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ABSTRACT 

Cancer is a disease ci1aracterized by complexity and unpredictability. Consequently, its treatment is 

difficult and all too often unsuccessful. Almost all cancers are treated with some combination of the 

traditional anti-cancer arr1amentarium: surgery, chemotherapy, and radiotherapy. Recently, however, 

gene therapy has emerged as a promising addition to this existing repertoire. Its application as a single 

agent, or in combination with other anti-cancer treatments is proving successful in both pre-clinical and 

clinical settings. In this work I have investigated the combination of a conventional chemotherapy drug, 

cisplatin, with a type of cancer gene therapy known as cytosine deaminase + 5-fluorocytosine suicide 

gene therapy. 

Suicide gene therapy is the intracellular conversion of non-toxic prodrug to its active form by a 

metabolic enzyme of non-mammalian origin. There are many established enzyme/prodrug combinations, 

but here the bacterial enzyme cytosine dearninase (CDA) was used to convert inert 5-fluorocytosine 

(5FC) to highly toxic 5-fluorouracil (5FU). Of the various vector systems for therapeutic gene delivery, 

adenoviral (Ad) vectors have proven particularly suitable for application to cancer. This work used a 

first generation adenovirw: type 5 vector expressing the enzyme cytosine deaminase (AdCDA) cloned 

from E. coli. 

The combination of AdCDA/5FC with cisplatin was chosen because the combination of 5FU and 

cisplatin, both of which a~e used extensively in cancer treatment, has proven effective clinically and 

demonstrates synergy in vi:ro. This combination was evaluated in murine mammary carcinoma MTIA2 

cells, human colorectal carcinoma HT29 cells, HT29pl4 cells, the photofrin resistant sub-line of HT29 

cells, and murine melanoma Bl6/FIO cells. The classical clonogenic assay was used to evaluate this 

combination treatment sine<! it provides an accurate indication of the effectiveness a cancer treatment will 

have in vivo. 
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AdCDA infected MTIA2, HT29, and HT29pl4 cell lines exhibited a dose response to increasing 

concentrations of SFC that was significantly different from control vector infected cells. Similarly, 

uninfected cells demonstnted a dose response to increasing concentrations of cisplatin. The effect of the 

combination on clonogenic survival, administered in the sequence of a 48 h exposure to SFC followed by 

I h exposure to cisplatin, 'Nas greater than additive compared to the effect of the two treatments alone. 

F10 cells exhibited a dose response to increasing concentrations of cisplatin. However, it could not 

be shown reproducibly that AdCDA infected FlO cells exhibited a dose response to SFC that differed 

significantly from control vector infected cells. Work with the FlO cells was inconclusive regarding the 

combination treatment, but it rendered information regarding the sensitivity of these cells to what is 

hypothesized to be an unicentified component present in some preparations of 5FC. 

Evaluation of this treatment in vivo, using both murine and human tumor cell lines, will further 

define the potential of AdCDA/5FC + cisplatin as a clinically relevant cancer treatment. 
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CHAPTER I 


INTRODUCTION 




Cancer 

Cancer is characteiized by uncontrolled growth of genetically aberrant cells. It begins with 

genetic change in a single~ cell, conferring upon it the ability to grow in this abnormal manner. This 

transformed cell then proliferates to form a tumour. The tumour continues to grow and may invade the 

normal tissue surrounding it. As it increases in size, it induces development of vasculature to provide 

blood flow to support its !~rowing mass. This process is called angiogenesis. Invasion into local tissue 

and establishment of neo'rasculature allow tumour cells to metastasize. Metastatic tumour cells are 

essentially seeds, from which other malignant tumours will develop at sites elsewhere in the body 

(Cotran eta/, 1999). 

The biology of cancer is characterized by extreme diversity and complexity. The genetic plasticity 

and instability of tumour cells have made treating the disease as difficult as it is to understand or predict 

it. Traditional cancer therapies, such as surgical resection, chemotherapy, radiotherapy and even 

biological therapy, are by no means ineffective. The ever-increasing number of cancer survivors is a 

testament to the curative potential these treatments hold. However, there are shortcomings to these 

therapies. They are toxic and can be carcinogenic, they may lack specificity for the tumour, or the 

tumour may become refractory to the therapy. Or it may be that the treatment causes regression, but 

not complete elimination, of the tumour. These limitations are well-established and often pose a 

significant barrier to increased survival, quality of life, and rates of cure. A promising alternative to 

these highly toxic and ofter potentially carcinogenic therapies is gene therapy. 
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Gene Therapy ofCancer 

Cancer gene therapy IS the use of therapeutic trans genes for the treatment of cancer. The trans gene 

is delivered to the patient using a gene delivery vector. Expression of the trans gene within the patient 

produces a therapeutic p10tein that mediates some anti-tumour effect. It is an approach to cancer 

treatment that is emerging in tandem with developments in other areas of science. As descriptions of 

the immunological, cellul !if, and molecular biology of cancer evolve, so too do concepts of how to 

target the disease more specifically and more efficiently than traditional radiotherapeutic and 

chemotherapeutic approaches. Similarly, innovations in techniques of genetic manipulation are better 

facilitating the transfer of gene therapy strategies from theory into practice. 

In the development of gene therapy, for any disease, there are several critical considerations: what 

is the desired therapeutic dfect; how will the gene be delivered and what will be the overall effect of 

vector administration. Development of methods for gene delivery is a highly active field of 

investigation. Basic delivj~ry strategies include both non-viral vectors (naked or liposome encapsulated 

DNA) and viral vector> (adeno-associated viruses, adenoviruses, herpes viruses, lentiviruses, 

poxviruses, and retroviru:;es) (Rochlitz, 2001). Given the availability of a wide variety of these 

strategies, each must be evaluated for the appropriateness of its application to a particular disease. For 

example, inherited genetic diseases, such as cystic fibrosis or haemophilia, require a therapeutic effect 

sustained throughout the He of the individual. Cancer, on the other hand, is a disease which generally 

requires treatment for a distinct, fmite period of time. Thus, it is important that the choice of cancer 

gene therapy vector reflect treatment requirements that are specific to cancer. 

Of the gene therap:r vectors, retroviral and adenoviral (Ad) vectors have been developed 

extensively for use in can<er gene therapy. It is likely, however, that Ad vectors may be more suitable 

for cancer gene therapy. Retrovirus vectors integrate into the host genome while Ad vectors persist 

episomally, in the nucleus. This is an important safety consideration since the retroviral vector could 

insert into and disrupt a ct:llular gene, such as a tumour suppressor or oncogenes (Kurian eta/., 2000). 

This is important also because the transience of gene expression associated with a non-integrating 

vector is desirable for cancer gene therapy, as described above. 
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In humans Ad is mildly pathogenic. It causes infections of the upper-respiratory and 

gastrointestinal tracts which are characterized by symptoms similar to those of the flu (Hitt & Graham, 

2000). There have been <~pproximately 50 serotypes of Ad isolated from humans to date (Hierholzer et 

al., 1988). Of these, serotypes 2, 5, 7, and 12 have been best characterized and primarily types 2 and 5 

have been developed as g'~ne therapy vectors (Hitt eta/., 1997). 

The biology of Ad ~ upports its suitability for therapeutic gene delivery (reviewed in depth, Hitt, 

Parks, & Graham, 1999). It infects both dividing and quiescent cells from a wide variety of mammalian 

species, is easily manipul 1ted and can be grown to high titer (Bramson et al., 1995). Thus the design, 

production, and testing of Ad vectors in vitro and in vivo can be accomplished without the 

overwhelming technical complications that are sometimes associated with vector propagation. 

Disadvantages to the use of Ad vectors in gene therapy include transience of gene expression, limited 

cloning capacity, and the host anti-Ad immune response. Of most concern for the clinical application of 

Ad vectors is the host immune response. Viral proteins as well as the transgene itself are immunogenic 

and can stimulate cellular and humoral immune responses in humans (Yang eta/., 1994) (Christ eta/., 

1997). Since most humans have been exposed to Ad, levels of transgene expression following 

therapeutic vector admini::tration would be compromised because of pre-established immunity. Also, 

the anti-Ad immune response may pose a significant health risk to the host. Consequently, a major 

component of Ad vector development is focused on modifying the vector to reduce its overall 

immunogenicity. 

Modifications to the vector genome have produced a number of widely used Ad vector systems. 

Currently, first generation Ad vectors are used most extensively in cancer gene therapy (Hitt et a/., 

1999). First generation vt:ctors have had deletions in the early I (El) and early 3 (E3) regions of the 

adenoviral genome. El g'~nes are responsible for viral replication and their deletion renders the virus 

replication deficient. E3 genes are used by the virus to evade the host immune response and their 

deletion, in addition to deletion of the El genes, provides space within the Ad genome for insertion of 

the therapeutic gene, which can be up to approximately 8.3 kb in length (Bett et a/., 1994). First 

generation Ad vectors are propagated in vitro in 293 human embryonic kidney-derived cells (Graham et 
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al., 1977). 293 cells pro vi de E 1 functions in trans but do not substitute for the lost E3 genes, since they 

are not required for viral n:plication in vitro (Hitt et al., 1999). 

Cancer gene therapy .sa highly active, intense area of basic scientific and medical research. While 

many systems remain in pre-clinical stages of development, some have progressed to human clinical 

trials. Currently there are human cancer gene therapy trials investigating cytokine immunomodulation, 

restoration of tumour suppressor gene function, suppression of activated oncogenes, and induction of 

drug sensitivity within tumour cells, also known as suicide gene therapy (Lattime & Gerson, 1999). 

Suicide Gene Therapy ofCancer 

Suicide gene therapy s a genetic negative-selection technique whereby a novel gene is delivered to 

a population of cells whem it mediates the intracellular conversion of a non-toxic prodrug to an active, 

cytotoxic metabolite. Suicide gene therapy is also referred to as gene-directed enzyme/prodrug therapy 

(GDEPT), virus-directed enzyme/prodrug therapy (VDEPT) (Springer & Niculescu-Duvaz, 2000), or 

enzyme/prodrug therapy (EPT). 

In suicide gene therapy the suicide gene is a metabolic enzyme that converts an inactive prodrug to 

its active, cytotoxic form (Mullen, 1994). Suicide genes are usually viral or bacterial in origin and do 

not have a mammalian homologue. However if a homologue does exist, it is minimally active and 

converts insignificant levels of the prodrug compared to the suicide gene itself (Morris et a/, 1999). 

Thus, significant conversic n of the prodrug to the active drug occurs only in those cells targeted to 

express the transgene. 

The choice ofenzymelprodrug combinations with which to develop suicide gene therapy strategies 

has been influenced by clliTently available antiviral and antimicrobial agents. The treatment of 

infectious disease is a pro:otypical negative selection system, the aim of which is to eliminate the 

pathogen while sustaining minimal damage to the tissues of the patient. The antimicrobial drug is toxic 

only to the pathogen became tissues of the host do not express the enzyme that catalyzes conversion of 

the prodrug. Suicide gene therapy uses these same combinations of enzyme and prodrug to facilitate 

elimination of an unwanted population of cells from a patient's body. First, the target tissue is 

transduced with the gene f :>r the converting enzyme. Once expressed, it converts the prodrug to a 
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cytotoxic drug and thus eliminates the target tissue. An additional benefit to using existing treatments 

as a template for the development of suicide gene therapy is that one component of the combination is a 

substance already apprond for use in humans. Therefore, a wealth of basic biochemical, safety and 

dosing data is immediately available for consideration in development of the suicide gene therapy 

strategy. This is invaluable, given the significant technical and regulatory hurdles already facing the 

transfer ofany gene-based therapy into humans. 

Based on its selectivity, a primary application of suicide gene therapy is the treatment of cancer. 

This reflects the objective of cancer treatment, which is to eliminate malignantly transformed cells while 

inflicting minimal damage elsewhere within the patient. However, use of suicide gene therapy in cancer 

has been limited mostly t<' solid tumours because of the limitation set by the need for a distinct target 

into which the vector can be delivered. Some suicide gene therapy approaches for haematologic 

malignancies are under development (Dilber & Gahrton, 200 I). 

Of all the suicide gene therapy strategies being tested for the treatment of cancer, two have been 

the object of more focused developmental effort and are currently in clinical trials (Morris eta/., 1999). 

First, is the combination of herpes simplex virus thymidine kinase (HSV-tk) and ganciclovir or 

acyclovir. The enzyme tk converts the antiviral nucleoside agents ganciclovir (gcv) and acyclovir (acv), 

to their respective monophosphate forms (Mullen, 1994). To date, considerable progress has been made 

in the development of the HSV/tk + acv/gcv combination resulting in 60 clinical trials on-going at the 

time of thesis publication (www.wiley.co.uklgenmed). The second suicide gene therapy is the 

combination of E.coli cytosine dearninase (CDA) plus 5-fluorocytosine (5FC). CDA deaminates the 

antimycotic agent 5FC to: -fluorouracil (5FU) (Figure 1.1). CDN5FC has been the focus of a more 

modest effort and as a result its clinical applications are not as far advanced. It is, however, the subject 

of 2 clinical trials on-goirg at the time of thesis publication (www.wiley.co.uklgenmed). Further 

description of suicide gene therapy strategies will be limited to the CDN5FC system. 
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Cytosine Deaminase and 5-Fluorocytosine 

The enzyme CDA il expressed in some bacteria and fungi, not in mammalian cells, and catalyzes 

the deamination of cytos1 ne to uracil. CDA was first cloned and sequenced in 1989 (Andersen et al., 

1989, Kilstrup et al., 1989). The first demonstration of its use as a suicide gene was in 1992 by Austin 

and Huber, for the treatm !nt of colorectal cancer metastases (Austin & Huber, 1993). CDA is encoded 

by the CodA gene of E. coli and is activated under circumstances of nutritional stress (Andersen et al., 

1989). CDA expression .s repressed in conditions of excess purines and derepressed in conditions of 

limiting nitrogen and pyrimidines (Kilstrup et al., 1989). In suicide gene therapy, CDA from E.coli is 

used almost exclusively, although CDA from Saccharomyces cerevisiae has also been used in 

combination with 5FC (Kievit et al., 1999). 
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Figure 1.1. The deaminatiJn ofnon-toxic 5-fluorocytosine (5FC) to highly toxic 5-fluororuraci/ (5FU) 

by cytosine deaminase (CDA). 
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5FC was first synthesized by Heidelberger et al in 1957 (Vermes et a!. , 1957). It is a synthetically 

produced, fluorinated pyrimidine composed of a cytosine molecule with an added fluorine moiety. It is 

a small non-polar molecule that diffuses through the cell membrane into the cytoplasm (Vermes et a!., 

2000). Halogenation of cytosine confers cytotoxic potential on this otherwise biologically permiss ive 

molecule. 

Originally, 5FC was considered for use as an anti-cancer agent but the effort was unsuccessful, 

however, its potential as an antifungal agent was soon revealed and since then the primary clinical 

application of 5FC has been as an agent in the treatment of fungal infections in mammals (Vermes et 

al., 2000). Interestingly, with the invention of suicide gene therapy, 5FC is emerging once again as an 

agent for the treatment of cancer. 

5-Fluorouracil 

5FU is also a fluorinated pyrimidine analogue however, unlike 5FC, it is highly cytotoxic. For 

over 40 years 5FU has been used as an antineoplastic, most notably for the treatment of colorectal 

cancer but also for cancers of the breast and pancreas, among others (Myers eta!., 1976) (Grem, 2000). 

Currently, 5FU is administered directly to patients via any one of a number of different bolus and 

continuous infusion schedules. In the context of suicide gene therapy, however, 5FU is generated 

intracellularly as the product of the CDA mediated deamination of 5FC. 

Prior to inflicting cytotoxic effects within the cell, 5FU must be metabolized further to 5

fluorodeoxyuridine monophosphate (FdUMP), 5-fluorouridine triphosphate (FUTP), and 5

fluorodeoxyuridine triphosphate (FdUTP) (Schmoll et a!., 1999) (Myers et a!., 1976). A complex 

network of enzymatic reactions is involved in the generation of these metabolites, each of which 

eventually targets a different biochemical process within the cell. These are, respectively, inhibition of 

thymidylate synthase (TS) (Diasio eta!., 1978), misincorporation into RNA (Wilkinson & Crumley, 

1977), and misincorporation into DNA (Ingraham eta!., 1980) (Figure 1.2). The cytotoxicity of 5FU is 

related to the inhibition of TS by FdUMP and misincorporation of FUTP into RNA, but not to 

misincorporation of FdUTP into DNA (discussed below). Misincorporation into DNA is thought to 
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occur with such extreme rarity that it is not relevant to the overall cytotoxic effect of 5FU (Ingraham et 

al., 1980). 

TS catalyzes the de novo synthesis of deoxy-thymidine monophosphate (dTMP) from deoxy

uridine monophosphate (dUMP) in the presence of the co-factor 5, I 0-methyl tetrahydrofolate (THF) 

(Anderson et al., 1999). This is a two-step reaction in which a CH2 group is transferred from THF to 

dUMP and then reduced to CH3 (Danenberg, 1977). In the absence ofTHF, FdUMP acts as a reversible 

inhibitor for the binding of dUMP toTS; however, when THF is present, FdUMP forms a covalent bond 

with TS (Danenberg, 1977). The resulting tertiary structure sequesters TS, rendering it unavailable to 

catalyze the conversion of dUMP to dTMP. The absence of dTMP is lethal because the cell cannot 

make deoxy-thymidine triphosphate (dTTP), thus preventing DNA synthesis, repair and replication. 

The extent of TS inhibition is directly related to levels of FdUMP and THF within the cell. 

Generation of FdUMP depends on the amount of 5FU taken up by the cell as well as the intracellular 

levels of those enzymes involved in its conversion to FdUMP. These events occur in a cell specific 

manner (Weckbecker, 1991). Cells with 
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Figure 1.2. Intracellular metabolism of 5-jluorouracil (5FU) to 5 '-jluorodeoxyuridine 
monophosphate (FdUMP) and 5 '-jluorouridine triphosphate (FUTP) . Once within the cell, 5FU is 
metabolized to the cytotoxic compounds FdUMP and FUTP. 
A. 	 FdUMP binds to the enzyme thymidylate synthase (TS). In the presence of the co-factor 

5'10'-methyltetrahydrofolate (THF) a covalent bond forms between FdUMP and TS. This 
tightly bound complex effectively sequesters the enzyme, inhibiting its catalysis of 
deoxythymidine monophosphate (dUMP) formation. Without dUMP the cell cannot make de 
novo deoxythymidine triphosphate (dTTP) which is necessary for DNA synthesis. 

B. 	 FUTP misincorporation into transfer RNA (tRNA) interferes with amino acid chain elongation. 
Misincorporation into messenger RNA (mRNA) inhibits or enhances transcription, interferes 
with mRNA splicing, and causes mispairing of bases during mRNA translation. 
Misincorporation into ribosomal RNA (rRNA) negatively affects protein synthesis. 

12 
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increased levels of THF are more sens itive to the FdUMP-directed cytotoxic mechanisms of 5FU 

because there is an increased formation and less dissociation of the ternary complex (Danenberg & 

Lockshin, 1982). Cells with decreased levels of dUMP are also more sensitive to FdUMP directed 

action. Since dUMP and FdUMP compete for binding to TS, the lower the intracellular concentration 

of dUMP, more likely it is that FdUMP will bind to TS (Myers et a!., 1975). Finally, cells with low 

concentrations ofTS are also more sensitive to FdUMP. Comparison ofTS levels in HT29 and HuTu80 

human colon carcinoma cell lines revealed that lower TS levels in the HT29 cells were associated with 

the sensitivity of these cells to 5FU, while the relatively resistant HuTu80 cells had markedly increased 

TS levels (Washtien, 1984). 

The second cytotoxic metabolite of 5FU is FUTP. Cytotoxicity of FUTP is related to its 

incorporation into RNA. Incorporation of FUTP into messenger RNA (mRNA) has been shown to 

inhibit or stimulate transcription (Glazer & Peale, 1979), to interfere with mRNA splicing (Heidelberger 

eta!., 1983), to cause mispairing of bases during translation ofmRNA (Dolnick & Pink, 1985) and to 

interfere with post-translational modifications (Jin et al., 1996). FUTP can also be incorporated into 

ribosomal RNA (rRNA) (Wilkinson & Pitot, 1973) or transfer RNA (tRNA) (Weckbecker, 1991) which 

negatively affect protein synthesis and amino acid chain elongation, respectively. The inhibition of 

mRNA is thought to be the primary RNA-directed effect ofFUTP (Pinedo & Peters, 1988). 

Regarding the DNA-directed effects of 5FU, despite the existence of biochemical pathways to 

generate FdUTP, it is extremely difficult to detect, in the cytoplasm or in DNA. It may not be 

detectable at all. Its removal from DNA is mediated efficiently by deoxyuridine triphosphate 

diphosphohydrolase and uracil-DNA glycosylase, which act to hydrolyze FdUTP and excise it from 

DNA, respectively (Ingraham eta!., 1980). 

Cytosine Deaminase plus 5-Fluorocytosine Suicide Gene Therapy 

Sensitization of mammalian cells to 5FC with CDA was first demonstrated by Mullen et a!, in 

1992. Here, the CDA gene underwent PCR oligonucleotide directed mutagenesis to adjust the 

transcriptional start site and enhance its expression in the eukaryotic system. Transfer of the modified 

CDA gene into untransformed murine fibroblast cells conferred a lethal sensitivity to 5FC that was not 
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observed in untransduced cells exposed to 5FC. Since this seminal report, CDN 5FC suicide gene 

therapy has been applied to a wide variety of murine and human cells. Although this therapy has 

achieved differential success in its application to various cell lines, a significant, informative body of 

research has emerged. 

Sensitization to 5FC by CDA can be achieved in a variety of murine, rat, and human cancer cell 

types including: murine colorectal carcinoma (Mullen et a!., 1994) (Kuriyama eta!., 1999) (Block eta!., 

2000), hepatocellular carcinoma (Kuriyama et a!., 1998) (Kuriyama et a!. , 1999) and mammary 

carcinoma (Consalvo et a!., 1995); rat gliosarcoma (Dong et a!. , 1996), squamous cell carcinoma 

(Kuriyama et a!., 1998) and colorectal carcinoma (Pierrefite-Carle et a!., 1999); human breast cancer (Li 

eta!., 1997), colorectal carcinoma (Huber eta!., 1994) (Hirschowitz eta!., 1995) (Ohwada eta!., 1996) 

(Rowley eta!., 1996) (Block eta!. , 2000) (Koyama eta!., 2000), gliobastoma (Rowley eta!., 1996), and 

renal cell carcinoma (Shirakawa et a!. , 1999). 

In addition to the sensitization to 5FC conferred by CDA suicide gene therapy some additional 

characteristics of this therapy have been described. First of all, there is a significant bystander effect 

associated with CDA/5FC therapy in vitro (Kuriyama eta!., 1998) and in vivo (Huber eta!., 1994). The 

term 'bystander effect' refers to the killing of tumour cells that have not been transduced by the suicide 

gene. This is facilitated by the diffusion of 5FU from the cell in which is was converted by CDA into 

nearby cells that do not express the enzyme and thus cannot generate 5FU intracellularly. Of note, the 

bystander effect is not unique to CDA/5FC and has been observed in HSV/tk suicide gene therapy 

(Dilber & Smith, 1997). The difference between the bystander effect in these two systems is that, while 

5FU can freely diffuse from cell to cell, the transport of the highly-charged GCV or ACV requires the 

formation of gap junctions between adjacent cells. It is thought that this requirement is a limiting factor 

in the success oftk therapy. 

The bystander effect has been demonstrated in vitro in several ways. In cell mixing experiments 

the proportion of CDA-transduced to untransduced cells is variable. These experiments demonstrate 

that it is not necessary for 100% of cells to express CDA to achieve significant reductions in cell 

survival (Rowley et a!., 1996). Alternatively, 5FU is detectable in media conditioned by CDA

expressing cells cultured in the presence of 5FC. When it is transferred to untransduced cells their 

15 



survival is reduced in proportion to the amount of 5FU detected in the conditioned media (Kuriyama et 

al., 1998). Similar to in vitro cell mixing experiments, mixed populations of transduced and 

untransduced cells have been used to form tumours in animals. It has been shown that even when 

tumours contained only 30% transduced cells, regression was achieved that was similar to the effect 

observed if 100% of cells expressed CDA (Huber et al., 1994). In vivo, the bystander effect is more 

difficult to delineate as clearly as it is in vitro. The identification of an immune component to 

CDA/5FC therapy, described below, confuses the definition of 'bystander'. Determining which 

proportion of the total anti-tumour effect of the therapy attributable strictly to the biochemical 

cytotoxicity of 5FU compared to that which is attributable to immune-directed mechanisms is difficult. 

Nonetheless, in vitro data intimate the existence of bystander effect ofCDA/5FC, in vivo. 

Several studies have demonstrated the involvement of immune mechanisms in CDA/5FC suicide 

gene therapy based on the use of retroviral vectors expressing CDA. Part of the immune response is 

thought to be related to the induction of apoptosis by 5FU (Consalvo et al., 1995). This generates 

cellular debris that can be processed and presented by antigen presenting cells such as dendritic cells. It 

has been shown repeatedly that tumour-bearing animals treated with CDA/5FC therapy are protected 

against tumour growth following tumour cell re-challenge (Consalvo et al., 1995) (Mullen et al., 1994). 

Histological analysis of CDA/5FC treated tumours revealed infiltration of CDA/5FC treated tumours by 

lymphocytes, specifically CD8+ T cells, granulocytes (Kuriyama et al., 1999), and natural killer cells 

(Pierrefite-Carle et al., 1999). Furthermore, it has been shown that antibody mediated depletion of 

CD8+ T cells abrogated the anti-tumour effect of the CDA/5FC therapy. Finally, Kuriyama et a!, 1999 

demonstrated that while CDA/5FC therapy was effective against tumour growth in immune-competent 

mice, it did not affect tumour growth in a thymic nude mice. In addition, the immunogenicity of CDA, a 

protein not normally present in mammalian cells, has also been linked to the immunostimulatory 

properties of CDA/5FC therapy. In fact, several groups have demonstrated that concurrent expression 

of CDA and either interleukin-6 (11-6) (Mullen et al., 1996) or interferon-y (IFN-y) (Nanni et al., 1998) 

is an effective anti-cancer treatment with or without the addition of the prodrug 5FC. 
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Cisplatin 

Cisplatin (cis-dichlorodiammineplatinum II) is a square planar molecule composed of a central 

platinum (II) ion surrounded by two ammonia groups and two chloride atoms, positioned in the cis

arrangement (Rosenberg, 1985) (Figure 1.3). Cisplatin was first described for its ability to inhibit cell 

division in E. coli, but it was not until several years later that its properties as an anti-cancer agent were 

identified (Rosenberg, 1985). Cisplatin is now used routinely in the treatment of cancer, most notably 

for ovarian, cervical, bladder, testicular, small and non-small cell lung, and head & neck cancers 

(Kirkwood et a!., 1998). Cisplatin is considered a non-classical alkylating agent since, although it 

induces crosslinks in DNA, it does so in a manner that is different from the classical alkylating agents 

(Kirkwood eta!, 1996). 

Cisplatin is administered intravenously to patients and, in plasma, it exists as a stable, non-reactive 

compound. It is thought that cisplatin enters cells by passive diffusion, however there is evidence to 

support the existence of protein-mediated transport mechanisms (Gately & Howell, 1993). Once within 

the cell, where the chloride concentration is approximately 30 times lower than it is in plasma, cisplatin 

undergoes a hydration reaction in which both chloride ions are replaced by water molecules (Chu, 

1994). This transforms the molecule into a highly reactive, positively charged electrophile which 

proceeds to react with DNA and protein (Kirkwood eta!., 1996). These interactions result in interstrand 

and intrastrand complexes between platinum ions and DNA, and DNA and protein (Figure 1.4) which 

cause severe distortion and unwinding of the DNA double helix (Takahara eta!., 1995). Cytotoxicity of 

cisplatin is thought to be primarily related to the formation of 1,2-d(GpG) and 1,2-d(ApG) intrastrand 

crosslinks, which account for 65% and 25%, respectively, of all cisplatin-DNA lesions in cisplatin 

treated cells (Chu, 1994). 

Damage to DNA leading to the interference and/or inhibition of DNA synthesis and transcription 

are the mechanisms by which cisplatin exerts its cytotoxic effects (Zlatanova eta!., 1998). While the 

effects of cisplatin are cell-cycle nonspecific (Kirkwood et a!., 1998), the resulting DNA damage is 

thought to cause arrest in G2 of the cell cycle (Chu, 1994). In order to progress in the cell cycle toM

phase, the cell must repair this damage. Nucleotide excision repair is the DNA repair pathway 

considered responsible for repair cisplatin-DNA crosslinks, since 90% of these lesions are intrastrand, 
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rather than interstrand, :ross links (Chu, 1994, Zamble et al., 1996). Excision repair involves the 

identification of cisplatin-DNA crosslinks, followed by the removal of that region of DNA and its 

subsequent resynthesis (:~latanova et al., 1998, Lodish et a!., 1995). If cells are unable to repair the 

cisplatin-DNA adducts cell cycle progression is halted and cell death results through the initiation of 

necrotic and apoptotic pa:hways (Gonzalez et al., 2001). 
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Figure 1.3. Cis-dichlorodiammineplatinum II (cisplatin) 

Cisplatin is a square planar molecule composed of a central platinum (II) ion surrounded by two 

ammonia groups and two ,;hloride atoms, positioned in the cis-arrangement. 
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Figure 1.4. Interactions ofcisplatin with DNA and protein. 
A. Interstrand crosslink 
B. Intrastrand crosslink 
C. DNA-protein cro>slink 
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Despite its successft 1 application to the treatment of a variety of tumours, resistance to cisplatin 

remains a significant lim tation to its curative potential. Resistance can be innate, as is the case for 

cancers of the colon and pancreas, or it can be acquired following initial courses of treatment to 

cisplatin-sensitive tumours (Perez, 1998). A diversity of mechanisms have been proposed to explain 

cisplatin resistance observed both in vitro and in vivo. These include mechanisms by which cells 

decrease uptake or increa~;e efflux of cisplatin (Chu, 1994), or increase the repair of cisplatin damaged 

DNA (Perez, 1998). Significant steps have been taken toward understanding the molecular and genetic 

determinants of cisplatin resistance. While pre-clinical studies continue to elucidate mechanisms of 

cisplatin resistance, the ,;urrent solution to this problem, clinically, has been to adjust treatment 

regimens to accommodate the likelihood of resistance by combining cisplatin with other chemotherapy 

drugs or with radiotherapy. 

Combination Cancer Thenpy: 5-F/uorouracil & Cisp/atin 

With few exceptions, the use of treatment regimens that incorporate multiple antineoplastic agents 

is necessary in the treatment of cancer (Frei eta/., 1998). The requirement for incorporating different 

anticancer agents into a single treatment regimen is based on the genetic heterogeneity and instability of 

malignantly transformed <ells. In any given tumour, a proportion of cancer cells may be inherently 

resistant to a single treatment and others become refractory during treatment, ultimately leading to 

treatment failure (Schnipper, 1986). As the biochemical mechanisms of cytotoxicity for different 

antineoplastics are better elucidated, combinations can be devised rationally, based on non-overlapping 

mechanisms, rather than c:mpirically, according to observations from clinical practice (Peters et a/., 

2000a). The use of several agents to treat a single cancer is validated because it provides a more 

aggressive attack on the tumour compared to use of a single agent. The development of resistance to 

more than one agent, when they are administered concurrently, is less likely to occur than the 

development of resistance :o a single agent. 

The combination of ~iFU and cisplatin was developed in response to the severe dose-limiting 

cytotoxicity of 5FU. This combination has been tested clinically according to a variety of dosing and 

administration schedules for the treatment of several different cancers. Specifically it has been used for 
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the treatment of patients with squamous cell carcinomas of the esophagus and head & neck (Amrein & 

Weitzman, 1985) (Decker eta!., 1983) (Rooney eta!., 1985), small cell cancer of the lung (Morere et 

a!., 1994), colon (Loehre:· eta!., 1985) and gastric cancer (Lacave eta/., 1991 ). This combination is not 

ubiquitously beneficial. Several studies have shown that it did not confer any benefit compared to 

existing treatment regimens in the treatment of adenocarcinoma of the stomach (Williamson et a/., 

1995), colon (Kemeny ~~ a/., 1990) and esophagus (Levard et a/., 1998). Documented clinical 

experience is inconclusiYe as to whether this combination is effective, and if so, what would be an 

optimal protocol for adrr inistration. In response, pre-clinical research has attempted to elucidate the 

observed synergistic interaction of these two agents that appears to be both tumor cell- and regimen

specific. There is on-goin:~ debate regarding these issues (Johnston eta/., 1996, Scanlon eta!., 1986). 

There are two basic theories for this observed synergism, each of which refers to a particular 

sequence of drug admini:;tration. The sequence of cisplatin followed by 5FU has been shown to act 

synergistically in human head & neck and ovarian cancer cell lines (Shirasaka eta/., 1993) (Scanlon et 

a/., 1986). This is explained by the fact that cisplatin inhibits the uptake of methionine into the cell. 

This causes a perturbatior of cellular methionine pools and subsequently upregulates the production of 

folates within the cell. Production of the folate co-factor 5, 10-methyltetrahydrofolate (THF), which 

facilitates the covalent int,eraction between TS and its inhibitor FdUMP, is also upregulated. When the 

cell is treated with 5FU tt e increased level of THF causes increased formation of the TS:FdUMP:THF 

ternary complex, potentiating the inhibition of thymidine production within the cell, which leads to 

greater cytotoxicity of the treatment. This particular sequence of administration seems to depend 

primarily on the TS cycle within the target cell. 

Alternatively, it has t>een shown that the sequence of 5FU followed by cisplatin is also synergistic 

(Johnston eta/., 1996) (E::aki eta/., 1992) (Palmeri eta/., 1989). In this system pre-exposure to 5FU 

causes both inhibition of TS and incorporation of FUTP into RNA. These events ultimately interfere 

with the repair of cisplatin ·induced DNA damage. Inhibition of TS causes a reduction in the thymidine 

available for repair of cisp latin-damaged DNA (Johnston eta!., 1996). The incorporation of FUTP into 

RNA interferes with the nuclear localization and transport of mRNA, specifically for enzymes, such as 

ERCCl, required for DNA repair ofcisplatin damage (Esaki eta/., 1992). 

24 



Combining AdCDA/5FC & Cisplatin 

Reports of 5FU/cisplatin combination therapy provide an important precedent upon which to 

evaluate the effect of combining AdCDA/5FC and cisplatin. This combination acknowledges not only 

the necessity for cancer treatments to incorporate more than one agent, but also the undesirable toxicity 

and morbidity to the patient associated with systemic administration of these agents. Using 

AdCDA/5FC as a substitllte brings with it several unique, gene therapy-specific advantages. Systemic 

administration of 5FC ancl direct, intra-tumoural injection of the AdCDA vector facilitates generation of 

5FU in the vicinity of the tumour, with little exposure to tissues elsewhere in the body. This is 

advantageous in compariwn to the effects of systemic 5FU administration. As well, there is the added 

component of immune stimulation resulting from the use of an Ad vector to deliver a non-mammalian 

metabolic enzyme, effectively an immunogenic non-self protein, to human cells. While there exists no 

precedent in the literature for this particular combination of treatments, several other combination 

therapies support the one proposed here. There is, for example, the observation of the synergistic 

interaction between 5FU md cisplatin, in addition to the combination of AdCDA/5FC with radiation 

therapy (Khil eta!., 1996) (Szary eta!., 1997) (Hamstra eta!., 1999) and with cytokine gene therapy, 

described above. This s udy evaluates the combination of AdCDA/5FC suicide gene therapy and 

cisplatin chemotherapy, in vitro. 
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CHAPTER2 


MATERIALS & METHODS 
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Cell Lines 

The MTIA2 cell line is a murine mammary adenocarcinoma tumour cell line established from 

tumours arising in the mammary epithelium of transgenic Polyoma middle T (PyMT) mice. These mice 

express the PyMT oncoge11e under control of the mouse mammary tumour virus (MMTV) LTR (Guy et 

a/., 1992). 

The B16/Fl0 cell line is a chemically transformed, highly metastatic murine melanoma cell line 

from mice of the C57Bl/6f background (Fidler & Kripke, 1977). They were kindly provided by DrY. 

Wan, McMaster Universit:r. 

HT29 cells are htman colorectal adenocarcinoma cells (Fogh eta/., 1977). HT29p14 cells are 

an artificially derived sub-line of HT29 cells. They have been made resistant to the photodynamic 

therapy sensitizing agent photofrin following 14 passages in this agent (Singh eta/., 2001). Photofrin is 

the chemotherapeutic agent used in photodynamic therapy (PDT) (Dougherty eta/., 1998). Both HT29 

and HT29p14 cells were kndly provided by Dr G. Singh, Hamilton Regional Cancer Centre, Hamilton, 

Ont. 

Recombinant Adenovirus Constructs 

All adenovirus (Ad) .;onstructs included in this work are first generation, serotype-5 Ad (Ad5) 

vectors. First generation vectors have deletions of the E1 and E3 regions (Hitt eta/., 1997). AdCDA 

contains the E.coli CDA Bene in the deleted E1 region under control of the murine cytomegalovirus 

(MCMV) immediate early .Jromoter and followed at the 3' end by the Simian virus 40 polyadenylation 

sequence (SV40pA). AdLacZ contains the E.coli 13-galactosidase gene in the deleted E1 region under 

control of the MCMV promoter (Mittal et al., 1993). Ad-dl70-3 is a first generation adenovirus that 

does not contain a transgene in the E1 region (Bett et al., 1994). Recombinant vectors were grown up 
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and cesium chloride gradient purified by members of the laboratories of Dr. Frank Graham and Dr. Jack 

Gauldie, as described in Hitt et al (l995). 

Reagents 

5-fluorocytosine (5-FC) was obtained from Sigma (St. Louis, Missouri, USA; cat# F7129; lot# 

19H4072) and from IC'l" Pharmaceuticals (Montreal, Quebec; lot # SI 98110042). Cisplatin was 

obtained from Paulding (Vaudreuil, Quebec; DIN # 02126613), and 5-fluorouracil (Adrucil) from 

Pharmacia & Upjohn (Mississauga, Ontario; DIN # 02063921). Trypan blue was obtained from 

GibcoBRL (cat# 15250-061). Methylene blue was obtained from Sigma (StLouis, Missouri, USA; cat 

# M4159). 

Methods 

Cell Culture 

All cell culture media was obtained from GibcoBRL and prepared in the Department of Pathology 

central facility. 

All cell cultures were maintained at 37°C with 5% C02• MTIA2 cells were cultured in Dulbecco's 

medium (DUL; cat# 12800-082) supplemented with 10% fetal bovine serum (FBS; Sigma, St. Louis, 

Missouri; cat # F -4135), 1 00 g/ml penicillin and 1 OOU/ml streptomycin (Pen/Strep; GffiCO BRL; cat # 

15140-122), 2 mM L-ghtamine (L-glu; Sigma, St. Louis, Missouri; cat # G-8540), and 30ng/ml 

epidermal growth factor :EGF; GffiCO BRL; cat # 53003-018). Bl6/F10 cells were cultured in 

minimum essential meditm F-11 (MEM Fll; cat # 61100-087), 10% FBS, 100 g/ml penicillin, 

IOOU/ml streptomycin, 2 mM L-glu, 1.5% MEM Vitamin Solution (GibcoBRL; cat # 11120-052), 1 

mM MEM Non-Essential Amino Acids (GibcoBRL; cat # 11140-050), 10 mM sodium pyruvate 

solution, 10 mM HEPES buffer solution. HT29 and HT29p 14 cells were cultured in a-minimal 

essential medium (a-MEM; GffiCO BRL; cat# 1200-063) supplemented with 10% FBS, 100 g/ml 

penicillin, lOOU/ml streptomycin, and 2 mM L-glu. 

Cells were passaged at 2 to 4 day intervals by rinsing the dish with phosphate buffered saline 

(PBS) and applying 2x Trypsin-EDT A (GffiCO BRL; cat# 15400-054) for 2 minutes at 37°C. Cells 

were split at ratios between 1:2 and 1:5. 
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Preparing Cells for Store. ge in Liquid Nitrogen 

Cells were trypsini2ed for 3 minutes at 37°C with 5% C02, suspended in 20 ml media/150 mm 

culture dish, and centrifuged at 1500 rpm for 5 minutes. The supernatant was aspirated and the pellet 

was resuspended in 1 rnl FBS plus 10% dimethyl sulfoxide (DMSO; Sigma, St. Louis, Missouri, 

USA;cat # D2650) per ISO mm dish. lml of the cell suspension was aliquoted into Nalgene Cryotubes 

(Rochester, New York, USA; cat # 5000-0020), placed into an isopropanol-filled, Nalgene Cryo l°C 

Freezing Container (Rochester, New York, USA; cat # 5100-0001) and transferred directly to -70°C. 

Cells were transferred to 1 iquid nitrogen at a later date. 

Standard Protocol for Ad£novirus Infection 

Twelve to 16 hours prior to infection, cells were trypsinized and counted by trypan blue exclusion. 

Cells were seeded into 2·~-well plates (Becton Dickinson, Franklin Lakes, New Jersey, USA; cat # 

353047) to achieve 80%-90% confluence by the following morning. MTIA2 cells were seeded at 

105/well, FlO cells at 1.5 .~ 105/well, HT29 cells at 4 x 105/well and HT29p14 cells at 1.5 x 105/well. 

Immediately prior to infe ;tion a representative well was trypsinized and counted. This value was 

assumed to represent other wells seeded at the same time, and was used to calculate the volume of virus 

needed to achieve the desired multiplicity of infection (MOl). Monolayers were aspirated, overlaid with 

0.2 ml virus dilution in PB!) ++,then incubated for 60 minutes at 37°C and 5% C02• After this time the 

virus was aspirated and 1 ml of fresh media was replaced in each well. 

Preparation of5FC 

5FC was prepared 30 minutes prior to commencing the clonogenic assay. It was prepared at 2x the 

desired concentration and al half the volume required for the experimental protocol, to be diluted by half 

upon addition of the cell smpension. 

An appropriate mass cf 5-FC was weighed directly into a 100 ml bottle. The correct volume of 

media, and a magnetic stir bar were added. The bottle was placed in a 37°C water bath for 15 - 25 
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minutes, then placed on <1 stirring-plate for 10 minutes. The 5FC was filter sterilized (0.22uM, Nalgene, 

Rochester, New York, U:)A; cat# 121-0020) prior to use in cell culture. 

Clonogenic Assay: AdCDA/5FC Treatment 

The clonogenic assay worksheet (Appendix I) details the procedures and calculations included in a 

clonogenic assay for evaluating either the AdCDN5-FC single treatment or the AdCDN5-FC + 

cisplatin combination tn:atment regimen. All single- and combination-treatment categories were 

repeated in triplicate (3 w~lls) in each experiment. 

3 hours following the end of the infection period cells were trypsinized for 2 minutes with 0.2 ml of 

lx trypsin and 1.8 ml of media then was added to each well. Each well was counted and an appropriate 

volume of the cell susper sion was diluted in an appropriate volume of media. The cell suspensions 

were prepared as follows: MTIA2 cells at 50 cells/ml, FlO cells at 50 cells/mL, HT29 cells at 200 

cells/ml, and HT29pl4 cells at 50 cells/mi. 

Infected cells were then seeded into 6 well plates (Becton Dickinson; Franklin Lakes, New Jersey, 

USA; cat# 353406) at 10[) cells/well for MTIA2, FlO and HT29pl4 cells and 400 cells/ml for HT29 

cells together with 4 ml of growth medium containing an appropriate concentration of 5FC. This 

constitutes the beginning ofday 0. 

On day 2 of the experiment media was aspirated from all wells and replaced with fresh media, not 

containing 5FC. Cells were allowed to culture for a further 3 (FlO cells) or 5 (MTIA2, HT29, 

HT29pl4 cells) days at V~-hich time colonies were stained with methylene blue and counted at 40x 

magnification using a disse~ting microscope. 

Clonogenic Assay: Cisplati.1 Treatment 

Confluent cells were 1rypsinized and counted by trypan blue exclusion. Cells were then seeded 

into 6 well plates at 200 cdls/well for MTIA2, HT29 and HT29pl4 cells and 100 cells/well for FlO 

cells together with 2 ml of ;lfOwth medium. At 3 h after seeding the growth medium was aspirated and 

fresh growth media containing an appropriate concentration ofcisplatin was added 
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Cisplatin was obtained from a fresh vial for each experiment and solutions were prepared in growth 

media immediately prior to use. Following treatment of cells with cisplatin for 1 hat 37°C with 5% 

C02, the media was aspirated, the cells were rinsed with 6 ml of PBS and 4 ml of fresh growth media 

without cisplatin was added. Cells were then incubated for a further 5 days (Fl 0 cells) or 7 days 

(MT1A2, HT29, and HT29pl4 cells) at which time the cells were fixed, stained with methylene blue 

and counted at 40x magnification using a dissecting microscope. 

Clonogenic Assay: 5FU Treatment 

Confluent cells were trypsinized and counted by trypan blue exclusion. 2 ml per well of each cell 

suspension was seeded 6- well tissue culture plates and placed at 3 7°C with 5% C02 for 3 hours to cells 

to adhere. FlO, MT1A2, HT29, and HT29pl4 cells were seeded at 200 cells/mi. 

5FU was obtained from a fresh vial for each experiment and solutions were prepared in growth 

media immediately prior to use. Following treatment of cells with 5FU for 48 hat 37°C with 5% C02, 

the media was aspirated, the cells were rinsed with 6 ml ofPBS and 4 ml of fresh growth media without 

cisplatin was added. Cells were then incubated for a further 4 days (FlO) or 5 days (MT1A2, HT29, and 

HT29pl4 cells) at which time the cells were fixed, stained with methylene blue and counted at 40x 

magnification using a disst!Cting microscope 

Clonogenic Assay: Combination AdCDA/5FC + Cisp/atin Treatment 

The protocol for AdCDN5FC treatment was followed exactly as described above. On day 2, 

coincident with the aspiration of media containing 5FC media, cells were treated with a range of 

concentrations of cisplatin in 2 ml fresh media as described above. After which time cells were returned 

to culture for 5 days (FlO ~~ells) or 7 days {MT1A2, HT29, and HT29pl4 cells). Colonies were stained 

with methylene blue and counted at 40x magnification using a dissecting microscope. 

/)-Galactosidase Assay 

Cells at 75% confluence were infected at moi 0, 10, 50, 100 with AdCA35LacZ virus according to 

the standard infection protocol. Infected cells were then cultured for 3 days at 37°C with 5% C02• At 
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the end of the infection p~riod, for each well, media was aspirated and l ml PBS+ 3 mM EDTA was 

applied for 5 minutes at J7°C with 5% C02• Cells were then scraped gently and transferred to l ml 

Eppendorf tubes and centrifuged for lO minutes at 1500 x g. Pellets were resuspended in media and 

centrifuged for 5 minutes at 4000 x g. Pellets were aspirated in 100 111 freshly prepared X-gal reagent 

(25J.1l 2% X-gal; 67J.1l 30 mM K.3F5(CN)6; 67J.1l 30 mM K45(CN)6; 1111 I M MgC12; 34lJ.1l PBS). X

gal cell suspensions were incubated for 2 hat 37°C with 5% C02, and stored for 2- 24 hat 4°C. Both 

total cells and blue-stainin~ cells were enumerated using a haemocytometer. 

Intracellular Conversion of5FC to 5FU 

12 - 16 hours prior to infection cells were seeded in 12-well plates (Becton Dickinson; Franklin 

Lakes, New Jersey, USA; cat # 353043) at a density of 1.5x that used to seed cells in 24 well plates. 

Adenovirus infection was ~arried out according to the standard protocol. FlO cells were infected at an 

MOl of 50 and MTIA2 cells were infected at an MOl of 5. 3 hours following the end of the infection, 

media was replaced with 2 ml media containing 0 mM or 5 mM 5FC, prepared at the exact volume and 

concentration needed. Immediately after aliquoting 5FC, 50 Jll media was removed from each well and 

added to I ml IN HCI. This was repeated on days I, 2, and 3. Samples stored at -20°C until all 

samples were collected. 

Using UVette disposable cuvettes (Eppendorf Scientific, Westbury, New York, USA; cat# 952

01-005-1), the optical density of each sample was read at 255 run and 290 nm against a blank of 50 Jll 

fresh media in I mllN HCI. IfOD readings exceeded 1.0, both the blank and the samples were diluted 

lOx in IN HCl and re-read. 

The concentrations of 5FC and 5FU were calculated according to the following equations (Wallace 

et al., 1994): 

5FC [ mM] = 0.119 (A290) - 0.025(A255) 

5FU [ mM] = 0.185 (Am)- 0.049(A290) 

Values obtained from these equations were multiplied appropriately to accommodate for dilution of the 

sample in HCI. 
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Statistical Analyses 

Evaluation of the AdCDA/5FC + cisplatin combination treatment was evaluated as described in 

Caney et al, (2000). All graphed data represents the mean of three independent experiments and the 

corresponding standard error of the mean. A Student t-test compared survival of cisplatin treated 

AdCDA infected cells pie-exposed to 5FC or drug-free media. This test included values for surviving 

fraction that corresponded only to the higher of the two doses of cisplatin ( 16, 64, and 32 J.LM for 

MTlA2, HT29, and HT:~9pl4 cells, respectively). The x 2-goodness of fit test (l:(x2
)) established the 

significance of the difference between the curves for combination and cisplatin-alone treatment groups 

(Bevington, 1969). Thi~: analysis included values for surviving fraction obtained for both doses of 

cisplatin used in each combination experiment. 
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CHAPTER3 

COMBJNATION ADCDA/SFC SUICIDE GENE THERAPY OF 

MT1A2, HT29, AND HT29Pl4 CELLS 
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ABSTRACT 

Gene therapy is emerging as a promising addition to the existing repertoire of anti-cancer 

treatments and its application as a single agent, or in combination with other agents is proving 

successful in both pre-clinical and clinical studies. Suicide gene therapy is a particular type of gene 

therapy used for the treatr 1ent of cancer. It involves the intracellular conversion of non-toxic prodrug to 

its active form by a metabolic enzyme of non-mammalian origin. There are many enzyme/prodrug 

combinations, one of whi;;h involves the bacterial enzyme cytosine deaminase (CDA) which converts 

inert 5-fluorocytosine (5FC) to highly toxic 5-fluorouracil (5FU). This work examines the combination 

of conventional cisplatin chemotherapy with cytosine deaminase + 5-fluorocytosine suicide gene 

therapy based on success achieved in the combination of 5FU and cisplatin. Using a first generation 

adenovirus type 5 vector expressing the E. coli cytosine deaminase (AdCDA) this combination was 

evaluated in murine mammary carcinoma MT1A2 cells, human colorectal carcinoma HT29 cells, 

HT29p14 cells, the photodynamic therapy (PDT) resistant sub-line of HT29 cells. Using a clonogenic 

assay, AdCDA infected cells were exposed to 5FC for 48 hand then to cisplatin for 1 h. Colonies were 

later stained and scored for viability. The effect of the combination on clonogenic survival was greater 

than additive compared to the sum of the two treatments administered separately. Evaluation of this 

treatment in vivo, using h)th murine and human tumor cell lines, will further define the potential of 

AdCDN5FC + cisplatin as a clinically relevant cancer treatment. 
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Introduction 

With few exceptions, the use of treatment regimens that incorporate different antineoplastic agents 

is absolute necessity in the treatment of cancer (Frei et a/., 1998). This requirement is based on the 

genetic heterogeneity and instability of malignantly transformed cells as these factors contribute to the 

development of drug-resi:;tance. In any given tumour, a proportion of cancer cells may be inherently 

resistant to a single treatment and others become refractory during treatment, ultimately leading to 

treatment failure (Schnipper, 1986). As the biochemical mechanisms of cytotoxicity for different 

antineoplastics are better ducidated, combinations can be devised rationally, based on non-overlapping 

mechanisms rather than 1:mpirically, according to observations from clinical practice (Peters et a/., 

2000a). Thus, the use of several agents to treat a single cancer is validated because it provides a more 

aggressive attack on the tumour compared to use of a single agent. Resistance to more than one agent 

when administered concurrently is less-likely to occur than the development of resistance to a single 

agent. 

5-fluorouracil (5FU) md cisplatin are two well-established antineoplastic drugs used to treat a wide 

variety of cancers. Once within the cell, 5FU is metabolized by 5 '-fluorodeoxyuridine monophosphate 

(FdUMP) and 5'-uridinetriphosphate (FUTP) (Schmoll eta/., 1999) (Myers eta/., 1976). The toxicity 

of 5FU is related to inhibition of thymidylate synthase (TS) by FdUMP, thus impairing de novo 

thymidine synthesis, and the misincorporation of FUTP into RNA which interferes with protein 

production (Diasio et a/., 1978, Wilkinson & Crumley, 1977). Cisplatin is a platinum based DNA 

damaging agent whose cytotoxicity is related the formation of intrastrand and interstrand crosslinks in 

DNA, as well as protein-DNA crosslinks (Takahara eta/., 1995).. 

The combination of 5FU and cisplatin was developed in response to the severe dose-limiting 

cytotoxcity of 5FU. This combination has been tested clinically according to a variety of dosing and 

administration schedules t)r the treatment of several different cancers. Specifically it has been used for 

the treatment of patients with squamous cell carcinomas of the esophagus and head & neck (Amrein & 

Weitzman, 1985) (Decker eta/., 1983) (Rooney eta/., 1985), small cell cancer of the lung (Morere et 

a/., 1994), colon (Loehrer ~~a/., 1985) and gastric cancer (Lacave et al., 1991). This combination is not 
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ubiquitously beneficial. Several studies have shown that it did not confer any benefit compared to 

existing treatment regim~ns in the treatment of adenocarcinoma of the stomach (Williamson et a/., 

1995), colon (Kemeny et a/., 1990) and esophagus (Levard et a/., 1998). These reports of the clinical 

experience of combined 5FU and cisplatin do not permit conclusion as to the optimal protocol for 

administration or even "hether this combination is beneficial. In response, pre-clinical research has 

attempted to elucidate the observed synergistic interaction of these two agents that appears to be both 

tumor cell and sequence specific (Johnston et a/., 1996) (Scanlon et a/., 1988). There is on-going 

debate regarding these iss LieS. 

As an extension of 5FU and cisplatin in combination, the current work seeks to evaluate the effect 

of combining AdCDA/5I'C and cisplatin in murine and human cancer cells, in vitro. The proposed 

combination acknowledgc~s not only the necessity for cancer treatments to incorporate more than one 

agent, but also the toxici1y to the patient associated with the systemic administration of these agents. 

Using AdCDA/5FC as a substitute brings with it several unique, gene-therapy specific advantages. 

Systemic administration of 5FC and direct, intra-tumoural injection of the AdCDA vector facilitates 

generation of 5FU in the vicinity of the tumour, with little exposure to tissues elsewhere in the body. 

This is advantageous compared to the effects of systemic 5FU administration. As well, there is the 

added component of imm1me stimulation related to the use of an Ad vector to deliver a non-mammalian 

metabolic enzyme, effecti ,rely an immunogenic non-self protein, to human cells. While there exists no 

precedent in the literatur~ for this particular combination of treatments, several other combination 

therapies support the one proposed here. First of all there is the observation of the synergistic 

interaction between 5FU and cisplatin. In addition, the combination of AdCDA/5FC with radiation 

therapy (Khil eta/., 19961 (Szary eta/., 1997) (Hamstra eta/., 1999) and with cytokine gene therapy 

(Consalvo et a/., 1995) (\1ullen et a/., 1996) (Cao et a/., 1998, Narmi et a/., 1998). These results 

support investigation of 1he combination of AdCDA/5FC and cisplatin, evaluated by conventional 

colony forming assay. 
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RESULTS 

Dose-Response to AdCDA + 5FC Suicide Gene Therapy 

Prior to defining p< rameters for the AdCDA/5FC plus cisplatin combination treatment, it was 

necessary first to determine the dose-response relationship between 5FC and each of the MT1A2, HT29, 

and HT29p 14 cell lines infected with the suicide gene vector AdCDA, or with the control vector 

AdDL70-3. In this way t 1e sensitivity of each cell line, in the presence and the absence of the prodrug

converting enzyme, was c:stablished by clonogenic assay. Briefly, cells were infected with AdCDA or 

Add/70-3 (as described ir: Materials and Methods). Three hours later, cells were trypsinized and plated 

to low density and expost:d to 5FC for 48 hand a further 3 days (HT29) to 5 days (MT1A2, HT29pl4) 

in drug-free media. (Results for each cell line are shown graphically in figures lA, lB, and IC, 

respectively and summar zed in table 1). At this time, colonies were stained and counted. Percent 

survival for control and s 1icide gene vector infected cells was determined relative to the cells exposed 

to 0 mM 5FC for each vims, respectively. 

Student's t-test ind1cates that the sensitivity of AdCDA infected cells to SFC was significantly 

different from the sensitivity of the corresponding cells infected with AdDL70-3 control virus (at a 

99.5% confidence interval; indicated as appropriate on figures). The LD50 values (defined as the 

concentration of 5FC necc:ssary to effect a 50% reduction in clonogenic survival), were approximately 

SmM, 0.5 mM and 25 mW for AdCDA infected MT1A2, HT29 and HT29p14 cells respectively. 
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Figure 3.1A Clonogenic survival ofMTJA2 cells following treatment with AdCDA plus 5FC. MT1A2 
cells infected at an moi of 5 with AdDL70-3 (o) or AdCDA (•) exposed for 48 hours to concentrations 
of 5FC ranging from 0 to 25 mm followed by 5 days additional culture in regular growth media. Each 
datum point represents the mean ± SE three independent experiments performed in triplicate; * p 
<<0.005 . 
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Figure 3.1 B. Clonogenic survival ofHT29 cells following treatment with AdCDA plus 5FC. HT29 
cells infected at an moi of 30 with AdDL 70-3 ( o) or Ad CDA ( •) exposed for 48 hours to concentrations 
of 5FC ranging from 0 to 25 mm followed by 3 days additional culture in regular growth media. Each 
datum point represents the mean ± SE three independent experiments performed in triplicate; p << 
0.005. 
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Figure 3.1 C. Clonogenic survival ofHT29pl4 cells following treatment with AdCDA plus 5FC. 
HT29pl4 cells infected at an moi of 30 with AdDL70-3 (o) or Ad CDA (• ) exposed for 48 hours to 
concentrations of 5FC ranging from 0 to 25 mm followed by 5 days additional culture in regular growth 
media. Each datum point represents the mean ± SE three independent experiments performed in 
triplicate; p < 0.005. 
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Table I: Summmy ofDose Responses To Single Modality Treatments 

Cell line 

MTIA2 

Treatment 

AdCDA + 5FC 
AdDL 70-3 + 5FC 
cisplatin 

Dose 

5mM 
25mM 
4)1M 

Percent 
Survival 
(+SE)* 

51.5 (8.68) 
75.15 (12.03) 

40 (3.04) 

Doses Chosen for 
Combination Treatment 

5 mM 5FC + 4 and 16 
)1M cisplatin 

HT29 AdCDA+ 5FC 
AdDL 70-3 + 5FC 
cisplatin 

0.5mM 
25mM 
32 )1M 

51.3 (9.49) 
74.3 (19.88) 
48.4(4.17) 

0.5 mM 5FC 
32, 64 )1M cisplatin 

HT29pl4 AdCDA+ 5FC 
AdDL 70-3 + 5FC 
cisElatin 

25mM 
25mM 
8t:M 

52.49 (2.08) 
82.8 (11.0) 
60.9 (3.02) 

15 mM 5FC 
8, 32 )1M cisplatin 

* Percent survival for control and suicide gene vector infected cells was determined relative to 
infected cells exposed to 0 mM 5FC for each virus, independently. 
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Dose-Response to Cisplath Chemotherapy 

In addition to establishing an LD50 value for the response of each cell line to AdCDA/5FC suicide 

gene therapy, it was necessary also to establish the dose-response of each cell line to cisplatin alone, 

again using the clonogenic assay (Figure 3.2; Table 1). Briefly, 3 h after cells were plated to low 

density they were exposed :o cisplatin for 1 h, then returned to culture in drug-free media for a further 5 

days. At this time, colonies were stained and counted. Percent survival was determined relative to the 

cisplatin non-treated control cells. The LD50 cisplatin concentrations for MTlA2, HT29 and HT29p14 

cells were approximately 3 f.t.M, 32 JlM and 12 f.tM respectively. 
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Figure 3.2. Clonogenic ~urvival of MTJA2, HT29, and HT29p14 cells exposed to cisplatin for 60 
minutes. MT1A2 (e), HT29(.._), and HT29pl4 (+)cells were plated at 100 cells per well and treated 
with cisplatin for 1 h at 3 h post-plating. Cells were cultured in regular growth media for a further 7 
days. Each datum point n:presents the mean ± SE of three independent experiments each performed in 
triplicate. 
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Dose-Response to AdCDA;5FC + Cisplatin Combination Treatment 

The combination treament consisted of pre-exposure of cells to either a single concentration of 

5FC or drug-free media followed by exposure to two concentrations of cisplatin. Briefly, the colony 

forming assay was carried 'mt as described above the the AdCDA/5FC alone treatment. However, after 

48 h exposure to 5FC, cell~ were exposed to cisplatin for 1 h and then cultured in drug-free media for a 

further 3 days (HT29) or:; days (MTlA2, HT29pl4). Percent survival for control and suicide gene 

vector infected cells was determined relative to survival values obtained for cells exposed to 5FC or not 

exposed to 5FC, as approJ:riate. Curves representing cells exposed to 5FC are shown relative to the 

percent survival of infecte j cells cultured in the respective concentration of 5FC, but exposed to a 

concentration ofO )lM cisplatin. 

For MTlA2 and HT29 cells the concentration of 5FC used was 5mM and 0.5 mM respectively and 

corresponded to the LD50 concentration for these two cell lines when infected with AdCDA. In the 

HT29pl4 cells the LD50 co1centration for AdCDA infected cells was more similar to that of AdDL70 

infected cells, than it was for either MTlA2 or HT29 cells. A dose of 15mM 5FC was chosen for use in 

the combination since this concentration caused a substantial reduction in survival of AdCDA infected 

but not in AdDL70 infectec HT29pl4 cells. Results for MTlA2, HT29, and HT29pl4 cells are shown 

in figures 3.3A, 3.38, and 3 JC, respectively. All datum points represent the mean of three independent 

experiments, except as no tee l for the AdD L 70-3 infected HT29p 14 cells. Combination treatment curves 

have been corrected for th ~ effect of 5FC. Error bars represent standard error of the mean. The 

statistical tests used were as described in the Materials and Methods. 

49 



MTIA2 Cells (Figure 3 . .5A): As expected, survival of AdDL70-3 infected MTIA2 cells cultured in 

regular growth medium was not significantly different from survival of AdDL 70-3 infected MTIA2 

cells cultured in the presence of 5mM 5FC. The survival of AdCDA infected cells was greater for cells 

cultured in drug-free media compared to cells cultured in 5 mM 5FC. In this experiment, treatment of 

AdCDA infected cells with 4 ~ and 16 11M cisplatin alone resulted in 82% and 62% survival, 

respectively. In contrast, the survival of AdCDA infected cells following treatment 5 mM 5FC and 

either 4 ~or 16 ~ cisplatin following exposure to 5 mM SFC was 61% and 20% respectively, 

indicating synergism of the combined cisplatin and AdCDA/5FC treatment (Table 2). The results of the 

t-test, P(t), for AdCDA infected cells showed that survival following combination treatment at 16 ~ 

cisplatin was significantly different from survival following treatment with the same concentration of 

cisplatin alone (at a 95% confidence interval). The results of the cumulative x2 test, P(:Lx2
), including 

survival values for both concentrations of cisplatin indicated that survival following the combination 

treatment was significantly different from treatment by cisplatin alone at a 99.5% confidence level. 

Complete results of the statistical analyses are presented in Table 3. 
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Figure 3.3A. Clonogenic survival ofMTJA2 cells exposed to the combination treatment ofAdCDA/5FC 
+ cisplatin. Cells were u1infected or infected with AdDL70-3 or AdCDA at an MOl of 5 and pre
exposed to drug-free medic. (•, .-.., e) or to 5 mM 5FC (0, 6., 0) for 48 h followed by a 1 h exposure 
to cisplatin. Cells were :ultured in drug-free media for an additional 5 days. Each datum point 
represents the mean ± SE fJr three independent experiments, conducted in triplicate. 
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HT29 Cells (Figure 3.3B): Similar to MTIA2 results, survival of AdDL70-3 infected HT29 cell s 

without 5FC was not significantly different from the survival of AdDL 70-3 infected HT29 cells cultured 

in the presence of 0.5mM 5FC following exposure to cisplatin. The survival of AdCDA infected cells 

was greater for cells cultured in regular growth medium compared to cells cultured in the presence of 

0.5 mM 5FC. Treatment of AdCDA infected with 32 J..l.M or 64 J..l.M cisplatin alone resulted in 81 .8% 

and 60.9% survival, respectively. In contrast, the survival of AdCDA infected cells following 

treatment with 32 J.1.M and 64 J..l.M cisplatin and 0.5 mM SFC was 60.8% and 20.3% respectively, 

suggesting a greater than additive effect of the combined cisplatin and AdCDA/5FC treatment (Table 2). 

The results of the t-test, P(t), for AdCDA infected cells showed that survival following combination 

treatment at 64 J..l.M cisplatin was not significantly different from survival following treatment with the 

same concentration of cisplatin alone, as indicated by a p-value of only 0.092. However, the cumulative 

l test, P(I:x2
) summed over both cisplatin concentrations showed that survival following the 

combination treatment was significantly different from treatment with cisplatin alone, at a 97.5% 

confidence level. Complete results of statistical analyses are presented in Table 3. 
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Figure 3.3B. Clonogenic survival ofHT29 cells exposed to the combination treatment ofAdCDA/5FC 
+ cisplatin Cells were uninfected or infected with AdDL 70-3 or Ad CDA at an MOI of 30 and pre
exposed to drug-free media (•, A , e) or to 0.5 mM 5FC (0, 6, 0) for 48 h followed by a 1 h 
exposure to cisplatin. Cells were cultured in drug-free media for an additional 3 days. Each datum 
point represents the mean ± SE for three independent experiments, conducted in triplicate. 
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HT29pl 4 Cells (Figu re 3C): As observed with other cell lines, survival of A dOL 70-3 infected 

HT29p 14 cells without 5FC was not significantly different from the survival of A dOL 70-3 infected 

HT29p 14 cells cultured in the presence of 15mM 5FC following exposure to cisplatin . In contrast, the 

survival of AdCDA infected cells was greater for cells cultured in regular growth medium compared to 

cells cultured in the presence of 15 mM 5FC, following exposure to cisplatin. Treatment of AdCDA 

infected cells with 8 ~or 32 jlM cisplatin alone resulted in 81% and 37% survival, respectively. In 

contrast, the survival of AdCDA infected cells following treatment with 8 jlM and 32 ~ cisplatin and 

15 mM 5FC was 55% and 9% respectively, indicating synergism of the combined cisplatin and 

AdCDA/5FC treatment. Results of statistical analyses are presented in Table 3. The results ofthe t-test, 

P(t), for AdCDA infected cells showed that survival following combination treatment at 32 j.J.M cisplatin 

was significantly different from survival following treatment with the same concentration of cisplatin 

alone (at a 99.5% confidence interval). The results of the cumulative x2 test, P(Il), including survival 

values for both concentrations of cisplatin also indicated that survival following the combination 

treatment was significantly different from treatment by cisplatin alone at a 99.5% confidence level. 

Complete results of statistical analyses are presented in Table 3. 
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Figure 3.3C. Clonogenic survival ofHT29pl4 cells exposed to the combination treatment of 
AdCDA/5FC + cisplatin. Cells were uninfected or infected with AdDL 70-3 or Ad CDA at an MOl of 
30 and pre-exposed to drug-free media <•, .6. , e) or to 15 mM 5FC (0, !:::,., 0) for 48 h followed by a 
1 h exposure to cisplatin. Cells were cultured in drug-free media for an additional 5 days. Each datum 
point represents the mean ± SE for three independent experiments conducted in triplicate. 

57 



co 
> 
-~ 
:::J 

C/) 
..... 
c 
Q) 
(.)...._ 
Q) 

0... 

0 5 10 15 20 25 30 35 

[Cisplatin] J.!M 

58 



Table 2: Summary ofDose Response to Combination Treatment 

AdDL70-3 Ad CDA 
%Survival % Survival 

(+ SE) * (+ SE) 

[5FC] [Cisplatin] -5FC +5FC -5FC +5FC 
mM uM 

MT1A2 5mM 4 73.9 (12.54) 76.0(13.1 ) 81.8 (4.74) 60.8 (5 .16) 
16 48.8 (9.17) 46.8 (7.9) 60.9(7.1) 20.3 (1.7) 

HT29 0.5mM 32 50.3 (5.4) 45.1 (9.5) 50.6 (20.1) 36.1 (8 .6) 
64 4.9 (7.9) 4.3 (1.6) 4.9(2.1) 1.7 (0.9) 

HT29p14 15mM 8 73.3 (6.2) 72.0 (7.5) 81.0 ( 1.0) 54.8 (7.7) 
32 54.7 (1.2) 50.3 (8.9) 37.1 (1.7) 8.6 (0.8) 

• 	 Percent survival for control and suicide gene vector infected cells was determined relative to 
survival values obtained for cells exposed to 5FC or not exposed to 5FC, as appropriate. Curves 
representing cells exposed to 5FC have been are shown relative to the percent survival of infected 
cells exposed to 5FC, but exposed to 0 uM cisplatin. 

Table 3: Statistical Analysis ofAdCDA/5FC + Cisplatin Combination Treatment 

[5-FC] [Cisplatin] P( L l) 
(mM) * (f.LM) 4, 16 (f.LM) 

4 16 
MT1A2 5 P(t) 0.47 0.05 

xz 11.03 51.8 < 0.005 
32 64 

HT29 0.5 P(t) 0.271 0.092 
xz 58.98 6.32 < 0.025 

8 32 
HT29p14 15 P(t) 0.020 0.005 

l 30.96 62.41 < 0.005 

* Comparison of each point on the 5FC pretreatment curve with the corresponding point on the 
cisp1atin-only treatment curve 
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In conclusion, the cell lines MT1A2 murine mammary carcinoma, HT29 human colon carcinoma, 

and HT29pl4 photofrin resistant human colon carcinoma, were sensitive both to AdCDA/5FC treatment 

and to cisplatin treatment. Combined AdCDA/5FC and cisplatin treatment was at least additive in all 

cell lines tested. Statistical analysis suggests that the combination treatment may be synergistic in at 

least two of these cell lines, MTIA2 and HT29pl4. Further study is required to elucidate the 

mechanism of cytotoxicity. 
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Discussion 

The present work investigated the combination treatment of adenoviral-vector based cytosine 

deaminase plus 5-fluorocytosine suicide gene therapy (AdCDA/5FC) and cisplatin chemotherapy in 

MTIA2 murine mammary carcinoma cells, HT29 human colon adenocarcinoma cells and HT29pl4 

photofrin resistant human colon carcinoma cells. This investigation was suggested by observations, in 

pre-clinical and clinical research, that 5FU and cisplatin act synergistically when used in combination 

for the treatment of cancer. Prior to attempting the proposed combination, a dose-res·ponse to 

AdCDA/5FC and cisplatin, alone, was established for each cell line. Data from these preliminary 

experiments was used to choose suitable concentrations of both 5FC and cisplatin for incorporation into 

the combination treatment regimen. By clonogenic assay, the combination treatment was evaluated by 

comparing the survival of AdCDA infected cells exposed for 48 h to 5FC then for I h to cisplatin to the 

survival of cells exposed to drug-free media prior to the cisplatin treatment. 

AdCDA/5FC Suicide Gene Therapy 

It is widely accepted that expression of CDA confers lethal sensitivity to 5FC. This has been 

shown in a wide variety of mammalian cells using retroviral vectors (Mullen eta!., 1992) (Huber et al., 

1993, Huber et al., 1994) (Mullen et al., 1994) (Consalvo et al., 1995) (Kuriyama et al., 1998) 

(Pierrefite-Carle et al., 1999) (Kuriyama et al., 1999, Zhang et al., 2000) vaccinia viral vectors (Gnant 

et al., 1999) and adenoviral vectors (Hirschowitz et al., 1995) (Dong et al., 1996) (Ohwada et al., 1996) 

(Li et al., 1997) (Wolff et al., 1998) (Shirakawa et al., 1999) (Koyama et al., 2000). The current work 

used Ad-vector mediated delivery of the CDA transgene to evaluate the effect of CDA/5FC gene 

therapy on the cell lines MT1A2, HT29, and HT29p14. Of the various available gene delivery vectors, 

Ad was chosen because of its ability to infect a wide variety of cell types with high efficiency. Also, it 

was shown previously that this adenovirus construct encoding CDA was capable of sensitizing MT1A2 

cells to 5FC (Mary Hitt, 1999, upublished data). The effect of this AdCDA/5FC treatment was 

quantitated using a conventional colony forming assay. The colony forming assay measures the ability 

of treated cells to grow and divide in vitro with respect to untreated controls. It is well established that 
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this in vitro assay provides a realistic estimation of the same treatment, when administered in vivo 

(Roobol eta!., 1984, Shrivastav eta!., 1980). 

The cytotoxicity of AdCDA/5FC was evaluated in MTIA2, HT29, and HT29pl4 cells infected 

with the AdDL70-3 control vector and the AdCDA suicide gene vector. As expected, in the absence of 

CDA, cells infected with the control vector AdDL70-3 were not sensitive to low doses of 5FC. 

However, at the maximum concentrations of 5FC a slight reduction in survival of control vector 

infected cells was observed. Others have reported toxicity associated with high doses of 5FC in vitro 

despite the absence of the expression of CDA (Huber et al., 1993). Similarly, it is often reported that 

patients experience toxicity following administration of 5FC. Toxic side-effects in patients are partly, 

but not completely, related to generation of 5FU by CDA expressing organisms in the natural gut flora 

. 
(Pinedo & Peters, 1988). However, it has also been shown that intravenous preparations of 5FC 

administered to patients contain variable amounts of 5FU. The source of this contamination was linked 

to the use of 5FU as a precursor in the synthesis of 5FC (Cavrini et al., 1991) and the formation of 5FU 

during the sterilization of 5FC at high temperatures (Vermes et al., 1999). While the conditions 

necessary to generate 5FU through the heat-treatment of 5FC were not met in the present work, it is 

possible that 5FU was present as a contaminant in the raw 5FC. In in vitro cultures of CDA expressing 

cells, low levels of 5FU contamination would be masked by CDA-mediated conversion of 5FC to 5FU. 

However, in control vector infected cells contaminant 5FU could have caused the reduction in 

clonogenic survival observed at higher concentrations of 5FC. 

When transduced with the AdCDA vector, MTIA2, HT29, and HT29p14 cells exhibited a dose-

response to increasing concentrations 5FC. Each cell line was sensitive over a different range of 5FC 

concentrations, which could be accounted for by any of several factors. The amount of the CDA 

transgene product generated in each cell line is determined by the amount of vector administered, the 

transduction efficiency of each cell line and the strength of the trans gene promoter within each cell type. 

Levels of CDA expression, in tum, influence the amount of 5FU generated, which ultimately 

determines clonogenic survival. The vector MOl used for each cell line was chosen such that CDA 

expression would not be a limiting factor in the overall cytotoxic effect of AdCDA/5FC treatment. For 

the MTIA2 cells, an MOl of 5 was thought to be sufficient since it is known that these cells are easily 
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transduced by Ad [Mal) Hitt, unpublished data]. A preliminary AdCDA/5FC clonogenic assay in the 

HT29 cells compared an MOl of 10 to an MOl of 30 (data not shown). The reduction in survival 

associated with MOl 30 was attributed to increased generation of 5FU rather than toxicity of virus itself. 

Consequently the higher of the 2 MOl's was chosen for use in all subsequent experiments for both the 

HT29 and HT29p 14 cell lines. 

Levels of transgene expression depend on the amount of virus entering the cell. Transduction 

efficiency of cells by Ad is cell line specific and it is possible that murine cell have reduced levels of the 

AdS specific cell-surface receptors (Addison et a!, 1997). While this may have contributed to 

differences in 5FC sensitivity of AdCDA transduced murine and human cells used in this work, such an 

effect was not evaluated tmpirically. 

Levels of transgene expression are also affected by the choice of promoter. CDA expression was 

driven by the murine C)tomegalovirus (MCMV) immediate early promoter. Addison et a! (1997) 

demonstrated that the activity of the MCMV promoter is not species-specific and transgenes are 

expressed similarly well 'n most human and murine cells. Therefore, it is unlikely that differences in 

the strength of the MCMV promoter in murine and human cell lines contributed to observed differences 

in 5FC sensitivity of AdCDA infected cells. However, differences between the sensitivity to 5FC of 

AdCDA infected HT29 and HT29p 14 cells may be related to transgene expression. This is discussed 

later in more detail. 

In addition to the amount of CDA protein produced in the cell lines, differences in responses to 

AdCDA/5FC treatment were also related to the intrinsic sensitivity of each cell line to 5FU. 5FU 

sensitivity is mediated by a complex interaction of enzymes and other cellular molecules, all of which 

vary between cell lines and cell types. A more complete description of these factors is presented in 

Chapter I. Despite this information, it remains difficult to ascertain exactly why the MTIA2, HT29, 

and HT29pl4 cell lines responded differently to AdCDA/5FC therapy. For the most part, the specific 

mechanisms by which 5FU exerts cytotoxic effects in each of these particular cell lines have not been 

characterized, and no such investigations were carried out in the current work. It can be said, however, 

that while sensitivity is highly cell-specific, it does not appear to be species-specific (Peters et a!., 

1986). 
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Of note, however, is that HT29 cells were significantly more sensitive to treatment with 

AdCDA/5FC than HT29p14 cells. Presumably, this is a consequence of the biologic changes associated 

with the establishment 1)f resistance to Photofrin-mediate PDT in HT29pl4 cells, although these 

changes have not yet bee1 characterized (Singh et at., 2001). It can be hypothesized that these changes 

affected the intracellular concentrations of enzymes or molecules involved in 5FU cytotoxicity. 

Alternatively, levels ofCDA expressed within the HT29p14 cells may have been negatively affected. 

Even though the wponses of iliese two cell lines to treatment by AdCDA/5FC were different, 

HT29 and HT29p14 cell~ exhibited approximately ilie same dose response to a 48 h exposure to 5FU 

(please refer to Chapter .<:. Results, Fig 6). Exposure of cells to 5FU for 48 h may not be the same as 

exposure of CDA-expres;;ing cells to 5FC for 48 h. The suicide gene therapy protocol requires the 

expression of CDA and the conversion of 5FC to 5FU prior to the generation of cytotoxic 5FU 

metabolites FdUMP and FUTP. The time requirement of these events could have detracted from ilie net 

amount of time iliat 5FU was actually present within the cell. It has been shown iliat the mechanism of 

5FU cytotoxicity can depend on the dosage and schedule of administration of 5FU in in vitro culture 

systems (Calabro-Jones eta/., 1982). This is also true of 5FU used in ilie clinic (Macdonald, 1999). 

Thus, AdCDA/5FC may constitute a short-term gradient exposure whereas direct administration of 5FC 

may constitute as a long tc~rm continuous exposure. Sensitivity to short-term exposures has been related 

to incorporation of FUTP into RNA, while sensitivity to long term exposures seems more dependent 

upon TS inhibition (Aschele et a/., 1998). Therefore, ilie difference observed between HT29 and 

HT29pl4 cells exposed tc' AdCDA/5FC but not when exposed to 5FU could be related to the fact that 

these two experiments may have constituted different schedules of administration and iliat iliese cells do 

not react in the same way :o short and long term exposures to 5FU. 

In addition to changes in the sensitivity of cells to 5FU, it is also possible that the establishment of 

PDT resistance negatively affected ilie levels of CDA expression achieved in HT29p14 cells. It has 

been shown that conversicn of 5FC to 5FU by CDA is directly proportional to vector MOl (Koyama et 

a/., 2000). Even though HT29 and HT29pl4 cells were boili infected wiili AdCDA at an MOl of 30 

iliey may not be transduced by Ad equally due perhaps to a change in ilie Ad receptor status of 

HT29p14 cells. Altemati?ely, ilie alterations in cell biology associated with photofrin resistance may 
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have negatively affected the levels of CDA expression mediated by the MCMV promoter within the 

HT29pl4 cells. 

Cisplatin Chemotherapy 

Each of the cell lines HT29, HT29pl4, and MT1A2 exhibited a dose-response to increasing 

concentrations of cisplatir. However, the sensitivity to cisplatin of each cell line, relative to the others, 

was dependent on the experimental protocol used. In preliminary experiments, cells were exposed to 

cisplatin 3 h after being plated to low density. In the combination experiments cisplatin exposure was 

carried out 48 h after cells were plated to low density. Results of the preliminary cisplatin experiments 

will be explained first, followed by discussion of the results obtained from the cisplatin-only treated 

groups in the AdCDN5FC + cisplatin combination experiment. 

The murine cell line MT1A2 was more sensitive to cisplatin than both the HT29 and HT29pl4 

cells, according to the LD5.J values observed for each cell line in response to cisplatin. There are several 

possible explanations for this. In general, murine cells are more sensitive to cisplatin than human cells 

(Rosenberg, 1985). Furthermore, it has been shown that colorectal carcinomas are inherently more 

resistant to cisplatin than ether tumor types (Perez, 1998). HT29, and presumably HT29pl4, cells are 

deficient in the tumour suppressor gene p53 (Peters et al., 2000b), whereas MTlA2 cells express wild

type p53 protein (Putzer e1 al., 1997). Activation ofp53 by cisplatin damaged DNA can lead to cell 

cycle arrest or ultimately 10 cell suicide through the induction of apoptosis (Gonzalez et al., 2001). 

Thus, the loss of p53 func:ion in the HT29 and HT29pl4 cells could explain, in part, their increased 

resistance to cisplatin. 

The HT29pl4 cells exhibited increased sensitivity to cisplatin compared to the parental HT29 

cells. This result contras1 ed with previous studies in human ovarian carcinoma (2008) cells and 

radiation induced fibrosarcJma (RIF-8A) cells where resistance to PDT was associated with cross

resistance to cisplatin (Moorehead et al., 1994). Since HT29pl4 cells were not cross-resistant to 

cisplatin, nor have they been characterized with respect to their response to other cytotoxic drugs, there 

is no existing data to contribute to an explanation of the difference in cisplatin sensitivity between HT29 
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and HT29p 14 cells. Further investigation is required to enable a better understanding of the molecular 

determinants ofsensitivi1y and resistance to cisplatin and photofrin in these two cell lines. 

The sensitivity of cdls to cisplatin observed in the combination experiment was different from that 

of the preliminary experi nents. In the combination experiments MTI A2 cells and HT29p 14 cells were 

more resistant to cisplarin, than in the preliminary experiment, while the HT29 cells were more 

sensitive. For each cell line, in the combination study, the uninfected and AdDL70-3 infected cells 

cultured in media with or without 5FC, and the AdCDA infected cells cultured in media without 5FC all 

exhibited the same dose-1 esponse to cisplatin. This suggests that the difference in cisplatin sensitivity 

observed between the preliminary and combination treatments could be related to the conditions under 

which cells were exposed to cisplatin. In preliminary experiments confluent cells were trypsinized, 

plated to low density and exposed to cisplatin 3 h later. Cisplatin would have been administered to 

single cells. In the com·1Jination experiments, cells were exposed to cisplatin after having been in 

culture for 2 days and protably would have been present as colonies consisting of2 to 4 cells. 

At 3 hours post-plating, cells would not yet have divided and would still be present as isolated, 

single cells, rather than a colony of more than one cell. Thus, the elimination of what would become a 

colony would require deatb. of a single cell. In contrast, 48 hours post-plating, surviving cells likely 

would have undergone 2 to 3 complete cell cycles, given variations in cell cycle time between 16 and 24 

hours. Cisplatin would ha·;e been administered to small colonies of 2 to 4 cells, not to single cells as 

above. It follows that corr plete elimination of a colony, from the point of view of quantitation at the 

end of the clonogenic assay, would require killing of all cells in the colony by cisplatin, rather than only 

a single cell. Were only a fraction of the cells in any given colony eliminated, the remaining cells could 

have been capable of further division resulting in a colony that would be included when the colonies 

were counted. 

The exposure of a single, isolated cell to cisplatin is likely to have a different effect than exposure 

to several cells in contact with each other. Contact between cells facilitates intracellular 

communication, often via gHp junctions, which are transmembrane channels connecting the cytoplasm 

of adjacent cells (Holder et d., 1993). The exchange of ions, metabolites and other cellular compounds 

through gap junctions provi:les a mechanism by which adjacent cells maintain homeostasis and sick 
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cells can be nurtured by cells adjacent to them. In addition, the harmful effects of chemicals, such as 

anticancer agents, can b~ diluted by their dispersal via gap junction communication from one cell to 

several cells. Gap junction communication could explain the decreased effect of cisplatin on several 

cells compared to its effect on single cells, as evident from the results of cisplatin exposure in the 

combination and prelimi 1ary assays, respectively. Furthermore, since the number of gap junction 

channels formed between cells is cell type specific, the increased resistance to cisplatin observed in 

MTIA2 and HT29pl4 eels contrasted to the decreased resistance observed in HT29 cells, may reflect 

quantitative differences i 1 the regarding the number of gap junctions formed by these cell lines. 

Quantitation of the extent of gap junctions formed in each of the cell lines would be required to further 

evaluate this hypothesis. 

AdCDA/5FC & Cisplatin Combination Treatment 

A substantial amount of pre-clinical data, as well as some clinical data demonstrate the synergistic 

interaction between 5FU a1d cisplatin. The current work investigated the combination of AdCDA/5FC 

suicide gene therapy plus cisplatin chemotherapy in murine (MTIA2) and human {HT29 and HT29pl4) 

cell lines. Briefly, the conbination treatment was a clonogenic assay in which AdCDA infected cells 

were exposed for 48 h to H single dose of 5FC, or to drug-free media, followed immediately by a 1 h 

exposure to cisplatin. For each cell line, the combination was tested using a low and a high 

concentration of cisplatin. Cells were cultured for a total of 5 to 7 days after which time colonies were 

counted. 

There are several methods used to evaluate whether the effect of a combination treatment is 

antagonistic, additive, or s:mergistic. The 'gold standard' of these is the isobologram (Peters eta/., 

2000a). Since the current c':ata were not suitable for analysis by isobologram, a statistical analysis was 

conducted (Caney eta/., 1999). The Student /-test compared the combination treatment to the cisplatin

alone treatment using survival values corresponding to the higher dose of cisplatin. A greater than 

additive effect of the combination was shown in the MTIA2 and HT29pl4 cells, but not in the HT29 

cells. However, analysis by L{X2
), which included survival values obtained at both doses of cisplatin, 

showed that the effect of the combination treatment was greater than additive in each ofMTIA2, HT29, 
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and HT29pl4 cell lines. In essence, this analysis demonstrated a significant difference between the 

survival curves for treatrr ent with the combination and by cisplatin-alone (Bevington, 1969). 

For the HT29 cells, the absence of a statistically significant difference between combination and 

cisplatin-alone treatment~, as shown by the t-test could be explained in part by the following. First of 

all, the survival data for HT29 cells treated with the AdCDN5FC + cisplatin combination is associated 

with standard error values that were large enough to negate the presence of a statistically significant 

difference between the rno means. Secondly, other work has shown 5FU-cisplatin synergism depends 

on the dose of each drug as well as the order in which they are administered (Scanlon et al., 1986) 

(Johnston et al., 1996, Sh irasaka et al., 1993). Therefore it could be that the conditions of the current 

experiment were not ideal to facilitate synergism between CDA-generated 5FU and cisplatin. It is 

recommended that the conbination treatment in HT29 cells be repeated, using the existing protocol as 

well as others in which tLe parameters for dosing and schedule of administration of the suicide gene 

therapy and cisplatin chemotherapy are varied. This would generate a larger data set, for a greater 

variety of combinations such that the t-test could be repeated to better clarify whether there is a 

significant difference betw,!en the survival means. 

It is important to notj! that the protocol for these experiments is such that cisplatin treatment of 

AdCDA infected cells exposed to 5FC may not be equivalent to cisplatin treatment of control vector 

infected cells, or CDA infected cells not exposed to 5FC. CDA expressing cells exposed to 5FC for 2 

days are less likely to have divided as often compared to the other cell lines, if they divided at all. Thus, 

it would be expected that a greater proportion of cells would have been present as single cells and the 

effect of cisplatin may havt: been amplified compared to its effect on cells present in colonies of 2 to 4 

cells, as described above. The extent to which this aspect of this protocol interfered with obtaining a 

true evaluation of the effect of combined AdCDA + cisplatin should be addressed. One possibility 

would be to administer b)th treatments simultaneously. however, previous reports indicate that 

cisplatin and 5FU synergisn is dependent on the order in which drugs are administered. So, although 

concurrent administration is a simple solution to this problem, it may be a dosing schedule that does not 

facilitate synergism. Other protocols would have to be devised that acknowledge both schedule 

dependency and the problem of treating single cells versus colonies that is described above. 
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Currently, there is no existing precedent for the combination of AdCDA/5FC suicide gene therapy 

and cisplatin chemotherapy. However, several groups have investigated the use of CDA/5FC suicide 

gene therapy with other cancer treatments, such as radiation and cytokine gene therapy. 

CDA/5FC & Radiation Th erapy 

The use of 5FU as a radiosensitizing agent has been established for the treatment of several human 

malignancies, most notably squamous cell cancers of the head and neck (Stupp & Vokes, 1995) and 

gastrointestinal cancers (Arcangeli et al., 1995). The benefit of combined 5FU and rad iation over 

radiation alone can be explained by the potentiation of radiation induced DNA damage by 5FU 

(Lawrence et al., 1994), the elimination by 5FU of radioresistant cells (Hanna et al., 1997), the 

potentiation of 5FU induced cytotoxicity by radiation (Byfield, 1989), and the prolongation of 5FU 

retention in tumours following radiation pre-treatment (Blackstock et al. , 1996). 

Extending from this work, several groups have substituted CDA/5FC suicide gene therapy for the 

direct administration of 5FU in chemoradiation treatment regimens. Not only was it shown that this 

treatment is as effective as 5FU + radiation, but also that it introduces benefits that are specific to the 

use of an enzyme/prodrug system (Khil et al., 1996) (Hanna et al., 1997, Szary et a!., 1997) (Hamstra et 

al., 1999). For example, high doses of 5FC can be administered systemically to the patient that exceed 

the maximum allowable doses of 5FU. Conversion by CDA within the tumour facilitates 

correspondingly high levels of 5FU within the tumour that are otherwise unattainable because of the 

severe, dose-limiting toxicity associated with the direct administration of 5FU (Huber et al., 1993). In 

addition, it is possible that the immunogenicity of the suicide gene product itself (as described in 

Chapter 1) confers additional anti-tumour effects related to the expression of the trans gene. Hamstra et 

a!, 1999, using comparable doses of 5FC and 5FU, showed that CDA/5FC and radiation caused a 

synergistic decrease in tumour growth and significantly increased survival in animals. The same result 

was not achieved using 5FU and radiation. Since this was evaluated in mice bearing syngeneic tumours 

it is possible that increased survival in animals exposed to the suicide gene therapy was related in part to 

the immunostimulatory properties of the trans gene itself. 
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Radiation has also been used in combination with gene therapy protocols as a means of controlling 

gene expression. Several radiation inducible promoters, such as the CMV promoter (Francis, 2000), 

and early growth respome (Egr-1) promoter (Datta et al., 1992) have been identified. Hallahan et al, 

1995 tested the combination of ionizing radiation and TNF-a under the Egr-1 promoter. Although 

TNF-a is a radiosensitizing cytokine, its application in this context is limited because of the severe 

systemic toxicity associat,!d with TNF-a. An Ad-5 vector containing TNF-a under the Egr-1 promoter 

allowed both temporal and spatial control of gene expression. This resulted in a greater anti-tumour 

effect than was achieved using radiation alone and was not associated with significant toxicity. 

CDA/5FC & Cytokine Gene Therapy 

The rationale for conbining cytokine gene therapy with CDA/5FC suicide gene therapy reflects 

several aspects of cancer gene therapy. Cancer is notorious for its ability to evade detection by the 

immune system. The th,!rapeutic advantages of immunostimulation as a part of cancer treatment 

regimens is well-establisht~ and the subject of intense investigation. Immunotherapy, as an emerging 

cancer treatment modality, can be administered in the form of cytokine gene therapy rather than by the 

direct administration of cy1okines, which has been associated with significant toxicity (reviewed in Hitt, 

2000). Combining cytokine gene therapy with CDA/5FC suicide gene therapy accommodates for the 

fact that CDA/5FC does n :>t always lead to complete tumour regression or protect against tumour re

growth (Consalvo et al., 1995, Nanni et al., 1998), and capitalizes on the anti-cancer effects ofcytokine 

induced immunostimulation. Cao et al, 1998 demonstrated that the concurrent administration of 

AdCDA/5FC + AdGM-CSF against B16/F10 cell tumours in vivo had a greater than additive inhibition 

of tumour growth than eitht:r treatment alone. It has been suggested that the cellular debris generated by 

AdCDA/5FC mediated tumour cell apoptosis was taken up by GM-CSF activated dendritic cells and 

tumour associated antigens were then presented to the immune system, successfully inducing a potent 

anti-tumour immune response. Ju eta!, 1998 were similarly successful in combining AdCDA/5FC and 

AdiL-2, citing increased inJiltration of CD4+ and CD8+ T cells into the tumour and increased specific 

anti-tumour CTL activity. Using retroviral vectors, tumour cells engineered to co-express CDA with 

either IL-6 (Mullen et al., 1996) or IFN-y (Nanni et al., 1998), 1998) were effective in causing 
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regression of tumours with or without the addition of the pro-drug 5FC. In both cases the 

immunogenicity of the transgene itself was cited as being essential to the overall immunostimulatory 

effect of the combined tht:rapy that successfully caused tumour regression. 
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Conclusion 

Pursuit of the combination of AdCDA/5FC suicide gene therapy and cisplatin chemotherapy is 

supported in several ways. First of all, as described in Chapter I, the combination of 5FU and cisplatin 

appears to be synergistic in a variety of tumour cell lines, in vitro and in vivo. Synergism, however, 

seems to be dependent on the schedule of administration of the two agents in a cell specific manner. 

The efficacy of AdCDA/:iFC has been demonstrated repeatedly in a variety of tumour types in vitro and 

in vivo. Combinations cf AdCDA/5FC with radiation or cytokine gene therapy have also produced 

encouraging results regarding the use of this suicide gene therapy in combination with other agents. 

The current work supports further investigation of AdCDA/5FC and cisplatin as a combination 

anti-cancer treatment. Ac ditional study is required to provide a clearer understanding of this treatment. 

First of all experimental protocols need to be refined so that a stricter evaluation of synergism can be 

conducted. In vitro, the sequence dependence of the combination and biochemical mechanisms of 

interaction of these two :herapies should also be investigated. Finally, the combination should be 

transferred to mouse models so the efficacy of this combination can be evaluated in vivo. 
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CHAPTER4 

ADCDA/SFC SUICIDE GENE THERAPY 


OF Bl6/F10 CELLS 
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Introduction 

The highly metastati~ murine melanoma BI6/FIO cells, herein referred to as FlO cells, are used 

widely in cancer research. Their inclusion in the investigation of the combination AdDCN5FC + 

cisplatin treatment was or ginally intended to provide another murine tumour model, in addition to the 

MTIA2 cells of the polyonavirus middle-T (PyMT) murine model ofbreast cancer and the two human 

colorectal carcinoma cell~ lines, HT29 and HT29pl4. It is well understood that 5FU and cisplatin, 

administered alone or in combination, exhibit a high degree of cell-type specificity. 5FU cytotoxicity is 

dependent on a host of enzymes whose intracellular concentrations are cell-type specific. Similarly, 

cisplatin cytotoxicity depends on the extent of damage it incurs to DNA. Cells more resistant to 

cisplatin are either better able to repair the damage, or capable of progressing through the cell cycle 

despite the presence of cisplatin induced lesions in the DNA or take up less cisplatin. It followed, then, 

that the inclusion of man v cell lines in these initial investigations of the AdCDN5FC + cisplatin 

combination experiments was warranted since the characteristics of each cell line could be compared 

with their demonstrated response to the novel treatment. In addition, the FlO cells are transplantable in 

vivo and are used extensiv ~ly for furthering our understanding of tumour biology and screening novel 

anti-cancer treatments. Tht: inclusion of FlO cells into this particular project would be relevant not only 

to the immediate work, but also to a greater body of knowledge regarding this particular cell line. 

Preliminary results of the investigation of AdCDN5FC + cisplatin in the FlO cells indicated that 

these cells, like the MTIA~, HT29, and HT29pl4 cells, were sensitive to each treatment alone and it 

appeared that the combination a greater than additive effect. However, upon repetition of the 

preliminary experiments, tt e original data was not reproducible. In these later experiments the dose 

response of the FlO cells to AdCDN5FC treatment was entirely unrepresentative of the results obtained 

from the original experiments. Specifically, at first it appeared as though the LD50 concentration of5FC 
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for AdCDA infected FlO cells was approximately 15 mM. Subsequent experiments indicated that the 

LD100 was in fact less than 5 mM. Several variables were deemed critical to any investigation designed 

to determine why repeatable results were not obtained using the FlO cells. Theses were: the difference 

between different preparal ions of 5FC to which the F I 0 cells were exposed, the sensitivity ofF I 0 cells 

to 5FU, the enzymatic activity of CDA in AdCDA infected FlO cells, and the levels of transduction 

achieved by Ad vectors in F10 cells. The following is an investigation of the discrepancy of response 

exhibited by F I 0 cells to ti eatment with AdCDA/5FC. 

Results: 


AdCDA/5FC, Cisplatin, and Combination treatments 


The same sequence of experiments carried out in the MT1A2, HT29, and HT29pl4 cells 

(AdCDA/5FC, cisplatin, combination treatment) were also carried out in the FlO cells. The only 

exception was the exclusi,)n of the AdDL 70-3 control vector infected cells in CDA/5FC alone and 

CDA/5FC + cisplatin combination experiments since this was included as a control only in later 

experiments. The results of these early experiments showed that FlO cells transduced with the AdCDA 

suicide gene vector demonstrated a dose-response to 5FC with an LD50 of approximately 30 mM 

(Figure 4.lA). FlO cells e!Chibited a dose-response to cisplatin with an LD50 of approximately 10 J.lM 

(Figure 4.1B). Finally, in tial CDA/5FC + cisplatin treatment suggested that AdCDA infected cells 

pretreated with 15 mM 5FC followed by exposure to cisplatin had a greater than additive effect on 

clonogenic survival (Figure 4.1C). Survival is expressed relative to the AdCDA infected cells exposed 

to 0 mM 5FC for 48 h. 
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Figure 4.1 

(A) Clonogenic survival ofFlO cells following treatment with AdCDAplus 5FC. FlO cells infected 
with AdCDA at an MOl :>f 50 were exposed for 48 h to concentrations of 5FC ranging from 0 to 50 mM 
followed by 5 days addit: onal culture in regular growth media. Each datum point represents the mean± 
SE for one experiment ptrformed in triplicate. 

(B) Clonogenic survival ofF10 cells exposed to cisplatin for 60 minutes. F10 cells were plated at 50 
cells per well and treated with cisplatin for I hat 3 h post-plating. Cells were cultured in regular growth 
media for a further 7 days. Each datum point represents the mean± SE for one experiment performed 
in triplicate. 

(C) Clonogenic survival ofFIOs exposed to the combination treatment of AdCDA/5FC + cisplatin. 
Cells were infected at an MOl of 50 with AdCDA and pre-exposed to drug-free media (e) or to 15 mM 
5FC (0) for 48 h followed by a I h exposure to cisplatin. Cells were cultured in drug-free media for an 
additional 3 days. Each datum point represents the mean ± SE for a single experiment conducted in 
triplicate. 
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Variation in drug toxicif} 

Attempts to repeat 1he above experiments using the FlO cells, with inclusion of the appropriate 

controls, revealed that tht~ dose-response ofF I 0 cells infected with Ad CDA was not reproducible from 

one experiment to the next, nor was there a difference between the dose response to 5FC of suicide gene 

and control vector infectt~d cells. Whereas the original dose response (Figure 4.1A) demonstrated an 

LD50 of approximately 30 mM, a later experiment showed 100% killing at a dose less than 5 mM for 

cells infected with AdCDA and AdDL70-3 (data not shown). 

It has been suggested that different preparations of 5FC may be differentially toxic even when 

prepared at the same concentration (M. Hitt and A. Schuh, unpublished observations). To address 

whether the difference ob;erved in FlO sensitivity to 5FC in different experiments could be accounted 

for by differences between the 5FC preparations, a clonogenic assay was used to compare two different 

preparations of 5FC (Figure 4.2). FlO cells infected with AdCDA and AdDL70-3 were exposed to 5FC 

obtained from two different sources. A research-grade preparation was obtained from Sigma Chemical 

Supply Company and a Jharmaceutical grade preparation was obtained from ICN Canada. Both 

AdCDA and AdDL70-3 irJected FlO cells exposed to Sigma 5FC exhibited a markedly different dose 

response than similarly infected cells exposed to ICN 5FC. It appeared that the preparation of 5FC 

itself, rather than the presence of the prodrug-converting enzyme, was responsible for the observed 

cytotoxicity at a concentration of 5 mM. 
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Figure 4.2. Comparison oftwo different preparations of5FC: Sigma Chemical co. and ICN 
Pharmaceuticals. F I 0 cells were mock infected or infected with AdDL 70-3 or AdCDA and exposed to 
5FC obtained from Sigma Chemical Co (0, 6,0) or ICN Pharmaceuticals (e, .A.,•) for 48 h. Cells 
were cultured for a further 3 days in drug-free media. Each datum point represents mean± SE for a 
single experiment conducted in triplicate. 
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Response ofF10 cells to SFU: 

To further elucidate the response of the FlO cells to AdCDA/5FC, the dose-response to 5FU of 

uninfected FlO cells, MT1A2, HT29, and HT29p14 cells was determined also (Figure 4.3). After 48 

hours exposure to 5FU followed by a further 4 days (FlO cells) or 5 days (MTIA2, HT29, HT29pl4 

cells) culture in drug-free growth media, it was shown that F!Os were most resistant to 5FU. HT29 and 

HT29p14 cells were approximately equal in sensitivity to 5FU, while the MT1A2 cells were the most 

sensitive to 5FU. 
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Figure 4.3. Clonogenic survival ofFlO, MTIA2, HT29, HT29pl4 cells exposed to 5FU. FlO (•), 
MTIA2 (•), HT29 (.A), and HT29pl4 (T) cells were plated at 200 cells/well and 5FU was added 3 h 
post-plating. After 48 h 5FU was removed and cells were cultured in drug-free media for a further 4 
days (FlO) or 5 days (MTJA2, HT29, HT29pl4). Each datum point represents the mean+ SE for a 
single experiment conducted in triplicate. Downward arrow refers to a less-than value since no colonies 
were observed for MT I A2 cells at this dose of 5FU. 
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Conversion of5FC to 5FU in AdCDA infected FlO cells: 

To determine the levels of CDA expression, conversion of 5FC to 5FU was measured directly 

(Figure 4.4A, B). Samples of cell culture supernatants were collected at 24-h intervals, beginning 

immediately following the application of 5FC to F I 0 and MT I A2 cells infected with A dOL 70-3 or 

AdCDA (MOl 50) and cultured in media with or without ICN 5FC. Concentrations of 5FC and 5FU 

were determined spectrophotometrically as described (Wallace et a!. , 1994). By day 3 there were 

measurable levels of 5FU in only the media of AdCDA infected MTIA2 cells and not in that of 

AdDL 70-3 infected cells (Figure 4.4A). By contrast, measurable levels of 5FU were not present in the 

media of either the AdCDA or the AdDL70-3 infected FlO cells (Figure 4.48). This suggested that the 

level of CDA expression was reduced in infected F 10 cells relative to MT 1 A2 cells. 
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Figure 4.4. CDA enzyma1ic activity measured by spectrophotometric assay of5FC and 5FU in culture 
supernatants sampled from AdCDA infected cells. (A) MTIA2 cells were infected with AdDL70-3 and 
AdCDA at an MOl of 5 and (B) F 10 cells were infected with AdDL 70-3 or Ad CDA at an MOl of 50. 
Cells were cultured in 0 mM or 5 mM 5FC (ICN) throughout the duration of the assay. Culture 
supernatant samples were obtained at approximately 24 h intervals and optical density at 255 nM and 
290 nM was measured by spectrophotometer. Each datum point represents the mean ± SE ofa single 
experiment performed in 1riplicate. 
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ftGalactosidase Stainin6 ofAdLacZ infected FlO Cells 

It was known, a priori, that high levels of adenovirus transduction of F I 0 cells is difficult to 

achieve (M. Hitt andY. 'Nan, unpublished observations). Under the same conditions as the clonogenic 

assay (infection in minimal medium for lh, aspirate virus, replace in culture in fresh growth media) a f3

galactosidase (f3-Gal) ass1y was carried out to determine the levels of transduction achieved using the 

AdLacZ vector over a range of MOl (Figure 4.5). Adenovirus infection of FlO cells at an moi of 50, the 

level used in the AdCDA/5FC clonogenic assays, showed that approximately 37% of the cells stained 

positive for f3-gal. 
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Figure 4.5. Xgal staining )f AdLacZ infected FlO cells. FlO cells were infected with AdLacZ at an 
MOl of 10, 50, and 100 for 1 has described in the Materials and Methods, and cultured for 2 days. P
galactosidase activity was assessed by Xgal staining, carried out as described in the Materials and 
Methods. Values graphed represent the mean ±_SE of positively stained cells (stained blue) as a 
proportion of the total number of cells present on the haemocytometer; data representative triplicate 
values obtained from a single experiment. 
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Discussion & Conclusic ns 

Attempts to reproduce the preliminary F I 0 experiments rendered results that were inconsistent 

with the preliminary data generated for FlO cells as well with the results of similar experiments carried 

out using MTIA2, HT2S', and HT29pl4 cells. The original data suggested that FlO cells infected with 

AdCDA exhibited a dose response to 5FC with a corresponding LD50 value of 15 mM in contrast to 

subsequent experiments 1hat showed complete killing at a concentration of 5 mM 5FC. The discussion 

below attempts to addre~ s the reason for the apparent irreproducibility of AdCDA/5FC dose response 

curves in F10 cells. 

Unpublished data (P .. Schuh, 2000) indicated that variation between preparations of 5FC obtained 

from different manufactt: rers, or different lots from the same manufacturer, could be significant and 

ultimately affect experimental results. This suggested that contaminants in the 5FC may have been 

responsible for the differ,~nce in cytotoxicity observed in the two repetitions of the same experiment, 

since two different lots # s were used. A dose response curve comparing 5FC from Sigma and from 

ICN showed that it is indc:ed possible for different preparations of 5FC to affect cells differently. At a 

concentration of5 mM, Sjgma 5FC was highly toxic to both AdCDA and AdDL70-3 infected FlO cells 

while, at the same concen1rations, 5FC from ICN was not toxic to either population of cells. However, 

at a dose of25 mM 5FC tl ere were no surviving colonies associated with either preparation. 

The most probable cmdidate for a contaminant in preparations of 5FC was thought to be 5FU, 

implying that Sigma 5FC contained more contaminant 5FU than ICN 5FC. Clinical data shows that the 

contamination of 5FC by :iFU contributed to the toxicity experienced by patients administered 5FC as 

an antimicrobial chemotherapeutic and is related to the use of 5FU in the manufacture of 5FC (Vermes 

eta/., 1999). In addition. MTIA2, HT29, and HT29pl4 cells infected with AdDL70-3 exhibited a 

slight reduction in survival at 25 mM ICN 5FC. 5FU present as a contaminant in 5FC could account for 

a reduction in survival occurring in the absence ofCDA. The reduction in survival of FlO cells infected 

with either AdCDA or AdDL70 exposed to the same concentration of 5FC suggested that FlO cells may 

be hypersensitive to 5FU. To address whether FlO cells are relatively hypersensitive to 5FU the dose

response to 5FU of all 4 cdllines was determined. This assay demonstrated, however, that FlO cells 
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are less sensitive to 5FU than MT1A2, HT29, and HT29pl4 cells. Thus the contaminant in 5FC 

preparations used here is unlikely to be 5FU. 

No AdCDA-depenc:ent killing in the presence of 5FC was observed in infected FlO cell cultures. 

The lack of CD A-dependent killing could be attributable to an insensitivity to 5FU, as demonstrated in 

Figure 6, or a lack ofCDA expression in the infected cultures, among other possibilities. To investigate 

whether or not 5FC was being converted to 5FU by infected F I 0 and MTI A2 cells, a 

spectrophotometric assay of culture supernatants was performed. In the Ad CDA infected MTIA2 cell 

cultures, 5FC was converted to 5FU beginning on day I of the assay and continuing to day 3. 

Measurable amounts of 5FU were detected only in the presence of AdCDA. In contrast, 5FU was only 

just detectable in AdCDA infected FlO cell cultures by day 3 of the experiment. This is significant 

because the conditions of the clonogenic assay are such that cells are exposed to 5FC for only 2 days. 

Thus, minimal5FU was generated by infected FlO cells prior to prodrug withdrawal. 

One possible mechanism that would affect conversion of 5FC to 5FU is the extent to which F I 0 

cells were transduced by he AdCDA virus. Transduction efficiency was determined by Xgal staining 

for f3-gal expression 48 hours after infecting FlO cells with AdLacz at an MOl of 50. Under these 

conditions, 40% of the FlO cells stained blue. Interpretation of these results is limited because the f3-gal 

assay employed only allmvs differentiation between cells that express and cells that do not express the 

reporter gene rather than ascertaining the levels of transgene expression. The latter could be 

accomplished using a standard f3-gal assay, but using ONPG as a substrate rather than Xgal, as 

described in Francis, 2000b. The level of f3-gal expressed in FlO cells infected with Adlacz then 

cultured in the presence or absence of SFC might allow one to determine whether some contaminant in 

the 5FC preparation interf(res with global gene expression. Alternatively, the contaminant 5FC might 

in some way specifically block CDA expression or activity in FlO cells. 

This examination rewals an important considerations for the assessment of treatments where a 

non-toxic substance is enz:rrnatically converted to an active, cytotoxic substance. Namely, that it is 

possible for some contamin mt or additive in the preparation of the compound to be toxic to one or more 

cell lines evaluated. This vrould manifest as a false-positive result It is thus important to include the 
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appropriate controls in e' aluations of the cytotoxicity of an enzyme-prodrug treatment to accommodate 

evaluation of the cytotoxic effect of the prodrug in the absence ofthe appropriate converting enzyme. 
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