a cell-free system, D N A  adducts and strand 
breaks were observed (Folkes et al. 1999). In the 
absence o f  oxygen, M O I cannot be formed. T he  
observed toxicity is likely to be free-radical based due 
to the results in anoxia (Greco et al. 2000b). Skatolyl- 
type radicals readily abstract hydrogen from donor 
m olecules and have been shown to react with biom ole
cules such as D N A  (Folkes et al. 1999) or lipid, and  
could lead to cell dam age by the formation o f  
secondary radicals in key biological targets.

D ep letion  o f  intracellular thiols has been shown to 
have a radiosensitizing effect in vitro (Clark et al. 1984, 
Varnes et al. 1984, Biaglow et al. 1986) and in vivo 
(Bump et al. 1982, Stevens et al. 1995). T h e effect has 
been observed in both oxic and anoxic conditions  
(Varnes et al. 1984, D eb ieu  et al. 1985), with preferen
tial sensitization o f  cells at low  or interm ediate oxygen  
levels (Bump et al. 1982, Clark et al. 1984, D ebieu  
et al. 1985, Scott et al. 1993, Stevens et al. 1995). 
G SH  depletion did not induce any significant altera
tion o f  the O E R  in norm al m ouse skin (Stevens et al. 
1995), V 79  (M itchell et al. 1983) and A 549 hum an  
lung carcinom a cells (Biaglow et al. 1983a, M itchell 
et al. 1983). A  decrease in O E R  has been observed  
in cells that show no oxic response to thiol depletion  
(Biaglow et al. 1983b).

H ow ever, G SH  depletion is unlikely to be solely 
responsible for the effects shown in this paper. T he  
reduction in G SH  levels to 70% after treatm ent with  
activated 5-F-IAA (Folkes et al., in press) is probably  
insufficient to account for the SER  achieved, as a 
reduction to > 9 0 %  was necessary to achieve full 
radiation sensitization (Clark et al. 1984). M oreover, 
G SH  depletion w ould only be expected to radiosens- 
itize prior to irradiation, while H R P /IA A  was shown  
to induce sensitization also after irradiation. 
A dditional b iochem ical alterations, probably invol
ving the D N A  m acrom olecule, are likely to take 
place. It is clear that further studies are now  war
ranted to shed light on the possible m echanism s 
associated with H R P /IA A -m ed iated  radiosensitiza
tion. D N A  dam age and thiol depletion will be quant
itatively analysed in vitro, in cells treated with lA A

and purified H R P  in com bination  with ionizing  
radiation.

W ith 50% o f all hum an cancer patients treated  
with radiation, im provem ent o f  the efficacy o f  a 
radiotherapy schedule rem ains a m ajor issue in 
cancer research. N um erous clinical trials have 
focused on com bining radiation with conventional 
chem otherapeutic agents, such as doxorubicin, 
m ethotrexate, 5-ffuorouracil and cisplatin (Stewart 
and Saunders 1997). H ow ever, norm al tissue toxicity  
rem ains a m ajor lim iting factor with these protocols. 
T h e results presented here dem onstrate that LAA 
and 1-M e-IAA selectively enhance radiation-induced  
lethality in hum an tum our cells expressing the 
enzym e H R P  at doses o f  prodrug achievable in vivo. 
Selective radiosensitization was observed in oxic as 
well as radioresistant anoxic cells, and testing in 
anim al m odels is now  warranted. In conclusion, the 
com bination o f  H R P -gene therapy protocols with  
ion izing radiation can represent an interesting and  
prom ising approach to overcom e lim itations o f  
tum our biology.

Acknowledgements
This work was supported by T h e C ancer Research  

C am paign (CRC) grant num ber SP 2 2 9 2 /0 1 0 2  and  
the G ray C ancer Institute. T h e authors are very 
grateful to D r D . F. Cutler for the p R K 34-H R P  
plasm id, to Mrs C laudia Coralli and M r M ick  
W oodcock for technical assistance, and to Professor 
M ike Join er and Professor Peter W ardm an for helpful 
discussion and statistical analysis.

References
A l a r c o n ,  R .  M . ,  R u p n o w ,  B . A ., G r a e b e r ,  T . G . ,  K n o x ,  S. J . 

and O lA C C lA , A. J ., 1996, M odulation o f  c-m yc activity 
and apoptosis in vivo. Cancer Research, 56 , 43 1 5 -4 3 1 9 . 

B i a g l o w ,  J . E . ,  C l a r k ,  E. P . ,  E p p , E. R . ,  M o r s e - G u a d i o ,  M . ,  
V a r n e s ,  M .  E .  and M i t c h e l l ,  J. B ., 1983a, N onprotein  
thiols and the radiation response o f  A 549 human lung  
carcinom a cells. Inlemational Journal o f Radiation Biology and 
Related Studies in Physics, Chemistry and Medicine, 4 4 , 
4 8 9 -4 9 5 .

B i a g l o w ,  J. E . ,  V a r n e s ,  M . E . ,  C l a r k ,  E. P. and E p p , E. R ., 
1983b, T h e role o f  thiols in cellular response to radiation  
and drugs. Radiation Research, 9 5 , 4 3 7 -4 5 5 .

B i a g l o w ,  J. E., V a r n e s ,  M . E ., T l t t t l e ,  S. W ., O l e i n i c k ,  
N . L., G l a z i e r ,  K ., C l a r k ,  E. P., Epp, E. R . and 
D e t h l e f s e n ,  L .  A ., 1986, T he effect o f  L-buthionine 
sulfoximine on the aerobic radiation response o f  A549  
hum an lung carcinom a cells. International Journal of 
Radiation, Oncology, Biology, Physics, 12, 1139-1142 . 

B l a c k b u r n ,  R . V ., G a l o f o r o ,  S. S ., C o r r y ,  P. M . and L e e ,  

Y. J., 1999, Adenoviral transduction o f  a cytosine deam in
ase/thym idine kinase fusion gene into prostate carcinom a  
cells enhances prodrug and radiation sensitivity. 
International Journal of Cancer, 8 2 , 2 9 3 -2 9 7 .



180 0. Greco et al.

B r i z e l ,  D . M .,  D o d g e ,  R . K .,  C l o u g h ,  R . W . and D e w h i r s t ,  
M . W ., 1999, O xygenation o f  head and neck cancer: 
changes during radiotherapy and im pact on treatment 
outcom e. Radiotheraf^ and Oncology, 53 , 1 1 3 -1 1 7 .

B r i z e l ,  D . M ., S ib l e y ,  G . S., P r o s n i t z ,  L. R ., S c h e r ,  R. L. 
and D e w h i r s t ,  M . W ., 1997, Tum or hypoxia adversely 
affects the prognosis o f carcinom a o f  the head and neck. 
International Journal of Radiation, Oncology, Biology, Physics, 
3 8 , 2 8 5 -2 8 9 .

B u c h s b a u m , D . J ., R a b e n ,  D ., S t a c k h o u s e ,  M . A ., K h a z a e l i ,  
M . B., R o g e r s ,  B. E., R o s e n f e l d ,  M . E., L iu , T . and 
C URIEL, D . T ., 1996, A pproaches to enhance cancer 
radiotherapy em ploying gene transfer m ethods. Gene 
Therapy, 3 f 1042-1068 .

B um p, E. A., Yu, N . Y. and B r o w n ,  J. M ., 1982,
Radiosensitization o f  hypoxic tumor cells by depletion o f  
intracellular glutathione. Science, 217, 5 4 4 -5 4 5 .

C a n d e i a s ,  L. P., F o l k e s ,  L. K ., D e n n i s ,  M . P., P a t e l ,  K. B., 
E v e r e t t ,  S. A., S t r a t f o r d ,  M . R. L. and W a r d m a n ,  

P., 1994, Free-radical interm ediates and stable products 
in the oxidation o f  indole-3-acetic acid. Journal of Physical 
Chemistry, 9 8 , 10 131 -1 0  137.

C h i k a r a ,  M ., V l a c h a k i ,  M . T . ,  T h e ,  B .,  A g u i l a r ,  L . ,  C h i u ,  
K . J., W o o , S., B e r n e r ,  B ., T h o m p s o n ,  T .  C . ,  B u t l e r ,

E. B. and A g u i l a r - C o r d o v a ,  E., 2000, D evelopm ent 
and progress on a phase II study evaluating H SV - 
tk+  valacyclovir gene therapy in com bination with radio
therapy for prostate cancer. Cancer Cene Therapy, 7 
(Suppl.), 817.

C l a r k ,  E . P . ,  E p p , E . R .,  B i a g l o w ,  J. E ., M o r s e - G a u d i o ,  M . 
and Z a c h g o ,  E ., 1984, G lutathione depletion, radiosens
itization, and m isodinazole potentiation in hypoxic 
Chinese hamster ovary cells by buthionine sulfoximine. 
Radiation Research, 98 , 37 0 -3 8 0 .

C o n n o l l y ,  C . N .,  P u t t e r ,  C . E ., G ib s o n ,  A ., H o p k in s ,  C . R . 
and C u t l e r ,  D . F., 1994, Transport into and out the 
G olgi com plex studied by transfecting cells with cD N A s  
encoding horseradish peroxidase. Journal of Cell Biology, 
127, 6 4 1 -6 5 2 .

D a c h s ,  G . U .,  C o r a l l i ,  C .,  H a r t ,  S. L . a n d  T o z e r ,  G . M ., 
2000, G e n e  d e liv e ry  to h y p o x ic  cells in vitro. British Journal 
of Cancer, 83 , 6 6 2 -6 6 7 .

D a c h s ,  G . U . ,  P a t t e r s o n ,  A. V .,  F i r t h ,  J. D ., R a t c l i f f e ,  P. J., 
T o w n s e n d ,  K .  M . ,  S t r a t f o r d ,  I. J .  and H a r r i s ,  A . L., 
1997, Targeting gene expression to hypoxic tumor cells. 
Nature Medicine, 3 , 5 1 5 -5 2 0 .

D e b ie u ,  D .,  D e s c h a v a n n e ,  P . J ., M i d a n d e r ,  J ., L a r s s o n ,  A . 
and M a l a i s e ,  E. P., 1985, Survival curves o f glutathione 
synthetase deficient hum an fibroblasts: correlation
between radiosensitivity in hypoxia and glutathione 
synthetase activity. International Journal o f Radiation Biology 
and Related Studies in Physics, Chemistry and Medicine, 48 , 
5 2 5 -5 4 3 .

D u n f o r d ,  H . B., 1999, Heme Peroxidases (New York: W iley  
Publisher).

F o l k e s ,  L. K ., C a n d e i a s ,  L. P. and W a r d m a n ,  P., 1998, 
Towards targeted ‘oxidation therapy’ o f  cancer: peroxid
ase-catalyzed cytotoxicity o f  indole-3-acetic acids. 
International Journal of Radiation, Oncology, Biology, Physics, 
4 2 , 9 1 7 -9 2 0 .

F o l k e s ,  L. K ., D e n n i s ,  M . P., S t r a t f o r d ,  M . R . L., C a n d e i a s ,  

L. P. and W a r d m a n ,  P., 1999, Peroxidase-catalyzed  
effects o f  indole-3-acetic acid and analogues on lipid 
m em branes, D N A , and m am m alian cells in vitro. 
Biochemical Pharmacology, 57 , 37 5 -3 8 2 .

F o l k e s ,  L. K. and W a r d m a n ,  P., 2001, O xidative activation o f  
indolc-3-acetic acids to cytotoxic species— a potential 
new role for plant auxins in cancer therapy. Biochemical 
Pharmacology, 61 , 129-136 .

F o lk e s ,  L. K ., G r e c o ,  O ., D a c h s ,  G . U ., S t r a t f o r d ,  M . R . L. 
and W a r d m a n ,  P . 5-Fluoroindole-3-acetic acid: a prodrug 
activated by a peroxidase with potential use in targeted  
cancer therapy. Biochemical Pharmacology (in press).

F r e y t a g ,  S. O . ,  K im , J. H . ,  K h i l ,  M . S ., N a f z i g e r ,  D ., M e n o n ,  
M ., P e a b o d y ,  J ., S t r i c k e r ,  H .,  D e p e r a l t a - V e n t u r i n a ,  
M ., P e g g ,  J. and A g u i l a r - C o r d o v a , E., 2000, Phase I 
study o f  replication-com petent adenovirus-m ediated  
double suicide gene therapy for local recurrence o f  pro
state cancer after definitive radiation-therapy. Cancer Cene 
Therapy, 7 (Suppl.), S I8.

F y le s ,  A . W ., M i l o s e v i c ,  M .,  W o n g ,  R .,  K a v a n a g h ,  M . C .,  
P i n t i l i e ,  M .,  S u n , A ., C h a p m a n ,  W ., L e v in ,  W ., 
M a n c h u l ,  L ., K e a n e ,  T . J . and H i l l ,  R . P., 1998, 
O xygenation predicts radiation response and survival in 
patients with cervix cancer. Radiotherapy and Oncology, 
4 8 , 149-156 .

G r a e b e r ,  T .  G .,  O s m a n ia n ,  C ., J a c k s ,  T . ,  H o u s m a n ,  D . E., 
K o c h ,  C. J., L o w e ,  S. W. and G i a c c i a ,  A. J ., 1996, 
H ypoxia-m ediated selection o f  cells with diminished  
apoptotic potential in solid tumours. Nature, 379 , 8 8 -9 1 .

G r e c o ,  O . and D a c h s ,  G . U ., 2001, G ene-directed en zym e/ 
prodrug therapy o f  cancer: historical appraisal and future 
prospectives. Journal o f Cellular Physiology, 187, 2 2 -3 6 .

G r e c o ,  O .,  F o l k e s ,  L . K . ,  W a r d m a n ,  P .,  T o z e r ,  G . M . and 
D a c h s ,  G . U .,  2000b, D evelopm ent o f  a novel en zy m e/ 
prodrug com bination for gene therapy o f  cancer: 
horseradish p eroxidase/indole-3-acetic acid. Cancer Cene 
Therapy, 7 , 1414-1420 .

G r e c o ,  O ., P a t t e r s o n ,  A. V . and D a c h s ,  G . U ., 2000a, Can  
gene therapy overcom e the problem  o f  hypoxia in radio
therapy? Jowrraa/ of Radiation Research, 41 , 2 0 1 -2 1 2 .

G r e c o ,  O . ,  R o s s i t e r ,  S ., K a n t h o u ,  C .,  F o l k e s ,  L . K .,  
W a r d m a n ,  P., T o z e r ,  G . M . and D a c h s ,  G . U. 
Horseradish peroxidase-m ediated gene therapy: choice o f  
prodrugs in oxic and anoxic tum our conditions. Molecular 
Cancer Therapeutics (in press).

H a n n a ,  N . N .,  M a u c e r i ,  H . J ., W a y n e ,  J. D ., H a l l a h a n ,  D . E., 
K u f e ,  D . W . and W e ic h s e lb a u m ,  R. R ., 1997, Virally 
directed cytosine deam inase/5-fluorocytosine gene 
therapy enhances radiation response in hum an cancer 
xenografts. Cancer Research, 5 7 , 4 2 0 5 -4 2 0 9 .

H a r t ,  S . L ., A r a n c i b i a - C a r c a m o ,  C . V ., W o l f e r t ,  M . A ., 
O 'R e i l l y ,  N .  J., A l i ,  R .  R . ,  C o u t e l l e ,  C .,  G e o r g e ,  
A . J., H a r b o t t l e ,  R . P ., K n i g h t ,  A . M ., L a r k i n ,  D . F ., 
L e v in s k y ,  R . J., S e y m o u r ,  L. W ., T h r a s h e r ,  A. J. and 
K in n o n ,  C ., 1998, Lipid-m ediated enhancem ent o f  trans
fection by a nonviral integrin-targeting vector. Human 
Cene Therapy, 9 , 5 7 5 -5 8 5 .

HÔCKEL, M ., S c h l e n g e r ,  K ., H O c k e l ,  s .  a n d  V a u p e l ,  p., 
1999, H y p o x ic  c e rv ic a l c a n c e rs  w ith  lo w  a p o p to t ic  in d e x  
a re  h ig h ly  ag g re ss iv e . Cancer Research, 5 9 , 4 5 2 5 -4 5 2 8 .

K h i l ,  M . S., K im , J. H ., M u l l e n ,  C .  A ., K im , S. H . and 
F r e y t a g ,  S. O ., 1996, R adiosensitization by 5-fluoro- 
cytosine o f  hum an colorectal carcinom a cells in culture 
transduced with cytosine deam inase gene. Clinical Cancer 
Research, 2 , 5 3 -5 7 .

K im , j .  H .,  K im , S. H .,  B r o w n ,  S. L . and F r e y t a g ,  S. O ., 1994, 
Selective enhancem ent by an antiviral agent if  the radi
ation-induced cell killing o f hum an gliom a cells trans
duced with HSV-tk gene. Cancer Research, 5 4 , 6053-6 0 5 6 .

K im , j . H ., K im , S. H ., K o l o z s v a r y ,  A., B r o w n ,  S. L., K im ,



H R P /IA A  G D E P T  as radiosensitizer 181

O . B. and FREYTAG, S. O ., 1995, Selective enhancem ent 
o f radiation response o f herpes sim plex virus thym idine 
kinase transduced 9L gliosareom a cells in vitro and in vivo 
by antiviral agents. International Journal o f Radiation, 
Oncology, Biology, Physics, 33 , 8 6 1 -8 6 8 .

K n o c k e ,  T . H ., W e i tm a n n ,  H. D ., F e ld m a n n ,  H. J., S e l z e r ,
E. and POTTER, R ., 1999, Intratumoral pO^-measure- 
ments as predictive assay in the treatm ent o f carcinom a  
o f  the uterine cervix. Radiotherafy and Oncology, 53 , 9 9 -1 0 4 .

L a m b in , P ., N u y t s ,  S., L a n d u y t ,  W .,  T h e y s ,  J., d e  B r u i jn ,  E ., 
A n n e , J., v a n  M e l l a e r t ,  L. and F o w l e r ,  J ., 2000, T he  
potential therapeutic gain o f  radiation-associated gene  
therapy with the suicide gene cytosine deam inase. 
International Journal o f Radiation Biology, 76 , 28 5 -2 9 3 .

M a n s u r ,  D . B ., K a t a o k a ,  Y ., G r d i n a ,  D . J .  a n d  D ia m o n d ,  
A. M ., 2001, R a d io se n s i t iv ity  o f  m a m m a lia n  cell lin es  
e n g in e e re d  to  o v e re x p re ss  cy to so lic  g lu ta th io n e  p e ro x id 
ase . Radiation Research, 1 5 5 , 5 3 6 -5 4 2 .

M i r s k y ,  I. A . a n d  D i e n g o t t ,  D .,  1956, H y p o g ly c e m ic  a c t io n  o f  
in d o le -3 -a c e tic  a c id  by  m o u th  in  p a t ie n ts  w ith  d ia b e te s  
m e llitu s . Proceedings of the Society fo r Experimental Biology and 
Medicine, 93 , 1 0 9 -1 1 0 .

M i t c h e l l ,  J. B ., R u sso , A ., B i a g l o w ,  J .  E. and M c P h e r s o n ,
S., 1983, Cellular glutathione depletion by diethyl m aleate 
or buthionine sulfoximine: no eflect o f  glutathione dep le
tion on the oxygen enhancem ent ratio. Radiation Research, 
96 , 4 2 2 -4 2 8 .

N o r d s m a r k ,  M ., K e l l e r ,  J ., H o y e r ,  M .,  N i e l s o n ,  O .  S., 
J e n s e n , O .  M . and O v e r g a a r d ,  J ., 1998, H ypoxia in 
human soft tissue sarcomas is associated with poor sur
vival. Radiotherapy and Oncology, 4 8  (Suppl.), 3162.

P e d e r s o n ,  L. C ., B u c h s b a u m , D . J., V i c k e r s ,  S. M ., 
K a n c h a r l a ,  s .  R., M a y o ,  M . S., C u r i e l ,  D . T . and 
S t a c k h o u s e ,  M . A., 1997, M olecular chem otherapy com 
bined with radiation therapy enhances killing o f  cholangi- 
ocarcinom a cells in vitro and in vivo. Cancer Research, 5 7 , 
4325-4332 .

P i r e s  d e  M e l o ,  M .,  C u r i ,  T . C ., M iy a s a k a ,  C .  K., P a l a n c h ,  
A. C. and CURl, R ., 1998, Effect o f  indole acetic acid on 
oxygen m etabolism  in cultured rat neutrophil. General 
Pharmacology, 31 , 5 7 3 -5 7 8 .

P i r e s  d e  M e l o ,  M .,  P i t h o n  C u r i ,  T .  C .,  C u r i ,  R .,  d i M a s c io ,  
P. and C i l e n t o ,  G., 1997, Peroxidase activity may play 
a role in the cytotoxic effect o f  indole acetic acid. 
Photochemistry and Photobiology, 65 , 3 3 8 -3 4 1 .

P o p e ,  1. M ., P o s t o n ,  G. J. and K i n s e l l a ,  A. R ., 1997, T he role 
o f  the bystander effect in suicide gene therapy. European 
Journal o f Cancer, 3 3 , 1005-1016.

R o g u l s k i ,  K . R ., Z h a n g ,  K ., K o l o z s v a r y ,  A., K im ,J. H . and 
F r e y t a g ,  S. O ., 1997, Pronounced antitum or effects and 
tumor radiosensitization o f  double suicide gene therapy. 
Clinical Cancer Research, 3 ,  2 081-2088 .

S c o t t ,  O .  C . A., R e v e e s z ,  L . and E l d e g r e n ,  M ., 1993, T he  
‘X  m odel’: a m odified version o f  the com petition theory. 
International Journal of Radiation Biology, 6 4 , 3 6 7 -3 7 3 .

S t a c k h o u s e ,  M . A ., P e d e r s o n ,  L . C .,  G r i z z l e ,  W . E ., C u r i e l ,
D . T . ,  G e b e r t ,  j ., H a a c k ,  K .,  V i c k e r s ,  S. M ., M a y o ,  
M . S. and B u c h s b a u m , D . J ., 2000, Fractionated radiation  
therapy in com bination with adenoviral delivery o f  the 
cytosine deam inase gene and 5-fluorocytosine enhances 
cytotoxic and antitum or effects in hum an colorectal and 
cholangiocarcinom a m odels. Gene Therapy, 7 , 1019-1026.

S te v e n s ,  G ., J o i n e r ,  M ., J o i n e r ,  B., J o h n s ,  H . and D e n e k a m p , 
J ., 1995, R adiosensitization o f  m ouse skin by oxygen and 
depletion o f  glutathione. International Journal o f Radiation, 
Oncology, Biology, Physics, 33 , 3 9 9 -4 0 8 .

S t e w a r t ,  F . A. and S a u n d e r s ,  M . I., 1997, C om bined radio
therapy and chem otherapy: clinical application and evalu
ation. In Bask Clinkal Radiobiology, edited by G. G. Steel 
(London: Arnold), pp. 1 9 5-202 .

SUNDF0R, K ., L y m g , H . and RoFSTAD, E . K ., 1998, T um or  
hypoxia and vascular density as predictors o f  metastasis 
in squam ous cell carcinom a o f  the uterine cervix. British 
Journal o f Cancer, 76 , 8 2 2 -8 2 7 .

V a l e r i e ,  K ., B r u s t ,  D ., F a r n s w o r t h ,  J., A m ir ,  C .,  T a h e r ,  
M . M ., H e r s h e y ,  C. and F e d e n ,  J ., 2000, Improved 
radiosensitization o f  rat gliom a cells with adenovirus- 
expressed m utant herpes sim plex virus-thym idine kinase 
in com bination with aciclovir. Cancer Gene Therapy, 7 , 
8 7 9 -8 8 4 .

V a r n e s , M . E .,  B ia g l o w , J. E .,  R o iz in - T o w l e , L . a n d  H a l l ,
E. J ., 1984, D epletion  o f  intracellular G SH  and N PSH  
by buthionine sulfoxim ine and diethyl m aleate: factors 
that influence enhancem ent o f  aerobic radiation response. 
International Journal of Radiation, Oncology, Biology, Physics, 
10, 1229-1233 .

WouTERS, B. G. and B RO W N , J . M ., 1997, Cells at intermediate 
oxygen levels can be m ore im portant than the ‘hypoxic 
fraction’ in determ ining tum or response to fractionated  
radiotherapy. Radiation Research, 147, 5 4 1 -5 5 0 .



■■m Biochemical 
Pharmacology

ELSEVIER Bi(x;hemic:il Pharmacology 63 (2002) 265-272

5-Fluoroindole-3-acetic acid: a prodrug activated by a peroxidase 
with potential for use in targeted cancer therapy

Lisa K. Folkes, Olga Greco, Gabi U. Dachs, Michael R.L. Stratford, Peter Wardman*
Gray Cancer Institute. Mount Vernon Hospital. P.O. Box 100, Northwood, Middlesex HA6 2JR. UK 

Received 12 June 2001 ; accepted 25 October 2001

A bstract

lndole-3-acetic acid and some derivatives are oxidized by horseradish peroxidase, forming a radical-cation that rapidly fragments 
(eliminating COn) to form cytotoxic products. No toxicity is seen when either indole-3-acetic acid or horseradish peroxidase is incubated 
alone at concentrations that together form potent cytotoxins. Unexpectedly, 5-fluoroindole-3-acetic acid, which is oxidized by horseradish 
peroxidase compound 1 10-fold more slowly than indole-3-acetic acid, is much more cytotoxic towards V79 hamster fibroblasts in the 
presence o f peroxidase than the unsubstituted indole. The fluorinated prodrug/peroxidase combination also shows potent cytotoxic 
activity in human and rodent tumor cell lines. Cytotoxicity is thought to arise in part from the formation o f  3-m ethylene-2-oxindole (or 
analogues) that can conjugate with thiols and probably DNA or other biological nucleophiles. Levels o f  the fluorinated prodrug in the 
murine carcinoma NT after intraperitoneal administration o f 50 mg/kg were about 200 pM. Although these were 4 -5-fo ld  lower than 
plasma levels (which reached 1 mM), the integrated area under the concentration/time curve in tumors over 2 hr was ~ 2 0  mM min. almost 
double the exposure needed to achieve ~ 9 0 -9 9 %  cell kill in human MCF7 breast or HT29 colon tumor cell lines and CaNT murine cells in 
vitro, although the human bladder T24 carcinoma cell line was more resistant. The high cytotoxicity o f 5-fluoroindole-3-acetic acid after 
oxidative activation suggests its further evaluation as a prodrug for targeted cancer therapy involving antibody-, polymer-, or gene- 
directed delivery o f horseradish peroxidase or similar activating enzym es, (g) 2002 Elsevier Science Inc. All rights reserved.

Keywords: Indole-3-acetic acid; 5-Ruoroindole-3-acelic acid; Peroxidase; Horseradish peroxidase; Prodrug; 3-Methylene-2-oxindole

1. Introduction

A pproaches to can cer  therapy in v o lv in g  prodrugs a cti
vated by tum or-targeted e n zy m es, su ch  as in the A D E P T  
strategy [1 ], have u tilized  m any d ifferent prodrugs. E x a m 
p les inclu d e a lk y latin g  m ustards m ask ed  either by c o n 
ju gation  (activated  by carb oxy p ep tid a se), or deactivated  
nitroarene m o ie tie s  (activated  by n itroreductase) [2]. W e 
have identified  an alternative prod ru g /en zym e com b ination  
that is w orthy o f  exp loration  b eca u se  o f  the know n low  
tox ic ity  o f  the prototype prodrug and the p otentia l o f  the 
activating en zy m e to be m odified  to red u ce im m u n o lo g ica l

Corresponding author. Tel.: -f-44-1923-828-61 l;fax: +44-1923-835-210.
E-mail address: wardman@gci.ac.uk (P. Wardman).
Ahhreviations: BSO, L-buthionine sulphoximine; DMEM, Dulbecco’s 

mtxJified Eagle’s medium; EMEM. Eagle’s modified medium; ECS, fetal 
calf serum; FIAA, 5-fluoroindole-3-acetic acid; FMOI. 5-fluoro-3- 
methylene-2-oxindole; HRP, horseradish peroxidase; lAA, indole-3-acetic 
acid; MOI, 3-methylene-2-oxindole; SMEM, spinner modified EMEM,

reaction s, ln d o le -3 -a c e tic  acid  (I A  A ) (E ig . 1, 1), a plant 
grow th  horm one, is  o x id iz e d  by horseradish  p erox id ase  
(H R P ) to form  products cy to to x ic  to  m am m alian  c e lls  [3], 
T he in itiating h y p o th esis  w as based  on  the p o ss ib ility  that 
lA A /H R P  w ou ld  in itia te  lip id  p eroxid ation , as found  in 
lip o so m e  m o d e ls  [ 3 -6 ] ,  T he free radical form ed on o n e-  
electron  ox id ation  o f  lA A  (the in d o ly l rad ica l-ca tion , 
E ig. 1, 2 ) w as k n ow n  to fragm ent in ~ 4 0  p s, re leasin g  
C O ] to form  the sk ato ly l radical 3. In the p resen ce  o f  
o x y g en  this form s the sk ato le  p eroxy l radical 4, the pre
su m ed  reactive in term ediate in lip id  p eroxid ation  [7 ], 
H ow ever, c y to to x ic ity  w as dem onstrated  in exp er im en ts  
in w h ich  lA A  w as o x id iz e d  eith er by H R P or by ra d io ly sis  
and the stable products then added to c e lls  [8 ], in d ica tin g  
the short-lived  p eroxy l radical w as not it se lf  the d am agin g  
sp ec ie s . L ipid  p eroxid ation  w as not d etecta b le  in m a m 
m alian c e lls  after cy to to x ic  treatm ents, a lso  p o in tin g  to  
other m ech an ism s o f  cy to to x ic ity  [9]. T ox ic ity  has b een  
m easured  in C h in ese  ham ster lung fibroblast V 7 9  c e lls  
w ith  a range o f  d ifferent lA A  an a lo g u es, and d ifferen ce s

0006-2952/02/S -  see front matter ,f) 2002 Elsevier Science Inc. All rights reserved. 
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Fig. 1. Outline of the mechanistic pathways involved in the activation of lAA derivatives by HRP to form potentially cytotoxic nucleophiles, 
methyleneoxindoles. Added hydrogen peroxide is not required. Trace peroxides in media (or produced by cells) can initiate the reaction, which then proceeds 
through a ‘branched chain mechanism’ [11] since fragmentation of the radical-cation 2 leads to the hydroperoxide 7, itself capable of forming Cpd I from 
HRP.

in toxicity were observed with different substituents. 
Damage to liposome model systems and plasmid DNA 
was seen [8 ], but the cause of cellular toxicity rem ains 
unclear.

HRP com pounds I and II (Cpds I and II, oxidation states 
shown in Fig. 1) are key oxidizing interm ediates in the 
action o f the peroxidase [10-12] (see Fig. I). These oxidize 
lAA in the absence of hydrogen peroxide to the indolyl 
radical-cation 2 , the precursor of the carbon-centered 
skatolyl radical 3 [13,14], This radical can abstract a 
hydrogen atom from DNA in anoxia [8 ], or react with 
oxygen to form the skatole hydroperoxyl radical 4. This by 
further steps (see Fig. 1) leads to the major products: 
indole-3-aldehyde (5), indole-3-carbinol (6), skatole 
hydroperoxide (7), oxindole-3-carbinol (8) and 3-methy- 
lene-2-oxindole (MOI, 9) [11,15]. The latter is a known 
product of the lAA/HRF reaction [16], and is a candidate 
for the putative toxic species in aerobic systems due to its 
reactivity towards cellular nucleophiles, such as thiols or 
DNA, as illustrated in the formation of the GSH adduct, 
Fig. 1 (10) [9,17-19].

The rates of oxidation of simple amines and phenols by 
the key peroxidase interm ediates HRP Cpds I and II show a 
marked dependence on substituents that modify the redox 
properties [11,20]. This was also found to be the case with 
substituted indole-3-acetic acids [21,22], Substitution by 
electron-withdrawing halogen m oieties, such as fluorine, is 
expected to deactivate indole-3-acetic acids towards oxi
dation by HRP: redox relationships for oxidation of lAA 
derivatives by HRP Cpd I using either Hammett sigma 
substituent param eters or reduction potentials o f the radi
cals were established [21,22], (Oxidation o f most sub
strates by Cpd II is usually several-fold more slowly 
than Cpd I, although parallel redox relationships are 
observed.) However, factors other than the rates of oxida
tion or decarboxylation by HRP may control activity. We 
show here that 5-fluoroindole-3-acetic acid (FIAA), is 
indeed oxidized an order o f magnitude more slowly than 
lAA by HRP Cpd I, but is much more toxic when activated, 
indicating that the effects o f substituents on the reactivity 
of products as well as the rate of activation has to be 
considered.
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2. Materials and methods

2.1. Materials

HRP type IV-A, FIAA, lAA, L-buthionine sulphoximine 
(BSO), fetal calf serum (PCS), Eagle’s modified medium 
(EMEM) and spinner modified EMEM (SMEM), non- 
essential amino acids, penicillin, streptomycin, L-gluta- 
mine, trypsin and phenol-red free Hanks’ balanced salt 
solution were obtained from Sigma. Monobromobimane 
was obtained from Molecular Probes. Dulbecco’s modified 
Eagle’s medium (DMEM) was obtained from Life Techno
logies. Other chemicals were from Merck, AnalaR grade.

2.2. Cells

Chinese hamster V79 lung fibroblast, HT29 human 
colon carcinoma, MCF7 human breast carcinoma, CaNT 
mouse carcinoma, and T24 human bladder carcinoma cells 
were obtained from the European Collection of Cell Cul
tures. V79 cells were maintained in EMEM supplemented 
with 10% PCS, or SMEM supplemented with 7.5% PCS. 
CaNT cells were maintained as attached monolayers in 
EMEM with 10% PCS, HT29 cells and MCP7 cells 
similarly in EMEM supplemented with 10% PCS and 
1% non-essential amino acids, and T24 cells similarly in 
DMEM supplemented with 10% PCS. All media were 
supplemented with 2 mM L-glutamine, 100 unit/mL peni
cillin and 100 pg/mL streptomycin. All cells were sub
cultured by trypsin removal of the cells (1 x 0.5% porcine 
trypsin, 0.2% EDTA).

left to attach for 1 hr, then 50 pM lAA or PIAA added in 
phenol red free Hanks’ solution, with or without 1.2 pg/mL 
HRP. Samples were taken from 0 to 2 hr. Cells were 
washed with 4 x 2  mL Hanks’ solution and scraped in 
1 mL 50 mM perchloric acid/1 mM EDTA before freezing 
at —20°. Duplicate samples were thawed and solid matter 
removed by centrifugation. Supernatants were analyzed for 
GSH content after derivatization with monobromobimane 
(MBB) [23]. Samples (0.4 mL) were mixed with mercap- 
toethanol (25 pL, 100 pM), MBB (25 pL, 10 mM) and 
Tris-HCl (250 pL, 2 M containing 1 mM EDTA) for 
15 min in the dark. The samples were then acidified with 
HCl (50 pL, 6  M) and interfering substances removed by 
extraction with 0.5 mL dichloromethane, retaining the 
sample in the aqueous phase. HPLC involved a 
250 mm x 4 mm Hypersil 50D S column eluting at a flow 
rate of 2 mL/min with a gradient of NH4 H2PO4  (40 mM)/ 
H 3PO 4 (10 mM)/l-octanesulphonic acid (5 mM) and 10- 
40% acetonitrile/water (75% (v/v)) over 10 min. Detection 
was by fluorescence (Perkin-Elmer LS40 detector, excita
tion 398 nm, emission 476 nm).

The effect o f GSH depletion in V79 cells was carried out 
by treating 3 x 1 0 ^  V79 cells/mL in SMEM with 0.1 mM 
BSO overnight (16 hr). The cells were counted the follow
ing day and plated on Petri dishes in phenol red free 
DMEM for 1 hr prior to drug treatment. The cytotoxicity 
of 50 pM PIAA or lAA was then measured as already 
described and compared to non-GSH depleted cells. GSH 
depletion was checked by washing treated cells in Hanks’ 
solution, lysing in 50 mM PC A/1 mM EDTA and storing at 
—20° for HPLC analysis.

2.3. Measurements o f cytotoxicity 2.5. Analysis o f products

Indole stock solutions were prepared daily in 1 or 10% 
ethanol and protected from light. The pH was adjusted to 
7.4 for high final concentrations of indoles. For cytotoxi
city experiments, V79 cells were allowed to attach, from 
spinner culture, for at least 1 hr before administration of 
the drug; HT29, MCP7 and T24 cells were allowed to 
attach for at least 4 hr, and CaNT cells overnight (16 hr) 
following trypsin removal.

Cell survival experiments were carried out as previously 
described [8 ]. Attached cells on Petri dishes (2(X)-20,000 
cells) were treated with 2 mL indoles (50 or 100 pM) and 
HRP (1.2 pg/mL) in phenol red free Hanks’ balanced salt 
solution, then washed with 2 mL Hanks’, and left to form 
colonies in EMEM for 7 days. After growth, colonies were 
fixed with 75% methanol and stained with 1 % (w/v) crystal 
violet. Colonies containing >50 cells were counted and sur
viving fractions (SP) calculated relative to untreated controls.

2.4. Effects on intracellular glutathione

Cellular glutathione (GSH) depletion was measured by 
plating 10  ̂cells in phenol red free DMEM. The cells were

The products of oxidation of PIAA with HRP, and 
reactivity of PMOl with thiols were measured by oxidizing
0.1 mM PIAA with 10 pg/mL HRP in Hanks’ for 2 hr. 
Excess GSH or cysteine (1 mM) was added and the loss of 
PMOI demonstrated by HPLC. Compounds were eluted on 
a reversed phase RPB column (100 mm x 3.2 mm) with 
50 mM ammonium acetate, pH 5.1 (A) and methanol (B) 
with a gradient of 20-60% B in 8  min at 0.9 mL/min. 
Detection was by a Waters photo diode array detector 
extracting at 250 nm. Mass spectral analysis (LCMS) 
was carried out using a Waters ThermaBeam mass detec
tor, operating in scan mode over an appropriate mass range 
using electron impact ionization.

2.6. Kinetics o f reaction with HRP compound I

The rate of reaction of PIAA with HRP compound I, 
formed from a 1 s premixing of equimolar HRP and 
hydrogen peroxide (0.47 pM), was carried out as pre
viously described [21] using a Hi-Tech SP-61 DX2 double 
mixing stopped-flow spectrophotometer equipped with a 
xenon lamp. Formation of HRP compound II was detected
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at 4 1 1 nm at 25° in 10 niM phosphate buffer pH 7 with 
50 mM potassium bromide.

2.7. D istribu tion  o f  FIAA in m urine tissues

FIAA (5 mg/mL) in 2%  (v/v) ethanol/w ater was 
adjusted to pH 7.4 with NaOH and injected i.p. (50 mg/ 
kg) in female CBA mice bearing the CaNT tumor. The 
mice were sacrificed up to 2  hr after drug administration by 
decapitation, and the blood (heparin-coated tubes) and 
tissues removed and immediately placed on ice. The whole 
blood was spun down and the plasma stored at —2 0 °. 
Tissue samples were weighed and homogenized in four 
to nine volumes o f ice-cold water added. The homogenized 
tissue was stored at -2 0 °  before HPLC analysis.

For HPLC analysis, plasma (50 pL) was mixed with 
lAA internal standard (130 pM . 25 pL) and the protein 
precipitated with acetonitrile (50 pL). The samples were 
spun down and the supernatant injected directly for HPLC 
analysis. For tissue levels, samples (250 pL) were mixed 
with lAA (130 pM , 25 pL) and precipitated with 250 pL 
acetonitrile for direct injection for HPLC. HPLC analysis 
was carried out with a Hypersil 50D S  125 mm x 4.6 mm 
column eluting with A: 75% acetonitrile and B: 20 mM 
ammonium acetate (pH 5.1) with a gradient of 15-70% A 
in 10 min at 2 mL/min. Detection was at 290 nm using a 
Waters 486 variable wavelength detector. Calibration 
curves were linear up to 1 mM FIAA (R — 0.9998) and 
recovery of added lAA was >95%.

3. Results

3.1. D ifferential cy to tox icity  o f  FIAA w ith /w ithout HRP

Toxicity towards V79 cells o f 50 pM FIAA or lAA with
1.2 pg/m L HRP was measured after 0 -2  hr exposure 
(Fig. 2). No surviving cells (SF <  10"^) could be detected 
with 100 pM FIAA +  1.2 pg/m L HRP after treatm ent for 
only 1.5 hr. Treatment with lAA, FIAA or HRP alone at 
these concentrations had no detectable effect on cell 
survival.

In other experiments, V79 cells were depleted of GSH 
by treatm ent with BSO overnight. Cellular GSH levels 
were measured and were <0.1% of initial values. This 
resulted in enhanced cytotoxicity of 50 pM lAA and
1.2 pg/mL HRP. GSH depletion also enhanced the cyto
toxicity o f the FIAA/HRP combination at treatm ent times 
up to 1.5 hr, although at 2 hr the effect o f BSO treatm ent 
was not evident (Fig. 2).

Cytotoxicity o f the FIAA/HRP combination was also 
analyzed in a range of human and rodent tum or cell lines: 
human breast carcinom a MCF7 cells, human colon carci
noma HT29 cells, human bladder carcinom a T24 cells, or 
mouse carcinoma NT cells. Since these were more resistant 
to the treatment than V79 cells, 100 pM concentrations o f
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Fig. 2. Surviving fractions of V79 cells treated for up to 2 hr with 50 pM 
lAA (O ) or FIAA ( □ )  with 1.2 pg/mL HRP. and similar experiments with 
cells depleted of GSH by treatment with BSO, exposed to lAA ( # )  or 
FIAA (■ ) .  Data shown are the means and standard errors of three 
independent experiments (errors not shown where less than symbol size).

FIAA were used. The relationships between survival and 
exposure time were qualitatively sim ilar to those shown in 
Fig. 2; Table 1 summarizes the cytotoxic responses, and 
compares them with m easurem ents or published values of 
the intracellular GSH levels. No toxicity was detectable 
with any of the cell lines with HRP or prodrug alone at 
these drug concentrations and times.

The effects of varying concentrations of FIAA and HRP 
were investigated using V79 or CaNT cells exposed for 
5 hr (Fig. 3). The concentrations of FIAA required to kill 
50% of the cells (1C50) in the presence of 1.2 pg/m L HRP 
were estim ated as 6  pM with V79 cells, or 17 pM with 
CaNT cells. In the absence o f HRP the 1C50 o f FIAA was 2.5 
or 5 mM with V79 or CaNT cells, respectively, after 5 hr 
exposure (Fig. 3(A)). A ~400-fold  differential (in concen
tration terms for equal cytotoxic effect) was thus dem on
strated between indole toxicity with or without HRP with 
V79 cells, and a ~300-fo ld  differential for CaNT cells.

Table 1
Cytotoxicity of FIAA (1(X) pM) with HRP ( 1.2 pg/mL) towards rodent and 
human cells after 2 hr exposure

Cell line Surviving 
fraction at 2 hr

GSH/NPSH 
(pmol/g protein)

V79 <10 20“
MCF7 0.0054 ±  0.0003 98^
HT29 0.010 ±  0.005 29"
CaNT 0.064 ±  0.040 Not known
T24 0.185 ±  0.060 16"

“ This work. 
" 1241.

125].
" 126].
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Fig. 3. (A) Surviving fractions after exposure of V79 cells for 5 hr to FIAA without (O )  or with ( # )  1.2 pg/mL HRP. and similar experiments using mouse 
carcinoma NT cells without ( □ )  or with ( ■ )  HRP. (B) Surviving fractions (A ) of V79 cells following 5 hr exposure to 50 pM FIAA and varying HRP 
concentrations (2 ng/mL % 50 pM). Data shown are the mean and standard errors of three independent experiments.

After 5 hr, 50% cell kill was shown with only ~ 1 .5 ng/mL 
HRP and 50 [iM FIAA in V79 cells (Fig. 3(B)).

3.2. Reaction o f  an oxidation  produ ct with GSH

The putative toxic product o f oxidation, 5-fluoro-3- 
methylene-2-oxindole (FM OI), was expected to react with 
thiols (see Fig. 1). HRP oxidation of FIAA produced a 
product identified as FMOI by its mass spectrum after 
HPLC separation (Fig. 4, peak 5), which was lost after

100
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Fig. 4. HPLC chromatogram (— ) showing separation of the products of 
oxidation of FIAA (peak I ) by HRP: 5-fluoroindole-3-carbinol (peak 3). 5- 
fluoroindole-3-aldehyde (peak 4) and 5-fluoro-3-methylene-2-oxindole 
(peak 5). The chromatogram (— ) after addition of GSH shows loss of 
peak 5 and production of a thiol conjugate (peak 2). The insert shows 
depletion of GSH following treatment of V79 cells with 50 pM lAA (O ) 
or FIA.A ( # )  and 1.2 pg/mL HRP. Data shown are the means of duplicate 
experiments.

incubation in excess GSH with the formation o f a more 
polar compound (Fig. 4, peak 2). This is believed to be a 
conjugate with the thiol. Sim ilar results were also seen with 
cysteine. (Using electron impact ionization, mass spectral 
confirmation of the mass of this product was not possible; 
only the fragment corresponding to the oxindole residue 
was observed.)

In order to investigate the role that GSH depletion may 
have in cellular toxicity, the GSH concentrations were 
measured in V79 cells treated with 50 pM lAA or FIAA 
and 1.2 pg/m L HRP for up to 2 hr. Intracellular GSH levels 
decreased with time, with a maximum loss o f ~ 65%  of 
initial (control) levels o f GSH after 2 hr (Fig. 4). No effect 
on GSH levels was seen with either indole or HRP alone.

3.3. R ela tive oxidation  rates o f  FIAA and lAA

FIAA was found to react with HRP compound I with a 
rate constant of (3.82 ±  0.08) x 10“ M ~ ' s“ ' at pH 7. This 
is an order of m agnitude lower than reaction with lAA, 
(3.79 ± 0 .0 7 )  X 10-̂  M ~ ’ s“ ' [22]. Despite the much 
lower rate o f oxidation, major products of FIAA oxidation 
by HRP corresponded to those formed with lAA: 5-fluor- 
oindole-3-carbinol, 5-fluoro-2-oxindole-3-carbinol and 5- 
fluoro-3-methylene-2-oxindole were detected by U V -V IS 
absorbance and mass spectrometry (Fig. 4). The absorption 
spectra of the products were very sim ilar to those reported 
for lAA oxidation [15] with corresponding shifts in the 
mass spectra and HPLC retention.

3.4. D istribu tion o f  FIAA in tum or-bearing m ice

Fig. 5 shows levels of FIAA in several tissues after
i.p. administration o f 50 mg/kg FIAA. No m etabolites of 
FIAA were seen in any of the samples. FIAA was cleared 
quite slowly from plasma, with a half-life of 1.5 hr. Tissue 
concentrations were considerably lower than plasma. The
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Fig. 5. Distribution of FIAA in female CBA mice bearing the carcinoma 
NT after administration of 50 mg/kg i.p. Data shown are the mean and 
standard errors of three experiments.

areas under the concentration/tim e curves over 2  hr were 
computed (mM min): plasma, 81; tumor, 20; liver, 33; 
heart, 14; kidney, 50; skeletal muscle, 8 .

4. Discussion

4.1. Effect o f  fluorin e  substitu tion on o.xidation by HRP  
and the mechani.srns o f  cyto tox ic ity

Fluorine substitution introduces an electron-withdraw 
ing group, and from the well-established redox dependence 
of the rate constant for reaction of HRP Cpd I [21,22,27], 
FIAA was predicted to react with HRP much more slowly 
than lAA itself. This was confirmed by stopped-fiow 
spectrophotometry, HRP Cpd I reacting with FIAA 
~  10-fold more slowly than lAA at pH 7. These rate 
constants for reaction with Cpd I are mirrored by the 
relative rates of loss o f parent indole and formation of 
products upon treatm ent with HRP (data not shown). V79 
cells treated with 5-^H-IAA and HRP showed intracellular 
accum ulation of ^H, especially in the nuclear fraction, 
compared to controls without HRP [8,9]. This indicates 
that an oxidation product is binding to cellular and nuclear 
components. It is unlikely that the oxidation products o f 
FIAA are qualitatively different to those of lAA, as similar 
products were detected by HPLC and identified by U V - 
VIS spectrophotometry and MS detection following HRP 
oxidation. If the product that is binding to cellular com 
ponents is MOI or FMOI (electrophiles susceptible to 
nucleophilic attack) one would expect fluorine substitu
tion, by its electron withdrawing nature, to enhance the 
electrophilic properties of the methylene group. MOI has 
been shown to bind to DNA histones [19], and RNA [28] in 
plants and DNA plasmids [8 ].

The toxicity of FIAA/HRP in these experiments is 
thought to be largely associated with relatively stable 
products rather than free-radical interm ediates. Toxicity 
towards V79 cells was seen after treating cells with the 
stable products resulting from oxidation of lAA by HRP 
treatm ent [3]. Addition of excess GSH to these products 
significantly reduced cytotoxicity [3], implying that poten
tially cytotoxic product had reacted with the thiol, rem ov
ing its ability to react with biologically important 
nucleophiles. FMOI was shown by HPLC to react with 
GSH and cysteine to form a more polar com pound and it is 
the most likely candidate for the putative cytotoxin. No 
reaction of FMOI was seen with DNA free bases or 
nucleotides, or other amino acids, but protein thiols are 
expected to be reactive. After treating V79 cells with ^H- 
labeled lAA, activity is seen in washed cell fractions after 
lysis [8 ], suggesting that non-cytoplasmic conjugation is 
occurring and that GSH is not the main target of MOI. 
Reactivity with different cellular com ponents will depend 
upon the rate constants for reaction with each target. These 
are presently unknown due to difficulty in isolating pure 
MOI or FMOI in aqueous solutions, and further work is 
required.

Oxidation of FIAA by HRP is thought to occur extra- 
cellularly as HRP does not enter cells readily; the indole 
equilibrates across the cell membrane in 30 min in V79 
cells, as shown by m easurem ents sim ilar to those described 
earlier with lAA [8 ] (data not shown). The products of the 
reaction, especially FMOI, should cross the cytoplasm ic 
m embrane easily, being uncharged and small. Diffusion to 
the nucleus may be impeded by cytoplasm ic GSH. Experi
ments involving GSH depletion showed that lAA toxicity 
is increased by loss of GSH, suggesting the GSH is 
protective with this prodrug. However, the effect was 
sm aller with FIAA.

4.2. R ela tive  cyto tox ic ity  o f  IAA and FIAA and varia tions  
betw een cell lines

FIAA was shown to be much more cytotoxic than lAA 
when activated by HRP, using 50 pM prodrug (Fig. 2) and 
using 100 pM prodrug (Table 1 ) (previously published data 
for lAA [3] showed a SF o f 0.015 with 100 pM 
lAA +  1.2 pg/m L HRP after 2 hr). This is not consistent 
with the relative reactivities of the key oxidizing inter
mediate, Cpd I (also expected to be representative o f Cpd 
II) and points to the importance o f substitution on the 
reactivities of products, such as the methyleneoxindole 
(Fig. 1, 9 and analogues).

The variation in cytotoxicity of FIAA/HRP with the 
various cell lines may be compared with reported differ
ences in cellular GSH levels (Table 1). The prodrug/HRP 
combination was cytotoxic in the order T24 <  CaNT < 
HT29 <  MCF7 <  V79 cells. Cellular GSH levels m ea
sured in different studies are not in the same ranking order, 
although protein levels may differ and cytoplasm ic GSH
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concentrations cannot be inferred directly. However, T24 
bladder carcinoma cells are known to be chemoresistant 
[29]. Other possible complications of interpretation, such 
as the compartmentation of GSH [30], have been discussed 
in a study of the links between cellular GSH and ADEPT 
involving a masked alkylating mustard [31]. Treatment 
with either indole together with HRP results in approxi
mately the same extent of thiol loss (Fig. 4) in spite of 
FIAA being much more toxic than lAA in the presence of 
HRP, suggesting that other cellular damage is occurring 
that is associated with toxicity.

4.3. Tissue distribution o f FIAA and the potential 
cytotoxicity o f FIAAi/HRP in vivo

Fluorine substitution in the 5-position may block the 
usual lAA hydroxylation site during metabolism, explain
ing the absence of detectable metabolites; it is possible that 
most FIAA is excreted unchanged, although this needs to 
be confirmed. The van der Waals radius of fluorine is only 
about 13% greater than that of hydrogen, and binding of 
FIAA to any receptor sites should be broadly similar to 
lAA. Hence, it is likely that the doses of lAA or FIAA 
tolerated by animals might be not dissimilar. The dose of 
FIAA used in the present study (50 mg/kg) equals 
0.26 mmol/kg. lAA can be administered to mice at 
2 mmol/kg,' and lAA is known to be tolerated by humans 
in doses of 1(X) mg/kg (0.57 mmol/kg) [32]. The present 
work shows that the lower dose of 50 mg (0.26 mmol/kg) 
FIAA administered to mice results in tumor levels of about 
2(X) pM FIAA. Such levels are 5- to 10-fold higher than 
those resulting in high levels of cytotoxicity in hamster 
fibroblasts or murine tumor cells after 5 hr exposure in the 
presence of HRP (Fig. 3).

Possibly a more realistic comparison is between the area 
under the concentration/time curve (AUG) in the tumor and 
the exposure needed for cell kill in vitro. After 2 hr, this is 
20 mM min in the murine tumor (Fig. 5). The exposure 
corresponding to the treatment in vitro for the conditions 
described in Table 1 is almost half this level (12 mM min), 
after which cell kill is ~ 9 9  or ~90%  in human tumor breast 
(MCF7) or colon (HT29) cell lines, respectively. However, 
the chemoresistant T24 bladder carcinoma cell line is less 
sensitive to FIAA/HRR

Targeting of HRP to a tumor by antibody-, polymer-, or 
gene-directed methods would allow tumor specificity to be 
achieved, since mammalian peroxidases are ineffective in 
activating the prodrug. Fig. 3(B) shows that significant 
cytotoxicity can be achieved with HRP levels much smaller 
than 1.2 pg/mL used in most of the experiments. Preli
minary experiments (data not shown) by R.B. Pedley and
S. Cooke (University College London/Royal Free Hospi
tal) have demonstrated that it is possible to conjugate HRP 
to the tumor-targeting anti-CEA antibody used in ADEPT

S.A. Hill, personal communications.

studies. Obviously, to predict the likely magnitude and 
differential effects on tumors relative to normal tissues in 
vivo in such a strategy requires much further work. How
ever, the effects of variations in concentrations of both 
prodrug and enzyme reported here provide a basis for the 
studies needed.

The alternative gene-directed (GDEPT) strategy is being 
explored in this institute. lAA has recently been shown to 
be selectively toxic towards T24 human bladder carcinoma 
cells transfected with a mammalian expression vector 
containing the HRP cDNA [33].

Although the details o f the mechanism of cytotoxicity of 
the combination of FIAA and HRP remain uncertain, the 
formation of the electrophilic methyleneoxindole oxida
tion product and reactivity towards a nucleophile has been 
demonstrated. More importantly, the cytotoxic effective
ness of the fluorinated prodrug is significantly higher than 
that of the parent lAA. Further work to understand the 
enhanced activity conferred by fluorine substitution, by 
extending this work to other halogenated or alternative 
electron-withdrawing substituents, is merited. Direct mea
surements of the cytotoxicity and chemical reactivity of the 
putative (oxindole) cytotoxins are also needed. However, 
the present study has clearly demonstrated that the com
bination of a halogenated indole acetic acid and HRP has 
the properties required to justify further evaluation of its 
potential in targeted cancer therapy in vivo.
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Radioresistance/Gene delivery/HRE/GDEPT/Bioreductive drugs
Studies have shown that reduced oxygen tension (hypoxia) in solid tumours adversely affeets the 

outcome o f  radiotherapy. Despite being an independent prognostic marker o f  poor treatment outcome, 
hypoxia represents a physiological difference that can be utilised for selective cancer treatment. Since 
severe hypoxia (pO;<0.3%; 2.5 mmHg) does not occur in normal tissue, it may be exploited for thera- 
peutie gain. Aceurate targeting o f oxygen-deprived eells within a tumour mass may be achieved using 
hypoxia-targeted gene therapy. For gene therapy three separate issues need to be considered: 1) delivery 
o f a gene to the tumour, 2) regulation o f gene expression and 3) therapeutie efficacy. Each o f  these 
aspects is outlined here, with a view to gene therapy o f the hypoxic tumour environment. It is proposed 
that by eombining hypoxia-selective gene delivery with hypoxia-specific gene expression and oxygen- 
sensitive prodrug aetivation, radioresistant hypoxic tumour tissues may be effeetively targeted.

HYPOXIA IN SOLID TUMOURS

Multiple factors contribute to the resistance o f solid malignancies to radiotherapy, includ
ing intrinsic genetic and extrinsic physiological determinants. Properties such as blood flow, 
tissue oxygenation, nutrient supply, pH distribution and bioenergetic status can markedly 
influence therapeutic response to ionising radiation. Blood vessels within the tumour mass are 
highly irregular, tortuous and elongated, with arterio-venous shunts, blind ends, incomplete
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endothelial linings, increased vascular permeability and irregular blood flow'-^  ̂ giving rise to 
perfusion-limited O2 delivery. Additionally, the inadequate vascular geometry relative to the 
volume o f oxygen consuming cells creates diffusion-limited Oj delivery. Therefore, compared 
to their normal tissues o f  origin, human tumours are characterised by areas o f reduced oxygen 
tension '̂  ̂'̂ l While in normal tissues polarographic electrode measurements o f  oxygen partial 
pressure (pO^) are in the 2 4 -6 6  mmHg (3.1-8.7%  Oj) range, the pre-therapeutic oxygenation 
status o f human malignancies presents median pO  ̂ readings from 2 mmHg (~0.3% O2 , cervi
cal carcinomas) to 28 mmHg (3.9% O2 , breast carcinoma), with fractions o f measurements 
below 2.5 mmHg ranging from 5% (soft tissue sarcoma) up to 82% (FIGO III cervical carci
noma)^).

A correlation between the presence o f hypoxia and response to radiotherapy has been 
shown in a range o f human tumour sites. Studies performed in patients with soft tissue 
sarcomas^), carcinomas o f the uterine cervix®’̂ ) and o f the head and neck^’*) confirmed that the 
presence o f hypoxic regions adversely affects locoregional control and/or disease-free survival 
after primary radiotherapy. Radiation resistance induced by the classical “oxygen effect” is 
unlikely be the only explanation, since tumour oxygen status has been observed to be the most 
important prognostic factor for treatment outcome in cervical carcinoma, irrespectively o f the 
therapeutic modality (i.e. surgery vs. radiotherapy)^). Hypoxia-induced modifications o f gene 
expression may contribute to this poor prognostic outlook, giving rise to more aggressive 
locoregional disease and enhanced invasive capacity. For example, experimental evidence 
suggests that hypoxia selects for tumour cells that have acquired p53  mutations and have 
consequently lost their apoptotic potential’” "). Also, squamous cell carcinomas o f the uterine 
cervix characterised by pronounced hypoxia’ )̂ and low apoptotic index’̂ ) showed a high prob
ability for lymphatic spread and recurrence, despite adjuvant treatment with radiation or 
chemotherapy in addition to radical surgery’̂ ). Thus, hypoxia not only provides an environ
ment directly facilitating radio-resistance, but also encourages the evolution o f  phenotypic 
changes inducing permanent resistance to treatment.

However, since severe hypoxia does not occur in normal tissues, it represents an attrac
tive target for selective cancer therapy. Hypoxia-targeted gene therapy is the latest approach 
that aims to exploit this unique physiological feature o f solid tumours, with the major goal to 
eradicate radioresistant malignant populations, whilst sparing normal tissue from damage.

HYPOXIA-TARGETED GENE DELIVERY

The efficient delivery o f DNA to tumour sites remains a formidable task, but progress 
has been made in recent years using both viral and non-viral methods. Vehicles such as retro- 
and adenoviruses, liposomes and naked DNA injection or electroporation are currently 
adopted in the clinical trials’% and new delivery systems like E lB  gene-attenuated adeno
viruses’̂ ), lentiviruses, polylysine constructs, leukocytes and bacteria are being developed’'’). 
In targeting hypoxic cells, a further obstacle is represented by their reduced metabolism, 
proliferation rate’̂ ), gene transcription and translation, which could affect DNA uptake and
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gene expression. However, by using a non-viral method, it has recently been demonstrated 
that in vitro transfection and transgene expression can be obtained even in extreme anoxic 
conditions'll Although in vivo data on specific transfer o f genetic material to hypoxic cells are 
still lacking, promising approaches are under investigation, utilising bacteria and macrophages 
as cellular vehicles to deliver therapeutic modalities. Examples o f prokaryotic vectors include 
obligate anaerobic bacteria o f the genus Clostridium and tumour-invasive Salmonella 
auxotrophs.

The ability o f Clostridium to selectively germinate and replicate in necrotic and hypoxic 
regions o f solid tumours has been recognised since the 1950s, and makes them a promising 
tumour-selective vehicle for gene therapeutics‘* ‘̂ 1 Spores o f C. beijerinckii genetically engi
neered to produce the Escherichia coli enzyme nitroreductase (NTR) have been intravenously 
injected in tumour-bearing mice, and NTR protein was detected in all tumours tested but not 
in any normal tissue'll In vitro conversion o f the prodrug CB 1954 (see final section for 
details) to a cytotoxic agent by clostridia-produced NTR demonstrated the therapeutic poten
tial o f  this approach. Tumour selective spore germination was also observed in rhabdomyosa
rcoma-bearing rats injected with five different bacterial strains, the most efficient species 
being C. acetobutylicum  and C. oncolyticum^^\

Attenuated hyperinvasive auxotrophic mutants o f  Salmonella typhimurium can selec
tively target tumour tissues and amplify in necrotic spaces to levels in excess o f 10’ bacteria 
per gram o f tissue^’l  While the ability to replicate in tumour tissue provides inherent anti
tumour activity, it is their ability to deliver therapeutic proteins to cancer cells in vivo that 
may confer utility for gene therapy strategies.

The utilisation o f macrophages as vehicles for hypoxia-selective gene therapy has been 
recently demonstrated^'I It is known that macrophages infiltrate solid malignancies to form a 
significant proportion o f the tumour solid mass, predominating in areas o f hypoxia and 
necrosis^^l Differentiated macrophages transduced with an adenoviral vector containing the 
human cytochrome P450 2B6 (CYP 2B6) gene were found to infiltrate human tumour 
spheroids and induce tumour cell death when the spheroids were incubated with the prodrug 
cyclophosphamide (converted by CYP 2B6 into the alkylating agent phosphoramide mus
tard)^‘I A hypoxia-responsive promoter (see next section) conferred an additional level o f  
selectivity to the system. However, the rate limiting activation (hydroxylation) o f  cyclophos
phamide is an oxygen-dependent reaction that is inhibited by hypoxia. The macrophages 
themselves did not appear to be affected by the CYP 2B6/cyclophosphamide treatment, which 
may make them a suitable vehicle for this gene therapy approach.

HYPOXIA-TARGETED GENE EXPRESSION

Gene expression is regulated both at transcriptional and post-transcriptional levels. To 
enhance or restrict transcription, transcription factors bind to particular DNA sequences that 
are located either within the promoter region or up to several kilobases up- or down-stream. 
The stability o f mRNA and protein can be modified to regulate the synthesis o f  the final
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product. In order to engineer neoplasia-targeted gene expression, gene regulation specific to 
certain tissue-types, disease-types, conditions or stimuli (such as hypoxia or radiation) can be 
exploited.

The adaptive response to cellular hypoxia involves the modulation o f the synthesis o f  
multiple proteins controlling processes such as glucose homeostasis, angiogenesis, vascular 
permeability and inflammation. Hypoxia-inducible genes include phosphoglycerate kinase 1 
(PGK-1), erythropoietin (EPO), lactate dehydrogenase A (LDH-A), glucose transporters-1 and 
-3, vascular endothelial growth factor (VEGF) and inducible nitric oxide synthase (iNOS)^^l 
The DNA regulatory elements controlling the expression o f oxygen-responsive genes have 
been defined in most cases, and involve the specific binding and trans-activation by various 
inducible, phosphorylation-dependent and/or redox sensitive transcription factors, including 
Hypoxia Inducible Factor-1 (HlF-1), Activator Protein-1 (AP-1), Nuclear Factor kB (NF-kB), 
p53 and the Heat Shock Transcription Factor. Published evidence indicates that only HlF-1 is 
specifically oxygen-responsive^^\ while the other transcriptional systems appear to contribute 
to the response to hypoxia via related redox and metabolic changes. Affinity purification and 
molecular cloning o f HlF-1 showed it to function as a heterodimer consisting o f two basic- 
helix-loop-helix proteins, H lF -la  and HlF-ljS (previously identified as ARNT, aryl receptor 
nuclear translocator, which is part o f the xenobiotic response)^"*). Although both subunits are 
constitutively expressed, HlF-lOt is hypoxia-regulated via post-translational stabilisation and 
transactivation by several additional factors^ '̂^ l̂ To modulate gene expression, HlF-1 specifi
cally binds to hypoxia-responsive elements (HREs), enhancers containing the core sequence 
5 ’-(A/G)CGT(G/C)(G/C)-3’, localised at varying distances and orientations o f the coding 
region o f several hypoxia-regulated genes. The HRE/HlF-1 regulation system was shown to 
be common to all mammalian cells and human tissues tested to datê ^̂  and the H lF -la  subunit 
was found to be overexpressed in 68% o f the tumour types analysed^^\

The high frequency o f HlF-1 expression across many human tumours o f diverse tissue 
origin represents a possible therapeutic target for HRE-directed gene therapy o f the hypoxic 
environment. It has been demonstrated that marker gene expression regulated by the murine 
PGK-1 HRE could be induced in hypoxic tumour cells^*\ Production o f the marker protein 
CD2 in stably transfected human fibrosarcoma cells HT 1080 increased with increasing length 
and severity o f  hypoxia. Compared to oxygen levels typical o f normal tissues, radiobiologi- 
cally relevant hypoxia (Oj concentration <0.3%) induced a three-fold increase in gene expres
sion (table 1). Following anoxia and subsequent reoxygenation a 7-8-fo ld  induction was 
observed. When the transfected tumour cells were grown as xenografts in nude mice, expres
sion o f the CD2 gene was limited to areas adjacent to necrosis. To analyse this system on a 
single cell basis, tumour-bearing mice were exposed to a bioreductive drug (which induces 
DNA cross-links only in hypoxic cells) and X-rays (preferentially generating DNA strand 
breaks in oxic cells). By analysing individual tumour cells with the comet assay combined 
with CD2 immunostaining, it could be demonstrated that increased CD2 expression was only 
seen in hypoxic tumour cells. Similarly, murine C2C12 myoblasts engineered to express the 
human EPO gene regulated by the murine PGK-1 promoter showed a 2.7-fold increase in 
gene expression in anoxia and a 3.2-fold induction at 1.3% The in vivo response o f  this
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Table 1. In vitro studies of hypoxia-regulated transgene expression, utilising different hypoxia-responsive pro
moters. The basic components o f the DNA constructs and the cell lines used are indicated. Gene expres
sion has been evaluated after various hypoxic (* = 0.1% Oj; ** = 0.02% Oj) or anoxic incubation 
intervals: ref 28, 30, 31: 16h; 29: 24h; 32, 33^: 6h; 33": 18h. h: human, m: murine.

HRE Basal promoter Reporter
gene Cell line Hypoxic/oxic

induction
Anoxic/oxic

induction Ref.

3XmPGK-l mPGK-1 CD2 HT 1080 1.4 1.9 28*
3XmPGK-l minHSV TK 2.3 2.2
3XmPGK-l 9 -2 7 2.2 4.1

mPGK-1 mPGK-1 hEPO C2C12 2.7 29
3XhENO SV40 luciferase T47D 120 30*
3X hE N 0 63

2XmLDH-A 81
4 X mLDH-A 65

4X hE P 0 255
3XmPGK-l 146

3 X mPGK-1 + VEGF 3' UTR -3 0 0
mPGK-1 SV40 /3-gal HT 1080 

MCF-7 
Ovcar-3 

HS 906(D).Mu 
C2C12 
SkMC

15
16 
12 
8.5 
18 
50

31*

hVEGF hVEGF luciferase HT 1080 
SCCVll 

EMT-6/KU 
HepG2

8.2
3.3
4.2

8.5

32

hEPO SV40 HT 1080 
HepG2

2
5

5 X hVEGF h VEGF HT 1080 20
SXhVEGF hVEGF+minElb 44

5-lO X hV E G F SV40 luciferase HT 1080 54-57 33X.**

5-10X hV EG F+5' VEGF 
UTR 23-27 33X.**

5-10X hV EG F+5'V EG F 
UTR E lb 56-60 33X,**

5 X hVEGF + S' VEGF UTR E lb 131 33-,**

5XhVEGF + 5’VEGF 
U TR+ 3' VEGF UTR 193 33-.**

DNA construct was studied in mice with C2C12-EPO cells implanted in their dorsal flank. 
Serum EPO levels in animals exposed to 7% Oj were twice as high than in controls kept at 
21%

To achieve significant gene expression in a therapeutic context, specific and robust tran
scriptional activation is required. In order to increase the hypoxic/oxic inducibility ratio o f
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hypoxia-responsive promoters, a series o f DNA constructs containing fragments o f the murine 
PGK, murine LDH, human EPO and human enolase (ENG) genes were inserted into the con
text o f the basal simian virus (SV) 40 promoter^°\ In transiently transfected human mammary 
tumour T47D cells, the EPO-chimeric promoter exhibited the most stringent regulation in 
hypoxia (255-fold induction at 0.1% O )̂, while the PGK HREs showed the highest absolute 
levels o f expression (more than the strong cytomegalovirus (CMV) promoter), at the expense 
o f selective regulation (146-fold at 0.1% O2 ; see table 1). The hypoxia response was aug
mented by two-fold by inserting at the C-terminus o f the reporter gene luciferase a 150 bp 
oligonucleotide spanning the 3 ’ untranslated region (UTR) o f  VEGF, which is involved in 
hypoxia-induced mRNA stability. The PGK HRE promoter was inserted in an adenoviral 
vector and in a panel o f transduced cell lines a low basal level o f j3-galactosidase (/?-gal) 
transgene expression was observed, with levels o f  hypoxic induction comparable to the full- 
length CMV^».

The hypoxic response system appears to be specifically effected by the cellular back
ground, since cell lines o f  diverse origin respond differently (table 1). In two studies on fibro
sarcoma HT 1080 cells transiently transfected with constructs containing fragments o f  the 
human EPO and VEGF genes, the best differential response to hypoxia was obtained by com
bining five copies o f the 35 bp VEGF HREs with the adenoviral E lb  minimal promoter^ '̂” \  
In this cell line, a six-hour hypoxic (0.02% Oj) incubation induced a 4 0 -5 0  fold increase in 
luciferase activity^^\ An even higher hypoxic/aerobic ratio (~ 500) was obtained when the five 
VEGF HREs were linked to the minimal CMV, with a marker protein production similar to 
the full-length CMV^^l Interestingly, in this study, the inclusion o f the 3’ VEGF UTR 
decreased hypoxic gene expression. However it has been demonstrated that the VEGF mRNA 
not only contains destabilising elements in its 3' UTR, but also in its 5' UTR and coding 
region '̂̂ ), and stabilisation o f the mRNA in response to hypoxia is completely dependent on 
the cooperation o f elements in each o f these three regions.

It is currently not clear whether the large fold-inductions by HRE-controlled genes in 
response to hypoxia in later reports^̂ ^̂  ̂represent a clear improvement over the constructs 
used in earlier studies^*\ since transient rather than stable transfection methods were 
employed. Also, the end point in early studies was the immunological detection o f a cell 
surface protein, whereas luciferase assays measure the conversion by the enzyme o f many 
substrate molecules to light units. The luciferase assay therefore further amplifies any increase 
in transcription, making a direct comparison to other marker assays difficult.

These in vivo and in vitro results (summarised in table 1) demonstrated the selectivity o f  
the system and its potential for tumour-specific targeting o f therapeutic gene expression.

HYPOXIA-TARGETED GENE-DIRECTED ENZYME/ PRODRUG THERAPY

Genetic immunopotentation, mutation compensation and molecular chemotherapy are the 
three major approaches in the design o f therapeutic genes for cancer gene therapy. In the first 
case, the tumour immunogenicity is enhanced by the insertion o f genes that encode cytokines
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or costimulatory molecules; mutation compensation aims to inactivate oncogenes or induce 
tumour suppressor gene expression, while in molecular chemotherapy a “suicide” gene is 
delivered to the tumour cells (reviewed in 35). In this latter approach, the enzyme expressed 
by the therapeutic gene is not toxic per se, but is able to convert a non-toxic compound 
(prodrug) into a potent cytotoxin (gene-directed enzyme/prodrug therapy, GDEPT, figure 1). 
Although GDEPT is a complex two-stage system, it is characterised by two basic advantages: 
the amplification effect, due to the ability o f each enzyme to activate many prodrug mole
cules, and the bystander effect. The bystander phenomenon can be defined as an extension o f  
the killing effects o f the active drug to untransfected cells, which do not express the foreign 
enzyme. Transfer o f toxic metabolic products through gap junctions^^’̂ \̂ phagocytosis o f  
apoptotic vesicles^*^ induction o f immune response against the tumour^  ̂'̂®̂ and diffusion o f  
soluble toxic metabolites^^ '̂ '̂  have been shown to be involved in the killing o f  neighbouring 
untransfected cells. Thus, even if, as with current protocols, systemic delivery results in (at 
best) 10% o f the tumour cells expressing the therapeutic gene, tumour eradication may still be 
achieved.

The most well known examples o f enzyme/prodrug combinations in cancer GDEPT are 
the herpes simplex virus thymidine kinase (HSV TK)/ganciclovir (GCV) and the E. coli 
cytosine deaminase (CD)/5-fluorocytosine (5-FC) systems (reviewed in 42). Since they inter
fere with DNA synthesis, both the HSV TK/GCV and the CD/5-FC combinations need cell 
proliferation for their action and are generally not suitable to target slowly dividing hypoxic 
cells. Although tumour cells transfected with a hypoxia-induced CD-encoding gene could be 
sensitised to 5-FC during subsequent drug exposure in air^ \̂ no cell kill could be detected 
when CD-expressing cells were treated in anoxia (own observation). Analogously, cells trans
fected with the HSV TK gene could not be sensitised to GCV when exposed to the prodrug 
in anoxic conditions (unpublished results). These observations suggest that cell-cycle indepen
dent cytotoxins will be essential to successfully eradicate radioresistant hypoxic tumour cells.

A novel enzyme/prodrug system for GDEPT, consisting o f the plant enzyme horseradish 
peroxidase (HRP) and the non toxic plant hormone indole-3-acetic acid (lAA), is currently 
being developed'*^ '̂ .̂ The efficacy o f the HRP/IAA system was evaluated in vitro by exposing 
human bladder carcinoma T24 cells transfected with HRP-encoding genes to the prodrug 
lAA'^ l̂ Significant cytotoxicity could be evoked after two-hour exposure only, and it was fur
ther increased after 24 h incubation. A substantial bystander effect due to the transfer o f  sol
uble toxic metabolites was also observed (unpublished data). Anoxic incubation did not affect 
the efficacy o f the system, indicating that the HRP/IAA combination has the potential to kill 
the hypoxic subpopulation in solid tumours'* )̂.

Bioreductive drugs such as mitomycin C, tirapazamine (SR 4233), RSU 1069 and CB 
1954 have been extensively utilised as hypoxia-selective cytotoxins (HSCs)'‘̂ '‘̂ \ These classes 
o f prodrug are particularly suitable to target hypoxic tumour cells since endogenous activation 
in normal tissue is restricted by the presence o f oxygen. They are currently adopted in the 
clinic or in clinical trails, generally in combination with radiotherapy'*  ̂'‘̂ \

The mustard prodrug CB 1954, which originally resulted in the single agent cure o f  
Walker rat tumours, is efficiently activated by the rodent enzyme DT diaphorase into a DNA
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H y p o x ia - r e s p o n s iv e  p r o m o t e r  E n z y m e - e n c o d in g  g e n e
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Bystander effect
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F ig . 1. S ch em a tic  d iag ram  o f  h y p o x ia -re g u la ted  gene  d ire c te d  e n zy m e-p ro d ru g  th e rap y . A  D N A  c o n stru c t c o n 
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cross-linking agent, but showed little toxicity against human tumour cells. However, since the 
E. coli nitroreductase (NTR) is very active towards this prodrug, infection o f colorectal and 
pancreatic tumour cells with a NTR-encoding retrovirus resulted in 50 and 500-fold increase, 
respectively, in sensitivity to CB 1954, compared to the parental lineŝ ^̂ l A significant 
bystander effect was also demonstrated, which was not dependent on cell-cell contact^'I 
Transgenic mice studies o f NTR expression under the control o f  a T cell-specific promoter 
showed selective CB 1954 toxicity in the thymus and the spleen o f systemically treated 
animals^°\

The redox-sensitive flavoprotein, NADPH:cytochrome P450 reductase(P450R), is an 
important endogenous bioactivator o f many nitroaromatic, aromatic N-oxide and quinone 
“triggered” HSC^'\ P450R over-expression in human fibrosarcoma (HT 1080) or breast cancer 
(MDA231) cells transfected with the human P450R cDNA conferred increased sensitivity to 
tirapazamine, RSU 1069, E 09, mitomycin C and porfiromycin^'“^̂ \ Selective hypoxic target
ing could be further refined by incorporating an optimised PGK-1 HRE/SV40 chimeric 
promoter to regulate the expression o f P450R^^\ In transfected HT 1080 cells anoxic incuba
tion produced a 3.4-fold increase in enzyme activity^^  ̂ and a 30-fold enhancement o f in vitro 
cytotoxicity o f the 2-nitroimidazole bioreductive prodrug RSU 1069^^\ HT 1080 tumour 
xenografts were established and treated with a combination o f 10 Gy X-rays and the precursor 
o f RSU 1069, RB 6145^^\ Compared to radiation alone, a significant increase in specific 
growth delay was observed in the transfected tumours, but not in the untransfected xenografts.

Hypoxia-targeted gene therapy represents an interesting and promising tumour-selective 
approach, with potential to significantly improve the outcome o f radiation therapy. By com
bining selective delivery o f therapeutic modalities to hypoxic tumour areas with hypoxia- 
dependent transcriptional control and oxygen-sensitive prodrug metabolism, hypoxic radiore
sistant tumour cells may be selectively targeted in vitro and in vivo. It is now warranted to 
consider the potential o f  gene therapy as an adjuvant for radiotherapy.
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Gene Directed Enzyme/Prodrug Therapy of Cancer: 
Historical Appraisal and Future Prospectives
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Gene therapy of cancer is a novel approach with the potential to selectively 
eradicate tumour cells, whilst sparing normal tissue from damage. In particular, 
gene-directed enzyme prodrug therapy (GDEPT) is based on the delivery of a gene 
that encodes an enzyme which is non-toxic per se, but is able to convert a prodrug 
into a potent cytotoxin. Several GDEPT systems have been investigated so far, 
demonstrating effectiveness in both tissue culture and animal models. Based on 
these encouraging results, phase I/ll clinical trials have been performed and are 
still ongoing. The aim of this review is to summarise the progress made in the 
design and application of GDEPT strategies. The most widely used enzyme/prodrug 
combinations already in clinical trials (e.g., herpes simplex 1 virus thymidine 
kinase/ganciclovir and cytosine deaminase/5-fluorocytosine), as well as novel 
approaches (carboxypeptidase G2/CMDA, horseradish peroxidase/indole-3-acetic 
acid) are described, with a particular attention to translational research and early 
clinical results. J. Cell. Physiol. 187:22-36 , 2001. © 2001 wiley-Liss, inc.

INTRODUCTION
One of the major goals in antitumour therapies is to 

target toxic agents to tumour cells selectively and 
specifically, w hilst sparing normal tissue from damage. 
This m ay be achieved by gene therapy that can combine 
highly specific gene delivery with highly specific gene 
expression. The first clinical gene therapy protocol was 
approved in 1989 (Rosenberg et al., 1990), and since then  
more than 400 clinical trials have started world-wide, 
with over 50% related to cancer.

For gene therapy three separate issues need to be 
considered: (1) delivery of a gene to the tumour, (2) 
regulation of gene expression and (3) therapeutic effi
cacy. This review w ill focus on the choice of therapeutic 
genes for cancer gene therapy, in particular on mole
cular chemotherapy or “suicide” gene therapy. In this 
approach, the gene delivered to the target encodes an 
enzym e which is not toxic per se, but is able to convert 
a non-toxic compound (prodrug) into a potent cytotoxin 
(gene-directed enzynie/prodrugtherapy, GDEPT; Fig. 1).

The purpose of th is article is to review the progress 
made in the design and application of GDEPT strate
gies. The most widely used enzyme/prodrug combi
nations and novel approaches are described, with a 
particular attention to translational research and early 
clinical results.

ENZYME/PRODRUG COMBINATIONS FOR 
CANCER GDEPT

Prodrugs are chemicals that are inert even at rela
tively high doses, but can be converted to toxic species at 
the target. Ideally, specific activation of a prodrug is the

© 2001 WILEY-LISS, INC.

result of the metabolism by an enzyme that is either 
unique to the tissue or at higher concentrations at the  
tumour site. Even though prodrug treatm ent of animal 
tumours with high levels of endogenous activating 
enzym es has been successful (Connors and Whisson, 
1966; Khan and Ross, 1967; Cobb et al., 1969), chnical 
results were disappointing, since human cancers that 
contained satisfactory levels of activating enzym es 
were rare and not associated with any particular type 
of tumour (Connors, 1995). To overcome th is problem  
and achieve high levels of enzym e at the target, two

Abbreviations: ADEPT, antibody-directed enzyme/prodrug ther
apy; CB1954, 5-(aziridin-I-yl)-2,4-dinitrobenzamide; CD, cytosine 
deaminase; CMDA, 4-[(2-chIoroethyl)(2-me^Ioxyethyl)amino]- 
benzoyl-L-glutamic acid; CP, cyclophosphamide; CPG2, carbox
ypeptidase G2; Cx, connexin; CYP, cytochrome P450; 5-FC, 5- 
fluorocytosine; 5-FdUMP, 5-fluorodeoxyuridine-5'-monophos
phate; 5-FdUTP, 5-fluorodeoxyuridine-5'-triphosphate; 5-FU, 5- 
fluorouracil; 5-FTJTP, 5-fluoroiuidine-5'-triphosphate; GDEPT, 
gene-directed enzyme/prodrug therapy; GFP, green fluorescent 
protein; GCV, ganciclovir; HRP, horseradish peroxidase; HSV TK, 
herpes simplex virus thymidine kinase; lAA, indole-3-acetic acid; 
IL, interleukin; ip, intraperitoneal; IP, isophosphamide; iv, 
intravenous; MOI, 3-methyIene-2-oxindoIe; NTR, nitroreductase.
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different approaches are being investigated, antibody- 
directed enzyme prodrug therapy (ADEPT) and gene- 
directed enzyme prodrug therapy (GDEPT).

In the choice of the appropriate enzyme/prodrug 
combination, priority should be given to the enzyme. 
From past experience, it is likely that suitable prodrugs 
can be designed for almost any enzyme substrate 
specificity (Connors, 1995). For ease of handling and 
possible protein modification, the enzyme should be 
monomeric, of low molecular weight and with no 
requirement for glycosylation. It should have high 
catalytic activity under physiological conditions, fast 
and efficient prodrug activation even at low concentra
tions of the substrate (high K<.at and low Km), without 
dependence on further catalysis by other enzymes. 
Expression of the enzyme itself should not lead to cyto
toxic effects; the bystander effect required (see the 
Bystander Effect section) would not be achieved if 
the cells were killed by the action of the enzyme alone. 
The reaction pathway should also be difTerent from any 
endogenous enzyme, in order to avoid cytotoxic activa
tion of the prodrug in normal tissues. This is the main 
drawback of utilising proteins of human origin, which, 
on the other hand, have the potential advantage of 
avoiding complications of acquired immunity, in parti

cular after prolonged administration or prolonged pro
tein expression.

The selected prodrug should be freely diffusible 
throughout the tumour (possibly a neutral species), 
chemically stable under physiological conditions and 
have suitable pharmacological and pharmacokinetic pro
perties. For significant therapeutic gain, the released 
drug should be at least a 100-fold more toxic than the 
prodrug. The toxic agent should also have a half-life that 
allows diffusion to the surrounding untransfected cells 
(bystander effect), but ensures that any drug escaping 
into the circulation will be inactive. Moreover, the 
induced cytotoxicity should be cell cycle phase- or pro
liferation-independent, to kill a wide range of tumour 
cell populations.

Several combinations have been proposed for GDEPT. 
Most of them do not fulfil all the above requirements, 
including those currently adopted in the clinical trials. 
In some cases, active DNA replication (S phase) is an 
essential requirement for cytotoxicity (e.g., herpes virus 
1 thymidine kinase (HSV TK)/ganciclovir (GCV)); in 
other systems, the prodrug requires further metabolism  
by endogenous enzymes (cytosine deaminase (CD)/5- 
fluorocytosine (5-FC); nitroreductase (NTR)/CB1954). 
Some activated drugs are characterised by a long half
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life (CD/5-FC), others are not membrane-permeable and 
depend on cell-to-cell contact to diffuse into neighbour
ing cells (HSV TK/GCV). Nevertheless, some promising 
precbnical and clinical data have been reported, and 
they w ill be discussed in the following sections.

THE BYSTANDER EFFECT
The bystander phenomenon, initially described by 

Moolten (1986), can be defined as an extension of the  
kilbng effects of the active drug to untransfected  
neighbouring cells (Fig. 1). This im pbes that even if  
only 5-10% of the target cells are genetically modified 
and express the therapeutic gene, tumour eradication 
m ay still be achieved. After treatm ent with 5-FC, for 
example, tumour regression could be observed when  
only 4% of the tumour population expressed CD (Huber 
et al., 1994). The bystander effect is crucial for a 
successful GDEPT strategy, since with the protocols 
currently adopted in the clinical trials the transfection  
efficiency is unlikely to be greater than 10%. It is clear 
that a prerequisite for a substantial bystander effect is  
the lack of cytotoxicity of the enzyme itself, even when  
produced at a high rate.

Two major categories of bystander effect have been  
identified: local or immune-mediated. In the first case, 
the kilbng of neighbouring cebs is due to the transfer of 
toxic metabobc products through gap junctions (Elsbami 
et al., 1996; M esnil et al., 1996; Dilber et al., 1997; 
Touraine et al., 1998), via apoptotic vesicles (Freeman 
et al., 1993; Colombo et al., 1995), or through the  
diffusion of soluble toxic metabolites (Huber et al., 1994; 
Wei et al., 1995; Bridgewater et al., 1997; Lawrence 
et al., 1998; Greco et al., 2000; Stribbbng et al., 2000). 
Relying only on gap junctions could be restricting, since 
ceU-to-ceb contact is required, and a number of tumour 
tissues have been shown to down-regulate intercebular 
gap junction communication (Holder et al., 1993; M esnil 
et aJ., 1996; Touraine et al., 1998). This is the major 
lim itation of purine nucleosides, which cannot passively  
diffuse across ceU membranes when pbosphorylated  
(see next section for details). In the case of freely dif
fusing species a key role to obtain a considerable but 
locabsed bystander effect is played by the drug balf-bfe, 
which, assunbng diffusion ranges in tumours of 100 to 
200 pm, should be of about 1 min (Patterson and Harris,
1999). The local bystander effect can also be induced by 
the contact with dead or dying cebs (“kiss of death”), due 
to the transfer of apoptotic factors (Freeman et al., 1993; 
Frank et al., 1998).

Evidence in animal models (in vivo) suggests that a 
system ic immune response may play an important role 
in inducing bystander kilbng (Freeman et al., 1997). The 
presence of an intense inflammatory infiltrate has been  
described in the regressing tumours of immunocom
petent animals treated with GDEPT system s (HSV  
TK/GCV, Caruso et al., 1993; V b eeta l., 1997; Yamamoto 
et al., 1997; CD/5-FC, Consalvo et al., 1995; Kuriyama 
et al., 1999a). Moreover, it has been noticed that the  
bystander effect was significantly reduced in immuno- 
deficient atbymic mice (Vile et al., 1994; Gagandeep 
et al., 1996; Pavlovic et al., 1996; Ramesh et al., 1996; Bi 
et al., 1997; Kuriyama et al., 1999a) and after subletbal 
irradiation (Ramesh et al., 1996). The immune stim ula
tion does not only enhance local tumour kibing, but it

can also induce the regression of distant tumour deposits 
(“distant bystander effect”; Dilber and Smith et al., 
1997), with major impbcations in the prognosis of 
patients w ith microscopic m étastasés.

The impact of the bystander effect on the success of 
gene therapy strategies is so important that a number 
of studies are currently focused on enhancing the kibing  
of untransfected surrounding cebs. Gap junctional com
munication, for instance, can be enhanced by regulating  
the production of connexins (Cx), membrane proteins 
considered to be the budding blocks of gap junctions 
and the major factors responsible for the gap junction- 
mediated bystander phenomenon (Mesnb and Yama
saki, 2000). The transfer of Cx-encoding genes (Cx43, 
Cx32, Cx40) or cbemicaby induced Cx-overexpression 
has been shown in tissue culture (in vitro) (Elsbami 
et al., 1996; Gboumari et al., 1998; Kunishige et al., 
1998; Carystinos, et al., 1999; Andrade-Rozental et al., 
2000) and in vivo (Dbber et al., 1997; Park et al., 1997; 
Duflot-Dancer et al., 1998; Touraine et al., 1998) to 
increase intercebular communication and the transfer 
of toxic agents. It is important to notice that in some 
human tumour cebs not only expression but also correct 
surface locabsation of Cx43 are necessary components 
of the bystander effect (McMasters et aï., 1998), and 
that Cx-cotransfection appears not be appbcable to ab 
tumour system s (Cirenei et al., 1998).

Another attractive tool to enhance the bystander 
effect is the HSV 1 virion protein VP22. Once sjmtbe- 
sised in infected cebs, VP22 can spread very efficiently 
via a Golgi-independent pathway to surrounding unin
fected cebs, where it specificaby accum ulates in the 
nucleus (Elbott and O’Hare, 1997). Due to these pecu- 
bar trafficking properties, delivery of DNA constructs 
containing the VP22 gene fiised to the gene encoding the  
marker green fluorescent protein (GFP) resulted in a 
significant spread of the VP22-GFP protein to the 
nucleus of untransfected ceb monolayers (Elbott and 
O’Hare, 1999). The VP22-GFP spread appeared to be a 
general phenomenon, common to ab ceb types tested to 
date (Wybranietz et al., 1999). Therapeutic advantage of 
th is “biologicaby active” bystander effect for GDEPT 
was demonstrated by coupbng the VP22 gene to the HSV 
TK gene, which produced significant bystander kibing  
in vitro and tumour regression in vivo, regardless of 
cebular gap junctional activity (Dbber et al., 1999). 
Other cancer gene therapy approaches may also benefit 
from VP22 transgene fusions, since a VP22-p53 chimeric 
protein retained its abibty to “colonise” recipient nuclei 
and induce apoptosis in p53-negative human osteosar
coma cebs (Phelan et al., 1998).

To improve the in vivo bystander effect and enhance 
the immunological response to the tumour, strategies 
aim to combine tumour im munisation w ith GDEPT 
system s. Cotransfection of cytokine- and suicide gene- 
based vectors fobowed by prodrug treatm ent has met 
with varying results (Chen et al., 1995; Castleden et al., 
1997; Cob et al., 1997; Moriucbi et al., 1998; N anni et al., 
1998; Pizzato et al., 1998; Cao et al., 2000). Combined 
adenoviral delivery of CD/5-FC and murine interleukin- 
2 (IL-2) to nbce inoculated w ith erytbroleukemia 
cebs induced more potent tumour growth inhibition  
and longer survival than the separate treatm ents (Ju 
et al., 1998). Safety and some clinical benefit was
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demonstrated in four patients with glioblastoma multi
forme, who underwent standard surgery and radio
therapy followed by HSV TK/GCV combined with IL-2 
gene delivery (Palù et al., 1999).

HERPES SIMPLEX VIRUS THYMIDINE 
KINASE/GANCICLOVIR

To date, the most well-studied enzyme/prodrug stra
tegy in cancer GDEPT is undoubtedly HSV TK with the 
nucleoside analogue GCV.

GCV and related agents, widely used in the treatment 
of HSV infection in humans, are poor substrates for the 
mammalian nucleoside monophosphate kinase, but can 
be converted (1000-fold more) efficiently to the mono
phosphate by TK from HSV 1 (Fig. 2). Subsequent reac
tions catalysed by cellular enzymes lead to a number 
of toxic metabolites, the most active ones being the 
triphosphates (Fig. 2). GCV-triphosphate competes with 
deoxyguanosine triphosphate for incorporation into 
elongating DNA during cell division, causing inhibition 
of the DNA polymerase and single strand breaks (Elion, 
1983; Mar et al., 1985). These characteristics make 
the HSV TK/GCV combination particularly suitable for 
the eradication of rapidly dividing tumour cells invad
ing non-proliferating tissue. On the other hand, since 
activated GCV is an S-phase specific cytotoxin, it is 
necessary that the target cells are actively dividing at 
the time of the exposure, or that the prodrug is con
tinuously administered to allow them to start replicat
ing the DNA.

In the last 15 years, more than 400 papers have 
discussed the potentiality of HSV TK/GCV for cancer 
GDEPT. Preclinical studies using adeno- and retroviral 
vectors were performed in many difTerent animal models 
and successfiil results were reported for established 
rodent liver métastasés (Caruso et al., 1993), murine 
hepatocellular carcinomas (Kuriyama et al., 1999 b), 
rodent glioblastomas (Short et al., 1990; Culver et al., 
1992), human head and neck carcinomas (O’Malley, 
1995), human mesotheliomas (Smythe et al., 1995) and 
several other tumour types. Nevertheless, the HSV TK/ 
GCV-induced mechanisms of cell killing have not been
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Fig. 2. M etabolism  of th e  p rodrug ganciclovir (GCV). GCV is 
specifically pbosphorylated  by the  herpes sim plex v irus 1 thym idine 
k inase  (HSV TK) to its  m onophosphate. Subsequently , GCV-monopho
sp h ate  is converted  to th e  di- and  trip h o sp h a te  forms by guany late  
k inase  and o the r cellu lar enzym es and  can be incorporated  into 
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s tra n d  breaks.

completely elucidated, and both apoptotic (Freeman 
et al., 1993; Wei et al., 1999; Beltinger et al., 2000; Thust 
et al., 2000) and non-apoptotic (Kaneko and Tsukamoto, 
1995; Vile et al., 1997; Melcher et al., 1998) pathways 
have been reported.

The relationship between p53 gene status, p53-me- 
diated apoptosis and the sensitivity of human tum
ours to HSV TK/GCV is controversial. p53 Played a 
significant role in the in vivo response of oesophageal 
cancer, as demonstrated in two human lines, T.Tn and 
TE2 cells, with truncated and wild type p53 respectively, 
implanted in immunocompromised nude mice (Matsu- 
bara et al., 1999). Exposure to HSV TK/GCV induced p53 
accumulation and translocation of the receptor CD95 to 
the cell surface, with subsequent recruitment of Fas- 
associated death domain and trigger of the apoptotic 
caspase cascade, in human SH-EP neuroblastoma cells 
(Beltinger et al., 1999), and in murine tumours, includ
ing B16F10 melanoma, NG4TL4 sarcoma, H6 hepatoma 
and IMEA 7R.1 hepatoma (Wei et al., 1999). Mitochon
dria appear to have a major involvement in HSV TK/ 
GCV-induced apoptosis, by regulating both the initia
tion (through p53 accumulation) and the effector phase 
of apoptosis (through the release of cytochrome c into the 
cytosol and caspase activation; Beltinger et al., 2000). 
On the other hand, endogenous p53 status did not 
correlate with sensitivity to HSV TK/GCV in human 
SKOV-3 ovarian and Hep3B hepatocellular carcinoma 
cells (Xie et al., 1999) and in some breast cancer cell lines 
(Li et al., 1999).

One of the main drawbacks of the HSV TK/GCV 
system is that the highly charged triphosphate is 
insoluble in lipid membranes. This impairs the diffusion 
of the drug and makes cell-to-cell contact necessary for 
bystander killing. Nevertheless, preclinical studies 
showed that tumour regression could be achieved when 
only 10% of the tumour cells expressed HSV TK (Caruso 
et al., 1993; Freeman et al., 1993). This phenomenon has 
been proposed to result from transfer of activated GCV 
through gap junctions (Elshami et al., 1996; Dilber et al., 
1997; Touraine et al., 1998; Mesnil and Yamasaki, 2000) 
or exchange of apoptotic vesicles (Freeman et al., 1993; 
Colombo et al., 1995). Interestingly, transfer of toxicity 
in some murine cell lines occurred before there was 
evidence of apoptotic degeneration, indicating that apo
ptosis could be the result, not the cause, of the bystander 
effect (Denning and Pitts, 1997). It is likely that a major 
part in the in vivo bystander killing is played by the host 
immune system. HSV TK/GCV treatment resulted in 
infiltration of CD4^ and CD8^ T cells and macrophages, 
as well as increased expression of IL-2, IL-12, interferon- 
Y ,  tumour necrosis factor-ot and granulocyte/macro
phage colony-stimuling factor, suggesting that the 
induced cell killing creates a cytokine-rich immunosti
mulatory environment (Gagandeep et al., 1996; Vile 
et al., 1997). The generation of immunostimulatory 
signals in vivo appeared to be predominant in non- 
apoptotic tumours, and associated with the induction 
of genes of the inducible heat shock protein family 
(Melcher et al., 1998).

An immune-related antitumour response could also 
account for the “distant bystander effect”. GCV treat
ment of head and neck squamous cell carcinoma xeno
grafts in nude mice resulted not only in the eradication
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of TK  ̂ tumours, but also in the delayed regression 
of untransduced tumours in the contra-lateral flank 
(Wilson et al., 1996), which was abrogated in mice with 
severe combined immunodeficiency (SCID) (Bi et al., 
1997). Interestingly, in a plasmacytoma model, local and 
some distant bystander effects could he observed also 
in SCID mice (Dilber et al., 1996). This suggests that T 
and B lymphocytes, absent in SCID mice, may not be 
involved in HSV TK/GCV-mediated distant bystander 
killing, and that the effector mechanism may depend on 
the treated tumour.

Another aspect of distant bystander killing is the 
“vaccination effect”. After eradication of primary trans
fected tumours, experimental animals challenged with 
untransduced tumour cells showed rejection or growth 
delay of the new malignancies (Yamamoto et al., 
1997; Kruse et al., 2000), suggesting that HSV TK/ 
GCV treatment may be beneficial in the prevention of 
recurrence.

On the basis of these animal studies, the first gene 
therapy trial using HSV TK/GCV to treat ovarian cancer 
was approved in 1991 (Freeman et al., 1995), and since 
then several other clinical studies have been under
taken. These include gene therapy of brain tumours, 
particularly glioblastoma multiforme (Oldfield et al., 
1993; Eck et al., 1996; Izquierdo et al., 1996; Ram et al., 
1997; Stockhammer et al., 1997;KIatzmann etal., 1998a; 
Shand et al., 1999), of metastatic melanoma (Klatzmann 
et al., 1998b) and prostate carcinoma (Herman et al., 
1999; Shalev et al., 2000). Gene delivery has been 
performed by injecting HSV TK-containing replication- 
deficient adenoviruses (Eck et al., 1996; Herman et al., 
1999; Shalev et al., 2000) or retroviral vector-producing 
cells (Oldfield et al., 1993; Izquierdo et al., 1996; Ram 
et al., 1997; Klatzmann et al., 1998a, b; Shand et al.,
1999).

In the phase I clinical trials only moderate toxic events 
were reported, which were mostly resolved at the 
termination of the therapy course. Moderate therapeu
tic response was observed in some of the patients. In a 
phase I/I I study for recurrent glioblastoma, injection of 
retroviral producing cells in the surgical cavity margins 
after tumour debulking followed by intravenous (iv) 
GCV resulted in the absence of recurrence in four of 12 
patients at 4 months, and in one patient at 2.8 years 
after treatment (Klatzmann et al., 1998a). In another 
clinical trial for recurrent glioblastoma multiforme four 
of 48 patients had some regression of postoperative 
residual enhancement, but the therapeutic benefit was 
transitory and not associated with any regrowth delay 
(Shand et al., 1999).

Relatively poor responses could be due to insufficient 
gene transfer and limited distribution within the 
tumour mass, which only allowed the treatment of small 
tumours with a high density of foreign DNA (Ram et al.,
1997). The growth rate of the tumour cells might also 
play an important role in the response to HSV TK/GCV 
treatment and explain the higher sensitivity of ex
perimental tumours compared to spontaneous human 
malignancies. Furthermore, because of GCV toxicity, 
particularly to the bone marrow (Caruso, 1996), the 
maximum dose used in humans (10 mg/kg/day) was 
much lower than the doses used in most animal experi
ments (up to 300 mg/kg/day).

There are numerous possibilities for ameliorating 
treatment efficacy, notably through the improvement of 
gene delivery and a better understanding of the 
molecular mechanisms of the bystander effect. Signifi
cant benefits could also arise from the introduction of 
new nucleoside analogues with a higher affinity for HSV 
TK and fewer side effects than GCV (Balzarini et al., 
1994; Balzarini et al., 1998; Dégrève et al., 1999; Thust 
et al., 2000), and of HSV TK mutants engineered to 
increase specificity and activity towards the prodrug 
(Black et al., 1996; Kokoris et al., 1999).

CYTOSINE DEAMINASE/5-FLUOROCYTOSINE
The system consisting of CD and 5-FC is similarly 

based on the production of a toxic nucleotide analogue. 
The enzyme CD, found in certain bacteria and fungi but 
not in mammalian cells, catalyses the hydrolytic deami
nation of cytosine to uracil. It can therefore convert the 
non-toxic prodrug 5-FC to 5-fluorouracil (5-FU), which is 
then transformed by cellular enzymes to potent pyrimi
dine antimetabolites (5-FdUMP, 5-FdUTP, 5-FUTP; 
Fig. 3). Three pathways are involved in the induced 
cell death; thymidylate synthase inhibition, formation 
of (5-FU) RNA and of (5-FU) DNA complexes (Springer 
and Niculescu-Duvaz, 1996). 5-FU is widely used in 
cancer chemotherapy and is the drug of choice in the 
treatment of colorectal carcinoma. It is characterised by
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Fig. 3. Conversion of 5-fluorocytosine (5-FC) into 5-fluorouracil (5- 
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an array of side effects and high dose levels are required 
for tumour response. Although not cell cycle phase- 
specific, 5-FU has both proliferation-dependent and pro
liferation-independent actions. In vitro studies showed 
loss of cytotoxicity of 5-FU and CD/5-FC in hypoxic 
tumour cells (our unpublished data). This m ight result 
in hmited therapeutic efficacy, since hypoxia is common 
to solid tumours and presents an adverse prognostic 
indicator.

The CD gene used for GDEPT has been cloned from 
Escherichia coli {E. coli; Austin and Huber, 1993) and 
has been shown in a number of in vitro studies to 
enhance mammalian cell sensitivity to 5-FC by up to 
2000-fold (Ge et al., 1997). In vivo anti-tumour activity 
of the CD/5-FC combination has been demonstrated in 
several animal models, including fibrosarcomas (Mullen 
et al., 1994), carcinomas (Huber et al., 1993, 1994; 
Ohwada et al., 1996; Kanai et al., 1997; Bentires-Alj 
et al., 2000), gliomas ((je et al., 1997; Ichikawa et al., 
2000) and m etastatic formations of different origin 
(Consalvo et al., 1995; Topf et al., 1998).

One of the main advantages of the CD/5-FC system  is 
a strong bystander effect that does not require ceU-to- 
cell contact, since 5-FU can diffuse into and out of cells 
by non-facilitated diffusion (Domin et al., 1993). Experi
m ents conducted in vitro by exposing mixed transfected  
and untransfected populations to 5-FC showed that 
1—30% of cells expressing CD could generate sufficient 
5-FU to inhibit the growth of the neighbouring ones not 
expressing the enzyme (Huber et al., 1994; Bentires-Alj 
et al., 2000; Ichikawa et al., 2000), even when the cells 
were sparsely seeded (Huber et al., 1994; Ichikawa et al.,
2000). Significant am ounts of 5-FU were found in the  
culture medium of treated CD-positive cells (Huber 
et al., 1994), and the transfer of the supernatant from 
transfectants exposed to 5-FC to untransfected cells 
resulted in their death (Lawrence et al., 1998). Bystan
der killing was also observed in cells negative for gap 
junctions (Lawrence et al., 1998). However, uptake 
studies with tritiated 5-FC showed that moderate and 
unsaturable am ounts of the drug accumulated intra- 
cellularlarly (Haberkom et al., 1996), indicating that 
5-FC uptake m ight be a bottleneck in this treatment 
strategy. The in vitro bystander effect w as not detected 
in the early reports of CD/5-FC (Mullen et al., 1992) and 
it appears to be reduced in some cell lines (Bentires-Alj 
et al., 2000).

Significant bystander killing has been observed in 
preclinical studies. 5-FC treatm ent of xenografts grown 
from mixtures of CD-positive and negative human WiDr 
colorectal carcinoma cells in nude mice caused tumour 
regression even when only 4% of the inoculated cells 
expressed the enzym e (Huber et al., 1994; Trinh et al.,
1995). A comparable anti-tumour effect (60% cure rate) 
was induced by GCV in tumours composed of 50% HSV  
TK-negative and positive cells (Trinh et al., 1995). 
Higher bystander effect in vitro and cure rate in vivo 
compared to HSV TK/GCV or HSV TK/acyclovir sug
gested that CD/5-FC is the combination of choice 
for Epstein—Barr virus-associated lymphomas (Rogers 
et al., 1996), renal cell carcinomas (Shirakawa, 1999), 
and thyroid carcinomas (Nishihara et al., 1998). On the 
other hand, anti-tumour effects and immunity to 
parental tumours induced by the HSV TK/GCV system

were superior to those induced by CD/5-FC in a hepato
cellular carcinoma model (Kuriyama et al., 1999b).

Similar to the HSV TK/GCV, the CD/5-FC combina
tion induces an im mune-mediated distant bystander 
effect, associated with an infiltration of natural killer 
cells w ithin the tumours (Pierrefite-Carle et al., 1999). 
Immunocompetent mice pre-treated with CD/5-FC 
GDEPT exhibited significant resistance when rechal
lenged with wild type tumours (Mullen et al., 1994; 
Consalvo et al., 1995; Kuriyama et al., 1999a), and 
the “vaccination effect” appeared to be dependent on 
the rechallenging tumour (e.g., the eradication of CD- 
expressing adenocarcinomas conferred no protection 
against fibrosarcomas; Mullen et al., 1994). It is im 
portant to note that the CD protein itself is immunogenic 
(Mullen et al., 1994).

Despite the encouraging preclinical results, it be
comes clear from the clinical reports that the treatm ent 
with a single GDEPT strategy may at best lead to partial 
response. Therefore, combinations of several genes or 
treatm ent m odalities were investigated in order to in 
crease the efficiency of such gene therapy strategies.

Based on the extensive clinical experience with 5-FU  
as both a chemotherapeutic agent and a radiosensitiser 
(reviewed by McGinn and Kinsella, 1993), the combina
tion of CD/5-FC GDEPT with ionising radiation was 
tested. CD-expressing SK-ChA-1 cholangiocarcinoma 
cells (Pederson et al., 1997,1998), B16F melanoma cells 
(Szary et al., 1997), and WiDr cells (Khil et al., 1996; 
Stakhouse et al., 2000) exposed to 5-FC were selectively  
sensitised to radiation in a drug concentration-depen
dent fashion, with maximum killing enhancem ent after 
72-h-incubation pre-irradiation (Khil et al., 1996) or, in 
contrast, at 3-h post-irradiation (Szary et al., 1997). 
Analysis of the linear quadratic or single-hit-multi- 
target parameters of the survival curves indicated a 
significant reduction in ceU survival at both low and 
high doses of radiation (Pederson et al., 1997; Stack
house et al., 2000). This combined strategy was tested in  
vivo in xenografts of squamous ceU carcinoma of the  
head and neck (Hanna, 1997; Hamstra et al., 1999b). 
Daily administration of 5-FC (800 mg/kg) concomitant 
with radiation therapy (50 Gy, 5 Gy/day) induced signi
ficant volumetric regression and cure in three of seven  
tumours, while radiation or GDEPT alone produced no 
significant tumour control (Hanna et al., 1997). A  robust 
bystander effect was induced, as a significant increase in  
survival was observed when only 25% of the tumour 
population expressed CD (Hamstra et al., 1999b). The 
combined GDEPT and radiotherapy strategy produced a 
measurable anti-tumour effect when clinically relevant 
dose regim ens of radiation (2 or 5 Gy per fraction over 
one week) where analysed (Stackhouse et al., 2000).

Specific gene expression and prodrug activation offer 
the possibility of combining GDEPT system s to enhance 
the antitumour activity of the single treatm ents, w ith
out increasing system ic toxicity. Delivery of CD-HSV  
TK fusion genes followed by GCV and 5-FC treatm ent 
conferred upon gliosarcoma, mammary carcinoma and 
prostate tumour cells prodrug sensitivity (Rogulski 
et al., 1997a; Uckert et al., 1998; Blackburn et al., 
1998, 1999) and radiosensitisation (Rogulski et al., 
1997a; Blackburn et al., 1999), equivalent to or better 
than that observed for each system  independently. The
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mechanism underlying the synergistic cytotoxicity of 
concomitant CD/5-FC and HSV TK/GCV therapies is 
unclear, and it appears to be related to the enhancement 
of GCV phosphorylation by HSV TK after 5-FU treat
ment (Aghi et ah, 1998). In vivo analysis showed high 
efficacy of the combined systems, further enhanced by 
radiotherapy (Rogulski et ah, 1997b; Kim et ah, 1998; 
Uckert et ah, 1998).

Improved anti-tumour activity of CD/5-FC has been 
recently achieved by using the catalytically superior 
Saccharomyces cerevisiae CD (Hamstra et ah, 1999a; 
Kievit et ah, 1999) or by cotransfecting cells with the 
genes for CD and uracil phosphoribosyltransferase, able 
to directly convert 5-FU to 5-FUMP at the first step of its 
activating pathway (Adachi et ah, 2000; Erbs et ah, 
2000; Koyama et ah, 2000).

5-FC has been extensively used in the past as an anti- 
fungal agent, therefore its toxicological properties in 
humans are well established. A phase I clinical trial 
involving local injection of a plasmid containing the CD 
gene, regulated by the tumour-selective erbB-2 promo
ter, and systemic 5-FC (200 mg/kg/day) demonstrated 
safety of this GDEPT approach for the treatment of 
breast cancer (Pandha et ah, 1999). CD-immunohisto- 
chemistry and mRNA in situ hybridisation showed 
tumour-selective gene expression in 11 of 12 patients. 
In four patients there was evidence of tumour regres
sion, even though two of them did not receive the 
prodrug, which may be due to the immunogenicity of 
CD. In an ongoing phase I clinical study, a CD-contain- 
ing adenovirus is intratumourally administered to 18 
patients diagnosed with metastatic liver disease asso
ciated with colorectal carcinoma, followed by oral admi
nistration of 5-FC (Crystal et ah, 1997).

NITROREDUCTASE/CB1954
The mustard prodrug CB1954 [5-(aziridin-l-yl)-2,4- 

dinitrobenzamide] is a weak monofunctional alkylator, 
but it can be efficiently activated by the rodent enzyme 
DT diaphorase into a potent DNA cross-linking agent 
(Knox et ah, 1988b). CB1954 resulted in the single agent 
cure of Walker carcinosarcoma in rats, but its use 
against human cancers was limited by low reactivity 
with the human DT diaphorase (Khan and Ross, 1967). 
This problem was overcome when an E. coli nitroreduc
tase (NTR) was found to reduce this prodrug 90 times 
faster than the Walker rat DT diaphorase (Anlezark 
et ah, 1992) and to be able to convert CB1954 to a 
cytotoxin when added to mammalian cells (Knox et al., 
1992). The metabolism of CB1954 is shown in Figure 4. 
The prodrug is converted by NTR to the bifunctional 
alkylator 5-(aziridin-l-yl)-4-hydroxylamino-2-nitro- 
benzamide, which after further reactions with cellular 
thioesters, such as acetyl coenzyme A, is able to form 
poorly repairable DNA interstrand cross-links (Knox 
et ah, 1988b). Since nitroreductases require NADH or 
NADPH as cofactors (Knox et ah, 1988a), activation of 
the prodrug can only take place intracellularly, limiting 
the use of the NTR/CB1954 combination for ADEPT. Its 
application for GDEPT was demonstrated after cloning 
(Michael et ah, 1994) and insertion of the E. coli NTR 
gene into retroviral, adenoviral and plasmid DNA 
vectors. NTR expression in several human and murine 
cells resulted in up to 2600-fold increase in sensitivity to

C B  1954 5 (a2»nôin-1-yl)-4-hydroxylarTwno 2 nitrobenzamde
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Fig. 4. B ioactivation of th e  p rod rug  5-(aziridin-l-yi)-2,4-dinitroben- 
zam ide (CB1954) by E. coli n itro reductase  (NTR). Thioesters, such as 
acetyl coenzyme A, convert 5-(aziridin-l-yI)-4-hydroxylam ino-2-nitro- 
benzam ide into a po ten t cross-linking  agent.

CB1954, compared to the parental lines (Bridgewater 
et ah, 1995; Bailey et ah, 1996; Green et ah, 1997; 
Friedlos et al., 1998; McNeish et ah, 1998; Weedon et ah,
2000). Transgenic mice studies of NTR expression under 
the control of a T cell-specific promoter showed selective 
CB1954 toxicity in the thymus and the spleen of 
systemically treated animals, whereas non-lymphoid 
tissues were unaffected (Drabek et ah, 1997). Selective 
tissue ablation was also demonstrated in transgenic 
mice engineered to specifically express the NTR gene in 
the luminal epithelial cells of the mammary gland 
(Clark et al., 1997). Even if trangenics provide a useful 
model for studying the in vivo efficacy of gene therapy 
strategies, they may not be predictive for clinical scena
rios, where levels of gene transfer are unlikely to be 
as high. However, retro- or adenoviral-mediated NTR 
transfer followed by CB 1954 treatment (80 mg/kg, single 
or double intra-peritoneal (ip) injection) has been shown 
to cause regression and significantly prolonged median 
survival of nude mice bearing human tumour xenografts 
of pancreatic (McNeish et ah, 1998; Weedon et ah, 2000), 
hepatocellular and squamous cell carcinomas (Djeha 
et ah, 2000).

Apoptosis was induced in thymocytes and mammary 
epithelial cells of NTR/CB 1954-treated animals (Clark 
et ah, 1997; Drabek et ah, 1997; Cui et ah, 1999), which 
appears to be a consequence of DNA cross-linking and 
strand breakage (Clark et ah, 1997; Friedlos et ah,
1998). In murine L cells, morphological changes were 
observed, such as the generation of enlarged multi
nucleated cells, which have been proposed to be due to a 
block in DNA synthesis with continued RNA and protein 
synthesis (Drabek etal., 1997). Although NTR-mediated 
cell death by CB1954 increased the expression of wild- 
type p53, functional p53 was not required to induce 
apoptosis (Cui et ah, 1999).

The NTR/CB 1954 system appears to act more rapidly 
than most combinations, as significant cytotoxic effects 
have been noted after relatively short exposure times, 
such as 4 h in vitro (Bridgewater et ah, 1995) and 24 h in 
vivo (Cui et ah, 1999). This may be due to the fact that the 
activated drug is a DNA cross-linking agent able to kill
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both proliferating and non-proliferating cells, which do 
not need to enter the S-phase for cytotoxicity to take 
place (Bridgewater et al., 1995; Clark et al., 1997; Green 
et al., 1997; Weedon et al., 2000).

An efficient bystander effect was demonstrated in a 
number of cell lines and in animal models, regardless of 
cell-to-cell contact and gap junctional status (Bridge
water et al., 1997). The primary NTR-metabolites of 
CB1954, 2- and 4-hydroxylamines, are membrane- 
permeable and, after further metabolism, are able to 
induce single strand breaks and interstrand cross-links, 
respectively, in neighbouring parental cells (Friedlos 
et al., 1998). Mixed populations with 30% NTR-positive 
pancreatic cancer cells were 1000-fold more sensitive to 
CB1954 than untransfected cells (Green et al., 1997), 
and the bystander killing was measurable when only 5% 
of the exposed population expressed NTR (McNeish 
et al., 1998). On the other hand, in cell culture experi
ments with 5-10% NTR-positive murine L cells (Drabek 
et al., 1997) and mammary glands of transgenic RED20 
and RED40 mice (Clark et al., 1997) no bystander effect 
could be observed. Also, SCID mice implanted with 
tumours containing either 30 or 100% of NTR-expres- 
sing Burkitt lymphoma cells treated with ip CB1954 
(20 mg/kg/day) were growth inhibited but not cured 
(Westphal et al., 2000).

The versatility that NTR offers by metabolising 
a range of nitro-prodrug substrates may have clinical 
relevance in view of the cross-resistance observed 
among alkylating agents (Frei et al., 1998). Structural 
variations of CB1954 included N-dihydroxypropyl and 
(N-dimethylamino)ethyl carboxamide side chains, the 
use of chloro, bromo, mesyl and iodo leaving groups on 
the mustards, and regioisomeric changes (Friedlos et al., 
1997). In Chinese hamster V79 fibroblasts, at least 
four analogues showed increased toxicity and bystan
der killing efficacy compared to the model compound 
CB1954 (Friedlos et al., 1997).

CYTOCHROME P450/CYCLOPHOSPHAMIDE
The oxazaphosphorine prodrug cyclophosphamide 

(CP) is activated by liver cytochrome P450 (CYP) 
metabolism via a 4-hydroxylation reaction (Fig. 5). The 
4-hydroxy intermediate breaks down to form the bifunc- 
tional alkylating toxin phosphoramide mustard, which 
leads to DNA cross-links, G2 -M arrest and apoptosis in 
a cycle-independent fashion (Chen et al., 1996). It has 
also been proposed that acrolein, formed in equimolar 
amounts with the phosphoramide mustard upon activa
tion of CP, sensitises the cells to the mustard (Chen and 
Waxman, 1995). The isomeric analogue isophosphamide 
(IP) is activated in a similar way, and both CP and IP 
reactions require NADH and Og.

CYP is a very complex enzymatic system, involving a 
number of isoenzymes with different substrate specifi
city and activity against CP or IP. For example, three 
liver CYP enzymes, 2B1 (phenobarbital-inducible), 2C6 
and 2C11 (both constitutively expressed) are involved in 
activating CP in rats (Clarke and Waxman, 1989), while 
the rodent CYP3A isoenzyme additionally contributes 
to the activation of IP (Weber and Waxman, 1993). 
CYP2B6 and CYP3A4 are responsible for these pro
cesses in human liver (Chang et al., 1993) and CYP2B1 
is the most active one (Clarke and Waxman, 1989).
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Fig. 5. Pa thw ays of cytochrom e P450 (CYP 450)-catalysed cyclopho
spham ide (CP) and  isophospham ide (IP) activation . The phosphor
am ide m u sta rd  is able to induce DNA alkylation . Acrolein, produced in 
equim olar am ounts, m ay be responsib le for p ro te in  alkylation.

CYPs are present in the liver and in some human 
cancers, including colon, breast, lung, liver, kidney and 
prostate, which are known to express isoforms of the 3A 
and lA  subfamilies (Patterson et al, 1999). To reduce CP 
and IP side effects towards critical host tissues, such as 
bone marrow, kidney and heart, it was hypothesised 
that overexpression of CYP enzymes in genetically 
engineered tumour cells could lead to selective sensiti
sation to oxazaphosphorines. Transfected human B- 
lymphoblastoid cells expressed catalytically competent 
CYP2A6, 2B6, 2C8, 2C9 and 3A4, and were significantly 
growth-inhibited by CP and IP (Chang et al., 1993). 
CYP2B1 gene expression sensitised rat glioma and 
human breast carcinoma cells to CP both in vitro and in 
vivo (Wei et al., 1994, 1995; Chen and Waxman, 1995; 
Chen et al., 1996; Manome et al., 1996). In co-culture 
experiments, 75% decrease in proliferation was induced 
when only 10% of the CP-exposed population expressed 
CYP2B1, independently of cell-to-cell contact (Chen and 
Waxman, 1995; Wei et al., 1995; Chen et al., 1996). 
Because the CP metabolite phosphoramide mustard 
does not diffuse efficiently across cell membranes, it is 
likely that this bystander effect is due to the diffusible 
precursors, such as 4-hydroxy-CP and its tautomer 
aldophosphamide (Wei et al., 1995; Fig. 5).

It appears that local conversion of CP is superior to its 
activation in the liver, probably because of the short 
half-life (5.2 and 3.3 min in rat and human plasma, 
respectively) of 4-hydroxy-CP, which would cause 
significant decomposition of this primary metabolite 
before it reaches the tumour (Chen and Waxman, 1995). 
Although minimal liver toxicity was detected in pre
clinical studies, to further protect normal tissues selec
tive inhibitors of endogenous liver enzymes could be 
administered in combination with the GDEPT system, 
such as 21, 21-dichloro-progesterone or 3,5-dimethoxy- 
2,6-dimethyl-4-ehyl-l,4-dihydropyridine, which are 
specific for liver isoforms (Halpern et al., 1989; Correia 
et al., 1992).
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The utilisation of the CYP/CP system in combination 
with macrophages for hypoxia-selective gene therapy 
(Dachs et ah, 1997) has recently been demonstrated 
(Griffiths et ah, 2000). Differentiated macrophages 
transduced with an adenoviral vector containing the 
human CYP2B6 gene were found to infiltrate human 
tumour spheroids (3D in vitro tumour models) and 
induce cell death when the spheroids were incubated 
with CP. A hypoxia-responsive promoter conferred 
an additional level of selectivity to the system. The 
macrophages themselves did not appear to be affected 
by the CYP2B6/CP treatment, which may make them  
a suitable vehicle for this gene therapy approach. 
However, CYP/CP may not be the ideal combination 
for hypoxia-regulated gene therapy, since the rate 
limiting activation of cyclophosphamide is an oxygen- 
dependent reaction (Fig. 5).

CARBOXYPEPTIDASE G2/CMDA
In the enzyme/prodrug systems described so far the 

prodrug is converted to an intermediate metabolite, 
which requires further catalysis by cellular enzymes to 
form the active drug. The lack or decreased expression of 
these enzymes in the target cells would lead to tumour 
resistance. The bacterial enzyme carboxypeptidase C2 
(CPC2), which has no human analogue, is able to cleave 
the glutamic acid moiety from the prodrug 4-[(2- 
chloroethyl)(2-mesyloxyethyl)aminolbenzoyl-L-glutamic 
acid (CMDA), releasing the DNA-cross-linking mustard 
drug 4-[(2-chloroethyl)(2-mesyloxyethyl)amino]benzoic 
acid without further catalytic requirements (Springer 
et al., 1990; Fig. 6). The application of the CPC2/CMDA 
combination in ADEPT strategies has been successfully 
demonstrated in a number of tumour models, and phase 
I clinical trials showed no conversion to the active 
species by human enzymes and no CMDA-related 
toxicity (Springer et al, 1994; Bagshawe et al., 1995; 
Martin et al., 1997). The feasibility of CPC2-mediated
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Fig. 6. Conversion of th e  prodrug  4-f(2-chloroethyl)(2-m esyloxyethy- 
l)am inolbenzoyl-L-glutam ic acid (CMDA) into a cytotoxin. The 
bacteria l enzym e carboxypeptidase G2 (CPG2) is able to cleave th e  
g lu tam ic acid m oiety from th e  prodrug  re leasing  th e  DNA-cross- 
link ing  m ustard  d ru g  4-f(2-chloroethyl)(2-m esyloxyethyl)am ino]ben- 
zoic acid w ithout fu r th e r  cataly tic  requ irem ents. (A dapted from 
M arais  e t al., 1996.)

CDEPT was investigated in vitro in COS cells (monkey 
kidney) and four human tumour epithelial lines (Marais 
et al., 1996). Transfection with the CPC2 gene led to the 
production of an active enzyme, able to convert CMDA to 
a cytotoxic agent within 19-h incubation. Compared to 
mock-transfected controls, CPC2-transfectants were 
characterised by an increase in sensitivity to the 
prodrug spanning from 11- to 95-fold (Marais et al.,
1996). However, the breast tumour cell line MDA 
MB361 showed only modest sensitivity to CMDA 
activated by intra cellular expression of CPC2, mainly 
because the prodrug could not enter the cells (Marais 
et al., 1997). To overcome this problem, CPC2 was 
expressed tethered to the outer surface of mammalian 
cells, resulting in effective cell kill by CMDA in vitro and 
in vivo (Marais et al, 1997; Stribbling et al., 2000).

The CPC2/CMDA system has been shown to induce 
a robust bystander effect. Exposure to the prodrug 
induced 50% and 100% WiDr cell kill in monolayers 
containing 1-2 and 12% CPC2^ cells, respectively 
(Marais et al., 1996). In nude mice, regression and cure 
of breast carcinoma xenografts could be obtained when 
only 10% of the cells expressed the tethered CPC2 
(Stribbling et al., 2000). Evidence of the in vivo bystan
der effect was obtained measuring the proportion of 
apoptotic cells in the treated tumours, which was higher 
than the percentage of cells expressing CPC2. The effect 
of the surface tethered CPC2 on host immunicity has not 
yet been reported.

To improve the efficacy of the system, a number of self- 
immolative prodrugs have been developed in combina
tion with CPC2, some of them resulting in a significant 
increase in cytotoxicity (Niculescu-Duvaz et al., 1998 
and 1999).

HORSERADISH PEROXIDASE/
INDOLE 3 ACETIC ACID

The reaction between the plant enzyme horseradish 
peroxidase (HRP) and the non-toxic plant hormone 
indole-3-acetic acid (LAA) has been analysed in depth, 
but not yet completely elucidated. At neutral pH, LAA is 
oxidised by HRP-compound I to a radical cation, which 
undergoes scission of the exocyclic carbon-carbon bond 
to yield the carbon-centred skatolyl radical (Fig. 7). In 
the presence of oxygen, the skatolyl radical rapidly 
forms a peroxyl radical, which then decays to a number 
of products, the major ones being indole-3-carbinol, 
oxindole-3-carbinol and 3-methylene-2-oxindole (MOI; 
Dunford, 1999). In anoxic solution, decarboxylation of 
the radical cation can still take place and the carbon- 
centred radical preferentially reacts with hydrogen 
donors (Augusto, 1993; Candeias et al., 1994; Fig. 7).

When activated by purified HRP, LAA was shown to 
inhibit colony formation in mammalian cells, while 
neither enzyme nor prodrug alone were cytotoxic at the 
concentration or times analysed (Folkes et al., 1998,
1999). To date, the activated drug has not yet been 
identified. Of the stable products, indole-3-carbinol 
is non-toxic to V79 cells at experimentally produced 
concentrations, with or without HRP (Folkes and 
Wardman, 2000). MOI has been reported to be toxic in 
E. coli and some plants, to react with glutathione and to 
bind to sulphhydryl regions of histone DNA or RNA 
(Folkes and Wardman, 2000).
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Non-specific activation of LAA in normal tissues is 
unlikely to take place, since endogenous peroxidases in 
human tumour cells (Folkes et al., 1998) and rat 
leukocytes and phagocytes (Pires de Melo et al., 1997) 
were significantly less efficient than HRP in converting 
lAA into a cytotoxin. Moreover, no toxicity was reported 
in patients after oral administration of 100 mg/kg lAA 
(Mirsky and Diengott, 1956).

The efficacy of the HRP/IAA system for GDEPT was 
evaluated in vitro by exposing human T24 bladder 
carcinoma cells transfected with an expression vector 
containing the HRP cDNA to the prodrug LAA (Greco 
et al., 2000). Prodrug activation was fast and efficient, 
since cytotoxicity could he evoked within a 2-h exposure, 
and it was further increased after 24-h incubation. A 
strong bystander effect was induced, since 2-3  log cell 
kill was observed when only 20-30% of the exposed 
population expressed HRP. Moreover, cell contact was 
not required for bystander killing, as the cells were 
sparsely seeded at the time of prodrug incubation and 
the transfer of lAA-containing medium preconditioned 
by HRP^ cells to HRP cells resulted in their death. 
Significant cytotoxicity was also detected in the extreme

tumour conditions of anoxia, although different mecha
nisms appear to be involved in the induced cell kill.

When compared to HSV TK/GCV, the HRP/LAA 
combination showed increased toxicity in vitro, both in 
oxic and anoxic conditions (Greco et al., 2000). However, 
to further improve therapeutic efficacy, 10 lAA analo
gues were tested in combination with HRP in four 
different cell lines of human origin (T24; FaDu, naso
pharyngeal squamous carcinoma; MCF-7, mammary 
carcinoma; HMEC-1, dermal microvascular endothe
lium; own unpublished data). In several cases increased 
toxicity was detected compared to the model compound 
LAA.

Delivery of the HRP gene to human tumours followed 
by treatment with LAA and analogues may provide a 
novel cancer GDEPT approach, with potential to target 
hypoxic cells, which are resistant to radio- and che
motherapy. In vivo analysis of this novel GDEPT system  
is currently underway.

CONCLUSIONS
Gene therapy is a promising approach, still at the 

early stages of development. Some major problems 
remain to be solved before these new strategies become 
routinely adopted in the clinic, one of the main chal
lenges remaining the improvement of gene delivery, and 
therefore therapeutic efficacy. Nevertheless, the results 
described in this review and their clinical application 
are encouraging, and illustrate both feasibility and 
future promise for GDEPT as a cancer treatment. 
Clinical trials have already addressed the issues of 
safety and toxicity. As vector technology fulfils the 
requirement of efficient delivery, it can be anticipated 
that the results observed in the preclinical studies will 
more quickly translate into the clinic.
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■Abstract

A lth o u g h  r a d io th e ra p y  is used  to  tre a t  m a n y  so lid  tu m o u rs ,  n o rm a l tis su e  to le ra n c e  a n d  in h e re n t tu m o u r  ra d io re s is ta n c e  c an  
h in d e r  su ccessfu l o u tc o m e . C a n c e r  gen e  th e ra p y  is o n e  a p p ro a c h  b e in g  d e v e lo p ed  to  a d d re ss  th is  p ro b le m . H o w ev e r, th e  p o te n tia l  
o f  m a n y  s tra te g ie s  a re  n o t rea lised  o w in g  to  p o o r  gen e  d e liv e ry  a n d  a lack  o f  tu m o u r  spec ific ity . T h e  use  o f  tre a tm e n t- ,  c o n d it io n -  o r  
tu m o u r-sp e c if ic  p ro m o te r s  to  c o n tro l  g e n e -d ire c ted  en zy m e  p ro d r u g  th e ra p y  (G D E P T )  is o n e  su ch  m e th o d  fo r  ta rg e tin g  gene  
e x p re ss io n  to  th e  tu m o u r .  H e re , w e d e sc rib e  tw o  sy stem s  th a t  m a k e  use o f  G D E P T , re g u la te d  by  r a d ia t io n  o r  h y p o x ic -re s p o n s iv e  
p ro m o te rs . T o  e n su re  th a t  th e  ra d ia tio n -re s p o n s iv e  p ro m o te r  is b e  a c t iv a te d  by  c lin ic a lly  re le v a n t d o ses  o f  ra d ia t io n ,  w e h a v e  d e sig n e d  
sy n th e tic  p ro m o te r s  b a sed  o n  ra d ia t io n  re sp o n siv e  C A rG  e le m e n ts  d e riv e d  fro m  th e  E a rly  G ro w th  R e s p o n s e  1 {EgrI )  g ene. U se  o f  
th ese  p ro m o te r s  in severa l tu m o u r  cell lines re su lte d  in  a 2 -3 - fo ld  a c t iv a tio n  a f te r  a  sing le  d o se  o f  3 G y . F u r th e r m o re ,  u se  o f  th e se  
C A rG  p ro m o te r s  to  c o n tro l  th e  e x p re ss io n  o f  th e  h e rp e s  s im p lex  v iru s  (H S V ) th y m id in e  k in a se  ( tk)  g en e  in  c o m b in a t io n  w ith  th e  
p ro d ru g  g a n c ic lo v ir  (G C V ) re su lte d  in s u b s ta n tia lly  m o re  c y to to x ic ity  th a n  seen  w ith  r a d ia t io n  o r  G C V  tre a tm e n t  a lo n e . E ffec tiv en ess  
w as fu r th e r  im p ro v e d  by  in c o rp o ra t in g  th e  G D E P T  s tra te g y  in to  a n ovel m o le c u la r  sw itch  sy stem  u s in g  th e  C re /lo x P  re c o m b in a se  
system  o f  b a c te r io p h a g e  P I .  T h e  level o f  G D E P T  b y s ta n d e r  cell k illing  w as n o ta b ly  in c re a se d  by  th e  u se  o f  a  fu s io n  p ro te in  o f  th e  
H S V tk  en zy m e  a n d  th e  H S V  in te rc e llu la r  t r a n s p o r t  p ro te in  vp22 . S ince h y p o x ia  is a lso  a c o m m o n  fe a tu re  o f  m a n y  tu m o u rs ,  p r o 
m o te rs  c o n ta in in g  h y p o x ic -re s p o n s iv e  e le m e n ts  (H R E s )  fo r  use w ith  G D E P T  a re  d e sc rib e d . T h e  d e v e lo p m e n t o f  su ch  s tra te g ie s  th a t  
ach ieve  tu m o u r  ta rg e te d  e x p re ss io n  o f  gen es  v ia  se lec tive  p ro m o te r s  will e n a b le  im p ro v e d  spec ific ity  a n d  ta rg e tin g  th e re b y  a d d re s 
sing  o n e  o f  th e  m a jo r  lim ita tio n s  o f  c a n c e r  gen e  th e ra p y . ©  2002 P u b lish e d  by  E lsev ie r Sc ience  L td .
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1. Combination gene therapy and radiotherapy

R adiotherapy is the treatm ent m odality o f choice for 
most solid malignancies. H owever, the tolerance o f sur
rounding norm al tissues to treatm ent-induced injury 
often restricts the dose tha t can be delivered to the 
tum our to achieve cure. This problem  can be partly 
overcom e using physical techniques such as conform ai 
or intensity m odulated  rad io therapy  tha t deliver the 
dose to  a m ore precisely defined tum our volume. An 
alternative approach  is to com bine rad io therapy  with a 
pharm acological- or gene-based com ponent, which 
im proves the effectiveness o f the rad iation  dose deliv
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ered to the tum our by increasing the therapeutic  ratio  
between norm al and m alignant cells. Pharm acological 
approaches to m odify tum our radiosensitivity are well 
established, and include for exam ple the use o f chem ical 
radiosensitisers and inhib itors o f  cellular repair p ro 
cesses and tum our cell p ro liferation  [1], In con trast, the 
com bination  o f  rad io therapy  and gene therapy technol
ogies is an evolving discipline. G ene delivery, insufficient 
specificity and tum our targeting  often ham per the effi
cacy o f gene therapy  approaches, bu t new concepts are 
evolving to overcom e these [2,3]. This review will focus 
on one o f these problem s, describing tw o different 
strategies to selectively target the tum our, one m ediated 
by rad iation  and the second by hypoxia. Both exploit 
selective gene prom oters to  activate gene-directed 
enzyme p rodrug  therapy (G D E P T ) systems for use as 
ad juvant or concom itan t w ith rad io therapy . G D E P T  
involves the delivery to the target cells o f  a foreign gene 
encoding a non-toxic enzyme which activates specific 
p rodrugs to toxic agents at the site o f  conversion [4].

0959-80493)2'S - see front m atter ©  2(M)2 Published by Elsevier Science Ltd. 
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2. Radiation-mediated gene therapy (RMGT)

Radiation-mediated gene therapy exploits the fact 
that in the majority o f patients receiving radiotherapy 
the radiation is directed to the tumour volume, provid
ing some degree o f tumour localisation for controlling 
the expression o f therapeutic genes. Temporal and spa
tial control o f gene expression can therefore be achieved 
for any genes delivered to the tumour and for any 
tumour types treated with radiotherapy [5-7].

2.1. Radiation-induced gene expression

A number o f  cell cycle control and D N A  repair genes 
(e.g. and Early Growth Response 1 (Egrl)
[8-10]) are upregulated following exposure to ionising 
radiation [11-15]. Some o f these genes, such as WAFl 
[10] and GADD45 [16] operate within p53-dependent 
pathways, and thus may not function efficiently in the 
many tumours exhibiting mutant p53 phenotypes. 
However, since activation o f Egrl is p53-independent, 
its promoter has been adopted for the regulation o f  
therapeutic genes in the majority o f the experimental 
models o f RMGT. A 425 nucleotide region (denoted 
E425 here) [17] o f the murine Egrl gene was inserted 
upstream of the cD N A  of the tumoricidal cytokine 
tumour necrosis factor-a (TNF-a) and delivered to 
human epidermoid carcinoma xenografts (SQ-20B) 
using a cell carrier [8], liposomes [5] or an adenoviral 
vector (Ad5 [18,19]). The combination o f a fractionated 
radiation dose schedule o f 40 Gy (5 Gy fractions twice a 
day for 4 days) and intratumorally delivered 
Ad5.Egr.TNF resulted in increased tumour regression 
by up to 90% of control values compared with maxima 
o f 50% for vector or radiation alone [7,19]. Similarly, 
Joki and colleagues [20] and Takahashi and colleagues 
[21] used a plasmid construct containing the E425 pro
moter to regulate the expression o f the herpes simplex 
virus thymidine kinase (HSVt/:) suicide gene. Glioma 
cells containing this vector were sensitised to the anti
herpes viral agent ganciclovir (GCV), a substrate for 
HSVtk, after exposure to a single radiation dose of 20 
Gy.

The radiation-responsive regions o f the Egrl pro
moter have been identified as 10 nucleotide motifs of the 
consensus sequence CC(A/T)6GG, also known as CArG 
elements [22]. However, only the CArG elements 
grouped in the 5' distal ‘enhancer’ region, appear to 
contribute to the radiation responsiveness o f Egrl. 
Radiation-produced reactive oxygen intermediates 
(ROIs) are believed to be critical in activating the Egrl 
promoter via these CArG motifs [23]. In addition, 
CArG elements are also known to be involved in the 
regulation o f a number o f immediate-early genes (e.g. 
E grl, c-fos, fi-actin) following mitogenic stimulation, 
and are thus often referred to as serum-response ele

ments. This growth factor-induced response is governed 
by the binding of serum-response factor. Whether this 
transcription factor is also involved in the activation of 
the Egrl gene by ionising radiation has not as yet been 
determined. The human and murine Egrl promoters 
also contain putative binding sites for the Spl tran
scription factor, the Fos-Jun heterodimer API, as well 
as for cyclic adenosine monophosphate (AMP) and 
Egrl itself [24-27], all o f which may influence radiation- 
mediated promoter induction.

2.2. Synthetic radiation-responsive gene promoters

In order to produce a radiation-responsive promoter 
without such potentially antagonistic binding sites, we 
have developed synthetic alternatives based on isolated 
CArG elements [28]. These promoters consist o f an 
enhancer region, containing the CArG elements them
selves, adjacent to a basal promoter (i.e. from the cyto
megalovirus (CMV) immediate early gene) containing 
the essential transcriptional initiation apparatus, such as 
the CCAAT/TATA boxes (see Fig. 1 [28]). The enhan
cer is produced by cloning complementary, single
stranded, oligo-deoxyribonucleotides (ODNs) contain
ing the CArG sequences. The synthetic promoter is 
positioned directly upstream of the coding sequence of 
the enhanced green fluorescent protein (EGFP) reporter 
gene [29,30] in a plasmid vector. Target cells are trans
fected with the plasmid construct, irradiated and sub
sequent EGFP production measured by flow cytometry. 
A synthetic promoter containing four CArG elements 
was shown to be responsive to radiation doses as low as 
1 Gy and was more radiation-responsive (3.1-fo ld±0 .2 )  
than the wild-type Egrl counterpart (1.86-fold ± 0 .2 ) at 
an optimal 3 Gy dose (Fig. 2 [28,31]). Multiple doses of 
3 Gy resulted in greater levels o f induced expression 
than seen after a single dose. Promoters containing dif
ferent numbers, sequences and arrangements o f  CArG 
elements were also evaluated. Increasing the number of 
CArG elements in the promoter improved the specific 
radio-responsiveness and reduced basal expression (data 
not shown). We have also demonstrated that alteration 
of CArG element core sequences can substantially affect 
the response, either positively or negatively. Although 
the transcription factors involved in the induction have 
yet to be identified, the binding o f such proteins or 
protein complexes to the CArG elements are likely be 
influenced by their spatial arrangement. This is cur
rently being investigated in our laboratory.

A GDEPT approach was then used to demonstrate 
the potential o f CArG-activated promoters. This con
sisted o f the HSVrA:/GCV suicide gene system and a 
tumour cell growth inhibition assay. The H SVtkjGC V  
system, currently adopted in clinical trials [32], is the 
most well known example o f enzyme/prodrug combina
tion in cancer GDEPT. The killing effect o f the H SVtk/
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GCV is only seen in proliferating  cells in which HSVtk 
can m onophosphorylate G CV . which is then further 
phosphorylated  by cellular kinases, to cause term ination  
o f D N A  synthesis and cell death  [33]. The HSVfA: G CV  
system is therefore particularly  suitable for the erad ica
tion o f rapidly dividing tum our cells invading n o n -p ro 
liferating tissue. However, HSV/A G CV  would not be 
the com bination  o f choice to target the slowly dividing 
hypoxic population  in solid tum ours, which have been 
shown to contribu te  to the resistance o f hum an tum ours

to chem o- and radio therapy . A lternative enzym e/pro
d rug  com binations able to function  in non-proliferating  
cells would be for exam ple carboxypeptidase 2 (C PG 2) 
and CM  DA [34,35] or horseradish  peroxidase (H R P) 
and indole-3-acetic acid (I A A) [4,36]. The selective 
enhancem ent o f radiation-m ediated  toxicity using 
G D E P T  has been dem onstrated  bo th  in vitro and in 
vivo, with some degree o f  synergy between rad ia tion  and 
gene therapy noted [37-42]. N on-transduced  cells ad ja
cent to HSVt/c-containing cells can also be killed via a
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Fig. I. (a) Strategies adopted to im prove the radiation responsiveness o f the synthetic C A rG  enhancer; increasing the num ber o f C A rG  elements 
from the four used in the prototype (28); altering the C A rG  element core ' sequences; introducing spacers between C A rG  elements to aid binding o f 
any transcription factors involved in the radiation response, (b) Schematic representation o f the radiation-responsive plasm id vector (based on PCI- 
neo: Promega) showing chimeric enhancer p rom oter and reporter (E G FP) or suicide (FISV/A) coding sequences (CDS). Restriction sites used for 
cloning com ponents arc italicised. The intron is present to increase expression o f the CDS immediately dow nstream . The SV40 polyadcnylalion 
signal allows efficient processing o f RNA transcripts. Amp and Neo genes are used as selectable m arkers for establishing clones in bacterial and 
m am m alian cell cultures respectively. CM V, cytom egalovirus; EG FP, enhanced green fluorescent protein.
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Fig. 2. (a) Fold- increase o f enhanced green fluorescent protein (E G FP) expression in U87-M G glioma and M CF-7 breast adenocarcinom a cells 40 h 
after irradiation with a single dose o f 3 Gy. Before irradiation , cells were transfected with plasm ids containing the EOFP gene controlled by either 
the synthetic enhancer containing four C A rG  elements (pE4); the wild-type hum an Egrl enhancer (labelled 'sw itch ') (pN); or a contro l plasmid 
(pCI/icrO [28]. M CF-7 cells were also co-transfcctcd with two plasm ids that allowed C rc/loxP-m ediatcd recom bination. R adiation activates the 
production o f Cre via the 4 C A rG  prom oter (pE4Cre; see Figure 3, Ref. [31]). Cre then causes recom bination in the second plasm id (pS G F P) 
resulting in constitutive expression o f E G F P from the CM V prom oter. The synthetic enhancer was significantly better at inducing E G F P  expression 
than the wild-type enhancer. Furtherm ore, when E4 was incorporated into the 'p rom oter switch’ system, a substantially  higher level o f  expression 
was achieved, (b) The effect o f radiation on cell grow th following transfection. Open squares. M CF-7 cells; open triangles, M CF-7 cells transiently 
transfected with the pCI/icu contro l plasmid (pCon); solid squares. M CF-7 cells transiently transfected with pE4TK plasm id; open circles. M CF-7/ 
E4TK established cell line (sec also Ref. [28]).

bystander m echanism  [43]. This ‘bystander effect’ is 
thought to be partly  a ttribu tab le  to the diffusion o f 
toxin molecules through  gap junctions [44-46]. In vivo, 
the host im m une system is believed to enhance this 
effect [47,48]. B ystander killing will be vital for prodrug- 
m ediated gene therapy since the m ost efficient delivery 
systems will be unable to target all the cells in a tum our. 
W u and colleagues [49] noted tha t com plete tum our cell 
killing was achieved when only 10% o f cultured m ela
nom a cells were expressing HSVt/r in the presence o f 
GCV. Furtherm ore, it has been shown tha t significant 
tum our regression could be achieved in anim al models 
when only 10% of tum our cells were producing HSVfA
[50].

In our own studies, when tum our cell cultures were 
transfected with C A rG -based vectors (~ 2 0 %  o f cells) 
and grown in the presence o f G CV  after a single 2 Gy 
trigger dose, cell survival was reduced to —70% , 
com pared with 90%  for m ock-transfected cultures trea
ted similarly [28]. If  this finding were to be translated  
in to  a therapeutic dose schedule in a typical 70 G y 
treatm ent (35 fractions o f 2 Gy), the resultant equiva
lent dose directed to the tum our w ould be alm ost 
100 Gy.

The potential o f using the synthetic rad ia tion -respon
sive prom oters was also evaluated in a prelim inary 
study in vivo in a M C F-7 breast adenocarcinom a xeno
graft model. M odified cell lines were established from 
plasm id-transfected M C F-7 cells by G418 selection and

cloning. One o f these stable cell lines transfected w ith a 
synthetic p rom oter con tain ing  four C A rG  elem ents 
regulating the expression o f HSVrA was used to estab 
lish xenografts in nude mice. 50 pM  G CV  was adm inis
tered in terperitoneally  (i.p.) 2 days p rior, during  and for 
three days after three daily 3-Gy fractions o f  X -rays. 
The effect o f each treatm ent w as com pared by assessing 
the time required for tum ours to reach to 500 mm^ 
(Table 1). A n increase in tum our grow th delay was evi
dent for those tum ours treated  with G CV  com bined 
with irrad ia tion , com pared with G CV  or rad ia tion  
treatm ent alone. D espite the small size o f this study, it 
clearly dem onstrated  tha t the synthetic rad iation - 
responsive p rom oters are functional in vivo, an obser
vation tha t supported  our earlier studies in whole 
tum ours using E G F P  as a reporter system.

We have also investigated the use o f an  in tercellu lar 
tran spo rt protein (the HSV protein  vp22) to enhance 
the bystander effect. As reported  by Elliot and O ’H are
[51], vp22 is an efficient intercellular tran spo rte r, able to 
transfer into neighbouring cells and transloca te  to the 
nucleus o f the target cell. The fusion protein  p roduct o f 
the chim eric vp22jEGFP  gene was efficiently exported 
into as m any as 200 nuclei o f cells surrounding  the origi
nal transfectant. C him eric vp22 proteins are know n to 
function in a wide range o f cell lines [52] and  deliver 
p ro teins tha t modify the cell response to rad ia tion  
dam age [53]. This active tran sp o rt has been achieved 
using vp22/H SV tk fusion p ro teins tha t retain  enzyme
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Table 1
M easurem ent of'grow th delay (days to rcaeh 500 m m ’ after treatm ent) 
o f M CF-7 and MCF-7, pETFK tum our xenografts in nude mice"

X enograft

M CF-7
M CF-7
M CF-7
M CF-7

M CF-7,/pE4TK 
M CE-7/pE4TK  
M CE-7,/pE4TK 
M CE-7/pE4TK

R adiation
treatm ent

Sham 
Sham 
3 x 3  Gy 
3 x 3  Gy

Sham 
Sham 
3 x 3  Gy
3x 3  Gy

GCV dosing 
(IP)

None 
8x50  pM 
None 
8x50  pM

None 
8x50  pM 
None 
8x50  pM

Days to 
500 m m ’

8 .9 ± 2
] | . 2 ± 5
21 .4 ± 4
23.1 ± 4

11.3±6 
14 .7±5 
24.9 ± 5
33.1 ± 3

" Treatm ent commenced when tum ours were o f the same size. 
M C F-7/pE4T K  cells were established by transfecting M CF-7 cells 
with plasm ids containing HSVrA under the control o f  the radiation- 
responsive four C A rG  prom oter, and then enriched by neomycin 
selection so that all cells contained the FlSVrA: gene. Tum ours were 
divided into groups and either sham -irradiated, irradiated with three 
doses o f 3 Gy (24 h interval), given intraperitoneal (i.p.) injections of 
ganciclovir (GCV, 8 daily doses o f 50 pM ) or vehicle controls, or 
com binations o f  the treatm ents. The largest tum our growth delay, 
indicating the highest toxicity, was seen in irradiated tum ours that 
were com bined with GC V  treatm ent. These data indicate that the 
synthetic p rom oter is functional in vivo.

activity to transduce surrounding  cells m aking them 
targets for G CV -m ediated cell killing [54], M oreover, 
vp22 transport is independent o f  intercellular connec
tions [51]. This is particularly  a ttractive for its use in 
tum our cells where cell-cell com m unication  is often

considerably im paired. We have shown that a vp22/ 
E G F P  protein can be exported from the p lasm id-trans
fected cell to its neighbours, leading to their fluorescence 
as evidenced by m icroscopy. W hen the EGFP  gene was 
replaced with H S V tk ,  tum our cell killing in the vp22/ 
HSV/A'-transfected populations was increased > 5-times 
com pared with H S V tk  alone. T hus, the use o f the vp22 
pro tein  may have the potential to address the im portan t 
lim itation o f gene delivery [55].

In order to ensure long-term , high-level expression o f 
therapeutic genes follow ing the m odest radiation- 
induction  o f the C A rG  prom oters, we have devised a 
novel ‘m olecular sw itch’ system based on the C re/L oxP  
recom binase o f bacteriophage PI (Fig. 3 [31,56]). Using 
this strategy, the radiation-responsive p rom o ter drives 
the expression o f the Cre recom binase gene, which in 
tu rn  activates a transcriptionally-silenced tum our sensi
tising gene by loxP site-m ediated recom bination. 
Therefore, a single activating  dose o f rad iation  could 
lead to HSVrA: gene expression via the strong  con
stitutive CM V  prom oter, thereby producing a sub
stan tia l am plification o f the activation  signal. Indeed, in 
dual-plasm id transfection experim ents using the E G FP  
reporter system, we dem onstrated  an 8.2-fold (± 1 .2 )  
increase in num bers o f  brightly fluorescent cells after a 
rad ia tion  trigger, com pared w ith un irrad ia ted  control 
cultures (Fig. 2 and [31]). In add ition , these cells were 
on average nearly 15 times brighter than  those produced 
when the C A rG  prom oter directly (w ithout the Cre/

Egr1 radiation-responsive enhancer 
— CMV IE Promoter

pE4Cre Cre R ecom binase CDS

Cre CMV I.E. Enchancer

CMV I.E. Promoter

loxP site

STOP casse tte

pSGFP loxP site

GPP CDS

CMV I.E. Enchancer

CMV I.E. Promoter 
<— loxP site

GPP CDSStop

GFP gene expressionexcised

Fig. 3. Schematic representation o f the ‘m olecular switch’. Irradiation  induces Cre recombinase expression via the E4 prom oter. Cre excises the 
transcriptional stop cassette from pSG F P  via the loxP sites. The resultant recom binant plasmid now expresses green fluorescent protein (G F P ) from 
the strong constitutive CM V  IE prom oter [31]. CDS, coding sequences.
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loxP switch) regulated EGFP expression. This translates 
to an approximately 40-fold induction o f EGFP pro
duction via the switch, compared with 3.1 (±0.25)-fold  
when the synthetic promoter regulated EGFP expres
sion directly. This system has now been engineered to 
function in a single vector, thus avoiding the necessity 
of having to target two vectors to each tumour cell. The 
use o f a constitutive secondary promoter (e.g. CMV) 
should also ensure sustained expression o f the ther
apeutic gene within the tumour volume after the radia
tion stimulus has been withdrawn. However, since this 
system incorporates two controlling gene promoters, the 
CMV promoter could be replaced by tumour-, tissue-, 
condition or micro-environment specific promoters 
[3,57,58] providing the potential for even greater speci
ficity, selectivity and indeed safety.

3. Hypoxia-mediated gene therapy

The presence o f hypoxia is a negative prognostic 
indicator for outcome following radiotherapy in a range 
of human tumour sites [59-63]. The absence o f a cell 
killing component that can be attributed to radiation- 
mediated oxygen radicals is unlikely to be the only rea
son for the resistance o f hypoxic tissue to the lethal 
effects o f radiotherapy [64]. Resistance may also arise 
from modifications to gene expression induced as a 
direct consequence o f the hypoxic environment, such as 
a more aggressive locoregional disease and enhanced 
invasive capacity [65-67]. Rather than devise thera
peutic strategies o f overcoming hypoxic resistance, a 
number o f groups have chosen to exploit the hypoxic 
nature o f tumours to gain a therapeutic advantage 
[4,57,68-72]. The adaptive response to cellular hypoxia 
involves the modulation o f the synthesis o f multiple 
proteins controlling processes such as glucose home
ostasis, angiogenesis, vascular permeability and inflam
mation. These include, for example, phosphoglycerate 
kinase 1 (PG K l), erythropoietin (EPO), lactate dehy
drogenase A (LDHA), vascular endothelial growth fac
tor (VEGF) and inducible nitric oxide synthase (iNOS)
[73]. The D N A  regulatory elements controlling the 
expression o f oxygen-responsive genes have been 
defined in many cases, and involve the specific binding 
and trans-activation by various inducible, phosphoryla
tion-dependent and/or redox sensitive transcription fac
tors, including Hypoxia Inducible Factor 1 (H IFl), 
Activator Protein 1 (API), Nuclear Factor kB (NF kB), 
p53 and the Heat Shock Transcription Factor. Pub
lished evidence indicates that only HIFl is specifically 
oxygen-responsive [73], while the other transcriptional 
systems appear to contribute to the response to hypoxia 
via related redox and metabolic changes.

Affinity purification and molecular cloning o f H IFl 
showed it to function as a heterodimer consisting of two

basic-helix-loop-helix proteins, H IF la  and HIFl P (pre
viously identified as ARNT, aryl receptor nuclear 
translocator, which is part o f the xenobiotic response)
[74]. Although both subunits are constitutively expres
sed, H IF la  is the hypoxia-regulated component via 
post-translational stabilisation and transactivation by 
several additional factors [75,76]. To modulate gene 
expression, H IFl specifically binds to hypoxia-respon
sive elements (HREs), enhancers containing the core 
sequence 5'-(A/G)CGT(G/C)(G/C)-3', localised at 
varying distances and orientations o f the coding region 
o f several hypoxia-regulated genes. The H R E/H IFl 
regulation system was shown to be common to all 
mammalian cells and human tissues tested to date [76] 
and the H IF la  subunit was found to be overexpressed 
in 68% of the tumour types analysed [77]. The high 
frequency o f H IFl expression across many human 
tumours o f diverse tissue origin represents a possible 
therapeutic target for HRE-directed gene therapy o f the 
hypoxic environment. It has been shown that marker 
gene expression regulated by the murine PG K l HRE 
could be induced in hypoxic tumour cells [68]. Follow
ing the demonstration o f the successful use o f radiation 
[28] or hypoxic-responsive gene promoters [68,78] alone, 
we have assessed the function o f chimeric promoters 
containing radiation-responsive CArG elements in 
combination with HREs (data not shown). These dual 
enhancer constructs functioned in response to radiation 
or hypoxia alone and also in the presence o f both 
stimuli.

4. Other gene therapy approaches

A number o f radiotherapy and gene therapy strategies 
have been developed. High therapeutic potential was 
recently demonstrated for radiation therapy in combi
nation with a trimodal approach consisting o f  a repli
cation-competent oncolytic adenovirus containing a 
cytosine deaminasejHSVtk fusion gene [42]. This com
bination o f radiation therapy, lytic viral therapy and 
double suicide gene therapy produced significant 
tumour regression in an experimental C33A tumour 
xenograft model.

Manipulating the expression o f the sodium and iodide 
symporter (NIS) gene increased the uptake o f  radio
labelled iodide in an in vitro spheroid model [79-81]. 
The overexpression o f such membrane transporter pro
teins increases the selectivity o f ['^’I]-metaiodobenzyl- 
guanidine therapy for neuroblastoma and ionic [*̂ ’I]- 
administration for differentiated thyroid tumours. In 
contrast, gene therapy has also been exploited to 
decrease the side-eflfects of radiation-induced damage in 
normal tissue. For example, intratracheal injection of a 
vector carrying the human superoxide dismutase (S0D 2) 
transgene prior to irradiation prevented radiation-
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induced  dam age o f  tran sduced  tissues, resulting  in 
decreased  rad ia tion -induced  oesophageal stric tu re  [82] 
and  decreased late p u lm onary  fibrosis [83]. These 
exam ples o f  com bin ing  rad io th e rap y  and gene therapy  
illu s tra te  the b read th  o f  ideas being investigated . M o re 
over, they  h ighlight the benefit o f  ad o p tin g  a co m b in a 
tiona l ap p ro ach  in th a t trea tm en t can  be ta ilo red  to  
address ind iv idual situations.

U ltim ately , the success o f  gene therapy  will dependen t 
on  the efficient delivery o f  transgenes to  the  tu m o u r site. 
H ow ever, the developm ent o f  strategies o r  vectors th a t 
can  offer, precise tu m o u r targeting  will undoub ted ly  
p lay  a significant role in the ou tcom e o f  fu tu re  gene 
therap ies fo r cancer.
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