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SUMMARY

Semliki Forest Virus (SFV) vector is a transient RNA based suicidal 

expression vector system and has been previously used as a potential anti-cancer 

agent. Recently, a new enhanced SFV vector has been developed, pSFVlO-E. Cells 

transfected with this vector yield up to ten times more foreign protein than cells 

transfected with original (non-enhanced) expression vector pSFVlO. The two IL-12 

gene subunits were cloned from mouse splenocytes and inserted into the pSFVlO-E 

and pSFVlO vectors. Both the pSFV-mIL-12 constructs were characterised for their 

expression levels qualitatively and quantitatively in BHK-21 and K-BALB cells. The 

secretion o f  biologically active mIL-12 was confirmed by inducing splenocytes for 

IFN-y production using IL-12 expressed by BHK-21 and K-BALB cells. K-BALB, 

CT26, and 4T1 tumours are the experimental tumour models in our study.

Subcutaneous K-BALB tumours in BALB/c mice were treated with six 

intratumoural injections o f  rSFVlO-E-mIL-12 VLPs in an increasing order o f  titres at 

4x10^, 4x10*, and 4xl0^,i.u/injection. Administration o f  high titre rSFV10-E-IL12 

VLPs to treat K-BALB and CT26 tumours in BALB/c mice demonstrated complete 

and permanent tum our regression in comparison to control or rSFV10-IL12 treated 

groups. Inhibition o f  primary tumour growth and lung metastases o f  a metastatic 

(4T1) tumour model indicated the potential o f  high titres o f  rSFV10-E-IL12 particles 

as an efficient anti-tumour therapeutic agent. Histopathology and immuno- 

histochemistry o f  tumours revealed tumour necrosis in addition to aggressive influx o f 

CD4+ and CD8+ T-cells and other immune cells. Higher levels o f  an antiangiogenic 

factor IP -10 were detected in IL-12 treated animals compared to control treated 

groups indicating antiangiogenic effect induced by IL-12.

Another in vivo tumour treatment study using rSFVlO-E replicons expressing 

IL-18 at a titre o f  4x10^ lU/injection on K-BALB and CT26 tumours investigated 

antitumour activity o f  IL-18 in vivo. Although IL-18 induced tumour inhibition, the 

overall treatment effect was not as effective as IL-12 treatment.
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1. G EN ERA L INTRODUCTION

Cancer is generally regarded as a molecular disease o f uncontrolled cell 

growth caused by the acquisition of transforming mutations by cells. A number o f 

properties distinguish tumour from normal cells, including their invasiveness, loss o f 

growth contact inhibition and their lack of response to regulation. The origin and host 

response to tumours is currently the focus o f extensive basic and clinical research. 

Among more than 200 different types of malignancies, all share common features o f 

uncontrolled growth and lack o f differentiation. Currently, surgery is the primary 

method for treatment o f cancers but is a less effective method for complete 

eradication of cancerous growths or in preventing the development o f metastases. In 

addition, even though chemo- and/or radiotherapy have provided the only alternative 

or adjuvant to surgery, the associated toxicity with these regimes is closely related to 

their inability to effectively target the tumour. In the search for more specific and less 

toxic cancer treatment strategies, cancer immunotherapy and cancer gene therapy 

have emerged as promising candidates. Research on cancer gene therapy has largely 

focussed on induction o f apoptosis in cancer cells or on stimulation o f immune 

mechanisms to eliminate cancer cells. Many investigations have used viral vectors 

such as retro, adeno, adeno-associated, herpes viruses, and poxviruses or alphavirus 

vectors (Karlsson, 2004; Lundstrom, 2001). Recently, there has been much interest in 

the use o f replication competent viruses in the treatment o f cancer, because o f their 

greater oncolytic potential (Tanaka et al., 2003; Daemen et al., 2000). Generally, 

another approach to using vectors for tumour treatment, which has recently been 

developed, is to target the tumour vasculature.

Alphavirus expression systems are based on infectious clones, which are 

grown as plasmids in bacteria. These plasmids are transcribed in vitro to produce 

vector RNA that can be transfected into cells (Berglund et al., 1993). Alphavirus 

suicide vectors allow only transient expression o f foreign genes and limited 

penetration of tissue because they can only undergo one round o f replication and no 

infectious progeny are produced (Liljestrom et al., 1991).

A study o f the treatment of two model tumours in mice was carried out more 

recently to assess the potential of immune stimulation in combination with apoptosis 

induction by Semliki Forest virus (SFV) and its derived vector for tumour treatment 

(Smyth et al., 2004). The inherent ability of the SFV vector to induce apoptosis has



already been successfully exploited in the treatment of tumours in BALB/c nu/nu 

mice (Murphy et a i,  2000; Murphy et al., 2001). It has been shown that the tumour 

vasculature can be disrupted following administration of cytokines such as IL-12 and 

IL-18 (Coughlin et al., 1998; Asselin-Paturel et al., 1999; Chada et al., 2003). 

Immuno-gene therapy with cytokines is one of the strategies being developed for the 

activation o f immune cells to enhance anti-tumour responses and inhibition of tumour 

angiogenesis. These and other studies have indicated that the SFV vector is an 

effective tumour therapy agent (Atkins et al., 2004j. More recently a new high-level 

SFV expression vector (pSFVlO-E) has been constructed which gives expression 

levels up to 10-fold higher than the standard expression vector (pSFVlO) (Sjoberg et 

al., 1994).

In this study, we constructed pSFV10-IL12 (normal expression of murine IL-12) 

and pSFV10-E-ILI2 (enhanced expression) vectors and examined the anti-tumour 

effect of rSFV-IL12 constructs in three different tumour models to demonstrate the 

consistency of IL-12 therapeutic efficacy. K-BALB cells are murine sarcoma virus 

transformed mouse fibroblasts that overexpress the K-ra5 oncogene and form 

aggressive localised syngeneic tumours in immunocompetent BALB/c mice on 

subcutaneous (s.c.) injection (Aaronson et al., 1971; Stephenson et al., 1972). CT26 

cells are murine colon adenocarcinoma cells, which form localised tumours o f low 

immunogenicity in BALB/c mice after s.c. injection (Brattain et at., 1980). To 

examine the effect o f treatment on a metastasising tumour model, we have selected 

the highly malignant, spontaneously metastasising 4T1 mouse mammary carcinoma 

model that also readily develops into tumours on s.c. implantation (Aslakson et al., 

1992; Pulaski and Ostrand-Rosenberg, 1998). In addition, the antitumoural ability of 

SFV expressing cytokine IL-18 was examined. IL-12-induced specific immunological 

memory has been reported, making IL-12 a promising candidate for permanent and 

specific tumour eradication. This study combines the immunotherapeutic approach of 

attracting host immune responses to the tumour and inhibition of tumour angiogenesis 

through expression of cytokine IL-12, and has demonstrated IL-12 induced anti­

metastatic activity.
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1.1 CANCER

Cancer is a collective term for malignant neoplasms arising in the body, 

amounting to hundreds o f different disease states. It is the second leading cause of 

death in the world (Futreal et al., 2004). Cancer is distinguished by renegade cells 

with no functions other than to proliferate, spread, and forge a destructive path 

through healthy tissue. The command o f this unrestrained, potentially deadly growth 

is dispatched by genes rendered abnormal perhaps by viruses, radiation, 

environmental poisons, defective genes inherited from parents, wrong dietary choices 

or a combination o f all the above. Tumours can be divided into two main groups: 

benign or malignant. Benign tumours grow within a well-defined capsulated structure, 

which limits the tumour spread in to the circulatory system, maintain the 

characteristics o f the cell o f origin, and are usually well differentiated. Cancer, 

malignant tumour, is distinguished from benign tumours by the properties of 

dedifferentiation, invasiveness, and often the ability to metastasise. The development 

of cancer is dependent on a series o f genetic changes in somatic cells, which involve: 

the loss o f differentiation, deregulation of cell growth/death, genomic instability, and 

changes in the relationships o f cells with surrounding tissues (Michor et al., 2004).

1.1.1 Genesis o f a cancer cell

Cancer development is the result o f a multi stage process, and cancer cells have 

acquired a number o f genetic alterations by the time they become invasive and 

metastatic (Hanahan and Weinberg, 2000). A normal cell turns malignant because of 

mutations in its DNA, which can be inherited or acquired. There are, however, two 

main categories o f genetic change that lead to cancer: (i) inactivation o f tumour 

suppressor genes, and (ii) activation o f proto-oncogenes to oncogenes. Oncogenes 

confer malignancy on a cell. Proto-oncogenes normally control cell division and 

differentiation, but ultimately can be converted into oncogenes as a result o f point 

mutations, gene amplification, chromosomal translocation, or the action of viruses.

Oncogenes not only interfere with cellular differentiation but also can confer 

autonomy of cell growth by affecting one or more o f the signal transduction 

mechanisms for cell division by producing abnormalities in; (i) the production of 

autocrine growth factors; (ii) the receptors for growth factors; (iii) receptor linked
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signalling pathways: the cytosolic and nuclear transducers; and (iv) cell cycle 

transducers such as cyclins and cyclin dependent kinases.

1.1.2 Oncogenes

Alterations in the cellular genome affecting the expression or function of 

genes controlling cell growth and differentiation are considered to be the main cause 

o f cancer. Molecular cancer research aims at identifying the genes that are altered in 

the various tumour types and elucidating the role o f these genes in carcinogenesis. A 

recent review by Futreal et al (2004) reported that 291 cancer genes have been 

identified to date, which accounts for over 1% of the genes in the human genome. 

The genes, which contribute to tumourigenesis, are referred to as oncogenes and 

tumour suppressor genes (Weinberg, 1994). In the development o f cancers, 

oncogenes, such as ras and bcl-2, undergo a mutational event, which leads to 

dominant gain o f function, whereas tumour suppressor genes, such as p53, are 

associated with recessive loss of function due to mutation (Hanahan & Weinberg, 

2000). Overexpression or inactivation o f these proteins can result in change of a cells 

resistance/susceptibility to apoptosis induction and the development o f cancers 

(Zomig et al., 2001). Bcl-2 proteins can be anti- {Bcl-2 and Bc1-xl) or pro- (Bax) 

apoptotic and, together with p53, are among the most studied proteins involved in the 

regulation of apoptosis and its role in the development o f malignant disease (Sjostrom 

& Bergh, 2001).

1.1.2.1 /?a5 oncogenes

A family o f genes that is frequently found to harbour mutation in human 

tumours is that o f ras genes. This family consists o f three functional genes, H-ras, K- 

ras, and N-ras, which encode similar proteins with molecular weights o f 21kDa 

(Silvia Guerrero et al., 2002). Mutations in K-ras are most commonly associated 

with human disease (Bos, 1989). K-BALB tumours that express K-ras oncogene are 

recently used as an experimental tumour model in tumour studies experiment (Smyth 

et al., 2004). Mutated ras genes were first identified by their ability to transform 

N1H/3T3 cells after DNA transfection. Subsequent analysis o f a variety o f tumour 

samples revealed that in some human tumours one o f the three ras genes harboured a
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point mutation; as a result, the protein product has an altered amino acid at one of the 

critical positions 12, 13 or 61. The ras genes, which encode 21 kDa guanosine 

triphosphate (GTP) binding proteins (p21), function as binary switches at nodes in a 

variety o f signal transduction pathways. Ras p21 proteins typically cycle between an 

inactive guanosine diphosphate (GDP)-bound state and an active GTP-bound state at 

the plasma membrane o f normal cells (Satoh et al., 1992; Boguski & McCormick, 

1993). The functional and structural resemblance o f the ras proteins with G-proteins 

controlling adenylate cyclase has led to the proposal that normal p21ra^ proteins are 

involved in the transduction o f external stimuli induced by growth factors or factors 

involved in cell differentiation.

The correlation between oncogenic ras and uncontrolled cellular proliferation 

is well defined but other areas, like its influence on apoptosis, remain less definitive 

(Cox & Der, 2003). Cell-type is believed to play a major role on the influence of 

oncogenic ras, with apparently contradictory effects commonly observed between 

different cells (Diaz et al., 2004). The highest incidence is found in tumours from the 

exocrine pancreas, where more than 80% of the tumours harbour a mutated K-ras 

gene. Oncogenic ras proteins are crucial in mediating many malignant characteristics 

o f transformed cells and therefore have good potential as targets for tumour therapy 

(Downward, 2003).

1.1.2.2 Apoptosis regulatory genes

Apoptosis or programmed cell death, first described in 1972, is a series of 

genetically controlled events which result in the removal o f unwanted cells without 

disruption o f tissues (Kerr et al., 1972). As with differentiation or proliferation, 

apoptosis is an important method o f cellular control responsible for the maintenance 

o f the state o f homeostasis (Wyllie et al., 1972). Apoptosis differs from necrosis or 

accidental cell death in a number of important ways. Firstly, it is an active process as 

opposed to an unplanned process induced by cell injury. Secondly, apoptotic cells are 

recognised by phagocytes and removed before they disintegrate. Apoptotic cells show 

condensation o f nuclear, heterochromatin, cell shrinkage and loss o f positional 

organisation o f organelles in the cytoplasm. In contrast, in necrosis, cells become 

leaky, release macromolecules and rapidly disintegrate, thereby inducing 

inflammation (Renehan et al., 2000; Sperandio et al., 2000).
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Several proteins are expressed which exert direct inhibitory or regulatory 

effects on the various pathways of apoptosis, including: lAPs (inhibitor o f apoptosis) 

(Liston et al., 1996), FLlPs (Fas-associated death domain-like ICE [IL-converting 

enzyme] inhibitory proteins) (Irmler et al., 1997), TRIP (TNFR [TNF-receptor] - 

associated factor, TRAP [TNFR-associated factor] -interacting proteins) (Lee & Choi, 

1997), tumour suppressor protein p53 (Levine et al., 1991), and the Bcl-2 family of 

proteins (Reed, 1997).

One of the most important controls o f cell cycle progression and apoptosis 

induction is the tumour suppressor p53 gene product. The p53 protein has been 

defined as a nuclear phosphoprotein which functions as a transcription factor for the 

activation o f a variety o f cell cycle- and apoptosis-related genes (Levine et al, 1991). 

As a consequence, pertubations in p53 expression and function are associated with a 

broad array of malignancies (Hollstein et al., 1991). p53 arrests the cell cycle 

following detection o f DNA damage in order to allow time for DNA repair to occur 

(Kastan et al., 1991). Should the damage prove to be irreparable, p53 subsequently 

initiates apoptosis induction through upregulation o f death receptors such as Fas and 

DR5, the proapoptotic protein Bax, and through inhibition o f anti-apoptotic signals 

such as NF-kB (Vogelstein et al., 2000). Genotoxic stress inducers o f apoptosis, 

including UV- and y-irradiation, and chemotherapeutic drugs, are dependent on p53 

induction (Kuerbitz et al., 1992; Lowe et al., 1993). In addition, when cells are 

induced to proliferate by deregulated expression of certain viral and cellular 

oncogenes, they undergo /?5i-dependent apoptosis, unless rescued by pro-survival 

5c/-2-like gene products, which act to block apoptosis specifically (Symonds et al., 

1994; Levine, 1997).

The Bcl-2 family o f proteins, potent repressors o f apoptosis, control the 

permeability o f the outer mitochondrial membrane (OMM), thus regulating the 

release into the cytoplasm of apoptosis-related factors, such as cytochrome c, from the 

mitochondrial intermembrane space (Green & Reed, 1998). The Bcl-2 gene was 

localised to chromosome 18, at the site o f one of the breakpoints o f a reciprocal 

translocation, also involving chromosome 14, in B-cell follicular lymphomas 

(Tsujimoto e t  al., 1985). Family members Bcl-2, B cI-xl, Bcl-w and Mcl-I inhibit 

apoptosis induction whereas Bax, Bak and Bok promote it. The Bcl-2 protein was 

defined as unique, because it contributed to malignant cell expansion primarily by
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prolonging cell survival, rather than by increasing the rate o f cellular proliferation 

(Yang & Korsmeyer, 1996).

Inhibition o f cell death, either by suppression of those genes which induce cell 

death, or by activation of those genes which cause cell survival, therefore contributes 

to the development of tumours. There is considerable interest in this area not just to 

gain a better understanding of tumourigenesis but also because it may in the near 

future reveal novel targets for tumour therapy.

1.1.3 Tumour immunology

Successful immunotherapy o f cancer will ultimately require understanding the 

natural relationship between the immune system and tumours as they transform, 

invade, and metastasise. Given the vast number o f genetic and epigenetic changes 

associated with carcinogenesis, it is clear that tumours express many neoantigens. A 

central question in the immunology is whether recognition o f tumour antigens by the 

immune system leads to activation (surveillance) or tolerance. Immune surveillance is 

a concept that envisages prevention o f the development o f most tumours through early 

destruction of abnormal cells by the host’s immune system. Ever since its proposal by 

Thomas (1959) and then Burnet (1970), the immune surveillance hypothesis has come 

under relentless attack. The hypothesis is that tumours arise with similar frequency to 

infection with pathogens and that the immune system constantly recognises and 

eliminates these tumours based on their expression o f tumour- associated antigens 

(TAAs) (Ehrlich, 1909). A corollary to the original immune surveillance hypothesis is 

that progressor tumours in animals as well as clinically progressive spontaneous 

tumours in all species, are not eliminated because they develop active mechanisms of 

either immune escape or resistance (Uyttenhove et al., 1983; Shankaran, et al., 2001). 

The mechanisms by which tumour cells may escape killing by the immune system 

include: (i) Induction of tolerance to tumour antigens; (ii) Development of tumour 

cells lacking antigens to which the immune system has responded; (iii) Modulation of 

tumour antigen expression, (iv) Suppression of anti-tumour immunity; (v) Poor 

immunogenicity o f the tumour perhaps resulting from lack o f expression o f MHC 

class I; (vi) Expression of Fas ligand (FasL) on tumours, which may induce apoptosis 

of effector cells. The emerging evidence for immune surveillance systems of

7



carcinogenic events is counterbalanced by evidence that the normal immune response 

to tumour antigens is tolerance induction rather than activation.

Oncogenic DNA and RNA viruses code for both cell surface and nuclear viral 

antigens, which become expressed by the tumour, and are shared by all tumours 

induced by the same virus. However, because o f  random mutagenesis o f  DNA, 

chemically induced tumours often express antigens unique to the individual tumour. 

An antigen such as the carcinoembryonic antigen (CEA), a cell surface glycoprotein 

with a putative role in cell adhesion, is expressed at very low levels in normal adult 

tissues, but is overexpressed in the foetus and in 90% o f colorectal, lung, ovarian and 

pancreatic cancers (Chung-Faye et a i ,  2000). Alpha-fetoprotein (AFP) is highly 

associated with germ cell derived tumours and hepatomas. The antigens are not 

unique to tumour cells since they are also found in normal cells during embryonic 

development and at low levels in normal human serum.

In addition, there is considerable evidence for quantitative and qualitative 

differences in antigens associated with normal vs tumour cells. These antigens can be 

divided into tumour specific antigens (TSA), those unique to tumour cells, or TAAs 

also found on some normal cells. Another classification system is based on the origin 

or nature o f the antigens and includes viral, chemical, oncofetal and differentiation 

antigens. Humoural immune responses to tumours are believed to be less potent than 

cellular responses, and therefore most research has concentrated on the identification 

o f  antigens recognised by T-cells (Rosenberg, 2001). It is possible however, that both 

cellular and humoural immune responses have roles to play in tumour cell killing 

(Reilly et al., 2001). Antibody responses can contribute to target cell killing through 

complement-dependent cytotoxicity (CDC), and through antibody-dependent cellular 

cytotoxicity (ADCC), activating NK cells, y5T-cells and macrophages to exert their 

cytotoxic effects on target cells (Herlyn et al., 1985; Mellstedt, 2000).

The innate immune system is now recognised as having some ability to 

discriminate tumour cells fi'om normal cells (Diefenbach & Raulet, 2002). NK cells, 

yST-cells, and macrophages are believed to play an important role in the innate 

immune response to tumours through expression o f  the NKG2B receptor. The 

engagement o f this receptor by a ligand results in the implementation o f  cytolytic 

responses by the leukocyte (Bauer et al., 1999). Ligands for NKG2B are expressed in 

cells in response to stress and have been detected on transformed and infected cells 

(Groh et al., 1996). Induction o f antitumour adaptive immune responses has also



been demonstrated via initial recognition o f such ligands by the innate immune 

system (Diefenbach et al., 2001). Specific antitumour immunity appears to develop 

in tumour-bearing patients in much the same way as it does to pathogens or foreign 

antigens. Both TSA and TAA associated with tumour cells appear to be processed and 

presented in association with MHC class 1 molecules, making them potential targets 

for cytotoxic T cells. NK cells kill tumour cells not expressing MHC class I molecules 

and this pathway may be involved in the killing o f  tumour cells which down-regulate 

MHC class I molecules (Ljunggren & Karre, 1990; Garrido et al., 1997). Many 

tumour antigens are endogenously synthesised and therefore presented via peptides 

associated with the MHC class I molecules. It is for this reason, and the relative 

technical ease, that research has concentrated on the identification o f  those reactive 

with CD8^ T-lymphocytes. Recognition o f  the central role played by CD4^ T- 

lymphocytes in antitumour immunity however, has led to the identification o f  several 

MHC class Il-restricted TAAs (Toes et al., 1999; Rosenberg, 2001; Wang, 2003).

1.2 CANCER THERAPY

Recently, advances in molecular cancer research have revealed numerous new 

therapeutic targets, some o f which have already been tested in clinical settings. 

However, the clinical management o f  cancer patients is still based on surgical and/or 

radiological eradication o f  the primary solid tumour and chemical/radiological anti­

proliferative/cytotoxic treatment o f  the disseminated disease. Despite a great deal o f 

improvement in the control o f  benign disease, only slow progress has been seen in 

malignant disease. As a result, mortality o f  cancer patients is still high due almost 

exclusively to the development o f  metastases. One obvious explanation for this 

discrepancy could be a difference between the molecular pathways controlling tumour 

growth and tumour progression. Clinical evidence has clearly established that 

chemotherapy and radiotherapy exert only limited efficacy in the majority o f 

malignant diseases (Eckhardt, 2002)

The potential targets for tumour therapy include the oncogenes themselves, 

their RNA transcripts, and their protein products. Several approaches to the 

therapeutic uses o f  oncogenes are worth considering: (i) antibodies can be used 

against growth factors and other factors associated with the transformed phenotype, 

such as enzymes or proto-oncogene products like ras p21. This includes the use o f
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antibodies to focus toxic agents or cells o f the immune system on cancer cells; (ii) 

oncogenic nucleic acid sequences could be targeted by anti-sense nucleotides o f DNA 

or RNA, or by nucleotide anti-metabolites such as dideoxy- or methyl phosphonate- 

modified nucleotides; (iii) a mutated oncogene might be directly replaced by its non­

mutated normal counterpart by gene therapy. ‘Naked’ nucleic acid vaccines are 

potentially useful candidates for the treatment o f patients with cancer, but their 

clinical efficacy has yet to be demonstrated (Liu et al., 1998; Zhang et al., 2005). 

Efforts have already been made to enhance the efficacy o f nucleic acid vaccines by 

using ‘self-replicating’ RNA as a cancer vaccine (Ying et al., 1999). While a large 

number o f cancer gene therapy studies have concentrated on the correction o f genetic 

abnormalities associated with cancer (through the ablation o f activated oncogenes; 

Downward, 2003) or the replacement/augmentation o f deleted/non-functional tumour 

suppressor genes (Roth, 2003), these approaches are limited, given the diversity of 

genetic mutations observed in cancers. Other approaches include the expression of 

angiogenesis inhibitors (Feldman & Libutti, 2000), pro-apoptotic factors (Murphy et 

al., 2001), and prodrug activation (Moolten & Mroz, 2002). The largest field of 

cancer gene therapy is that o f immunotherapy, stimulating the induction or 

potentiation o f host anticancer immune responses (McCormick, 2001).

In addition, anl\-p53 antibodies in the sera o f patients with a variety o f cancers 

have been demonstrated (Gumus et al., 2004; Limpaiboon et al., 2005) and also the in 

vitro induction o f cytotoxic T-cells specific for wild type and mutant p53 peptides 

(Lee et al., 2004; Hoflftnann et al., 2002). The demonstration that the immunisation of 

the patients with a vaccinia virus vector containing a CEA peptide can induce 

cytotoxic T cells which recognise MHC restricted binding motifs in CEA (Tsang et 

al., 1995), indicating that it is possible to generate immune responses to the ‘self­

antigens’ expressed by tumour cells that offers an additional potential avenue for 

therapeutic intervention in the future.

1.2.1 Gene therapy

Gene therapy shows considerable promise as a treatment for patients with 

advanced or resistant carcinoma. In gene therapy, well-characterised genes, and their 

regulatory elements are introduced into genes o f the patient’s cells using vectors. It is 

assumed that gene therapy will ultimately be used in association with other treatment
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for advanced tumours where presently no effective treatment can be advocated. Gene 

therapy modulates chemotherapy and is used as adjuvant therapy after surgery. In 

patients with high risk of tumour recurrence and also in situations with no clinically 

detectable disease, it may also be effective. However, it is limited in cancer patients 

by difficulty in achieving efficient gene delivery into tumour cells. Despite the current 

uncertainties, gene therapy could hold exciting prospects for better treatment for 

cancer. The current strategies employed in gene therapy o f malignant disease include 

targeting o f oncogenes, drug resistant gene therapy, targeted gene therapy, genetic 

immunomodulation and gene silencing by antisense small interfering RNAs using 

both viral and non-viral vectors as gene carriers.

Tumour suppressor gene therapy: In tumour cells, the activities of 

oncogenes and tumour suppressor genes (constituents o f normal genomes) are either 

activated or suppressed. In tumour gene therapy, clinical protocols have been 

designed either to inhibit the expression o f mutant oncogene L-ras, p21 or to replace 

the defective anti-oncogene p53 using intratumoural injection o f viral vectors 

expressing normal k-ras or p53 respectively. Viral vectors have the potential for 

delivering these genes. This approach is suitable for respiratory, digestive tract and 

some metastatic tumours because high concentrations o f the non-toxic agents can be 

achieved through local injections and these agents warrant great promise providing a 

high therapeutic index and as adjuvant therapy to surgery for patients with early stage 

cancer.

Drug resistant gene therapy: Several genes confer drug resistance to 

hematopoietic progenitor cells. One o f the first cancer gene therapy strategies 

proposed, and the most fi'equently used, were designed to kill cells directly using 

toxic or prodrug therapy (Davis, 1996). Suicide genes, the genes that sensitise cells to 

drugs that are normally non-toxic, are an alternative approach to the development of 

selective therapy (Moolten et a i,  1994). The principal suicide gene currently under 

study is the thymidine kinase gene o f herpes simplex viruses (HSV-TK) (Jia et a l,  

1994). The HSV-TK phosphorylates the systematically delivered antiviral drug, 

gancyclovir into an intermediary metabolite, which is then converted by cellular 

kinases into a potent inhibitor of DNA polymerase, leading to cell death (Huang et al., 

2003). Normal cells remain unaffected by the drug. Several trials have used this 

approach to treat glioblastomas (Freeman et al., 1993). Investigators have recently 

used recombinant viral vectors to deliver high levels o f HSV-TK to tumours such as
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lung carcinoma (Osaki et al., 1994), melanoma (Vile et al., 1994), mesothelioma 

(Hwang et al., 1995) and squamous cell carcinoma o f the head and neck (O’Malley et 

a!., 1995). Antitumour immune responses are produced in a minority o f patients, with 

mixed clinical response in melanoma and kidney cancers. Current protocols are 

attempting to introduce drug resistance genes into hematopoietic cells to provide 

increased protection from commonly used myelosuppressive chemotherapeutic agents 

(Sorrentino et al., 1992). Gene transfer of multidrug resistance gene (MDR)-l allows 

for the production o f P-glycoprotein, which functions as a cellular efflux pump, and 

expels a range o f toxic metabolites from the cell. Mickisch et al., (1992), and other 

investigators showed that MDR-1 gene transfer provided resistance to a wide range of 

chemotherapeutic agents, including paclitaxel, anthracyclines and bisanthrene. Other 

potential genes include dihydro folate reductase (May et al., 1995) and O^- 

methylguanine-DNA methyltransferase, an efficient DNA repair enzyme, which was 

shown to protect mouse hemotopoietic cells from nitrosourea-induced toxicity 

(Moritz e /a /., 1995).

Targeted gene therapy: Several genes inhibit tumour neovascularisation, an 

important step in tumour progression and metastasis. The majority o f cancer gene 

therapy protocols have been aimed at immunostimulation (Ponsaerts et al., 2003; 

Henderson et al., 2005). Tumour associated antigens (TAAs) can be targeted for 

cancer vaccination. TAA can elicit specific antitumour immune responses; 

vaccination with vaccinia-CEA (carcinoembryonic antigen) in breast and colon 

adenocarcinoma has been investigated (Conry et al., 1995). MUC-1, a TAA and erb 

B2/neu, a receptor for a growth factor, are also being considered for breast cancer. 

Several tumour vaccine trials involving melanoma are underway following the recent 

cloning of melanoma-associated antigen encoding genes. Many cancers can be 

recognised and destroyed by a tumour-specific immune response, usually mediated 

through cytotoxic T cells or natural killer (NK) cells (Durrant et al., 1995). The 

activation o f this process requires three synergistic signals; (i) presentation of tumour- 

associated antigens to T cells in conjugation with MHC class 1 and MHC class II 

molecules, which transport the tumour antigens to the cell surface, (ii) additional 

costimulatory molecules, such as B7-1 and B7-2, which are required for effective 

induction o f the efferent arm of the immune response, and (iii) cytokines secreted by 

the helper T cell population following stimulation by the antigen presenting cell
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(APC). Many cancers may be defective in any one o f  the above pathways, which may 

contribute to T cell anergy to the tumour antigens (Harding et al., 1992).

Antisense/ribozym es; Ribozymes are RNA molecules that function as 

catalysts for other RNAs (Gibson et al., 2000). The identification o f  specific genes 

that contribute to the development o f  cancer, including dominant protooncogenes and 

tumour suppressor genes, presents an opportunity to use these genes as prevention and 

treatment targets. Based on this realisation, the introduction o f  a functional tumour 

suppressor gene, or the downregulation o f  an activated oncogene, could lead to the 

destruction o f  the malignant cell. The use o f  ribozymes in cancer has focussed mainly 

on the inhibition o f  tumour specific oncogene expression. Ribozymes have the added 

advantage that following degradation o f  the target mRNA molecule, the molecule 

becomes free to bind to another molecule, thereby increasing the levels o f  oncogene 

ablation. Hammerhead ribozymes specific for Bcl-2  mRNA have been shown to 

sensitise prostate cancer cells to apoptotic cell death induction (Dorai et at., 1997). 

Antisense technology involves the introduction into the cell o f  a gene construct that 

has a base sequence complementary to the RNA sequence targeted for inhibition. The 

advantage o f  this is the potential to achieve ablation o f  oncogene activity at the 

proximal level o f  mRNA splicing, transport or translation. This strategy has been used 

effectively for the downregulation o f  mutant k-ras protein in NSCLC cell lines 

(Georges et al., 1993; Mukhopadhyay et al., 1991). K-ras, a member o f  the GTPase 

family o f  oncoproteins, is frequently mutated early in lung, colorectal and other 

cancers (Marshall, 1991). In colon cancer cell lines, antisense oligonucleotides 

(A SO ’s) complementary to K-ra5 inhibited cell growth, colony formation, and K-ras 

expression in a dose-dependent manner (Sakakura et al., 1995). Expression o f  BcI-Xl, 

a close anti-apoptotic homologue o f  Bcl-2, was similarly downregulated using a 

2 ’methoxy-ethoxy-modified ASO in a number o f  small cell lung cancer cell lines 

(Leech et al., 2000). Other oncogenes targeted include the cAMP-dependent protein 

kinase A (Nesterova et al., 1995), and TGFa (Laird et al., 1994). Cleavage o f  the 

human papillomavirus oncogenes involved in cervical cancer, by ribozymes in vitro 

has been reported (Takahashi et al., 1989). As p53  is inactivated in up to 70% o f  

human lung malignancies, a significant number o f  w t-p 5 i gene replacement protocols 

have been applied to lung cancers (Fujiwara et al., 1994). More recently however, this 

strategy has been applied to a myriad o f  other human cancer cell lines, including.
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squamous head and neck (Liu et a i, 1995; Frederick et al., 1999), ovarian (Hamada et 

at., 1996), colorectal (Harris et a!., 1996), prostate and nasopharyngeal carcinomas 

(Li et al., 1997), with the successful induction o f programmed cell death in culture 

and in subcutaneous mouse xenograph and orthotopic (intratracheal) cancer models 

(Fujiwara et al., 1994). Bax overexpression may also facilitate apoptosis induction in 

more resistant cell lines; particularly those that overexpress key apoptosis inhibitors, 

such as Bcl-2 (Kagawa et al., 2000; Xiang et al., 2000). These studies suggest that 

there are many appropriate targets for ribozyme strategies in cancer therapy.

Currently, the genes most frequently used in gene therapy trials are HLA B7/B2M (to 

co-stimulate the macrophages with tumour antigen), IL-2 (to stimulate cellular 

immunity against cancer cells), thymidine kinase (to activate gancyclovir in the 

cancer cells) and GM-CSF (to stimulate the macrophages). Other trials use TAAs 

such as CEA (an antigen present on adenocarcinoma), p53 (an anti-oncogene), 

MART-1 (a TAA present on melanoma), and interferon gamma IFN-y (a lymphokine 

secreted by T-lymphocytes to activate macrophages).

RNA interference is considered to have begun as an evolutionarily ancient 

mechanism for protecting organisms from viruses. Many viruses have RNA, rather 

than DNA, as their genetic material and go through at least one stage in their life 

cycle in which they make double stranded RNA. Perhaps not surprisingly, all 

multicellular organisms have evolved a well conserved protein apparatus that destroys 

double stranded RNA but this has also been found to play a role in maintenance of the 

organism’s own genome stability by suppressing the movement o f mobile genetic 

elements, such as transposons and repetitive sequences.

The gene silencing process o f RNA interference (RNAi) involves the 

manufacture of short double stranded RNA molecules by an enzyme called DICER, 

which cleaves RNA duplexes into 21-26 base pair oligomers. These small interfering 

RNAs (siRNA) cause sequence specific, post-transcriptional gene silencing by 

guiding an endonuclease, the RNAi induced silencing complex (RISC), to mRNA. 

This process has been seen in a wide range of organisms such as Neurospora fungus 

(in which it is knowTi as quelling), plants (post-transcriptional gene silencing), and 

mammalian cells (RNAi). Downregulation o f target gene expression has been found 

to involve interactions at multiple levels. Where there is complete or near complete 

sequence complementarity between the small RNA and the target, the Argonaute 2
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component o f RISC mediates cleavage of the target transcript (Liu et al., 2004; 

Meister et al., 2004). In contrast, where there is sequence mismatch between the 

miRNA and the target transcript, the mechanism appears to involve repression of 

translation predominantly (Kim et al., 2004). More recently, it has been recognised 

that siRNA molecules can induce transcriptional silencing through promoter 

methylation (Kawasaki et al., 2004; Morris et al., 2004).

The major challenge in turning RNA interference into an effective therapeutic 

strategy is the delivery of RNA interference agents, whether they are synthetic, short 

double stranded RNAs or viral vectors directing production o f double stranded RNA, 

to the target cells within the body. While siRNA technology has proven extremely 

powerful and robust for cell culture work, translating this success reliably to animals 

or humans is proving very difficult, due to insufficient bioavailability o f the 

compounds.

1.2.2 Immunotherapy

Immunotherapy is an attractive strategy for cancer treatment. However, self­

tolerance is one o f the major mechanisms that dampen immune responses against self- 

tumour antigens (Sotomayor et al., 1996; Morgan et al., 1998). It is believed that the 

effective T cell immunity is a critical component o f the immune response to a 

growing tumour. With the identification o f TAAs (Van der Bruggen et al., 1991; 

Vanden Eynde et al., 1997), immunotherapeutic strategies designed to induce cellular 

immune responses have received much attention as a promising approach for the 

treatment o f many types o f cancer. In this context, immunotherapy, which has been 

amply validated as an effective therapeutic strategy in animal model systems (Yu et 

al., 2002), has attracted much attention in recent years. The concept of 

immunotherapy is based on the immunosurveillance theory (Thomas 1959; Burnet 

1970). According to this theory, the host’s immune system monitors and eliminates 

tumour cells because o f their expression o f TAAs. Interest in the clinical application 

o f immunotherapy as a treatment regimen has been rekindled in the last two decades 

by (i) revival o f the immunosurveillance theory, (ii) availability of well defined and 

structurally characterised human TAAs, (iii) progress in our understanding o f the 

molecular pathways required for the induction and maintenance o f an immune 

response, and (iv) advances in methodologies for the development of specific
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immunological probes in the form of TAA-specific cytotoxic T lymphocytes (CTLs) 

and monoclonal antibodies (mAbs). Many studies have generated much information, 

and have highlighted some o f the major challenges that face tumour immunologists 

today. Contrary to the results obtained in animal model systems (Yu et al., 2002; 

Milstein et al., 1999), the clinical outcomes of immunotherapy of malignant diseases 

have been generally disappointing. In particular, there has been a lack o f correlation 

between immune and clinical response in patients treated with immunotherapy (Ko et 

al., 2003; Marincola et al., 2003). Possible explanations for these disappointing 

results are: genetic variation in humans in comparison to inbred animal strains, 

immune dysfunction in patients, a higher tolerance o f certain antigens by the human 

immune system than the murine, and the advanced nature o f disease in patients 

selected for clinical trials (Ko et al., 2003; Rosenberg, 2004). A variety of 

immunotherapeutic strategies has been investigated to date with varying success. 

Many involve the induction or potentiation of host immune responses against specific 

TAAs, antigenically undefined tumour cell preparations, or the exploitation o f pro- 

inflammatory cytokines such as IL-2, IL-12 and GM-CSF (Rosenberg, 2001; Dranoff, 

2004). Tumour cells or accessory cells genetically engineered to produce IL-12 or 

IL-18 have also been used in animal models o f cancer immunotherapy (Yamanaka et 

al., 2002, 2003). Immunotherapy has been used to target TAAs by either passive or 

active therapeutic modalities. The former strategy has utilised TAA-specific

antibodies and/or CTLs, while the latter strategy has relied on the induction o f TAA- 

specific cellular and/or humoural immune responses in situ. The adoptive transfer o f 

immune cell populations can also implement passive immunotherapy. Many 

investigators have aimed to enhance the ability o f adoptively transferred T cells, 

particularly CTLs, to target tumours (Kessels et al., 2002). For cell-based 

immunotherapy, T cells can be transfected with T-cell receptor (TCR) genes specific 

for the TAA of interest, or chimeric constructs containing antibody variable regions 

with defined specificities, to increase tumour targeting (Schumacher, 2002; Sadelain 

et al., 2003). Because o f the requirement for constant infusions to maintain

therapeutic efficacy, passive immunotherapy may not represent a practical long-term 

therapeutic modality.

The majority o f the previous studies have relied exclusively on the

administration o f a single immunotherapeutic agent. An alternative approach has been 

to combine passive and active immunotherapeutic modalities in order to elicit
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multiple immune efTector functions concurrently. In a HER-2/neu transgenic mouse 

model, a combination of potent humoural and cellular immunity to the same TAA 

target elicited higher numbers and enhanced the function o f TAA-specific CTLs, and 

increased tumour-free survival compared with either therapy alone (Wolpoe et al., 

2003). As immunologists uncover more o f the molecular mechanisms underlying 

normal immune function, it is possible to rationally design immunotherapeutic 

approaches to address the current limitations. By taking advantage o f the growing 

interest in the implementation o f combination therapeutic strategies, it may be 

possible to expand the role of immunotherapy as a treatment modality for malignant 

diseases.

1.2.3 Oncolytic virotherapy

The resistance of cancers to conventional treatments has stimulated the search 

for novel approaches. Replication competent viruses offer great promise for cancer 

treatment because o f their ability to amplify themselves and spread within the tumour 

mass. Furthermore they are able to express foreign proteins that enhance their own 

inherent cytolytic potential. Observations made in the early 1920s indicated that 

viruses replicated in and lysed murine and other experimental human carcinoma after 

inoculation o f the patient with attenuated rabies vaccine (Dock, 1904; De Pace, 1912). 

Oncolytic viruses, which have been tested as cancer therapeutics, have either been 

naturally selected or have been genetically engineered to grow specifically in and kill 

tumour cells. Specificity to cancer is derived by exploiting cell surface or intracellular 

aberrations in gene expression that rise in malignancies during tumour evolution (Bell 

et al., 2003). Adenoviruses are the most widely studied engineered oncolytic viruses 

in the clinic. These adenoviral constructs include Onyx 015 (BischofiF et al., 1996; 

Heise et at., 1997), CG7060 (Yu et al., 1999), CG7870 (Yu et al., 1999), dl922-947 

(Heise et al., 1997), Ad5-CD/tk-rep (Freytag et al., 1998), Ad-delta24 (Fueyo et al., 

2000), Ad DF3-E1 (Kurihara et al., 2000), Onyx 411 (Johnson et al., 2002), OAVOOl 

(Hallenbeck et al., 2002), KD3 (Doronim et al., 2000), and 01/FEME (Ramachandra 

et al., 2001). Studies in the 1950s with Egypt 101 virus revealed anticancer activity in 

the form o f transient tumour necrosis in patients. However, further studies were 

discontinued when immune compromised patients developed encephalitis (Southam et 

al., 1952; Huebner et al., 1956; Russel et al., 1994). Later attenuated mumps virus
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was tested in cancer patients and more impressive anticancer activity was observed. 

Responses, however, were generally transient, and they were limited to the site of 

injection (Asada, 1974; Yamanishi et al., 1970).

It was during the 1950s that cancer ‘virotherapy’ truly began to gain

significant momentum, and a number of human clinical trials were undertaken with

viruses such as influenza virus (Sinkovics & Horvath, 1993), Newcastle disease virus 

(NDV) (Flanagan et al., 1955), and adenovirus (Heubner et al., 1956). Similar 

experiments were reported up to the early 1980s by which time the oncolytic potential 

o f mumps virus (Asada, 1974), measles virus (Bluming & Ziegler, 1971; Taqi et al., 

1981) and reovirus (Hashiro et al., 1977) had also, amongst others, been examined 

(Wheelock & Dingle, 1964). Unfavourable side effects were common during such 

trials, however, and tumour inhibition/regression was rarely sustained (Sinkovics & 

Horvath, 1993; Chiocca, 2002). Recently, a naturally attenuated strain o f NDV 

(PV701) has undergone phase I human clinical trials in the treatment o f advanced 

solid tumours with encouraging results, and phase II trials are now planned (Pecora et 

al., 2002; Lorence et al., 2003). A number o f articles report the potentiation of

cytotoxic effects by viruses expressing drug susceptibility genes while co­

administrating the appropriate cytotoxic drug (Aghi et al., 1999; Chase et al., 1998; 

Freytag et al., 1998). Enhanced cytotoxic effects have also been achieved by the 

expression o f IL-4 and IL-12. Moreover, antitumour immunity has been demonstrated 

following administration o f an IL-12 expressing HSV (Wong et al., 2001). This is 

particularly noteworthy because stimulation o f an antitumour immune response is 

likely to be critical to the long-term success o f the treatment.

An ideal anti-cancer virus would be based upon a highly lytic virus that has 

been modified so that it would only replicate in tumour cells (by manipulating the 

viral attachment proteins and/or the use o f tumour-specific promoter/enhancer 

elements). Bergman et al. (2001) have recently demonstrated that influenza A NSl 

knockout virus replicates selectively in oncogenic ra^-expressing cells and suggested 

that the virus represents an attractive candidate for the therapy o f tumours exhibiting 

an activated ra5-signalling pathway. The ElB and ElA-deleted adenoviral vectors 

provide selective replication capacity and can be utilised as gene delivery vehicles to 

potentiate the viral oncolytic effect (Johnson et al., 2002). Interestingly, in Freytag’s 

work (1998), the prodrug anticancer effect was greater than the direct viral cytolytic 

effect when the prodrug was administered early. Other viruses have also been
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explored preclinically as selective cancer therapeutics (e.g. poliovirus (Dobrikova et 

a!., 2003), vesicular stomatitis virus (Fernandez 2002), influenza virus (Bergmann et 

al., 2003), and measles virus (Peng et al., 2003). The adenovirus mutant ONYX-015 

(a.k.a. J/1520) is believed to replicate selectively in cells with altered p53 function 

and has dominated clinical trials o f engineered oncolytic viruses since its first 

description by Bischoff et al in 1996. Clinical trials with ONYX-015 have now 

entered phase III following encouraging results fi'om previous trials during which it 

was found to be well-tolerated with low toxicity to patients. Changing the surface 

components, such as the fiber and knob, to alter cancer binding, particularly when 

Coxsachic Adenovirus Receptors (CAR) expression is reduced or not displayed has 

also demonstrated improved anticancer activity (Akiyama et al., 2004). Furthermore, 

containment o f viral particles in liposomes or polymer-coated ligands may improve 

viral uptake particularly when administered systemically (Fisher et al 2003). Clinical 

investigation o f conditional replicating oncolytic viral therapies continues to be 

pursued in oncology. There is a high degree o f confidence now in the safety and 

selectivity o f a variety of oncolytic viruses. The cytolytic potential o f naturally 

occurring or engineered oncolytic viruses can be further enhanced through the 

expression o f heterologous genes encoding cytotoxic proteins, drug-sensitising 

factors, or cytokines (Ring 2002). Furthermore, understanding o f viral biology has led 

to the modification o f the viral genome in order to address therapeutic options and 

safety issues. In addition, work now being carried out in addressing optimal viral 

surface coat components, systemic clearance factors, potency, replication capacity, 

oncolytic capacity, and gene delivery will begin, as more is understood.

1.2.4 Tumour vaccination

Numerous approaches are being used to develop vaccines for the treatment of 

cancer. Prophylactic approaches focus on the use o f vaccines that induce immunity to 

viruses known to be associated with the development o f a tumour. Work on the use of 

alphavirus vectors as tumour vaccines has concentrated on three mouse models of 

human tumours, all o f which are weakly antigenic and express known tumour- 

associated antigens. These are the P815 mastocytoma (Colmenero P et a!., 1999), 

Human papilloma virus (HPV) associated proteins E6 and E7, which are associated 

with cervical carcinoma, and the breast and ovarian carcinoma antigen HER2/neu
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(Daemen et al. 2000; 2002; 2003). Vaccines developed against specific viral proteins 

o f HPV are currently in clinical trial. Sindbis Virus (SV) vectors expressing E7 fused 

to the herpes simplex tegument protein VP22, which enhances spread to neighbouring 

cells, have also been shown to have an enhanced anti-tumour effect (Cheng et al., 

2002). Similar results have been obtained by Cassetti et al. (2004) for a vector based 

on VEE, and used to treat 3 different mouse tumour models; in this case mutated E6 

and E7 genes lacking oncogenic potential were used. Vaccination with a SV layered 

DNA-RNA vector expressing the antigen HER2/neu inhibited the growth o f a mouse 

breast carcinoma cell line and reduced the incidence of metastases (Lachman et al., 

2001).

A variety o f tumour vaccine approaches has been explored for inducing or 

enhancing a patient’s immunity to their tumour. These include injecting killed or 

irradiated tumour cells from the patients, an approach which has had little success. 

The identification o f appropriate TAAs (those expressed at low levels on normal cells 

and high levels on tumours), and their potentially immunogenic peptides has resulted 

in their use in vaccines to focus the patient’s immune system to respond to antigens 

that are primarily tumour associated. As with the immunisation using whole cells, 

these antigens would most likely induce a T helper cell rather than a more desirable 

CTL response, as they would enter APCs by an exogenous pathway and be presented 

on MHC class II molecules. However, it is now clear that the APC presenting antigen 

to the CTL needs first to be conditioned by interaction with a T helper cell before it 

can effectively induce a CTL response. Moreover, antigens entering by the exogenous 

pathway may in some instances be presented on MHC class I molecules and initiate a 

CTL response.

Since most types o f tumour cells do not express the co-stimulatory molecules 

B7.1 and B7.2, which are important for the induction o f an immune response, studies 

were carried out to determine if transfecting tumour cells with these molecules would 

enhance their immunogenicity (Tao et al., 2002). B7 transfected tumour cells induced 

a strong CTL response against the tumour. Furthermore, these CTLs were sometimes 

able to lyse parent tumour cells not expressing 07, because once activated, CTLs do 

not need the B7 co-stimulatory signals to kill. Another approach involves transfecting 

tumour cells with a cytokine gene, as certain cytokines expressed by the tumour may 

attract, expand, and activate cells of the immune system and induce or enhance 

immunity to tumour antigens. In experimental models, tumour cells transfected with
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cytokine genes such as IL-2 (Ge et al., 2003), IL-12 (Weber ef at., 1999), IFTvI-y 

(Yang et al., 1999) and GM-CSF (Zhou et al., 2005) are able to induce immunity to 

the tumour resulting in its regression or rejection. A very active area o f tumour 

vaccine research involves loading o f the patient’s dendritic cells (DCs) in vitro with 

TAA and re-injection of these cells into the patient. Since immature DCs are best able 

to ingest antigen and mature DCs are best at presenting antigen, loading o f immature 

DCs followed by cytokine induced differentiation o f these cells to mature DCs is 

more readily accomplished in vitro than in vivo. These mature, loaded APCs are then 

reintroduced into the patient, fully able to stimulate T cells. Considerable effort is 

directed at determining optimal conditions for loading and maturing DCs so they 

induce strong CTL antitumour responses when introduced into the patients.

1.2.5 Targeting tumour vasculature

The central concept that tumour growth is angiogenesis dependent (Folkman, 

1990) is well accepted today, with more than 2500 scientific reports showing 

angiogenesis linked to tumour growth. Stated concisely, that it is every increment of 

tumour growth requires an establishment o f vascular growth (Folkman, 1986). It is 

recognised that the endothelial cell, by paracrine mechanisms, produces growth 

factors that stimulate the proliferation o f the tumour cell population. Thus, there is a 

bi-directional reciprocal signalling o f endothelial and tumour cell growth. Overall, 

angiogenesis can be viewed as the result o f the complex balance o f tightly regulated 

oncogenes and suppressor genes, stimulatory and inhibitory peptides, proteases and 

endogenous inhibitors, and micro-environmental factors such as the level o f oxygen 

or copper ions. Experiments where tumours were transplanted into an avascular 

environment prove that angiogenesis is a control point in tumour growth. Tumours 

deprived o f angiogenesis remained dormant indefinitely; rapid logarithmic growth 

followed the acquisition of the blood supply (Brem et al., 1976). Recent data suggest 

that anti-angiogenesis not only will be useful in the control o f solid tumours 

(Folkman, 1972) but also may be valuable as therapy for patients with leukaemia and 

myeloma (Bikfalvi et al., 1994; Bellamy et al., 1999). Angiogenic inhibitors suppress 

endothelial cell proliferation (Matsubara et al., 1989; Brem et al., 1990) but another 

important control mechanism is the induction o f endothelial cell apoptosis.
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Furthermore, even without changes in microvascular density, apoptosis o f tumour 

cells occurs in proximity to endothelium following treatment with angiogenesis 

inhibitors (Bergers et al., 1999). Recent attention has been focussed on the role of the 

p53 tumour suppressor gene in angiogenesis. Exogenous expression of wl-p53 

inhibits angiogenesis in vivo resulting in the formation o f dormant tumours 

(Holmgren et al., 1998). The principal growth and regulatory factors driving 

angiogenesis are vascular endothelial growth factor (VEGF), bPGF, hepatocyte 

growth factor, angiopoietin-1, angiotropin, angiogenin, epidermal growth factor, 

granulocyte-CSF, IL-1, IL-6, IL-8, platelet-derived growth factor (PDGF), and 

tumour necrosis factor-alpha TNF-a (Fan et al., 1992; Benjamin et al., 1999; Schmidt 

etal., 1999).

Among the most promising of exciting new gene therapies are the regulators 

of angiogenesis. It has been demonstrated that the transfection o f antisense-VEGF- 

cDNA results in down-regulation o f the endogenous VEGF and suppresses the ability 

o f glioma cells to form tumours in mice (Fueyo et al., 1999). Many workers have 

shown that the tumour vasculature can be disrupted following administration of 

cytokines such as IL-12 and IL-18 (Coughlin et al., 1998; Chada et al., 2003). Central 

to the antitumoural capacity o f these cytokines is the induction o f strong IFN-y 

responses leading to production o f the chemokines MIG (monokine induced by IFN- 

y) and IP-10 (IFN-y inducible protein-10). In clinical trials both cytokines have shown 

potent antitumour properties; however, systemic administration o f either cytokine has 

been associated with severe toxic side effects (Dranoff, 2004). In contrast, local 

administration o f vectors coding for IL-12 or IL-18 is well tolerated. Intratumoural 

injection o f rSFV-IL-12 into implanted B16 melanomas inhibited tumour growth. 

This was not associated with an increase in cytotoxic T-cell or natural killer (NK) cell 

activity, but was associated with inhibition o f neovascularisation of the tumour 

(Asselin-Paturel etal., 1999).

Currently, there are about thirty-five antiangiogenesis therapies being 

evaluated in clinical trials but so far there is no drug approved by the Food and Drug 

Administration (FDA) for antiangiogenesis. As we learn more about the fundamental 

mechanisms o f angiogenesis, there are many opportunities for drug discovery and 

development o f effective methods of cancer control will be implemented.
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1.3 CYTOKINES

Cytokines are small molecules that signal between cells, inducing growth, 

differentiation, chemotaxis, activation, enhanced cytotoxicity and/or regulation of 

immunity (Berkow et al., 1997). They have autocrine and paracrine functions, so that 

they function locally or at a distance to enhance or suppress immunity. Cytokines 

regulate the innate immune system: natural killer (NK) cells, macrophages, and 

neutrophils. They also regulate the adaptive immune system, the T and B cell immune 

responses. They are referred to as interleukins if produced primarily by leukocytes, 

monokines if produced by myeloid cells, lymphokines if produced by lymphocytes. 

The term interleukin (IL) is often used to describe cytokines produced by leukocytes. 

A group of small heparin binding cytokines, chemokines, has recently been 

recognised which direct cell migration and may also activate cells in response to 

infectious agents or tissue damage. Interferons, secreted by a variety o f cells, are 

involved in defence against viral infection and in activation and modulation of 

immunity. The term type-1 cytokine refers to cytokines produced by ThI T-helper 

cells while type-2 cytokines are those produced by Th2 T-helper cells.

More than 40 cytokines have been discovered in recent times and are grouped 

into i) growth factors, ii) interleukins, iii) interferons, iv) chemokines, v) 

haematopoietic and other cytokines. Today, by using genetic recombinant methods, 

11 cytokines have been prepared for therapeutic applications out o f which 

haematopoietic growth factors, granulocyte-monocyte colony stimulating factors and 

granulocyte-colony stimulating factors have successfully been used to stimulate the 

production o f red blood cells, granulocytes and monocytes. All these colony- 

stimulating factors are of therapeutic importance in the treatment o f anaemia and in 

the elevation o f the levels of granulocytic and monocytic leucocytes in some diseases 

that involve bone marrow disorders. After many years o f clinical trials, the use of 

alpha, beta and gamma interferons are limited to the treatment o f infections like 

hepatitis B and/or C and to some types o f cancer such as hairy cell leukaemia and 

chronic granulocytic leukaemia. Other cytokines such as the interleukins IL-2, IL-3, 

IL-4 and IL-6 and monocyte colony-stimulating factor have had therapeutic benefits 

in some clinical trials. It is hoped that in the future, some o f them in combination with 

other immunological activators may show synergistic biological effects and be used in
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the treatment o f diseases like acquired immune deficiency syndrome or malignant 

tumours, but further studies are required.

1.3.1 Cytokines in tum our therapy

Immunogenetherapy with cytokines is one o f the promising strategies for 

malignant disease and aims at the activation o f tumour specific T-lymphocytes and/or 

natural killer (NK) cells capable o f killing tumour cells in patients with low tumour 

burden after surgical tumour removal, or at protecting patients from recurrence after 

initial response to treatment (Mach et al., 2000). Cytokines previously used for 

immunotherapy o f cancer include IL-2, IL-4, IL-7, IL-I2, interferon-y, GM-CSF, and 

TNF-a, alone or in combination with co-stimulatory molecules, such as B7-1 or 

CD40 (Niranjan et al., 2000; Mackensen et al., 1997; Qian et al., 2002). 

Theoretically, cytokine immunotherapy aims at actively stimulating CTLs and/or NK 

cells to achieve systemic and/or local cellular anti-tumour responses. Immunotherapy 

in murine tumour models with low immunogenicity using cytokines has demonstrated 

regression of tumours and in some instances immunological memory has been 

achieved for a tumour challenge (Boulikas, 1997 & 1998). Overall, cytokines are 

substances that appear to have application in the treatment o f haematological 

malignancies or immunogenic tumours. A multifaceted cellular and humoural reaction 

might be most likely to overcome the immuno-evasive properties and many apoptotic 

defects that are intrinsic to cancer cells (Curcio et al., 2003).

The aim o f this study is to evaluate safety, maximum tolerated dose and 

antitumour efficacy of recombinant Semliki Forest virus with enhanced expression 

ability carrying the murine interleukin-12 gene in three different tumour models, to 

investigate IL-12 therapeutic efficacy. Some experiments were also carried out with 

IL-18.
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1.3.2 Tumour  treatment with IL-12

Antitumour effects mediated by the administration of recombinant cytokines, 

including IL-1 (Ciolli et al., 1991), IL-2 (Rosenberg et al., 1985), IL-4 (Bosco et al., 

1990), IFN-a (Brunda et al., 1987; Sayers et al., 1990), IFN-y (Giovarelli et al., 

1986), and TNF-a (Mule' et al., 1988), have been investigated in mice bearing 

transplantable tumours, as well as in patients with cancer. These cytokines have had 

limited antitumour effects with significant side effects. Recently, IL-12 has been 

shown to be effective in the treatment o f murine tumours with minimal side effects 

(Brunda et al., 1993; Nastala et al., 1994). In these studies, the antitumour effects of 

IL-12 on cancer are mediated by NK cells, CD4+, CD8+ T cells, and IFN- y (Brunda 

etal., 1996).

The cytokine interleukin-12 (IL-12) is a disulphide linked hetero-dimeric 

protein, comprising an a-chain (p35 subunit) and a p-chain (p40 subunit) to fonn a 

biologically active 74 kDa protein (Figure 1.1). IL-12 is produced by antigen 

presenting cells (APC) such as dendritic cells (DC), macrophages, B-cells and 

possibly by other accessory cells following encounter with infectious agents 

(Trinchieri, 1995). The cells that produce the biologically active IL-12 heterodimer 

secrete p-chain in free form in a 10-100-fold excess over the IL-12 heterodimer 

(D’Andrea et al., 1992). Disulfide linked homodimers o f P-chain are produced in the 

mouse which have the ability to block IL-12 functions in vitro and in vivo (Gillessen 

et al., 1995) whereas the physiological relevance o f human P-chain homo-dimers is 

still debated (Ling et al., 1995; Carra et al., 2000). The two IL-12 receptor (IL-12R) 

subunits designated as IL-I2R pi and P2 are primarily expressed on activated T and 

NK cells (Gately et al., 1998), which belong to the gpI30 subgroup o f the cytokine 

receptor super-family. They are type I transmembrane glycoproteins, which occur as 

dimers/oligomers (Gately et al., 1998). Even though co-expression of both o f the IL- 

12R subunits is required for the generation o f human high affinity IL-12 binding sites, 

recent evidence suggests that expression of both the human and mouse IL-12R p2 

proteins may be confined to Thl cells and correlates with IL-12 responsiveness in 

these cells (Szabo et al., 1997). IL-12 is a major cytokine to induce the differentiation 

of T cells (CD4+ and CD8+) cells, which are potential producers o f IFN-y production 

(Brunda et al., 1993) (Figure 1.2). It has been reported that local and/or systemic
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Figure 1.1 Schematic model o f the interleukin-12 molecule, a disulfide linked 

heterodimer formed by a heavy chain (p40, above) and a light chain (p35, below)

Source: The Cytokine Networks and Immune Function. Oxford University press.

Jacques Theze. Third edition. 1996.
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Figure 1.2 IL-12 and Stat-4 Dependent Signalling Pathway in Thl Development

Interleukin-12 (IL-12) promotes cell-mediated immunity by inducing Thl cell 

differentiation and activation o f both T cells and NK cells. Dendritic cells and 

macrophages in peripheral tissues act as antigen presenting cells and secrete IL-12 as 

one component of the antigen response, Thl differentiation. The role of IL-12 in 

cellular immunity is largely mediated by the STAT-4 transcription factor. STAT-4 is 

essential for IL-12 activity and the phenotype of mice lacking STAT-4 is very similar 

to the phenotype o f mice lacking the IL-12 receptor or IL-12. The role of IL-12 in 

Thl differentiation may not be to induce the Thl cell fate, but to stimulate growth of
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cells determined for the Thl cell fate by the T-bet transcription factor. Several 

signaling pathways contribute to IL-12 activation o f STAT-4 to regulate cell-mediated 

immune responses. The JAK kinases such as JAK2 and TYK2 interact with the 

activated IL-12 receptor and tyrosine phosphorylates the IL-12 receptor and STAT-4. 

IL-12 also activates a map kinase pathway activating the map kinase kinase MKK6 

and p38. Phosphorylation o f  STAT-4 on serine 721 by p38 contributes to the full 

transcriptional activation o f  genes by STAT-4. Some o f the events downstream o f  IL- 

12 appear to include genes activated indirectly by STAT-4, such as genes activated by 

the transcription factor ERM. ERM is in the Ets family o f  transcription factors, is 

activated by IL-12 and activates IL-12 inducible genes such as interferon-gamma that 

are not activated by STAT-4 itself Interferon-gamma transcription in T cells is also 

activated by other signals such as from the T cell receptor. Other proteins activated 

transcriptionally downstream o f  IL-12 and STAT-4 include the chemokine receptor 

CCR5 and IL-18 and its receptor. Some viruses, including HIV, repress cell-mediated 

immunity by blocking IL-12 signalling.

Source: http://www.biocarta.com/pathfUes/h ILllPathway.asp

Contributor: Glenn Croston, PhD.
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tumour treatment using IL-12 induces IFN-y and chemokines such as IP-10 and MIG 

at the tumour site, contributing to the antitumour effects through the direct toxic effect 

on tumour cells, or by activating the potent anti-angiogenic mechanisms (Sgadari et 

al., 1996). IL-12 treatment was shown to almost completely inhibit comeal neo- 

vascularisation in C57BL/6, SCID and beige mice (Voest et al., 1995). The role of 

angiogenesis inhibition in the anti-tumour activity o f IL-12 was also demonstrated in 

K1735 murine melanomas (Gee et al., 2003). The IL-12 induced anti-angiogenic 

mechanisms are complex and dependent both on the direct effect o f the pro- 

inflammatory cytokines/chemokines on endothelial cells and by the recruitment o f 

effector NK and T-cells. In other instances, IL-12 induced specific immunological 

memory has been reported reflecting the potency o f IL-12 as a promising candidate 

for specific tumour eradication (Colmenero et al., 2002). Several other reports have 

shown that IL-12 has a strong antitumour effect against other tumour models such as 

B16 melanoma (Nanni et al., 1998), C26 colon carcinoma (Chiodoni et al., 2001), 

TSA mammary carcinoma (Cavallo et al., 1997; Di Carlo et al., 2001), SCK 

mammary carcinoma and K1735 melanoma (Coughline et al., 1995).

However, it has been shown that the amount o f IL-12 at the tumour site is 

critical for tumour regression and expressing IL-12 locally can avoid complications 

such as toxic effects caused by high-level systemic IL-12 concentrations (Colombo et 

al., 1996). In order to sustain high IL-12 concentration at the tumour site approaches 

such as frequent intra-tumoural injections with IL-12 expressing agents may be 

required. Recently, Rodriguez-Madoz et al., (2005) have demonstrated that an SFV 

vector with an enhanced ability to express IL-12 has induced complete tumour 

regressions in murine colon adenocarcinomas. The promising data obtained in the pre- 

clinical models o f antitumour immunotherapy have raised much hope that IL-12 could 

be a powerful therapeutic agent against cancer. Clinical protocols that minimise 

toxicity without affecting the anti-tumour effect o f IL-12 need to be planned.

1.3.3 Tumour treatment with IL-18

A number o f investigators have reported the potential o f introduction of genes 

encoding cytokines into tumour cells as an antitumour strategy; tumour cells 

engineered to secrete cytokines inhibit tumour growth in vivo and induce systemic 

immune reaction against the untreated parental tumours (Colombo et al., 1991;
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Botazzi et al., 1992; Yamanaka et a!., 1999; Xiang et al., 2001, etc.). Among this 

form of tumour vaccination therapy, transduction o f the IL-18 gene has been shown to 

exert marked anti-tumour effects (Hara et a!., 2000; Hara et al., 2001). IL-18, 

produced by the monocyte lineage, was originally identified as an IFN-y inducing 

factor, and exhibits powerful antitumour activity in vivo by the augmentation o f NK 

cell activity as well as the production o f IFN-y by stimulated T-cells (Okamura et al., 

1995; Micallef et al., 1997). Although IL-18 shares some structural similarities with 

IL-1 (Okamura et al., 1995), IL-18 appears to have its own receptor (Akita et al., 

1997). Furthermore, several studies have demonstrated the synergistic effect o f IL-12 

and IL-18 on IFN-y production by T-cells (Oshikawa et al., 1999; Tatsumi et al., 

2003). Although IL-12 and IL-18 synergise in IFN-y production, their receptors and 

signal transduction pathways appear to be different (Kohno et al., 1997).

IL-18 binding protein (IL-I8BP) is a recently discovered inhibitor o f IL-18 

that is distinct from the IL-1 and IL-18 receptor family (Novick et al., 1999). IL-I8BP 

has been shown to block IFN-y production induced by LPS, IL-18, or IL-12 and also 

may play a central role in the control o f Thl immune responses by limiting the 

availability o f IL-18 to activate lymphocytes in conjunction with IL-12 or IL-2. In 

addition, it has been shown that those cytokines capable o f synergising with IL-18 to 

stimulate IFN-y production, most notably IL-12, are the primary inducers o f IL- 

18BPa in monocytes. The induction of this inhibitor o f IL-18 by IL-12 is IFN-y 

dependent, suggesting that IL-18BPa forms part o f a negative feedback loop designed 

to limit immune activation by IL-12 (Veenstra et al., 2002).

1.4 VECTORS USED FOR TUMOUR THERAPY

The concept o f using viruses as oncolytic agents dates back nearly a century. 

The recent advances in the fields o f molecular biology, genetics, and virology have 

enabled investigators to engineer viruses with greater potency and tumour specificity. 

Further, developments in this approach involve arming the vectors with therapeutic 

transgenes, combining the traditional chemo- or radiotherapies with oncolytic viral 

therapy and modulating the immune responses to reduce antiviral immunity while at 

the same time maximising antitumour immunity. A variety o f viruses has been 

adapted for gene therapy in this manner, each with its own advantages/disadvantages
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depending on the particular application (El-Aneed, 2004). The potential o f vesicular 

stomatitis virus (VSV) in cancer therapy has only been realised relatively recently, 

and several studies have demonstrated this virus’s ability to selectively kill 

transformed cells in vitro and in several in vivo animal tumour models (Stojdl et al., 

2000; Balachandran et al., 2001; Ebert et al., 2003; Shinozaki et al., 2004). The two 

main types o f gene delivery vector for cancer therapy are viral and non-viral vectors. 

There are a number of naturally occurring viruses that are tumour selective in 

replication and cytolysis but it is unlikely that all these viruses will demonstrate the 

degree o f tumour selectivity required for the safe routine treatment o f cancer patients. 

Viral vectors are modified viruses in which the genes required for viral replication 

have been either partially or completely removed, and replaced with the therapeutic 

gene(s). The viral proteins, which are encoded for by the missing viral genes, are 

supplied in trans, using a ‘helper’ virus(es) (Smerdou & Liljestrom, 1999) or a 

packaging cell line (Markowitz et al,, 1988). The main viral vectors currently under 

examination as gene therapy vectors are discussed below.

1.4.1 Adenovirus vectors

Adenovirus (Ad) is a non-enveloped linear double stranded DNA virus o f 

approximately 38kb genome size, which is capable of infecting dividing and non­

dividing cells. Adenoviral vectors allow local, high efficiency, but transient transgene 

expression. The majority o f cancer therapy studies that have given the most 

encouraging results to date have utilised this Ad system as the delivery agent (Sobol 

& Scanlon, 1995). Adenoviral-based cytokine gene therapy has many advantages over 

other forms of cytokine delivery systems (Arthur et al., 1997). Transgenic mice 

developing spontaneous breast tumours given a single intratumoural injection of 

AdVmIL-12 showed tumour regressions in 75% of treated mice (Bramson et al., 

1995, 1996, 2002). Most first generation Ad vectors were based on the Ad5 serotype 

(Li et al., 1993), since this vector was capable o f transducing cells at very high 

efficiency, regardless of their mitotic status, to give high levels o f expression o f the 

therapeutic gene (Mehtali et al., 1996). Since Ad is a human pathogen (Horwitz, 

1990), causing mild upper and lower respiratory tract infections, toxic effects in 

patients have been reported after administration o f an Ad vector expressing wt-p53 

genes (Mountain, 2000). One adenovirus construct ONYX-015, exhibits marked
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cytopathic effects in p53 mutant cancer cells, but only limited cytotoxicity in normal 

fibroblasts and endothelial cells with normal p53 function (Hann et al., 2003; Bischoflf 

et al., 1996). However, in another Phase I/II dose-escalation trial o f intra-arterial 

ONYX-015 administration to patients with colorectal carcinoma liver-metastases, 

patients who received the highest doses experienced better survival than those patients 

treated with lower doses (Reid et al., 2002). To summarise, steps should be taken to 

reduce the toxicity associated with the administration of Ad vectors to increase the 

treatment efficacy.

1.4.2 Retrovirus vectors

Retroviral vectors (Rv) are being used in a wide range o f clinical trials, which 

have induced apoptosis and tumour regression following Rv-mediated exogenous wt- 

p53 delivery (Fujiwara et al., 1994; Roth et al., 1996). One o f the advantages of 

using these retroviruses is their ability to integrate their reverse-transcribed DNA into 

the host cell genome and maintain prolonged expression (Miller et al., 1990) but at 

much reduced levels. They can only infect dividing cells, however, and it is difficult 

to achieve high-titres of VLPs (Miller et al., 1990; Palu et al., 2000). In contrast to 

Ad systems, most first generation Rv have limited host range, but do not express 

residual viral proteins and thus are much less immunogenic than Ad (Roth & 

Cristiano, 1997; Ghazizadeh et al., 1997). For cancer gene therapy, Rv has been most 

useful where prolonged gene expression was required, such as the delivery of 

antisense mRNAs or anti-angiogenic factors (Chung-Faye et al., 2000). However, 

given recent reports, the risk o f oncogenesis induced by retroviral integration is much 

higher than with any other vector (Marshall, 2003). These risks must therefore be 

reduced by strategies such as targeting integration to inactive regions o f the host 

genome.

1.4.3 Adeno-associated virus vectors

Adeno-associated viruses (AAVs) are small linear ssDNA defective non- 

pathogenic parvoviruses having several advantages for gene therapy, including low 

pathogenicity, a broad host range and stable expression of foreign proteins 

(Monaghan & Samulski, 2000). AAV vectors expressing wt-p53 have shown great



promise in mediating human lung tumour regression both in vitro and in vivo 

(Quazilbash et al., 1997), and have been utilised in various other anti-cancer strategies 

for exogenous expression o f anti-angiogenic and pro-apoptotic factors (Nguyen et al., 

1998). The AAV vector is knovvn to be particularly useful for long-term expression of 

transgenes in muscle, liver, and brain cells (Chintala et al., 1997; Yanamandra et a i,  

2005). Noro et al (2004) have demonstrated that a classical AAV serotype 2 vector 

expressing endostatin achieves a state o f antiangiogenesis in model animals and also 

have shown that the route o f vector administration influences the efficacy o f AAV- 

mediated endostatin expression. AAV has an integrative capacity for a specific region 

o f chromosome 19 (Samulski et al., 1991). Viral titres are relatively low however, and 

production of AAV also requires a helper virus (such as adenovirus or herpesvirus) to 

provide missing structural proteins, which can lead to contamination o f preparations 

with helper virus (Ferrari et al., 1997). All these data suggest that AAV-mediated 

long-term expression o f therapeutic genes may have clinical utility against the 

recurrence o f cancer after primary therapies and may present rational adjuvant 

therapies in combination with radiation or chemotherapy.

Other Viral vectors; In addition to the above mentioned virus vectors, 

certain herpes simplex virus (HSV) vectors appear to be active and selective against 

malignant tissue. The replication competent oncolytic HSV is also a popular vector 

currently in use in several clinical trials o f cancer gene therapy (Latchman, 2001; 

Moriuchi et al., 2002). This vector has a wide cell tropism and remains 

extrachromosomal, therefore minimizing the risk o f insertional mutagenesis. 

Recently, investigators have demonstrated oncolytic activity o f reovirus against 

human ovarian and colon cancer cells lines carrying a high percentage o f k-ras 

mutations implanted in mice (Robert et al., 1999). Many studies have used vaccinia 

virus, a poxvirus as an immunotherapeutic agent. Administration o f mutant vaccinia 

virus has resulted in conditional replication in cancer cells but not in normal cells 

(Naik et al., 2001). Whether using mutant vaccinia viruses or wild type vaccinia virus 

tumour lysates as antitumour vaccines (Wallack et al., 1992; Scoggin et al., 1992), 

vaccinia virus appears to offer multiple potential ways to treat cancer. Similarly, 

Newcastle disease virus (NDV), a paramyxovirus has been used in clinical trials as an 

oncolysate tumour vaccine (Pecora et al., 2002; Batliwalla et al., 1998). Baculovirus, 

an insect virus (Lentolainen et al., 2002; Forstova et al., 1995), and lentiviral vectors, 

such as Simian Immunodeficiency virus (SIV) and HIV (Trono, 2000) are also being
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considered for gene therapy, primarily due to high levels o f protein expression. A 

huge amount o f work is yet to be done to improve the safety o f the viral vectors. With 

the efficient monitoring of trials and continuous improvement o f viral vectors, gene 

therapy may still represent an important addition to conventional therapies for a range 

o f diseases.

1.4.4 Non-viral vectors

Non-viral therapies were initially developed due to their ease o f manufacture 

and lower toxicity and immunogenicity compared with their viral counterparts 

(Ledley, 1994). In vivo electroporation is a safe, non-toxic delivery system and has 

been used for efficient delivery o f chemotherapeutic agents and plasmid DNA 

including plasmids encoding IL-12 (Lucas et al., 2000 & 2002) and GM-CSF or IL-2 

(Heller et al., 1999 & 2000). However, naked DNA results in only very transient gene 

expression, is rapidly degraded and effects are only limited to the site o f injection (Li 

& Hunag, 2000). Intratumoural injection o f naked plasmids leads to accumulation of 

considerable amounts (50%) o f DNA within the tumour and plasmid-derived protein 

was detected in one study (Nomura et al., 1997). A study has investigated the 

treatment o f human and murine melanomas in mice by intratumoural application o f 

IL-12 encoding plasmid DNA in vivo and observed potent anti-tumour effects 

(Heinzerling et al., 2002). This technology has been applied in three clinical protocols 

for the generation of vaccines against colon cancer and melanoma (Sobol & Scanlon, 

1995). It would be interesting in future to encapsulate the non-viral delivery systems 

in the liposomal encapsulated form, which restricts the early recognition and 

degradation of the delivery systems by the immune system.

1.4.5 Aiphavirus vectors

Alphaviruses are enveloped, positive single-stranded RNA viruses that are 

proving their value as expression vectors (Karlsson et al., 2004; Lundstrom, 2001; 

2003a). Over the past 10 years, the aiphavirus RNA replication and packaging 

machinery has been adapted for expression of heterologous genes (Lundstrom, 2003a; 

Berglund et al., 1993). The alphaviruses are arthropod-borne, neurotropic viruses, 

which may also infect mammalian and avian species. Through recombinant
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technology, the alphavirus RNA replication machinery has been engineered for high- 

level expression of the proteins. As a transient expression system, alphavirus vectors 

offer several advantages such as (i) a broad range o f host cells (ii) high levels o f RNA 

and protein expression without splicing or integrating into the host genome, (iii) full 

length infectious RNA transcripts can be generated by in vitro transcription, (iv) rapid 

high-titre production.

The three alphaviruses that are now serving as vectors are Sindbis virus (SV), 

Semliki Forest virus (SFV), and Venezuelan equine encephalitis (VEE) virus. The 

generation of infectious clones of SV (Rice et al., 1987), SFV (Liljestrom et al., 

1991), and VEE (Davis et al., 1989) has allowed the development of expression 

vectors from these three alphaviruses by cloning viral cDNA under the control o f a 

prokaryotic DNA-dependent RNA polymerase promoter, such as SP6 or T7, to allow 

viral mRNA to be transcribed. SV and SFV have recently been developed as 

prototype anticancer agents whereas VEE, being a human pathogen, is a potential 

biological weapon. SV (and its derived vector) has been shown to have an inherent 

avidity for malignant tissues (Tseng et al., 2004). Alphavirus vectors, particularly 

those based on the replicon of Semliki Forest virus, have shown great potential as 

gene delivery vehicles for various applications in cancer gene therapy (Atkins et al., 

2004). SFV-based vectors are also being developed as prototype vaccines (Morris- 

downess et al., 1999) and as vectors for the central nervous system (Jerusalmi et al., 

2003). The rapid production o f high titre recombinant SFV particles, which show high 

transduction rates in various mammalian cells lines in vitro and in vivo, results in high 

levels o f transgene expression. Additionally, the inherent apoptosis induction by SFV 

vectors in transduced host cells can further increase their efficiency in tumour 

therapy. Tumour vaccine approaches have been taken by injection o f SFV vectors as 

naked RNA molecules, DNA plasmids or recombinant particles to achieve both 

therapeutic and prophylactic efficacy. The continuous improvement o f alphavirus 

vectors will further expand the application range in the future.
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1.5 SEMLIKI FOREST VIRUS

The Semliki Forest virus (SFV) is a member o f the Togaviridae family 

belonging to the large genus o f arthropod-borne viruses Alphavirus. SFV was first 

isolated from mosquitoes in the Semliki rain forest, western Uganda in 1944 

(Smithbum and Haddow 1944). It is naturally transmitted to vertebrates (avian and 

mammalian hosts) by mosquitoes, creating a life cycle between the two. Most human 

infections o f SFV are subclinical; however, there has been one death suspected to be 

due to laboratory infection by SFV (Willems et al, 1979). A second set o f cases were 

reported in 1987 when SFV was isolated fi'om serum samples o f individuals in the 

Central African Republic with fever, persistent headache, myalgias, and arthralgias 

(Mathiot et al, 1990). The original isolates o f SFV are designated as (i) LIO, 

neurovirulent for mice causing lethal encephalitis; (ii) an avirulent strain A7. Most of 

the SFV strains used for laboratory studies are derived from these two isolates.

1.5.1 The structure of the SFV virion

SFV is a spherical enveloped small virus, measuring 69 nm in diameter. It is a 

relatively simple virus, encoding only nine fiinctional proteins, four o f which are 

nonstructural proteins that are concerned with viral RNA synthesis and the remaining 

are the structural proteins which form the capsid (C) protein and the envelope 6K (El ,  

E2, and E3) proteins. SFV virions are composed of an envelope o f host-derived 

membrane studded with 80 spikes, which tightly surrounds a nucleocapsid made up o f 

240 copies o f capsid (C) protein (Vogel et al., 1986) in association with a single 

positive-sense ssRNA molecule o f approximately 11.4 kb. Each viral spike consists of 

three copies each o f the glycoproteins E1/E2/E3 (Garoff et al., 1974). The distance 

between each spike structure ranges fi’om 4 to 6 nm. The El -El  interactions are 

responsible for maintaining spike stability, as suggested by cross-linking studies 

(Wahlberg et al, 1992). The nucleocapsid is organised into T=4 icosahedral lattices 

(Choi et al, 1991, von BonsdorfF and Harrison 1975) (Figurel.3). The C protein 

(approx. 30 kDa) contains an N-terminal RNA-binding domain and a conserved 

chymotrypsin-like serine protease COOH terminal domain, which facilitates capsid 

autocleavage from the nascent viral polypeptide (Melancon and Garoff, 1987; Owen 

and Kuhn, 1996).
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Figure 1.3 The T=4 icosahedral protein layer (envelope shell) formed by E l on

the Semliki Forest Virus surface.

Source: The European Synchroton Radiation Facility (ESRF). 

W W W .esrf.fr/.. ./2001/ life-sciences/LS3. html



The C protein has 267 amino acids (a.a.) and an apparent molecular weight o f 30 kDa. 

It contains an RNA-binding domain residing in the N-terminus and a conserved C- 

terminal domain similar to chymotrypsin-like serine proteases (Choi et al, 1991, 

Melancon and GarofF 1987, Weiss et al, 1989). The El glycoprotein is comprised o f 

438 amino acids (a.a.) and has a molecular mass of 49 kDa. It is responsible for viral 

penetration and fusion and is anchored to the viral membrane via a hydrophobic 

region and 2 arginine residues at its C-terminus (Walhberg et al., 1992). The E2 

glycoprotein consists o f 422 a.a, has a molecular mass o f 52 kDa, and contains a N- 

terminal ectodomain (Simons & Garoflf, 1980), a hydrophobic transmembrane region 

that serves as a receptor binding subunit and a large, 31 a.a. C-terminal sequence, 

which resides within the viral membrane and interacts with the virion nucleocapsid 

(Skoging et al., 1996; Metsikko & Garoff, 1990). E2 is formed from a precursor, p62, 

which also contains a smaller 66 a.a. glycoprotein E3. The p62 protein forms a 

heterodimer with El via its E3 domain in the ER (Lobigs et al, 1990, Wahlberg et al, 

1989). E3 remains non-covalently associated with the mature virion spike protein o f 

SFV, but is shed into the culture fluid upon maturation o f other alphaviruses such as 

SV (Garoff et al., 1974; Mayne et at., 1984). The function o f E3 remains to be 

completely elucidated, although it has been established that its N-terminus acts as a 

signal sequence for p62 during viral replication (Lobigs et al., 1990). Finally, there is 

a small 66 aa hydrophobic peptide, 6K, found in submolar quantities in the SFV 

virion. Although o f unknown function, it may be involved in viral budding 

(Liljestrom et al., 1991; Lusa et al., 1991).

1.5.2 The SFV replication cycle

1.5.2.1 Viral entry

Alphaviruses enter cells by cell fusion, and/or receptor-mediated endocytosis 

which is normally reserved by the cell as an uptake mechanism for receptor-ligand 

complexes. Different proteins have been suggested as functional receptors for SFV. 

Early studies first suggested the HLA and the H2 histocompatibility antigens as cell 

surface receptors (Helenius et al, 1978); however, it was later proved that the 

presence o f these antigens is not essential for infectivity (Oldstone et al, 1980).
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The viral protein E2 is responsible for the interactions with cell receptors 

(Dubuisson and Rice 1993). The virus binds to a receptor on the cell surface and the 

virus in vesicles is transferred to endosomes; fusion o f  viral envelope with the 

endosome membrane then occurs (DeTulleo & Kirchausen, 1998). A reduction in 

endosomal pH induces a conformational change in the viral spike proteins, resulting 

in E1-E2 heterooligomeric dissociation as well as conformational changes within 

individual E l and E2 subunits (Wahlberg et a i ,  1992). E2 dissociation stimulates El 

homotrimerisation at the centre o f  the spike. This E l homotrimer directly mediates 

fusion o f  the viral membrane with the endosomal membrane (Wahlberg et a l ,  1992). 

This fusion requires the presence o f  cholesterol and sphingolipid in the target 

membrane (Nieva et al, 1994, Phalen and Kielian 1991, Smit et al, 1999). Following 

fusion, the nucleocapsid is released into the cytoplasm where it is uncoated by host 

cell ribosomes (Singh & Helenius, 1992). This helps in the release o f  viral RNA into 

the cytoplasm.

1.5.2.2 Viral RNA replication

SFV replication occurs in the cytoplasm o f infected cells, more specifically in 

0.6-2.0 2 (J,m wide cytoplasmic vacuoles (CPV-1) derived from endosomes and 

lysosomes (Froshauer et al, 1988; Peranen & Kaariainen, 1991). The SFV RNA 

genome is 11,442 nt long with positive polarity (5’ capped and 3 ’ polyadenylated) 

which functions directly as mRNA (Clegg & Kennedy, 1974). The genome can be 

divided into two major regions, the two-thirds at the 5’ end encode non-structural 

proteins (nsP l, nsP2, nsP3 and nsP4) which comprise the viral replicase, and the 

remaining one third towards the 3 ’ end encodes the structural proteins (C, p62, 6K, 

and E l)  (Strauss & Strauss, 1994).

Replication begins with translation o f  the 5’ two-thirds o f  the viral genome, 

coding for the non-structural polyprotein. Protein nsPl encodes a methyl transferase 

responsible for virus-specific capping activity and initiation o f  minus strand synthesis 

(Mi et al, 1989, Mi and Stollar 1991). The nsP4 protein is responsible for cleaving 

the polyprotein into its four subcomponents (Ding and Schlesinger 1989, Hardy and 

Strauss 1989). The nsP2 performs helicase and protease function during the viral 

replication; nsP3 is a phosphoprotein involved in RNA replication (La Starza et al.
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1994, Peranen et al., 1991); however, it may be required in some capacity for RNA 

synthesis (LaStarza et al, 1994). The SFV RNA polymerase activity is located in the 

protein nsP4 (Hahn et al, 1989, Sawicki et al, 1990). The replicase is responsible for 

the synthesis o f minus-strand 42S RNA species from the positive-strand (Strauss and 

Strauss, 1994). This intermediate RNA species serves as the template for synthesis of 

new positive-strand 42S RNA, and for the production of subgenomic 26S RNA, by 

virtue of its internal subgenomic promoter (Sawicki et al., 1978). Subgenomic 26S 

RNAs serve as mRNA for the translation o f structural precursor polyproteins, which 

are cleaved to yield viral structural proteins (Figure 1.4) (Welch and Sefton, 1980; 

Welch et al., 1981). Daughter RNA molecules are capped and polyadenylated by the 

replicase complex, after which full-length 42S RNAs are predominantly encapsidated 

into new virions (Sawiki et al., 1978).

1.5.2.3 Synthesis o f viral structural proteins and viral release

The structural polyprotein precursor translated from the 26S subgenomic RNA 

is comprised o f all the viral structural proteins in the order NH2-C-p62-6k-El-COOH 

(Garoff et al, 1982). All structural proteins are translated from the 26S subgenomic 

RNA early (2 to 3 hours post infection) in the replication cycle. The efficiency of 

translation is explained by the secondary structure o f the 5’ NTR, and a translational 

enhancer sequence present in the first 102 nucleotides o f the capsid-encoding region 

(Frolov and Schlesinger, 1994; Sjoberg and Garoff, 1996). Once synthesised, the C 

protein folds to create at its COOH-terminus, a serine-protease catalytic site, which is 

autoproteolytically cleaved off the nascent polypeptide chain; it multimerises and 

associates with genomic 42S RNA in the cytoplasm, forming nucleocapsids (Aliperti 

and Schlesinger 1978, Hahn and Strauss 1990, Melancon and Garoff 1987). This 

occurs in association with the large ribosomal subunits (Ulmanen et al., 1976). Within 

the nsP2 gene, an encapsidation signal is responsible for viral RNA packaging (White 

etal., 1998).

Cleavage o f the C protein from the polypeptide exposes the N-terminus o f the 

p62 polypeptide precursor, which functions as a signal sequence to facilitate 

translocation into the endoplasmic reticulum (ER) (Garoff et al., 1990). The ER signal 

peptidase cleaves El and 6K from the polyprotein. The p62 and El become 

glycosylated, and associate to form a heterodimer complex in the ER following the
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insertion o f  El into the ER membrane (Barth et al., 1995). This complex, resistant to 

low pH, interacts with 6K and is transported out to the plasma membrane, via the 

Golgi apparatus, where 6K dissociates and virus budding takes place through spike 

nucleocapsid interactions (Lusa et al, 1991, Wahlberg et al, 1989). Due to a 

requirement for cholesterol in viral assembly, 6K may function to select specific 

lipids for insertion into the membrane bilayer, to facilitate efficient viral budding 

(Marquart et al., 1993) and perhaps to promote the correct folding o f  the El protein in 

its heterodimeric form (Strauss and Strauss, 1994). The E1-E2-E3 heterotrimers 

trimerise into homotrimers, which constitute mature SFV spike complexes that are 

transported to the plasma membrane. Budding o f  virus particles occurs at the plasma 

membrane, driven by interactions between the capsid proteins o f  the nucleocapsid and 

the cytoplasmic tail o f  E2 (Garoff & Simons, 1974; Suomalainen et al., 1992). A 

schematic representation o f the processing o f  structural proteins and viral release is 

shown in Figure 1.4.

1.5.3 Effects o f SFV infection on host ceils

Alphaviruses infect vertebrate cells leading to rapid viral replication, and 

death o f  most cells results from induction o f apoptosis or programmed cell death 

(Strauss & Strauss, 1994, Glasgow et al., 1997); however, cells naturally resistant to 

apoptosis, such as fully differentiated macrophages, muscle cells and neurons are 

killed by necrosis (Atkins et al, 1990, Balluz et al, 1993, Frolov and Schlesinger 

1994, Glasgow et al, 1997). In contrast, infection o f  invertebrate cells leads to a 

persistent infection, with no significant cell damage. The mechanism underlying the 

persistent infection in mosquito cell lines is not known (Brown and Condreay 1986, 

Karpf and Brown 1998).

A number o f cellular factors have been suggested as crucial in modulating the 

outcome o f  alphaviral infection, including ras (Hsu et al., 1995), caspases (Nava et 

al., 1998), nitric oxide (Tucker et al., 1996) and NF-kB (Lin et al., 1998; Lin et al., 

1995). SFV may also indirectly trigger the cell death pathway as a consequence o f 

viral replication and the induction o f  dsRNA-dependent protein kinase (PKR) (Favre 

et al., 1996; Grandgirard et al., 1998), which has been shown to mediate a number o f 

pro-apoptotic effects in virally-infected cells, including the inhibition o f  protein
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synthesis and upregulation o f the Fas/TNFR pathways (Baiachandran et al., 1998; Lee 

& Esteban, 1994). The expression of the anti-apoptotic gene bcl-2 has been shown to 

restrict SFV and SV replication as well as delaying the induction of apoptosis in the 

rat prostate cancer cell line AT3 (AT3-fic/-2) (Levine et al., 1993; Scallan et al., 

1997; Murphy et al., 2001). SFV-induced apoptosis has also been shown to occur 

independently o f p55 expression, as H358 cells, containing a homozygous deletion in 

the p53 gene, readily undergo apoptosis following SFV infection (Glasgow et al., 

1998). It appears that alphaviral-induced apoptosis is multifaceted, involving the 

interaction of several apoptotic proteins and pathways, which may or may not be 

mutually exclusive. Structural proteins are produced in very high amounts during the 

first 24 h o f infection, and about 10'̂  viral particles are released per infected BHK-21 

cell. After 6 h of infection, only viral proteins are produced, with host cell synthesis 

being completely shut down (Liljestrom and Garoff 1991a). An extensive cytopathic 

effect is observed in infected cells, characterized by cell rounding, shrinkage, and 

cytoplasmic blebbing (Levine et al, 1993). Since synthesis o f viral structural proteins 

is not required for cytopathic effect (CPE), it is mediated by viral RNA rephcation 

(Frolov and Schlesinger 1994). Cytopathic effects however, are not influenced by the 

deletion of the structural proteins o f SFV, suggesting a role for viral RNA replication 

in apoptosis induction. In fact, deletion o f most o f the nsP2 gene o f SFV has been 

shown to abrogate RNA synthesis and also the induction o f apoptosis (Glasgow et al., 

1998). To date, evidence exists for the involvement o f mitochondrial pathways and 

the death receptor pathway in the induction o f apoptosis due to alphavirus infection 

(Li & Stollar, 2004).

1.5.4 Pathogenesis of SFV

Depending on the type o f infection they generate, SFV strains can be 

classified as virulent (the original strain L-10 and its derivative SFV4) or avirulent 

(A7 and its derivatives) strains. Route o f administration, age o f host and the particular 

strain o f SFV all play significant roles in the outcome o f infection. Intraperitoneal 

infection with both A7 and LIO strains o f SFV result in similar levels o f viremia, 

attributed mainly to replication within mouse muscle, which subsequently leads to 

CNS invasion (Fazakerley et a!., 1993). Avirulent strains multiply slower than 

virulent strains, causing less neuronal damage, and as a result, are cleared from the
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CNS by the immune system (Atkins and Sheahan 1982, Atkins et al, 1990, Balluz et 

al, 1993, Fazakerley et al, 1993, Gates et al, 1985).

The direct cytocidal effects o f SFV in culture underly alphaviral pathogenesis 

in vivo, which appears to be mediated by a complex interplay of host cell and virally 

encoded factors. A single amino acid change in the E2 glycoprotein o f SV (which is 

known to be involved in the induction o f apoptosis) has been shown to overcome Bcl- 

2 inhibition of apoptosis and confer increased neurovirulence, llirther implicating a 

correlation between alphavirus-induced apoptosis and neurovirulence (Ubol et al., 

1994; Lewis et al., 1996). The pro- and anti-apoptotic factors may function to 

modulate neuronal infection and cell death (Levine et al., 1993; Griffin & Harwick, 

1997; Levine et al., 1996; Griffin, 1998). Replication o f A7 in the brains o f adult mice 

appears to occur predominantly in oligodendrocytes, resulting in subacute 

demyelinating disease (Amor et al., 1996). Both virulent and avirulent strains induce 

demyelination, which is obscured by death for virulent strains (Atkins et al., 2000). 

Virulent and avirulent strains o f SFV can also be transmitted transplacentally and are 

teratogenic in mice resulting in foetal death before intervention by the maternal 

humoural immune response (Atkins et al., 1999).

1.5.5 Immune response to SFV infection

The early innate immune response to viral infection can play an important 

role in mediating disease through the secretion of the cytokines IFN-a and IFN-P, 

which limit viral replication and activate NK cell-mediated cytotoxicity prior to the 

mounting o f specific, adaptive immune responses (Biron, 1998). The adaptive 

immune response to SFV infection, which is detectable by day 5 following infection, 

encompasses both neutralising and non-neutralising antibodies, together with T-cell 

mediated immunity (Amor et al., 1996). The humoural response is believed to be 

essential in recovery from disease with the appearance o f antibody coinciding with the 

cessation o f viraemia (Griffin, 2001). It is likely that the humoural immune response 

to SFV infection is predominantly responsible for recovery from disease, while 

cellular responses appear to be involved in the eradication o f virus from tissues 

harbouring persistent infections and in the development o f demyelination.
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1.6 THE SEM LIKI FOREST VIRUS VECTOR SYSTEM

1.6.1 rSFV vector system

The generation of infectious clones o f SV (Rice et al., 1987), SFV (Liljestrom 

et al., 1991), and VEE (Davis et al., 1989) has allowed the development of expression 

vectors from these three alphaviruses. In vitro transcription o f these plasmids 

generates fiill-length infectious viral RNA, as they contain the viral cDNA under the 

control o f a prokaryotic DNA-dependent RNA polymerase promoter, such as SP6 (SV 

and SFV) or T7 (VEE). Transfection o f cells, usually by electroporation, with these 

infectious RNA transcripts results in intracellular replication and the propagation o f 

progeny virus particles. The system is capable o f producing particles o f very high titre 

up to lO"* lU.

The SFV vector system induces high-level transient RNA-based suicidal 

expression, and is derived from a ftill-length infectious clone o f SFV (Liljestrom et 

al., 1991). This system consists o f an expression vector in which foreign genes can be 

expressed, and two helper vectors that encode the structural protein genes (Figure 

1.5). The vector RNA lacks the structural protein genes, which are supplied (in trans) 

by a split helper system (Smerdou & Liljestrom et al., 1999). The replicon vector 

contains the replicase genes, the sub-genomic promoter followed by a multiple 

cloning site where a heterologous gene could be inserted, and the 5’ and 3’ ends o f the 

genome required for replication (Figure 1.6). The helper vectors contain the complete 

sequence present in the viral sub-genomic RNA, as well as the 3’ and 5’ replication 

signals from the genomic RNA, but do not encode the viral replicase. They supply 

the packaging system needed for vector production. Co-transfection of all three RNA 

transcripts into mammalian cells results in release o f recombinant virus-like particles 

(VLPs) coding for the foreign gene (Figure 1.7) (Liljestrom and Garoff 1991, 

Smerdou and Liljestrom 1999). As the resulting VLP progeny contains only the 

recombinant RNA and lack the viral structural genes, they are capable o f only one 

round o f replication. Such recombinant particles (rSFV) are “suicide” particles in that 

they undergo one round of multiplication on infection but are unable to proceed 

further because the structural genes are missing and the RNA cannot be encapsidated. 

Similar vector systems were also described for SV (Bredenbekk et al., 1993) and VEE 

(Pushko et al., 1997).
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Figure 1.6 Expression of foreign genes in SFV vector system

The SFV vector family is derived from infectious cDNA copy o f the SFV RNA 

genome (A). Replacement of the structural genes of SFV with a polylinker allows 

insertion of foreign coding sequences thus creating general expression vectors (B). 

Due to the self replicative nature of such recombinant RNAs, this constitutes an 

efficient technique of expressing foreign sequences in transfected animal cells. The 

system can be adapted to express two foreign genes or gene subuinits (C).
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Figure 1.7 Production of rSFV-Virus like particles (VLPs)

Recombinant Virus like particles are generated by co-transfection of cells with three 

plasmids coding for (1) the replicase-foreign gene (2) the capsid protein and (3) the 

spike glycoproteins. This allows assembly of virus particles. These are identical to 

SFV particles except for the content of the packaged RNA. In the virus all of these 

genetic elements are linked together on one RNA molecule. In the virus like particles 

only the replicase-foreign gene RNA transcripts are packaged.

Source: www. sfvectors. ed. ac. uk/ E U  Fifth Framework
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A DNA-RNA layered vector has also been constructed with sequences encoding the 

alphavirus replicon under the transcriptional control o f the CMV immediate-early 

promoter, followed by an SV40-derived transcription termination region. When 

transferred into the nucleus o f a cell, transcription of the vector produces self- 

amplifying alphavirus replicons (Berglund et al., 1998). A modification of this 

layered vector based on the SV replicon has been described which gives higher level 

expression and may be useful for tumour treatment (Yamanaka et al., 2004).

Recently, a new SFV-based expression vector system, SFVIO-E (Figure 2.3) 

has been developed. Cells transfected with this vector have been shown to produce up 

to 10 times more foreign protein than the original SFV expression vector. This vector 

contains the N terminal 34 amino acid sequence of the SFV capsid enhancer protein 

and vectors encoding this minimal enhancer sequence express the foreign gene as a 

fusion protein. In order to obtain high levels of expression o f heterologous protein 

without the additional N-terminal C residues, the 2A autoprotease fi'om foot-and- 

mouth disease virus (FMDV) has been inserted as a linker between enhancer and 

foreign gene sequences (Smerdou and Liljestrom, 1999). The capsid translational 

enhancer sequence was also included upstream of the envelope proteins (together with 

the 2A autoprotease of FMDV) in the pSFV-HelperS2 construct to ensure comparable 

levels o f expression of the envelope and C proteins (Smerdou and Liljestrom, 1999).

1.6.2 Potential applications of the SFV vector system

SFV vectors have several advantages in different areas, such as new prototype 

vaccines, cancer gene therapy, cancer immunotherapy and vectors for CNS diseases 

(Zhou et al., 1994; Atkins et al., 1996; Tubulukas et al., 1997; Berglund et al., 1998; 

Smerdou and Liljestrom, 1999). Since SFV RNA replication is cytoplasmic, there is 

no risk o f viral genome integration into the host genome and due to infected cell death 

(apoptosis), the virus genome does not persist in the tissue. Murine studies employing 

RT-PCR analysis revealed that rSFV VLPs do not disperse throughout other organs of 

the body, with detectable rSFV RNA persisting only at the site o f injection for 7 days 

and in adjacent lymphoid organs for up to 24 h post inoculation (Morris-Downes et 

al., 2001). In addition, most humans and animals have no pre-existing immunity 

against the vector and SFV has a broad host range, infecting most types o f cell (Zhou 

et al., 1995). The ability of the SFV VLPs to induce potent humoural and cellular
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immune responses against specific antigens confers significant protection against 

challenge following immunisation. Prototype vaccines studied include those aimed at: 

HIV (Hanke et al., 2003), respiratory syncitial virus (RSV) (Chen et al., 2002), 

hepaptitis C virus (HCV) (Brinster et al., 2002), the structural prME proteins of 

louping-ill virus (Fleeton et al., 1999; Morris-Downes et al., 2001), the envelope 

glycoproteins o f simian immunodeficiency virus (SIV) (Berglund et al., 1997; Nilsson 

et al., 2001), HA and NP proteins of influenza virus (Zhou et al., 1995; Berglund et 

al., 1999), and Murray Valley virus (Colombadge et al., 1998).

SFV-induced immune stimulation is generally strong, which has led to an 

interest in the utilisation o f SFV vectors as anti-tumour vaccines. Tumour vaccines 

based on alphaviruses can be divided into those designed to be prophylactic vaccines, 

i.e. vaccines stimulating preventive immunity, and those used in the therapy of 

established tumours, and designed to stimulate or augment an immune response 

against existing tumour cells. It is the inherent ability o f the SFV vector system to 

induce apoptosis in a variety o f cell types that has led to its exploitation as a prototype 

cancer therapy agent. The cytopathic effect o f the vector alone was successfully 

employed in the treatment o f human non-small cell lung carcinoma xenografts 

(H358a) in BALB/c nu/nu mice by direct intratumoural (i.t.) injection with rSFV 

VLPs expressing enhanced green fluorescent protein (EGFP) (Murphy et al., 2000). 

This effect was shown to be enhanced in a more aggressive tumour model (AT3-5c/- 

2) through the expression by the rSFV VLPs o f the pro-apoptotic gene bax (Murphy 

et al., 2001). Recombinant SFV vectors have also been successfully employed in the 

inhibition o f tumour growth in murine models through the expression o f anti- 

angiogenic factors such as IL-12 and endostatin (Asselin-Paturel et al., 1999; 

Yamanaka et al., 2001).

SFV-vectors have been successfully used in cell culture and in vivo expression 

o f a number o f human or murine genes such as cytokines (Zhang et al., 1997; 

Yamanaka et al., 2003), tumour associated antigens (TAA) (Colmenero et al., 2002), 

vaccine studies (Morris-Downes et al., 2001; Fleeton et al., 2000), tumour related 

genes (Bcl-2) (Lundstrom et al., 1997) and delivery o f therapeutic genes to the central 

nervous system (Jerusalmi et al., 2003). It has been shown that recombinant SFV 

(rSFV) replicons can efficiently infect tumour cell lines, and that intra-tumoural 

treatments with rSFV and its derived virus particles resulted in the induction o f p53- 

independent apoptosis, leading to significant tumour inhibition (Glasgow et al., 1998).
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It was recently shown in animal models of malignant glioma that immunisation of 

mice with rSFV infected dendritic cells (DC) lead to enhanced immune responses 

against the encoded (TAA) antigen and subsequent tumour rejection (Colmenero et 

al., 2002). The previous anti-tumour treatment work on mice vaccinated with 

recombinant rSFV replicons encoding the P815A tumour antigen (rSFV/E-PlA) 

showed protection against lethal challenge with the P815 tumour by antigen specific 

cytotoxic lymphocyte (CTL) responses (Colmenero et al., 1999). In another instance, 

tumour inhibition was induced on treating K-BALB tumours in pre-vaccinated 

BALB/c nu/nu mice with an SFV-antigen expressing replicon (SFV-P62 antigen) 

(Smyth et al., 2004). It has been reported that SFV vectors expressing the cytokine 

interleukin-12 have resulted in enhanced tumour regression and inhibition of 

angiogenesis (Asselin-Paturel et al., 1999). Currently, clinical trials (Phase I and II) 

have been undertaken to use liposome-encapsulated SFV vectors in the treatment of 

glioblastoma multiforme (Ren et al., 2003). These, and other studies have indicated 

that the SFV vector is a strong and potent tumour therapeutic agent.

The neurotropism of SFV has been exploited in the application of rSFV VLPs 

as a vector for the CNS. Extensive research on the neuropathogenesis of SFV has 

demonstrated that following i.n. infection, the virus follows axonal transport along 

olfactory tracts from nerve endings in the olfactory mucosa, reaching the CNS via the 

olfactory bulb (Sammin et al, 1999, Sheahan et al, 1981, Sheahan et al, 1996). 

Administration of rSFV VLPs expressing the cytokine IL-10 by the non-invasive i.n. 

route has been shown to have a therapeutic effect on a murine multiple sclerosis 

model, experimental autoimmune encephalomyelitis (Jerusalmi et al., 2003). A 

replication-proficient SFV vector derived from the avirulent strain A7(74) termed 

VA7 may also have good potential as a CNS vector which would be capable of higher 

levels of heterologous gene expression than the non-replicative rSFV VLPs (Vaha- 

Koskela et al., 2003). Thus, there is a great potential for this system to be used in the 

treatment of CNS diseases.
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1.7 OBJECTIVES OF THIS STUDY

Prior experiments using the pSFV vector expressing cytokines have given 

promising results for tumour therapy. Much research using the cytokine IL-12 

expression at the tumour site has shown that the amount o f IL-12 available at the 

tumour site is critical for tumour regression (Colombo et a i ,  1996). A major 

drawback o f systemic treatment o f IL-12 is its short plasma half-life and the toxicity 

associated with high systemic peak concentrations. However, local concentration of 

cytokine at the tumour site increases the therapeutic efficacy and reduces the systemic 

side effects (Trinchieri, 1995). Hence approaches like frequent intratumoural 

injections o f enhanced IL-12 expression systems are required to ensure the long 

lasting and high concentration o f cytokine release. A new enhanced vector pSFVlO-E 

that has been developed recently, which expresses foreign genes at levels up to ten 

times higher than the original vector, offered a potential approach to cancer gene 

therapy. In addition, due to the known potential o f the cytokine IL-12 as an 

antitumour agent, the pSFVlO-E vector has been used in this study to achieve the 

maximum therapeutic efficacy.

The main objectives of this study were as follows:

• To the clone murine IL-12 (mIL-12) gene subunits into pSFVIO-E (enhanced) 

and pSFVlO (normal) expression vectors and in vitro characterization o f these 

constructs for their ability to express and secrete biologically active murine 

IL-12.

•  To compare the ability o f the rSFV10-E-mILI2 and rSFV10-mIL12 replicons 

to inhibit K-BALB and CT26 tumours in BALB/c mice

• To study the ability o f high titre rSFV10-E-IL12 VLPs to inhibit lung 

metastasis o f a metastasising 4T1 tumour in BALB/c mice.

• To examine the cellular infiltrate and vascular density by histopathological 

and immunohistochemical analysis o f tumour sections and also to examine the 

IL-12 induced antiangiogenic factors in the blood.

• To compare the treatment effect o f rSFV10-E-IL18 with that o f rSFVlO-E- 

IL12 replicons on K-BALB and CT26 tumours.
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MATERIALS AND METHODS



2.1 MATERIALS

2.1.1 Cell Lines

The Baby Hamster Kidney 21 (BHK-21), K-BALB, CT26 and 4T1 cell lines 

were obtained from the American Type Culture Collection (ATCC) (Maryland, USA). 

The BHK cell line, sBHK, was a gift from Prof. P. Liljestrom, (Microbiology and 

Tumorbiology center, Karolinska Institute, Stockholm, Sweden). BHK medium, 

RPMI-1640 medium, DMEM medium, newborn calf serum (NCS), fetal calf serum 

(PCS), tryptose phosphate broth, HEPES, sodium pyruvate and trypsin EDTA were 

from Gibco BRL (UK), Penicillin-streptomycin-L-glutamine solution was from 

Sigma (UK). Dulbecco’s phosphate buffered saline (PBS-) was from Invitrogen (UK). 

75 cm^ and 150 cm^ cell culture flasks were from Iwaki (Japan). Hank’s Balanced 

Salt Solution (HBSS) (Gibco),

2.1.2 Expression Vectors

The SFV expression vectors, pSFV-SP6-helper-S2 and pSFV-SP6-CS219A 

(Figure 2.1), pSFVlO (Figure 2.2), pSFVlO-E (Figure 2.3), pSFV-EGFP, and helper 

vectors, were a gift from Prof P. Liljestrom. A pSFVlO-E vector expressing lL-18 

was constructed by Ms. Susan McNally (project student. Dept o f Microbiology, 

Trinity college).

2.1.3 Molecular Biology Reagents

TRlzol Reagent used for RNA extraction was purchased from Invitrogen. First 

strand cDNA synthesis was carried out using Reverse Transcription Kit (Promega) 

from the RNA. Primers used for PCR amplification were as follows;

All the following primers were obtained from MWG-Biotech AG (Germany).

(a) Gene amplification primers:

Mouse GAPDH F 5'-ACCACCATGGAGAAGGCTG-3

Mouse GAPDH R 

IL-12p35(F) 

IL-12 p35 (R)

5'-CTCAGTGTAGCCCAGGATGC-3

5'CCCAAGCTTATGTGCAATCACGCTACCTC3

5'ATAAAGCTTTCAGGCGGAGCTCAGATAGCC3
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IL-12 p40 (F) 5'CCCAAGCTTATGTGTCCTCAGAAGCTAACC3'

IL-12 p40 (R) 5'ATAAAGCTTCTAGGATCGGACCCTGCAGG3'

(b) Sequencing primers:

IL-12 p40 PCR (F) 5' TGCAGAGAAGGTCACACTGGAC 3'

IL-12 p40 PCR (R) 5' ATCCTCCTGGCAGGACACTGAA 3'

PSFVIO-E nsP3 (F) 5' TGGCTCCCGTCGTCAATTTTGA 3'

PSFVIO-E nsP3 (R) 5' ACTAGTGAACTCGAGTTCCCGG 3'

The restriction enzymes EcoRI, Nrul, HindlH, Smal, PvuII, Dral, DNA 

Polymerase! Large fragment (Klenow), T4 DNA Ligase, Xbal, SphI , BamHI , Spel, 

Bovine serum albumin and quick ligation kit were from New England Biolabs (NEB) 

(Massacheussets, USA), recombinant RNAsin ribonuclease inhibitor. Reverse 

transcriptase, Oligo(dT) primer, dNTP mixture, MgC^, reverse transcriptase buffer, 

nuclease-free water, PCR molecular weight markers and lOX loading dye were from 

Promega (Wisconsin, USA). The 100 bp DNA ladder was from NEB. Shrimp 

Alkaline Phosphatase (SAP), Liberase Blendzymes and Elastase were from Roche 

(Penzberg, Germany). The PCR clean up, nucleotide extraction, gel extraction and 

plasmid purification kits for mini- and midi-preps were from Qiagen Ltd. (West 

Sussex, UK). SP6 RNA polymerase and m^G(5’)ppp(5’)G were from Amersham 

Pharmacia Biotech (Uppsala, Sweden). Pfu DNA polymerase was from Stratagene 

(California, USA), Lambda molecular weight marker from Promega, Red Blood Cell 

(RBC) lysis buffer eBioscience (California, USA).

2.1.4 Equipment

A Sorvall RC 5C plus centrifuge with a SS-28 rotor, and a Beckman L8-M 

ultracentrifuge were used for centrifugation during Virus like particle (VLP) 

production. Ultracentrifiige tubes and the SW40Ti rotor and swing buckets were from 

Beckman-Coulter Instruments Inc. (CA, USA). A refrigerated tabletop centrifuge for 

spinning bacterial cultures was from (lEC Micromax). A CM 1900 cryostat from 

Leica Microsystems (Nussloch, Germany) was used for cutting tumour sections for 

histopathological studies. Electroporation cuvettes were from BTX (San Diego, 

USA). A Nikon Eclipse E400 Epiflourescence microscope was used for both bright 

field and fluorescence microscopy. The following Nikon filters were used for 

fluorescence detection: GFP filter at 460-500 nm, DAPI filter at 340-380 nm, and
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G2A filter at 510-560 nm. ELISA plates were rinsed on a MultiWash 11 washer from 

Tri Continent, and absorbance read using a Multiskan RC reader from Thermo 

Labsystems. All micropipettes used were from Gilson. The following equipment was 

used; BOD incubator for cell culture from Revco Ultima, FastPrep Instrument (FP 

120, Anachem) was used during total RNA extraction. GeneQuant DNA/RNA 

spectrophotometer (Thermo Labsystems). PCR machine (Hybaid), water bath 

(Memmert), BioRad Gel Doc 2000 and accompanying Multi-Analist (version 1.1) 

software, heating block (Grants instruments (Cambridge) Ltd, England), BioRad Gene 

Pulser II, electronic multi-charmel pipette (Biohit-Proline), Multiscan RC ELISA 

plate reader (Thermo Labsystems), haemocytometer (Neubauer-Blaubrand, 

Germany), Vortex-2-Gene (Scientific Industries), Chemical fumehood (Chemical 

Systems control Ltd. Ireland), multispeed refrigerated centrifuge (Medical Supply 

Ireland), a basic pH meter (Denver Instruments, USA).

2.1.5 Mice

Specific pathogen-free (spf) 4-6 weeks old female BALB/c mice (Harlan, UK) 

were maintained in accordance with the principles outlined in SI 17/94 European 

Communities regulations 1994, for care and use o f laboratory animals. Syringes (1.0 

ml and 0.5 ml micro fine insulin) and needles (21G and 29G), were from Becton 

Dickenson (Le pont de Claix, France), halothane from Rhone Merieux, UK.

2.1.6 Antibodies

Normal goat and rabbit serum were from were from Vector Laboratories Inc. 

(CA, USA). Purified rat anti-mouse IL-12 (p40/p70) (C l5.6 and C l7.8) monoclonal 

antibody, purified rat anti-mouse IL-I8 monoclonal antibody, purified rat IgGl were 

obtained from BD PharMingen (BD Biosciences), FITC-conjugated rabbit anti-rat 

immunoglobulins from Dako (Denmark). The VectaStain Elite ABC kit containing 

blocking serum, biotinylated antibody anti-rat IgG, VECTASHIELD hardest 

mounting medium with DAPI and VECTASTAIN reagent was from Vector 

Laboratories Inc. CD31 antibodies were form Pharmingen.

55



2.1.7 Histological and pathological studies

Tissue-Tek OCT compound (TissueTec, Fisher scientific USA), DABCO, and 

Diamino-2-phenylindole (DAPI) were from Sigma. Isopentane, paraformaldehide 

(PFA), haematoxylin Harris, eosin aqueous solution, dichromate eosin and DPX 

solutions were from BDH Ltd, UK. Cork discs were purchased from Raymond Lamb 

(East Sussex, UK). Mowiol was from Calbiochem Novabiochem (Nottingham, UK). 

Dako pens were from Dako (Denmark).

2.1.8 Enzyme Linked Immunosorbant Assay

The OptEIA mouse IL-12 (p70) set, OptEIA mouse IL-18 set and the OptEIA 

mouse IFN-y set were from BD Biosciences PharMingen (USA). The Quantakine 

Mouse IP-lO/CRG-2/CXCLlO immunoassay kit was from RandD systems. The 

ELISA substrate was 3,3’,5’5-Tetramethylbenzidine (TMB) from Sigma.

2.1.9 Miscellaneous

Sucrose was from BDH Ltd (Poole, UK), hydrogen peroxide (H2O2 ) was from 

BDH. Trypan blue. Tween 20, 3,3’-diaminobenzidine tetrahydrochloride (DAB), and 

ampicillin were from Sigma (USA), phenol: chloroform: isoamyl alcohol and agarose 

were from Promega. TNE buffer: 50 mM Tris, 0.1 M NaCl and 1 mM EDTA were 

dissolved in 800 ml distilled water, pH adjusted to 7.4 and volume to 1 litre. 

Phosphate buffered-saline (PBS) was from Gibco, MgCl2 , glycerol (BDH, UK) and 

crystal violet from ClinTech. (Essex, UK), lysing matrix D tube was from Q-Biogen 

(UK). Noble agar was from Difco (Detroit, USA). Tween 80 was from Merk 

(Germany). 5-bromo-4-chloro-3-indoyly-|3-D-galactopyranoside (X-gal) was from 

Biosynth AG (Switzerland). The suppliers o f other materials were as follows: 

Ethidium bromide ((BioRad, USA)), eppendorf tubes (Axygen), TBE (Promega, 

USA) agarose (Roche, Germany), blue/orange-loading dye (Promega, USA), 

cryotubes (Nunc, Denmark), SW-28 ultra centrifuge-tubes (Ultra-clear, Beckman), 

flat-bottomed 96 wells ELISA plate (NUNC, Denmark), 70|im cell strainer (Falcon), 

6-Thioguanine (2-amino-6-mercaptopurine) (Sigma),
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Figure 2.1 Maps of Semliki Forest virus vectors

The recombinant vector pSFV-EGFP as well as helper vectors, pSFV-Helper S2 and pSFV-Helper 

CS219A are shown. The recombinant vector incorporates the four genes encoding the SFV replicase 

complex (nsPl-4), but lacks the structural genes (C, p62, 6K, E l), which are located on the helper 

vectors. All plasmids contain the unique Spel site used for linearisation, and SP6 promoter, which 

drives in-vitro transcription.

57



Am p

on
Sap 1 (7904)

N ru  1 (7833) 

poly A's 

Apa  1 (7489)

Bln  1 (7470)

Csp 451(7465)

Bst Bl(7465)

Not I (7456)

Spe 1(7442)

Xho  I (7433)

Sma 1 (7427)

Xma  1 (7425)

Bss 1111(7416)

Rsr 11(7408)

Bam H I (7401)

26s prom oter 

Bg! 11 (6714) 

Xba  I (6639)

SP6prom oter

Eco R V(279)

pSFVlO
(1 0 6 1 0  bp)

AI (5373) 

Age I (5373)

Be! 1(1107)

Stu 1 (1466)

nsP-1-4

26S promoter

nsp

MCS

Figure 2.2 Map of pSFVlO expression vector showing restriction sites in M CS



5'noncoding

,v'
i * '

Nrul (7980)

Blnl (7617)

NspV(7612)

Spel (7589)

Xhol (7580)

Smal (7574)

Hindlll (7539)

FMDV cleavage 

Capsid enhancer 

Kosak and star^codon 

26s promoter

EcoRI (7390) Xbal (6639)

pSFV10-E (10757 bp)

EcoRI (2185)

\_nsP2

EcoRI (376^

nsP4

26S promoter

i r  ivii 
Kosak I

ki insp A!
F M D V  2A

♦ I
Capsid enhancer

MCS

Figure 2.3 Map of the enhanced-expression vector pSFVlO-E showing restriction 

sites in MCS

59



2.2 M ETH O DS

2.2.1 Cell Culture

Baby hamster kidney cell strain 21 (BHK-21) and transformed mouse embryo 

fibroblast K-BALB tumour cells were used for virus particle titration and in vitro 

studies. Since it has already been established that BHK-21 cells are susceptible to 

SFV-induced apoptosis upon infection with SFV and its derived vector (Glasgow et 

al., 1998) they were employed as a positive control for in vitro assays. Swedish BHK 

(sBHK) cells were used for the production of high titre virus-like particles (VLPs).

BHK-21 and sBHK cells were grown in 150 cm  ̂ cell culture flasks containing 

25 ml o f BHK medium supplemented with 5% new bom calf serum, 10% tryptose 

phosphate broth, 20 mM HEPES buffer, 100 U/ml penicillin, 100 |ig/ml streptomycin, 

and 2 mM L-Glutamine and maintained at 37 °C in a humidified atmosphere o f 9% 

CO2 .

Similarly, K-BALB and CT26 tumour cells were grown in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 10% (v/v) new bom calf 

serum, 100 U/ml penicillin, 100 jxg/ml streptomycin, and 10 mM sodium pymvate 

and maintained at 37 °C in a humidified atmosphere of 9% CO2 in 75cm^ or 150 cm^ 

cell culture flasks.

Splenocytes were grown in RPMI-1640 containing 10% foetal bovine semm 

(FBS), 10 mM HEPES, 2 mM glutamine, 100 U Penicillin 100 ^g/ml streptomycin, 

10 mM sodium pyruvate, 1% non-essential amino acids, 50 ^M P-Mercaptoethanol 

and maintained at 37 °C in a humidified atmosphere of 5% CO2 in 75 cm^ or 150 cm  ̂

cell culture flasks.

4T1 tumour cells were grown in DMEM supplemented with 10% (v/v) FBS, 

100 U/ml penicillin, 100 fig/ml streptomycin, 2 mM L-glutamine, 10 mM HEPES, 10 

mM sodium pyruvate and 1% non-essential amino acids and maintained at 37 °C in a 

humidified atmosphere of 9% CO2 in 75 cm^ or 150 cm  ̂cell culture flasks.
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Confluent monolayers o f BHK-21, sBHK, K-BALB, CT26 or 4T1 cells were 

detached using Trypsin-EDTA. The confluent monolayers were washed with 

Dulbecco’s phosphate buffered saline without calcium, magnesium and sodium 

bicarbonate (PBS-) and incubated with 0.5% Trypsin 5.3mM EDTA at 37 °C until cell 

detachment was observed and their specific cell culture medium was added to 

terminate trypsinisation. The BHK-21 cells used in in vitro assays were typically sub­

cultured at a ratio o f 1:3 but due to the rapidly growing nature o f sBHK, K-BALB, 

CT26 and 4T1 cells, they were also sub-cultured at a ratio o f 1:4 or higher depending 

on confluency. Cell lines used in in vitro and in vivo assays were passaged not more 

than 12 times.

Viral infection medium was composed of Eagles Minimum Essential Medium 

(MEM) supplemented with 0.2% bovine serum albumin, 2 mM L-glutamine, and 20 

mM HEPES buffer.

Stocks o f cells were prepared by slow freezing (at the rate o f -l°C/min) to - 

70°C in medium containing 10% dimethylsulfoxide (Aldrich) and subsequently stored 

in liquid nitrogen.

2.2.2 Cloning o f rSFVlO-E -IL12 and rSFV10-IL12

For cloning the lL-12 gene subunits into the SFV expression vectors, pSFVlO- 

E and pSFVlO, a strategy was designed using the unique restriction sites in the MCS 

of both the vectors. This strategy is illustrated in Figures 2.4 & 2.5.

61



Primers with Hindlll sitesRT-PCR

Hindlll

Hindlll Hindlll

PvuII + Smal Smal
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blunt ends
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T4 DNA ligase

Inserts -Sequenced

p40 insertpSFVlO-E p35 insert pSFVlO-E

pSFV10-E-p40

pSFV10-E-mIL12 (p70)

26s+Kozac+capsid enhancer+ 
FMDV2A+p35

IL-12 subunits (p35 & p40) with 
Hindlll sites at both ends

Total RNA from SFV infected 
mouse spleen

Figure 2.4 Schematic representation of pSFV10-E-IL12 cloning strategy.

RNA from spleen o f  SFV-A7 infected mouse was extracted. RT-PCR with primers 

specific for the coding region o f  IL-12 subunits including the restriction site H indlll 

was carried out. The amplified IL-12 subunits p35 and p40 were cloned into pSFV- 

10-E. The resultant construct was screened for presence and orientation o f  the inserts 

by restriction enzyme analysis, and the correct clones sent for sequencing.
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Figure 2.5 Schematic representation o f pSFV10-IL12 cloning strategy.

The sequenced p35 and p40 inserts from pSFV10-E-p35 and pSFV10-E-p40 

constructs were cloned into pSFVlO to obtain pSFV10-p70. The expression o f p35 

and p40 subunits by pSFVlO-IL-12 were controlled separately with their own 26S 

sub-genomic promoters.
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2.2.2.1 Total RNA extraction from mouse splenocytes

Total RNA was isolated from spleens that were taken from BALB/c mice 

infected i.p. with avirulent SFV-A7 virus four days after the virus injection. The 

spleens were mixed with Trizol Reagent in a lysing matrix D tube. For every 50-100 

mg o f tissue, 1 ml o f Trizol Reagent was added; while 1.5 ml were added for 75-150 

mg. The spleen tissue was homogenized in a FastPrep Instrument at 5.5 pulse for 45 

sec (homogenized twice), and then incubated on ice for 10 min. The mixture was 

then centrifuged (12,000 g, 10 min, 4°C) and the supernatant transferred to a 

microftige tube. After 5 min incubation at room temperature (RT), 200 |o,l o f 

chloroform (per ml o f Trizol Reagent used) was added to the tube, and the mixture 

was centrifuged (12,000 g, 15 min, 4°C). The colourless aqueous phase was 

transferred to a new tube, mixed with 500 |a1 o f isopropanol (per ml o f Trizol 

Reagent), and incubated at RT for 10 min. The mixture was centrifuged (12,000 g, 10 

min, 4°C), the supernatant was removed and the pellet washed with 1 ml o f 75% 

ethanol (-20°C) by vortex. The mixture was again centrifuged (12,000 g, 10 min, 

4°C), ethanol was removed and RNA resuspended in 20 |il o f nuclease-free water 

before storage at -70°C. One nl o f the extracted RNA was analysed on a 0.6% (wt/v) 

agarose gel and the RNA concentration was measured on a GeneQuant DNA/RNA 

spectrophotometer.

1.2.2.1 Isolation of murine IL-12 gene (p35 and p40 subunits) by RT-PCR

The integrity o f the extracted total RNA was confirmed using specific primers 

for mouse GAPDH by polymerase chain reaction (PCR) as described below. To 

amplify the IL-12 gene subunits, p35 and p40 (Figure 2.6 & 2.7), primers were 

designed using MW Genosys Oligo calculation program to obtain the amplified 

subunits o f IL-12 containing Hindlll restriction enzyme sites at their ends. The primer 

sequences used for the amplification are listed in section 2.1.3.

First strand cDNA was synthesised from 1 |ig mouse RNA using the reverse 

transcription kit (Promega). Each reaction contained 0.5 pig reverse-oligo (dT) primers 

of p35 or p40 with 1 |j,g o f total RNA in separate reactions, incubated at 70°C for 5 

min, 4°C for 5 min and held on ice. To this mixture 5 mM MgCb, IX reverse 

transcription buffer (10 mM Tris-HCl [pH 9.0], 50 mM KCl, 0.1% Triton X-100), 10
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mM each dNTP, 1 U RNAsin (ribonuclease inhibitor), and 15 U high concentration 

reverse transcriptase (RT) was added. After mixing the ingredients, the tubes were 

incubated on PCR machine programmed to run at an initial primer annealing 

temperature o f  25"C for 5 min and extension temperature at 42°C  for 60 min. Reverse 

transcriptase activity was heat inactivated by incubating the tubes at 70°C for 15 min. 

The controls for the RT-PCR procedure included samples with either no RNA or no 

RT added. Oligonucleotide primers that produce a 508 bp product o f  the GAPDH  

gene were used to demonstrate the integrity o f  the DNA. One |xl cD N A  o f  both p35 

and p 40 subunits along with the controls were analysed on a 0.8% agarose gel stained 

with ethidium bromide. A 25 ml 0.8% TBE agarose gel containing 2.5 |̂ 1 10 mg/ml 

ethidium bromide was prepared and 2 )̂ 1 o f  each DNA preparation was mixed with 14 

Hl TBE buffer and 4 fil 6X blue/orange loading dye. Samples were loaded in 5 jal and 

10 |il amounts and run at 75 mA along with 5 îl and 10 )il 1Kb molecular weight 

marker (5 )il 1Kb marker, 17 1̂ loading dye and 78 |il TBE). Gels were run for 

approximately 30 min at which point they were visualised using a BioRad Gel Doc  

2000 and accompanying Multi-Analyst (version 1.1) software.

2.2.2.3 PCR amplification of p35 and p40 cDNA

The cDN A (20 |ĵ l) o f  p35 and p40 subunits was set up in 100 îl PCR reaction 

tubes separately at the following final concentrations: 10 mM each dNTP, 2 mM  

MgCl2, IX  reverse transcription buffer, 0.1 |iM  forward and reverse primers o f  p35 or 

p40, and 1.5 U o f  Pfii DNA polymerase. The following temperature profile was used 

in the PCR reaction: 45 s at 94°C followed by 35 cycles o f  incubation at 94°C for 45 

s, 63°C for 45 s 72°C for 60 s with a final extension o f  10 min at 72°C. Negative 

control samples contained cDNA from RNA without Pfu DNA polymerase enzyme.
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XbaI{A5\)
:p/?/(466)

5’ 3’

p35 subunit o f murine IL-12 (648bp)

1 atgtgtcaat cacgctacct cctctttttg gccacccttg ccctcctaaa
51 ccacctcagt ttggccaggg tcattccagt ctctggacct gccaggtgtc

101 ttagccagtc ccgaaacctg ctgaagacca cagatgacat ggtgaagacg
151 gccagagaaa aactgaaaca ttattcctgc actgctgaag acatcgatca
201 tgaagacatc acacgggacc aaaccagcac attgaagacc tgtttaccac
251 tggaactaca caagaacgag agttgcctgg ctactagaga gacttcttcc
301 acaacaagag ggagctgcct gcccccacag aagacgtctt tgatgatgac
351 cctgtgcctt ggtagcatct atgaggactt gaagatgtac cagacagagt
401 tccaggccat caacgcagca cttcagaatc acaaccatca gcagatcatt
451 ctagacaagg gcatgctggt ggccatcgat gagctgatgc agtctctgaa
501 tcataatggc gagactctgc gccagaaacc tcctgtggga gaagcagacc
551 cttacagagt gaaaatgaag ctctgcatcc tgcttcacgc cttcagcacc
601 cgcgtcgtga ccatcaacag ggtgatgggc tatctgagct ccgcctga

Figure 2.6 The sequences of the coding region of p35 subunit of murine IL-12

The coding region o f the p35 subunit (which codes for the expression and secretion o f  

the subunit) o f  the mouse IL-12 gene is a 648 bp (codes for 216 amino acids) out o f  a 

total o f  774 bp. The starting codon o f  p35 is located at 127'*’ bp and stop codon at 

774* bp o f  the p35 cDNA. The forward primer was designed to include the first 21 

nucleotides o f  the coding region and a H indlll restriction site. The reverse primer was 

designed to include the final 21 nucleotides o f  the coding region o f the p35 subunit, 

and a H indlll restriction site. The restriction sites X bal and SphI on the coding 

sequences o f  p35 subunit at the position 451 and 466 respectively were used for the 

analysis o f  the PCR amplified p35 subunit.
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X b a l(247)

5’

D ra/(351)

3’

p40 subunit o f murine IL-12 (lOOSbp)

1 atgtgtcctc agaagctaac catctcctgg tttgccatcg ttttgctggt
51 gtctccactc atggccatgt gggagctgga gaaagacgtt tatgttgtag
101 aggtggactg gactcccgat gcccctggag aaacagtgaa cctcacctgt
151 gacacgcctg aagaagatga catcacctgg acctcagacc agagacatgg
201 agtcataggc tctggaaaga ccctgaccat cactgtcaaa gagtttctag
251 atgctggcca gtacacctgc cacaaaggag gcgagactct gagccactca
301 catctgctgc tccacaagaa ggaaaatgga atttggtcca ctgaaatttt
351 aaaaaatttc aaaaacaaga ctttcctgaa gtgtgaagca ccaaattact
401 ccggacggtt cacgtgctca tggctggtgc aaagaaacat ggacttgaag
451 ttcaacatca agagcagtag cagttcccct gactctcggg cagtgacatg
501 tggaatggcg tctctgtctg cagagaaggt cacactggac caaagggact
551 atgagaagta ttcagtgtcc tgccaggagg atgtcacctg cccaactgcc
601 gaggagaccc tgcccattga actggcgttg gaagcacggc agcagaataa
651 atatgagaac tacagcacca gcttcttcat cagggacatc atcaaaccag
701 acccgcccaa gaacttgcag atgaagcctt tgaagaactc acaggtggag
751 gtcagctggg agtaccctga ctcctggagc actccccatt cctacttctc
801 cctcaagttc tttgttcgaa tccagcgcaa gaaagaaaag atgaaggaga
851 cagaggaggg gtgtaaccag aaaggtgcgt tcctcgtaga gaagacatct
901 accgaagtcc aatgcaaagg cgggaatgtc tgcgtgcaag ctcaggatcg
951 ctattacaat tcctcatgca gcaagtgggc atgtgttccc tgcagggtcc

1001 gatcctag

Figure 2.7 The sequences of the coding region of p40 subunit of murine IL-12

The coding region o f  the p40 subunit o f  the mouse IL-12 gene is a 1008 bp (codes for 

336 amino acids) out o f  a total o f  1840 bp. The starting codon o f  p40 is located at 35*̂  

bp and stop codon at 1042"** bp o f  the p40 cDNA. The forward primer was designed 

to include the first 21 nucleotides o f  the coding region and a H indlll restriction site. 

The reverse primer was designed to include the final 20 nucleotides o f  the coding 

region o f  the p40 subunit, and a terminal H indlll restriction site. The restriction sites 

Xbal and D ral on the coding sequences o f  p40 subunit at the position 247 and 351 

respectively were used for the analysis o f  the PCR amplified p40 subunit.
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The amplified products were analysed with 1 Kb DNA marker on 1% agarose gels 

stained with ethidium bromide as outlined in 2.2.2.2.

2.2.2.4 Analysis of the amplified IL-12 subunits

The products o f separate RT-PCR reactions were purified using the QIAGEN 

PCR purification kit. To each PCR reaction mix, 5 volumes o f buffer PB were added 

and mixed (500 |j,l o f buffer to 100 |il PCR reaction). This buffer allows for binding 

o f the PCR product and removal o f primers o f up to 40 nucleotides. Samples were 

added to QIAquick columns (4 PCR reactions per column) and centrifuged (10,000g,

1 min) to allow for binding of DNA. The columns were then washed with 750 |j,l o f 

buffer PE to remove unwanted primers and impurities, and centrifuged (10,000g, 1 

min) twice. Finally the DNA was eluted in 50 |il of nuclease-free water per column 

by centrifugation (10,000 g, 1 min).

The purified PCR amplified products o f both the IL-12 subunits were analysed 

by unique restriction enzyme digestion and observed for their characteristic digested 

band size on agarose gel. Xbal and SphI enzymes were used for the analysis o f the 

p35 subunit whereas Xbal and Dral were used for the p40 subunit analysis. One ^g of 

each DNA was used for restriction digestion analysis. The following reaction mixture 

was double digested at 37°C for 2 h: one |jg o f each p35 or p40 DNA, 5 |il nuclease 

fi-ee water, 5 |j,l lOX NEBuffer2 (150 mM NaCl, 10 mM Tris-Hcl, 10 mM MgCb, 1 

mM dithiothreitol pH 7.9), and a combination o f 1 U of each restriction enzyme {Xbal 

and SphI or Xbal and Dral). The digested products were analysed on a 1.5% agarose 

gel as described in 2.2.2.2. After confirming the specific IL-12 gene subunits by 

restriction digestion, the purified PCR amplified DNA was mixed with 35 fil o f 

loading dye, and run on a 1.0% (wt/vol) agarose gel and placed on a UV trans­

illuminator. The bands o f the correct size DNA fi-agments o f p35 and p40 in the gel 

were excised using a clean sharp blade and purified by using the QIA Quick Gel 

extraction kit. The excised gel bands were weighed and mixed with buffer QG at a 

rate o f 3 volumes o f buffer to 1 volume o f gel (300 |il o f buffer to 100 |j,g o f gel). The 

mixture was incubated for 10 min at 50°C (tubes mixed every 2-3 min). This buffer 

solubilizes the agarose gel slice, and provides appropriate conditions for binding o f 

DNA to the silica membrane. Once the gel was completely dissolved, isopropanol

68



was added and mixed (1 volume per volume of gel). The mixture was added to 2 QIA 

Quick columns and centrifuged (10,000 g, 1 min). The columns were washed with 

500 |J,1 of buffer QG to remove all traces of agarose, and centrifuged (10,000 g, 1 

min). They were then further washed with 750 |̂ 1 of buffer PE and centrifuged 

(10,000 g, 1 min) twice. Purified DNA was eluted in 30 |̂ 1 of nuclease-free water per 

column, and pooled (Figure 3.4B). This kit relies on the selective binding properties 

of a silica-gel membrane in a spin-column to bind the DNA. The concentration of 

both the purified p35 and p40 DNA was estimated on a gel by comparing one [j.1 of 

sample DNA with 0.5p,g of 100 bp DNA ladder (NEB).

2.2.2.S Preparation of pSFVlO-E and IL-12 gene inserts for cloning

The 10.75 kbp plasmid pSFVlO-E vector containing a MCS for use in the 

construction of recombinant plasmids, and an ampicillin resistance gene for bacterial 

screening was used to prepare the SFV expression vector.

The purified stocks of the IL-12 subunits and pSFVlO-E vector were 

digested using Hindlll restriction enzyme in separate reaction sets. Each of the 

digestion reaction mixture contained 10 p.g of p35 or p40 or 5 p̂ g pSFVlO-E vector 

DNA, 10 nl Ix NEBuffer (150 mM NaCl, 10 mM Tris-Hcl, 10 mM MgCb, 1 mM 

dithiothreitol pH 7.9), 10 1̂ of 1 Ox BSA and 20 U Hindlll enzyme. The reaction 

mixtures were incubated at 37"C in a water-bath overnight and the reaction was 

arrested by heating at 65°C for 20 min.

Hindlll digested p35 and p40 fragments from different digested reaction mixtures 

were pooled and cleaned using QIAquick Nucleotide Removal Kit. Pooled digested 

DNA was mixed with 800 |̂ 1 buffer PN, which promotes the absorption of 

oligonucleotides longer than 17 bases and DNA fragments up to 10 kb to the silica 

membrane. The mixture was added to a MinElute column, and centrifuged (6,000 g, 

1 min) to allow binding of DNA. The column was then washed with buffer PE and 

centrifuged (6,000 g, 1 min), then further centrifuged (10,000 g, 1 min). The purified 

p35 or p40 or pSFVlO-E DNA was eluted in 10.5 |il o f nuclease-free water. The final 

product was analysed and quantified by electrophoresis of a 0.5 |j,l aliquot on a 1.2% 

(wt/vol) agarose gel as outlined in 2.2.2.2 (Figure 3.10).
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To remove the phosphate group from the 5 ’ end o f  the H indi 11 linearised 

pSFVlO-E vector DNA, shrimp alkaline phosphatase (SAP) was used, thus preventing 

the vector from self-ligating. 1 U o f  SAP and 0.9 |j.l lOX SAP buffer was mixed to the 

H in dlll digested pSFVlO-E DNA and incubated at 37°C for 30 min and the reaction 

was arrested by incubating the tubes at 65°C for 15 min. The dephosphorylated DNA  

was cleaned from the SAP reaction mixture using the QIAquick Nucleotide Removal 

Kit as described above and eluted in 20 |̂ 1 o f  DNAse free water. 1 îl o f  this sample 

was analysed on a 0.8% agarose gel.

2.1.2.6  DNA ligation

The p35 and p40 subunits o f  IL-12 were ligated to the pSFVlO-E vector 

separately. The ligation mix contained 50ng o f  vector DNA with three molar excess 

o f  p35 or p40 (in separate tubes) inserts, 10 jil o f  2x quick ligation buffer (132 mM 

Tris-HCl, 20 mM MgCb, 2 mM dithiothreitol, 2 mM ATP 15% polyethylene glycol 

(PEG 6000) pH 7.6) and l^il (lOU) o f  Quick T4 DNA ligase. The mixture was mixed 

thoroughly, centrifuged briefly, incubated at room temperature for 2-5 min, and 

chilled on ice and stored at -20°C. A control ligation was carried out using only 

pSFVlO-E DNA.

2.2.2.7 Transforination 

2.2.2.7.1 Preparation of competent E. coli DH5a cells

Cells used for transformation o f  rSFVlO-E , rSFVlO and ‘helper’ SFV  

plasmids were Escherchia coli strain D H 5a (N ew  England Biolabs, USA). 500 ml o f  

E. coli cells were grown in a 2 litre baffled flask containing L broth incubated at 37 

°C with shaking (200 rpm) until the cells reached the mid-log phase o f  growth (OD. 

600= 0.4-0.5). The culture was then chilled on ice for 2 h after which it was 

centrifuged at 800g for 20 min at 4°C. The supernatant was discarded and the cells 

were resuspended gently in 2 x 30 ml ice-cold 100 mM MgCl2 (BDH, UK) and 

pelleted as above. Pellets were resuspended gently in 2 x 100 ml o f  ice-cold 100 mM 

CaCh (Merc, Germany) and placed on ice for 1 h. Cells were pelleted as above and
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resuspended gently in 2 x 20 ml ice-cold 100 mM MgCb- 80 % glycerol (BDH, UK) 

was then added drop-wise with gentle swirling to a final concentration of 10% w/v. 

This cell-glycerol suspension was then aliquoted into 0.5 ml quantities on ice and 

snap-frozen in liquid nitrogen before storage at -70 °C.

2.2.2.7.2 Transformation of E. coli DH5a cells

Competent DH5a cells were transformed with ligated rSFV10-E-p35 or 

rSFV10-E-p40 mixture separately by incubating 200 |il o f competent cells with each 

plasmid DNA for 1 h on ice (mixed every 10 min). The cells were transformed by 

heat shock at 42°C for 2 min and placed on ice for a further 10 min. Transformed 

cells were incubated in L-broth and allowed to grow for a further 1 h with the addition 

o f 100 |j,g ampicillin. Transformed cells were plated onto ampicillin L-agar plates 

containing 1 mg/ml ampicillin. The plates were incubated upside down overnight at 

37"C and observed for colony growth.

2.2.2.S Screening of the plasmid DNA from the transformed colonies

A few isolated transformed colonies o f recombinant plasmids were inoculated 

in 15 ml o f L-broth containing 100 |ag/ml ampicillin separately. The cell cultures were 

grown for 18 h shaking at 37°C. From each culture, a 5 ml aliquot was removed and 

mixed with 15% (wt/vol) 80% glycerol. These were then stored at -70°C in 1 ml 

aliquots. The remaining culture was used to purify the plasmid, using the QIAGEN 

Miniprep Plasmid Purification Kit that is based on the modified alkaline lysis 

protocol. Cells were harvested by centrifugation (1000 g, 10 min, 4°C). Each pellet 

was resuspended in 250 ^1 o f buffer PI (10 mM EDTA, 100 |J.g/ml RNAse A, 50 mM 

Tris-HCL, pH 8.0), and transferred to an eppendorf tube. Cells were lysed by the 

addition o f 250 |j,l o f buffer P2 (200 mM NaOH, 1% (wt/vol) SDS) by inverting the 

tube 5-6 times. 350 |il o f buffer N3 was added, and mixed gently prior to 

centrifugation (10,000 g, 10 min). The supernatant was applied to a QIAprep column 

and further centrifuged (10,000 g, 1 min). The column was then washed with 500 |il 

o f buffer PB, to remove all trace of nuclease activity. The column was again washed
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with 750 |o.l o f buffer PE, and centrifuged twice (10,000 g, 1 min). Clean DNA was 

eluted in 30 |il o f nuclease free water by centrifugation (10,000 g 1 min).

Each plasmid DNA from different transformed colonies was screened for the 

presence o f insert (p35 or p40) and its orientation by confirmed restriction digestion 

analysis. To test the presence o f the insert 1 |J,1 o f each DNA was digested for 1 h at 

37°C with EcoRl enzyme in the presence o f lOx BSA and Ix EcoRI buffer. The 

digested products for each DNA samples were analysed on 1% agarose gel by 

comparing with control vector digested by EcoRI and 1Kb DNA. The plasmid DNA 

carrying the insert in each o f the rSFV10-E-p35 and rSFV10-E-p40 were selected and 

the orientation o f the insert tested. The positive clones were analysed using Xbal 

restriction digestion separately in the presence o f NEBuffer 2 and the digested 

fragments were analysed on a 0.8% agarose gel by comparing with a 1Kb DNA 

ladder ladder (Figure 3.11-14). After confirming the correctly oriented insert (p35 or 

p40) in rSFVlO-E constructs, 1 ml aliquots o f the original culture were re inoculated 

into fresh ampicillin L-broth in sterile baffled flasks and plasmids were extracted 

using QIAPrep miniprep kit as described before. Finally, positive clones with correct 

orientation o f inserts in pSFV10-E-p35 and pSFV10-E-p40 were re-analysed by 

restriction analysis and sent for sequencing.

2.2.I.9  Sequencing o f the inserts in pSFV10-E-p35 and pSFV10-E-p40

Four clones with the correct insert in each o f the IL-12 subunit constructs were 

sent for sequencing to LARX technologies Inc. (UK) using insert primers. As the p40 

subunit is about Ikb long, it was necessary to include multiple primers for the 

efficient amplification o f the insert. Oligonucleotide primers for sequencing the insert 

p40 were designed to amplify the insert along with a small portion o f the non- 

structural region (nsP4) o f SFV vector from both ends o f the insert. The same primers 

that were used for cDNA amplification o f p35 were employed for sequencing 

purposes (refer section 2.1.3). The sequences obtained was blasted against the NCBI 

Gene database, and then paired to the original sequence for the coding region o f p35 

and p40 subunits o f IL-12 obtained from the GenBank database. A glycerol stock 

was prepared from the correct clone as described in section 2.2.2.7.I.
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2.2.2.10 Preparation o f SFVIO and TL-12 gene inserts for cloning

Stocks o f pSFV10-E-p35 and pSFV10-E-p40 were made by the QIAGEN 

Miniprep Plasmid Purification Kit as described in the section 2.2.2.6. The p35 and 

p40 genes from the pSFVlO-E constructs were released by H indlll digestion and the 

genes were purified by using the QIA quick Gel extraction kit (Qiagen) as described 

in section 2.2.2.2. The H indlll digested sticky ends o f the inserts were blunted (filled- 

in) using DNA Polymerase I, Large fi'agment (Klenow). 2-3^g of each gene subunit 

was used in the reaction mixture with 3[j.l EcoPol lOx buffer (lOmM Tris-Hcl, 5mM 

MgcU, 7.5 mM dithiothreitol, pH 7.5 at 25°C), 10.5|j.l o f dNTP mix (lOmM) and 5U 

of Klenow in a total 30|il volume.

Similarly, 1 [ig o f pSFVlO was linearised using 1.5(al o f BamHI restriction 

enzyme and the digested sticky ends were blunted using Klenow with the above 

reaction conditions. The 100 ng o f Klenowed vector pSFVlO was dephosphorylated 

by 2^1 o f SAP as described in the section 2.2.2.5. The blunt ended pSFVlO vector and 

p35 and p40 inserts were cleaned up using QIAquick Nucleotide Removal Kit and 

were analysed on a gel as described in 2.2.2.4.

2.2.2.11 Ligation and Transformation

The p35 and p40 subunits o f IL-12 were ligated to linearised SFVIO vector 

separately at the molar ratio o f 1:3 vector to insert as described before in section 

2.2.2.6. Transformation o f the ligated DNA into competent E. coli DH5a cells and 

plating were performed as outlined in section 2.2.2.7.

2.2.2.12 Screening

A few isolated transformed colonies o f recombinant plasmids were grown in 

sterile ampicillin (100 mg/ml) L-broth. The plasmid DNA was extracted fi-om the 

harvested cells using QIAprep Miniprep Kit (Qiagen) as described in section 2.2.2.6. 

The restriction enzyme Xbal was used to screen the plasmids to test the presence and 

orientation o f the insert (p35 or p40) in rSFVlO by restriction digestion analysis. The 

correct oriented positive clones o f rSFV10-p35 and rSFV10-p40 were selected as 

outlined in section 2.2.2.8.
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2.2.2.13 Construction of pSFV10-E-IL12 (p70)

Finally, both subunits o f IL-12 were cloned into pSFVlO-E to obtain pSFVlO- 

E-IL12. Separate 26S subgenomic promoters controlled these subunits in pSFVlO-E- 

IL12 construct (Figure 2.8). The pSFV10-E-p40 vector was linearised by Smal 

restriction (blunt end) digestion. The p35 fragment along with the 26S subgenomic 

promoter from the pSFV10-E-p35 construct was cut using blunt end digestion by 

PvuII and Smal restriction enzymes. The digestion reaction mixture for vector DNA 

contained 5 |il o f lOx BSA (NEB), 5 |j1 o f NEB-4 buffer and the reaction was carried 

out at 25*’C for 2 h in 50 (il total reaction volume. The digested plasmids were 

analysed on 0.8% agarose gel. The digested 26S-p35 fragment was excised from the 

gel, purified using the Qia-Gel extraction Kit as described in the section 2.2.2.2 and 

kept ready for ligating in to the linearised pSFV10-E-p40 construct.The linearised 

pSFV10-E-p40 vector DNA (50 ng) was dephosphorylated using Shrimp Alkaline 

Phosphatase as described before in the section 2.2.2.5. The 26S-p35-fragment 

obtained from the digestion o f the pSFV10-E-p35 construct was ligated into 

dephosphorylated pSFV10-E-p40 using Quick T4 DNA Ligase under theconditions 

described previously (2.2.2.6). The ligated DNA was transformed and plated as before 

and incubated overnight at 37°C. The plasmids from the transformed colonies were 

isolated using Qiagen Miniprep Kit. The presence and orientation o f 26S-p35 

fragments in the pSFV10-E-p40 construct was tested by Xbal digestion and analysed 

on a 0.8% agarose gel. A few positive clones o f pSFV10-E-p70 were selected for 

fiirther study.

2.2.2.14 Construction o f pSFV10-IL12 (p70)

The p35 fragment along with 26S subgenomic promoter from the SFVIO- 

p35 construct was separated using blunt end digestion by PvuII and Smal restriction 

enzymes and ligated into Smal linearised pSFV10-p40 vector DNA as described in 

section 2.2.2.10 to ultimately obtain pSFV10-IL12 (Figure 2.9). The presence and 

orientation o f 26S-p35 fragments in the pSFV10-p40 construct was tested by Xbal 

and analysed on a 0.8% agarose gel.
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Figure 2.8 Schematic representation o f pSFV10-E-mIL12.

(a) The higher expression vector pSFVlO-E showing murine IL-12 subunits p40 and p35 in the 

multiple cloning site (MCS) o f pSFVlO-E with their own 26S sub-genomic promoters. The 

construction o f this vector was carryout as described in the section 2.2.2. To construct pSFVlO-E- 

mlL12, cDNA o f p35 and p40 were amplified fi'om total RNA of mouse splenocytes. Initially p35 

and p40 subunits were ligated into MCS of two separate pSFVlO-E vectors to get pSFV10-E-p35 

and pSFV10-E-p40. Then p35 subunit along with 26s sub-genomic promoter, Kosak, capsid 

enhancer and FMDV 2A cleavage-site sequences fi'om pSFV10-E-p35 was cut and subsequently 

cloned into 5wa/restriction site just aft;er p40 subunit in pSFV10-E-p40 to get pSFV10-E-p70.

(b) The nucleotide sequence o f the enhancer element is shown in the inset. Italics indicate the 

Kozak and methionine initiation sequences, standard typeface codons for amino acids 2-34 o f the 

capsid protein, and bold codons for 17 amino acids o f the FMDV2A protein; cleavage occurs 

before the last amino acid (proline).
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Figure 2.9 Schematic representation of pSFV10-mIL12.

Tlie construction of this vector was carried out as described in the section 2.2.2.10-13. 

The p35 and p40 subunits from pSFV10-E-p35 and pSFV10-E-p40 constructs were 

released by H indlll restriction digestion. The pSFVlO vector was linearised using of 

BamHI (MCS), and the generated sticky ends o f the inserts and vector were blunted 

using Klenow-large (DNA Polymerasel). The linearised vector was dephosphorylated 

using Shrimp Alkaline Phosphatase. Blunted p35 and p40 subunits were ligated into 

linearised pSFVlO separately to get pSFV10-p35 and pSFV10-p40. Then the p35 

subunit along with 26S sub-genomic promoter from pSFV10-p35 was cut and cloned 

into 5’ma/restriction site just after p40 subunit in pSFV10-p40 to get pSFV10-p70.
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2.2.3 Recombinant Semliki Forest virus like particle (VLP) production

2.2.3.1 Expression Vectors

The SFV split-helper vector system that encompasses the packaging vectors 

pSFV-HelperS2 (encoding the envelope proteins) and pSFV-CS219A (encoding the 

capsid protein), and pSFV-EGFP were a gift from Professor P. Liljestrom. A 

pSFVlO-E vector expressing IL-18 was constructed by a project student Ms Susan 

McNally at the Dept of Microbiology, Trinity College. The constructed pSFVlO-E- 

IL12 or pSFV10-IL12 plasmid was employed together with pSFV-HelperS2 and 

pSFV-CS219A to produce rSFV-IL12 VLPs.

2.2.3.2 Preparation of recombinant and helper SFV plasmids

Competent DH5a cells were transformed with pSFV-IL12, pSFV10-E-IL18, 

pSFV-EGFP, pSFV-Helper S2 and pSFV-Helper CS219A separately as outlined in 

the section 2.2.2.5. Transformed pure single colonies were then grown in L-broth 

separately for each plasmid DNA. Each o f the plasmid DNAs was purified from E. 

coli DH5a cells using the QIAGEN Miniprep Plasmid Purification Kit as described in 

the section 2.2.2.6. Plasmid concentrations were estimated using a DNA/RNA 

spectrophotometer and visualised by gel electrophoresis as described in 2.2.2.2.

2.2.3.3 Linearisation o f plasmid DNA for in vitro transcription

For the production o f both helper and recombinant SFV viral RNA, each 

plasmid was linearized using an unique restriction enzyme. In each o f the SFV 

plasmids a unique restriction site preceding the non-structural protein genes and SP6 

promotor was selected. The Spe I site was used for pSFV-EGFP, and helper SFV 

plasmids to linearise whereas the N m l site was used for pSFV-IL12 and pSFVlO-E- 

IL18 plasmids. A total o f 10 |ig plasmid DNA was linearised in a 50 |il volume 

containing 5 jjI NEBuffer 2 or Nrul -unique buffer (50 mM NaCl, 10 mM Tris-HCl, 

10 mM MgCb, 1 mM DTT, pH 7.9), and 20 U Spe I  or Nnil. Following 16-18 h 

digestion in a waterbath at 37 °C, cut and uncut plasmids were visualised by gel
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electrophoresis along with a k- molecular weight marker as described in section 

2.2.2.2. Linearised plasmids were then cleaned using the Qiagen nucleotide extraction 

kit and resuspended in a final volume o f 50 fil sterile nuclease-fi'ee water. The 

concentrations o f the linearised plasmid DNA were estimated on a 0.8% agarose by 

comparing band intensities with those o f 0.5 [ag Lambda {Hindlll) DNA molecular 

weight markers.

2.2.3.4 In vitro SP6 RNA transcription

1.5 |j.g o f each linearised plasmid DNA (section 2.2.3.4) was used as template 

in 50 |il SP6 Polymerase RNA transcription reaction containing SP6 buffer [40 mM 

HEPES-KOH pH 7.4, 6 mM MgOAc, 2 mM Spermidne-HCl], 1 mM 

m^G(5’)ppp(5’)G, sodium (CAP), 5 mM dithiothreitol (DTT), 1 mM each rATP, 

rCTP, rUTP, 500 |iM rGTP, 60 U RNasin and 34 U SP6 RNA polymerase in nuclease 

free water. This reaction was carried out in 1.5 ml eppendorf tubes separately for each 

DNA sample. The tubes were vortexed, centrifuged briefly and incubated at 37“C for 

1 h 50 min on a heating block. Each o f the RNA transcripts o f rSFV10-E-IL12, 

rSFV10-IL12, rSFV10-E-IL18, rSFV-EGFP, rSFV-Helper S2 and rSFV-Helper 

CS219A were analysed by running l^il on 0.6% (w/v) agarose gel as described in the 

section 2.2.2.2 and stored at -70°C.

In vitro transcription o f each of the IL12 constructs and the helper vectors 

pSFV-S2 spike and pSFV-C219A capsid were made in 300 îl volume. For each stock 

of VLPs. three 150 cm^(or six 75 cm^) flasks o f confluent Swedish-BHK cells per 

IL12 construct were prepared for electroporation.

2.2.3.5 High titre rSFV-IL12 VLP production 

2.2.3.5.1 Electroporation o f RNA

In order to produce rSFV-IL12 VLPs, three 150cm^ tissue culture flasks o f 

-80%  confluent sBHK cells was propagated, washed and trypsinised as described in 

section 2.2.1. The cells were resuspended in 10 ml o f fresh BHK medium. Cells were 

centrifuged at 400 x g  for 10 min at room temperature and the pellets were gently 

resuspended in 10 ml PBS and spun again. The cells o f all the the confluent flasks
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were resuspended finally in 4 ml o f  PBS and kept on ice. The in v/Yro-transcribed 

RNA reactions were divided into six 150 |il aliquots, with each tube containing 50 |ô l 

each recombinant SFV RNA (pSFV10-E-IL12 or SFV10-IL12 or pSFV10-E-IL18 or 

SFV-EGFP), SFV-Helper S2 RNA and SFV-Helper C S219A RNA. A control tube 

with 150|j.l PBS was mixed with 650[j.l o f  the cell suspension in separate tubes. 650 |al 

o f  cell suspension was added to the 150 |j,l RNA mixture and kept on ice for 5 min 

prior to loading into a 4 mm electroporation cuvette. The cell suspension was then 

pulsed twice at 0.85 kV and 25 |iF capacitance with time constants -0 .4  seconds 

using a Gene Pulser II. A  total o f  six separate electroporations were carried out in 

quick succession for each batch o f  VLP stock. The cell suspensions o f  all the six 

electroporations were mixed with 100 ml o f  fi"esh BHK medium and divided into two  

150cm^ flasks (50ml/flask). The cells were incubated at 33°C in a humidified 

atmosphere with 5% CO2 for 36-48 h. The culture supernatant (containing the rSFV- 

IL-12 VLPs) was collected and centrifuged at 18,000 rpm for 15 min twice (Sorvall 

RC 5C Plus) in order to remove cellular debris and placed on ice.

2.2.3.S.2 Harvesting high titre rSFV particles

The clarified supernatant was aliquoted into three SW -28 ultracentrifuge tubes 

with 5ml o f  20% sucrose (in TNE buffer) as cushion beneath the virus supernatant. 

The tubes were placed into SW28 ultracentrifuge buckets and all the tubes were 

balanced by using another mimic tube. The buckets were fixed to the SW28 rotor and 

centrifuged at 25000 rpm for 2 h at 4°C in the Beckman ultracentrifuge. Following 

ultracentrifugation, the supernatant was immediately removed, the sides o f  the tubes 

dried with sterile cotton tips, and each pellet was resuspended with 400 [xl TNE buffer 

(50 mM Tris-HCL, pH 7.4, 100 mM NaCl, 0.1 mM EDTA) per tube and incubated on 

ice for 2-3 hours to overnight. The pellet was resuspended with gentle pipetting and 

the virus like particles (rSFV10-E-IL12 or rSFV10-IL12 or rSFV-EGFP or rSFVlO- 

E-IL18) were collected. A further 400 p,l o f  TNE was added to each tube, which were 

then incubated on ice for 1 h and vortexed briefly and collected into the previously 

harvested TNE to a final volume between 2-3 ml. The resuspended VLPs were 

aliquoted in 100 [xl into cryotubes and were snap frozen using dry ice cooled methanol 

or liquid nitrogen before storage at -70°C.
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The production o f  high-titre stocks o f  rSFVlO-E-IL-12, rSFV10-IL12, 

rSFV10-E-IL18 and rSFV-EGFP, was performed as described above by utilizing the 

plasmids pSFV10-E-lL12, pSFV10-lL12, pSFV10-E-IL18 and pSFV-EGFP and 

stored frozen at -70°C.

2.2.3.5.3 High titre rSFV particle titration

2.2.3.5.3.1 Immunoflourescence

BHK-21 cells were grown confluently on 22x22 mm glass cover slips in a 6- 

well plate. Serial dilutions (1 |o,l, 0.1 |o,l, 0.01 1̂, 0.001 )j,l, and 0.0001 îl) o f  virus 

stock were made using a total volume o f  500|j,l medium for infection (2.2.1). The cells 

were infected with SOOfil o f  virus dilutions for one hour at 37°C by rocking every 10 

min. 2.5 ml fresh BHK medium was added to each well and incubated at 37°C in a 

humidified atmosphere with 5% CO2.

After 16-18 h immunofluorscence (IF) was carried out. The cells were fixed in 

2 ml o f  4% paraformaldehyde (PFA) in PBS' for 20-30 min. The PFA was removed 

and cells were incubated in acetic acid : ethanol (1:2) at -20°C for 5-10 min. The cells 

were blocked with 1ml rabbit serum blocking buffer containing 0.5% o f  7.5% BSA  

(Sigma) and 1ml rabbit serum in 50ml PBS for 30 min. The coverslips were incubated 

with 50^1 primary (IL-12) antibody (1:50) (purified Rat anti-mouse IL-12 p-70) on 

slides covered with Parafilm for 1 h and with 50|xl secondary antibody (biotinylated 

rabbit anti rat-IgG; mouse adsorbed) for 30 min. After washing, the cells were 

incubated with streptavidin/FITC (1:100 in HEPES-NaCl buffer) for 30 min and 

washed twice in high-salt HEPES-NaCl buffer (0.5 M NaCl, 10 mM HEPES) for 30 

min at room temperature. The cells on the coverslips were mounted on slides with 

hardest vectashield mounting medium (DAPI) and examined using a fluorescent 

microscope. The average number o f  positive cells from 20 random fields at a 

magnification o f  400x was used to calculate VLP titres and expressed as infectious 

units (lU ) per ml. Similarly, the titres o f  IL12 VLPs were calculated on K-BALB cells 

by IF.

The rSFV-EGFP VLPs were titrated by observation in the fluorescent 

microscope. The titration o f  rSFV10-E-IL18 VLPs was carried out using lL-18
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antibodies (purified Rat anti-mouse IL-18) (1:50) by immunofluorescence as 

described above.

2.2.3.5.3.2 Immunocytochemical staining

The BHK-21 and K-BALB cells were infected and fixed as above. The cells 

were quenched in 3% H2O2 (in PBS) (Sigma) for 10 min. Then cells were blocked, 

treated with primary and secondary antibodies, and washed as described above. The 

cells were treated with Vectastain (Vector) for 30 min, 2 min in DAB (Sigma) 

solution and 20 seconds in Harris’ haematoxylin stain (BDH). Cells were examined 

using bright field microscopy; the positive cells were easily distinguished (clearly 

brown stained) from uninfected cells.

2.2.4 IN  VITRO ASSAYS

2.2.4.1 Comparative analysis o f rSFV10-E-IL12 and rSFV10-IL12 for the 

expression o f IL12 by VLPs

Analyses o f expression and secretion levels o f IL12 were carried out using 

BHK-21 and K-BALB cells. The cells were grown confluent by seeding 2.5x10^ cells 

/well in a 24-well plate. To achieve complete infection, the cells were infected in 

duplicate with an MOI (multiplicity o f infection) o f 10 VLPs (rSFV10-E-IL12 or 

rSFV10-IL12) and incubated at 37°C in 9% CO2 . The supernatants o f the infected 

cells were collected at different time points (12 h, 24 h, 48 h and 72 h) and 

centrifuged 10,000 rpm for 10 min to remove the cell debris.

The level o f secreted IL-12 protein (1:20, 1:200 and 1:250) in triplicate for 

each time point sample was estimated by capture ELISA using OptEIA^''^ Set Mouse 

IL-12p (70) Kit in flat-bottomed 96-well ELISA plates. Capture ELIS As were 

performed according to the kit manufacturer’s instructions. Wells o f a 96-well plate 

were coated with 100 |j,l/well o f capture antibody diluted in coating buffer (1:250 

dilution), and incubated overnight at 4°C. Wells were washed 3 times with 300 

lil/well o f wash buffer, and plates blocked for 1 h at RT with 200 |a,l/well o f assay 

diluent. Wells were again washed 3 times with wash buffer, and incubated sealed for
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2 h at RT with 100 |il/well o f either standard (serial dilutions in assay diluent) or 

samples. Plates were washed as before with 5 total washes, and then incubated sealed 

for 1 h at RT with 100 fil/well of working detector solution. Plates were again 

washed with 7 total washes. 100 |j,l/well o f TMB substrate was added, and plates 

incubated at RT in the dark for 30 min, before addition o f stop solution (2N H2 SO4). 

Absorbances were read using a Multiscan RC ELISA plate reader at 450 nm within 30 

min of adding stop solution. The values were plotted to see the difference in the levels 

o f IL12 secreted by rSFV10-E-IL12 or rSFV10-IL12 in both BHK-21 and K-BALB 

cell lines.

The difference in the IL-12 expression levels from rSFV10-E-IL12 and 

rSFV10-IL12 VLPs were tested in BHK-21 and K-BALB cells qualitatively by 

immunofluorescence as described in section 2.2.3.5.3.1.

2.2.4.2 Testing biological activity of the IL-12 secreted by the rSFV-IL-12 VLPs

Biologically active IL-12 induces splenocytes (T-cells) to secrete interferon-y 

(IFN-y). A spleen from BALB/c mouse was collected in Hank’s Balanced Salt 

Solution (HBSS) on ice and chopped with scissors. The tissue in HBSS was smashed 

with a syringe plunger and passed through a 70 [xm cell strainer into a 50ml Falcon 

tube. The cells were spun at 1500 rpm for 10 min at 4°C. After discarding the 

supernatant, 5ml o f Ix red blood cell (RBC) lysis buffer was added and incubated for 

2 min at room temperature. The tubes were topped up with HBSS and spun as before 

twice. The supernatant was discarded and the cells were resuspended in 20 ml RPMI- 

1640 containing 10% heat inactivated foetal bovine serum (FBS), 20 mM HEPES 

buffer, 100|ag/ml streptomycin 2 mM L-Glutamine, 1% Sodium pyruvate, 1% non- 

essential amino acids and 50 ^M P-Mercaptoethanol. The cells in the suspension were 

counted by tryphan blue exclusion assay using a haemocytometer as follows: from the 

cell suspension, 20 îl was mixed well with 20 |xl tryphan blue and loaded into the gap 

between the haemocytometer and cover slip. The clear viable (tryphan blue 

excluding) cells distinguished from those o f dead (blue) and red blood (dark) cells 

were counted in all the four squares and the average number o f viable cells was 

calculated. The cell suspension was spun again and resuspended with medium to get 

1x10^250 |il (8x10^ cells/20ml). 0.5 ml o f the cells per well were dispensed into two
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24 well plates. 100|al (neat) orl|al (1:100) o f the supernatant from the VLP-infected 

(rSFV-EGFP or SFV-IL12 or infection medium) BHK-21 or K-BALB cells were 

added to the splenocytes in the wells and volume was made up to 1ml in each well. 

Naive, concavalin A (ConA) (1 ng/ml) (250 |al o f 4x/well) and rSFV-EGFP 

supernatant were used as controls. The plates were incubated at 37“C and the 

supernatants were harvested at different time points (24 h, 48 h, and 72 h). The cells 

were separated by centrifuging the harvested supernatant from the splenocytes at 

10,000 rpm and stored at -20“C for fiirther analysis.

A capture ELISA test (OptEIA^*^ Set Mouse IFN-y kit), was used to measure 

the production o f IFN-y from murine splenocytes induced with the supernatants 

containing IL-12 secreted by rSFV-IL12 VLP infected BHK-21 and K-BALB cells. 

The capture ELISAs were performed according to the manufacturer’s instructions. 

The absorbances were read at 450 nm and mean concentrations at each time point 

were plotted on a graph for rSFV10-E-IL12 and rSFV10-IL12 VLPs.

2.2.4.3 In vitro characterization of rSFVlO-E -IL18 VLPs

Expression and secretion levels o f IL18 were tested in BHK-21 and K-BALB 

cells and were estimated by the capture ELISA test using OptEIA^*^ Set Mouse IL-18 

kit as outlined in the section 2.2.4.1. Biologically active IL-18 is known to induce 

splenocytes to secrete IFN-y. Hence the biological activity o f the secreted IL18 from 

both the cell lines was tested using a capture ELISA test using the OptEIA^'^ Set 

Mouse IFN-y kit as described in section 2.2.4.2.

2.2.5 IN VIVO TUMOUR TREATMENT STUDIES USING rSFV VLPs 

2.2.5.1 Induction of tumours (K-BALB, CT26 or 4TI) in vivo

BALB/c mice were used for in vivo experimentation, which were maintained 

as described in section 2.1.5. Six female BALB/c mice o f 6-8 weeks age were used 

for each treatment group throughout the tumour treatment experiments. Prior to 

tumour induction their right flanks were shaved in order to facilitate tumour induction 

and measurement o f the growth. Tumour (K-BALB or CT26 or 4T1) cells were 

grown in 150 cm^ cell culture flasks as described in section 2.2.1 and harvested by
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trypsinisation during their log phase of growth. Cells were centrifuged at 400 x g at 4 

°C followed by washing with Hanks balanced salt solution (HBSS). The cells were 

resuspended gently to a final concentration o f 1 x 10  ̂ cells/ml in non-supplemented 

DMEM or HBSS, viability having been determined using the trypan blue exclusion 

assay as described in section 2.2.5.1. The resuspended cells were injected 

subcutaneously (s.c.) (1x10^ /mouse in 100 |j,l) into the right flank o f each mouse 

using a 1 ml syringe and 23G needle. Mice were examined daily for signs o f s.c. 

tumour formation and when detected, tumour diameters were measured using a linear 

caliper in 2 perpendicular diameters with the average tumour diameter calculated as 

the square-root o f the product o f cross-sectional diameters, assuming spherical shape. 

Tumours o f 4 mm diameter were seen at 3-4 days post injection in case o f K-BALB 

and 4T1 tumours and at 5-6 days with the CT26 model.

2.2.S.2 Treatment of tumours (K-BALB, CT26 or 4T1) in vivo with rSFV VLPs

High titre stocks o f rSFV10-E-IL12, rSFV10-IL12, rSFV10-E-IL18, and 

rSFV-EGFP VLPs were prepared as described in section 2.2.3.5, and titrated (section 

2.2.3.5.3). The titre o f rSFV10-E-IL12 was adjusted to a concentration o f 4 x 10  ̂

lU/ml, 4x10* lU/ml and 4x10^ lU/ml in TNE buffer. The treatment was started when 

the tumour size reached 4 mm. Mice received a total o f six intratumoural (i.t.) 

injections each on every alternate day, o f 50 |al TNE buffer alone (control groups) or 

TNE containing rSFV-EGFP VLPs (as virus control groups) or the TNE containing 

high-titre rSFV-IL12/IL18 VLPs using a 0.5 ml insulin microsyringe. Each set of 

tumour treatment experiments in BALB/c mice was carried out separately for 

different titres (4x10^ lU/ml or 4x10* lU/ml or 4x10^ lU/ml) o f rSFV VLPs. 

Injections were directed towards the centre o f each tumour and administered slowly to 

facilitate the absorption o f the fluid by the tumour and to avoid the surrounding 

normal tissue. Tumours were measured daily as described in section 2.2.5.1 and mice 

were euthanised by halothane overdose and cervical dislocation when tumours 

approached 15 mm^. Two sets o f animals for each treatment group were used for all 

the different tumour cell lines. The first group was assayed for survival and the 

second group assayed for pathology, serology, immuno-histochemistry, and lung
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metastases (4T1 tumour model). The schematic representation o f treatment strategy is 

given in the Figure 2.10.

K-BALB tumours in BALB/c mice were treated using rSFV10-E-IL12 VLPs 

at 4x10^ lU/ml, 4x10* lU/ml and 4x10^ lU/ml titres in ascending order in separate sets 

o f experiments for each viral titre. CT26 tumours were treated with rSFV10-E-IL12 

VLPs at 4x10* lU/ml and 4x10^ lU/ml titres whereas 4T1 tumours were treated using 

4x10^ lU/ml. To examine and compare the in vivo treatment efficacy o f rSFVlO-E- 

IL12 and rSFV10-IL12 VLPs, K-BALB tumours were treated at 4x10^ lU/ml titre as 

described before.

2.2.5.3 Treatment of K-BALB and CT26 tumours using rSFV10-E-IL18 VLPs

An in vivo tumour treatment study was carried out on K-BALB and CT26 

tumours using rSFV10-E-IL18 (4x10^ lU/injection) at a titre o f 4x10^ iu/injection as 

outlined in section 2.2.5.1 and 2.2.5.2.

2.2.5.4 Treatment of 4T1 tumours with rSFV10-E-IL12 VLPs

4T1 tumours were induced subcutaneously on the right flank o f each mouse by 

injecting 10  ̂ cells in 100 |j,l Hank’s balanced salt medium (HBSS) wdth a 29G 0.5ml 

syringe as outlined in section 2.2.5.1. When the size o f the 4T1 tumours reached 

4mm^, they were treated with TNE, or 4x10^ lU/injection rSFV-EGFP, or rSFVlO-E- 

IL12 VLPs, as described in section 2.2.5.2.

2.2.5.5 Immunological studies

2.2.5.5.1 Harvesting of serum from K-BALB tumour bearing mice

Mice were euthanised by halothane overdose and cervical dislocation after 

which the abdomen was opened aseptically and the hepatic artery severed. A Pasteur 

pipette was used to harvest blood from the mice into an eppendorf tube, which was 

subsequently incubated at 4 °C for 18 h. The clotted blood was centrifuged at 400 g  

for 10 min at 4 °C and the serum was decanted and aliquoted before storage at -70 °C.
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Day 0 
s.c. injection 
1x10*’ tum our 

cells
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Figure 2.10 General strategy for in vivo treatment of K-BALB, CT26 or 4T1 

tumours in immuno-competent BALB/c mice
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2.2.5.S.2 Serum analysis for antiangiogenic factor IP-10

Blood serum from three K-BALB tumour bearing mice from each group that 

were treated with 4x10^ lU/injection of rSFV-IL12 VLPs, rSFV-EGFP or TNE was 

collected 3 days after the 6*'’ treatment as outlined in section 2.2.5.6.I. An assay for 

IP-10 in the sample blood serum in triplicate of each treated group was quantified by 

using Quantikine mouse IP-IO/CXCLIO (RcfeD Systems) immunoassay kit. The 

sample dilutions along with the standard and controls were incubated in a flat 

bottomed 96 well ELISA plate pre-coated with antibodies raised aginst E. coli- 

expressed recombinant mouse IP-10. The protocol was followed according to the 

manufacturer’s instructions. The absorbance of the samples was read at 450 nm.

2.2.6 HISTOPATHOLOGY

2.2.6.1 Sampling of mice for histopathology

2.2.6.1.1 Sampling and processing of tumour and lung samples

For general pathology and immuno-histochemical detection of CD8+, CD4+, 

and CD31, mice were sampled in triplicate on the next day after the and the 6‘*’ 

treatment and at the end of the treatment i.e., when the tumour size reached 15 mm .̂ 

Mice were sacrificed by a quick cervical dislocation. Tumours were excised, placed in 

5% formal saline and processed for pathological studies.

Similarly, lungs from 4T1 tumour bearing mice at day 24 post-tumour 

induction were collected in 5% formal saline to examine the 4T1 lung metastases. 

Processing of tissues, and sectioning of sampled tumours for general pathology was 

performed by Ms. Alex Whelan (Veterinary Pathology Laboratory, University 

College Dublin). Samples were dehydrated through a series of graded alcohol washes 

as follows; 50% (v/v) alcohol for 1 h, 70% (v/v) alcohol for 1 h and 90% (v/v) alcohol 

for 1 h, before 2 x 40 min absolute alcohol washes. Samples were then immersed for 

1 h in an absolute alcohol and xylene (1:1) solution before 3x40 min xylene washes. 

This was followed by 4x40 min immersions in paraffin wax and subsequent mounting 

onto blocks. For routine histology and immunohistochemistry, 3 fim sections were 

cut using a microtome and dried overnight at 37 °C in an oven.
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2.2.6.1.2 Preparation o f K-BALB tumour cryosections

For immuno-histochemical examination, the resected tumour samples were 

embedded in Tissue-Tek OCT compound on cork disks, snap-frozen in liquid 

nitrogen-cooled isopentane and stored at -70 °C. A Leica CM 1900 cryostat was used 

to prepare 4-6 j^m thick sections at -20 °C which were placed on poly-L-lysine coated 

glass slides, fixed in acetone at -20 °C for 5 min, air-dried overnight and stored in 

airtight containers at -70 °C.

2.2.6.2 Histopathology and immunohlstochemistry

2.2.6.2.1 Haematoxylin and eosin (H «& E) staining for routine histology

Sections o f paraffin embedded tumours and lungs were examined routinely 

using the haematoxylin and eosin (H&E) staining method. Dried sections were 

dewaxed with 3 x 10 min washes in 100% xylene and subsequently rehydrated 

through 100%, 95%, 70% ethanol for 5 min each followed by distilled water. 

Sections were then placed in Harris’ haematoxylin for 10 min, rinsed under running 

tap water until cleared, differentiated in 1% acid alcohol and ‘blued-up’ by dipping 

three times in 3% ammonia water. After a subsequent wash under running tap water, 

sections were counterstained in 1% dichromate eosin for 2 min and washed under 

running tap water for a fiuther 5 min or until cleared. Stained sections were then 

dehydrated and mounted using DPX by covering the section with a coverslip without 

air bubbles. H&E stained slides were prepared from three separate sections o f each 

tumour or lung to provide representative pathological observations.

2.2.6.2.2 Routine histology

Coded H&E stained tumour sections without any pre-knowledge o f the 

treatment given were examined by light microscopy and relevant histological details 

were noted such as: tumour cell morphology, mitotic index, invasion o f surrounding 

tissues by tumour cells, development of areas o f necrosis within tumours, thromboses 

and haemorrhages, tumour ulceration, presence o f TILs and their location in the
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tumour microenvironment. Coded H&E stained lung sections were examined blind 

for the presence o f 4T1 tumour cells.

2.2.6.2.3 Immunohistochemical analysis o f frozen tumour sections

Frozen tumour sections were used for immunohistochemical staining to detect 

the influx o f immune cells such as CD4+ and CD8+ into the tumour. In brief, the 

sections were fixed in a series o f different percentage ethanol, quenched with 0.3% 

hydrogen peroxide, blocked in 5% rabbit serum for 30 min at room temperature and 

blocking endogenous avidin and biotin using the avidin/biotin blocking kit. The 

sections were treated with primary antibody, either rat anti mouse CD4 (1:20) or CDS 

(1:20) diluted in 5% rabbit serum at room temperature for 1 hour. Secondary 

antibody, biotinylated rabbit anti-rat antibody, (1:1000) was used on the sections at 

room temperature for 45 min. The primary-secondary antibody complexes were 

detected by using Vector Elite ABC standard HRP kit according to the manufacturer’s 

instructions with 3,3-Diaminobenzidine (DAB) as substrate. The sections were 

washed between each step with PBS and finally counterstained with haemotoxylin. 

Sections o f mouse spleen were employed as a positive control for CD4 and CDS. A 

negative control was used for each type o f cell by substituting primary antibodies with 

5% normal rabbit serum. The stained sections were mounted and observed by light 

microscopy for positive cells stained light or dark brown.

2.2.6.2.4 Assay for vascular density

Frozen tumour sections sampled after the 6“’ treatment were examined for the 

morphology o f the tumour vasculature by immunohistochemistry staining as 

mentioned above. The endothelial cells o f blood capillaries were stained using 5% 

goat serum as blocking buffer, rat anti-mouse CD31 as primary antibody, and 

biotinylated goat anti-rat IgGs as secondary antibodies as outlined in section 2.2.6.2.3.
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2.2.6.2.5 Detection of lung metastases by clonogenic assay

Lungs were examined for the 4T1 metastases as described by Pulaski BA et 

ai,  1998. 4T1 cells are resistant to 60 |j.M 6-Thioguanine, but this drug kills other 

cells. Briefly, the lungs sampled from all the treated and control mice groups 

(2.4.1.1) were subjected to clonogenic assay. Lungs were treated with Elastase and 

Liberase blendzymes (1:2) and the cells were harvested by filtering through a 70 |j,m 

nylon cell strainer after washing with HBSS. Lung cells were diluted and plated in 

tissue culture complete RPMI-1640 medium (2.2.1) containing 60 |iM 6-thioguanine 

(2-amino-6-mercaptopurine). The 4T1 cells which are resistant to 60 |j,M thioguanine 

were allowed to grow for 10-12 days and the clonogenic colonies o f 4T1 cells were 

fixed in methanol and stained with crystal violet for quantitation o f clonogenic lung 

metastases.

2.2.7 Statistical analysis of the data

The statistical significance o f difference in the tumor size among the different 

experimental treatment groups was analysed by one-way ANOVA. Tukey’s multiple 

comparisons post-test was used to compare the probability (?) value o f each group 

with its appropriate control TNE treated group. Kalpan-Meir survival curves were 

used to analyse the overall median survival o f mice and survival proportions in each 

treatment group. The P value significance o f the lung metastasized clonogenic 

colonies was analysed using Dunn’s Multiple Comparison post-test. All the statistical 

analyses were performed using GrahPad Prism 4 program and a P value less than 0.05 

was considered significant.
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3

CLONING AND IN VITRO CHARACTERISATION 

OF IL-12 IN pSFV EXPRESSION SYSTEMS



3.1 INTRODUCTION

Replication-deficient alphavirus vectors, specifically Semliki Forest virus 

vectors, have demonstrated transient expression in a variety o f mammalian cell types. 

SFV-vectors have been successfully used for cell culture and in vivo expression of a 

number o f human or murine genes such as IL-12 (Asselin-Paturel et al., 1999, 

Colmenero et al., 2002, Ren et al., 2003), p53 (Glasgow et al., 1998) or IL-18 

(Yamanaka et al., 2003). It has been shown that recombinant SFV (rSFV) replicons 

can efficiently infect rat prostrate cancer cell lines (Murphy et al., 2001). It has also 

been shown that SFV vectors can efficiently infect and apoptosis was rapidly induced 

in majority o f cells infected with SFV-LacZ virus (Hardy et al., 2000). Intratumoural 

injections of SFV expressing the cytokine IL-12 showed significant tumour regression 

and inhibition o f tumour angiogenesis in a mouse B16 melanoma model (Zhang et al., 

1997, Yamanaka et al., 2000). It was also shown recently in animal models of 

malignant glioma that SFV infection o f autologous DC is providing a potential 

mechanism for enhanced immunogenisity and tumour rejection (Yamanaka et al., 

2001). Prior experiments using SFV-LacZ virus particles showed no detectable side 

effects in the CNS (Lundstrom et al., 2003) whereas rSFV-IL12 was shown to cause 

significant cytotoxicity in solid tumours in pre-clinical animal models o f human 

breast, lung, prostate and pancreatic cancer in mice (Murphy et al., 2000; Hardy et al., 

2000). In addition, SFV seems to be particularly suitable for induction o f systemic 

immune responses against tumour cells and against the transgene proteins carried by 

the vector. Expression of one such tumour-associated antigen (TAA), the PI A gene 

fi"om the SFV vector resulted in induction o f tumour immunity against PS 15 cells in 

vivo (Colmenero et al., 1999). These and other studies have indicated that rSFV is an 

expression vector with strong antitumour effect and that it could be a potentially 

usefiil for cancer vaccines.

Several studies in animal models have indicated that the expression of various 

cytokine genes in tumour cells generally results in a dramatic alteration o f tumour cell 

growth and in induction of tumour specific immunity (Rakhmilevich et al., 1997). 

Furthermore, use o f various viral vectors has demonstrated in murine models that 

gene transfer o f IL-12 promoted tumour regression and inhibition o f metastases, 

making the use o f this cytokine particularly relevant in cancer therapy (Lasek et al., 

1997, Ren et a!., 2003). However, it has been shown that the IL-12 concentration at
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the tumour site is critical for tumour regression (Colombo et al., 1996). In order to 

sustain high IL-12 concentration at the tumour site approaches such as frequent 

intratumoural injections with IL-12 encoding virus particles that have enhanced 

expression may be required.

This chapter describes how p35 and p40 subunits of murine IL-12 were cloned into 

two different SFV vectors with different expression ability (pSFVlO-E and pSFVlO), 

and experiments to in vitro characterise them for expression and secretion of 

biologically active murine IL-12, following infection o f BHK-21 and K-BALB 

tumour cells. Murine splenocytes were used in this study to examine the biological 

function o f the secreted IL-12 by rSFV-IL12 constructs.
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3.2 RESULTS

3.2.1 Construction of pSFV10-E-mIL12

Murine IL-12 (mIL-12) gene subunits were amplified from total RNA of SFV- 

A7 infected mouse splenocytes using reverse transcriptase. PCR amplified p35 

(648bp) (Figure 3.1) and p40 (lOOSbp) (Figure 3.2) subunits o f mIL-12 were cloned 

into H indlll digested pSFVlO-E (Figure 3.3) separately to obtain pSFV10-E-p35 and 

pSFV10-E-p40. Pfii DNA-polymerase amplified p35 and p40 subunits in separate 

pSFVlO-E, were analysed for correct orientation by EcoRl and Xbal digestion (Figure 

3.4 & 3.5).

The p35-subunit was cut along with its subgenomic promoter 26S from 

pSFV10-E-p35 and inserted into the Smal restriction site just after the p40 subunit in 

pSFV10-E-p40, which resulted in pSFV10-E-p70 (pSFV10-E-mIL12). This construct 

was analysed on a gel hy Xbal restriction digestion (Figure 3.8).

3.2.2 Construction of pSFV10-mIL12

IL-12 genes were excised from the pSFV10-E-p35 and pSFV10-E-p40 

constructs and cloned in to pSFVlO separately to get pSFV10-p35 and pSFV10-p40 

constructs. These constructs were analysed to confirm the correctely-orientated 

subunits using Xbal digestion (Figure 3.6 and 3.7). The p35-subunit was cut along 

with its subgenomic 26S promoter from pSFV10-p35 and inserted into the Smal 

restriction site just after the p40 subunit in pSFV10-p40, which resulted in pSFVlO- 

p70 (pSFV10-mIL12). This construct was analysed on a gel by Xbal restriction 

digestion. Restriction digested pSFV10-E-mlL12 and pSFV10-mIL12 constructs were 

analysed on gel and correctly orientated pSFV-mIL12 constructs were selected for 

fiirther in vitro expression studies (Figure 3.8).

3.2.3 Sequencing of p35 in pSFV10-E-p35 and p40 in pSFV10-E-p40 constructs

A few of the correctly orientated clones in each construct were verified for 

right sequences in order to compare and confirm the pfu amplified sequences with 

GeneBank data base sequences o f IL-12 gene subunits. Nucleotide sequence obtained
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from a few clones in each o f the constructs was blasted against the NCBl database, 

and an E-value o f 0.0 was obtained for a match to the mouse IL-12 gene (Figures 3.9 

and 3.10).

3.2.4 In vitro transcription

Helper and recombinant (rSFV-IL12) plasmids were linearized prior to 

transcription using the unique restriction site Spel found on helper SFV plasmids and 

Nrul on recombinant SFV-IL12 plasmids and analysed on gel (Figure 3.11). These 

linearised helper and recombinant (rSFV10-E-IL12) plasmids were in vitro 

transcribed and analysed on a 0.8% agarose gel (Figure 3.12).

3.2.5 Comparative analysis of mIL-12 expression levels

The difference in expression levels o f murine IL-12 (mIL-12) between the two 

constructs rSFV10-E-IL12 and rSFV10-IL12 was examined by qualitative and 

quantitative assays in BHK-21 and K-BALB cells. The qualitative difference in 

expression levels between these IL-12 constructs was observed by the staining 

intensities o f the infected BHK-21 positive cells when examined under microscopy 

(Figure 3.13, 3.14 & 3.15). The cells infected wdth rSFV10-E-IL12 VLPs were 

stained brightly due to high level expression compared to rSFV10-IL12 infected cells.

BHK-21 and K-BALB cells grown in 6-well plates were infected with VLPs 

o f rSFV10-E-mlL12 and rSFV10-mIL12 at MOI o f 10. The supernatants o f the 

infected cells were collected at different time points (12 h, 24 h, 48 h and 72 h). An 

ELISA estimated the expressed IL-12 protein in the supernatants o f both cell lines. 

The results were plotted to measure the difference in the expression levels o f IL-12 by 

rSFV10-E-IL12 or rSFV10-IL12 in both BHK-21 and K-BALB cell lines. Higher 

concentrations o f secreted levels o f IL-12 from infected BHK-21 and K-BALB cells 

were found between 24 and 48 hours. The levels o f IL-12 expression by rSFVlO-E- 

IL12 in BHK-21 cells were 3-4 times higher than those o f rSFV10-IL12 VLPs 

whereas in K-BALB cells, 10-fold higher expression was found. Mock-infected 

control BHK-21 and K-BALB cells supernatant showed no IL-12 expression (Figure 

3.16 & 3.17).
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3.2.5 Testing biological activity of secreted murine IL-12

Biologically active IL-12 induces T-cells to secrete interferon-y (IFN-y). An 

ELISA measured the production of IFN-y from the 24 h supernatants of murine 

splenocytes treated with IL-12 supernatants of VLP infected BHK-21 cells or K- 

BALB cells. The result showed that the supernatant of rSFV-IL12 replicons infected 

BHK-21 and K-BALB cells stimulated splenocytes to produce almost similar levels 

of IFN-y as positive control (Con A) treatment and indicated that the secreted IL-12 is 

biologically functional (Figure 3.18).
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Figure 3.1 Gel analysis of PCR amplified p35 subunit

Total RNA was isolated from spleen of BALB/c mice infected i.p. with SFV-A7 at 4 

dpi. The integrity o f this RNA was checked by RT-PCR using primers specific for 

mouse P-actin and mouse GAPDH (not shown). The PCR amplified p35 (648bp) 

using pfu polymerase was analysed by electrophoresis o f a 10 |j,l aliquot on a 1.0% 

(wt/vol) agarose gel (a) and further confirmed by restriction digestion using SphI & 

X balih)

(a) Lane 1; 100 bp DNA ladder. Lane 2: Undigested p35 PCR product. Lane 3: 

H indlll digested PCR product o f p35 subunit (648 bp) and Lane 4; Purified p35 PCR 

product (648bp + 3 random bp + 6 bp x 2 Hindlll site sequences = 663bp).

(b) Lane 1; 100 bp DNA ladder. Lane 2: SphI digested p35 fragments: 475 & 191 bp 

Lane 3: Xbal digested p35 fragments: 460 & 206 bp

Higher amounts o f IL-12 subunits, p35 and p40 were detected in samples taken from 

spleens at 4 dpi.
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Figure 3.2 Gel analysis of PCR amplified p40 subunit

The PCR amplified p40 (lOOSbp) using pfu polymerase was analysed by 

electrophoresis o f a 10 fj.1 aliquot on a 1.0% (wt/vol) agarose gel (a) and further 

confirmed by restriction digestion using Dral and Xbal (b)

(a) Lane 1; 100 bp DNA ladder. Lane 2: Hindlll digested PCR product o f p40 

subunit (1008 bp) and Lane 3; Purified p40 PCR product (lOOSbp + 3 random bp + 6 

bpx2 Hindlll site sequences = 1023 bp).

(b) Lane 1; 100 bp DNA ladder. Lane 2: Xbal digested p40 fi'agments: 766 & 256 bp 

(1023 bp). Lane 3: Dral digested p40 fi'agments; 663 «fc 357 bp

The PCR amplified p35 and p40 subunits o f lL-12 were confirmed by restriction 

digestion and sequence analysis.
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Figure 3.3 Purified pSFVlO-E plasmids

The enhanced e)(pression vector pSFVlO-E plasmid was Hnearised for cloning using 

Hindlll restriction enzyme and purified using the QIAGEN DNA elution kit as 

described in section 2.2.2.4. The amount of linearised plasmid needed for cloning was 

calculated based on band intensity. Lane 7; 1 |xg of Ikbp DNA molecular weight 

marker. Lane 2; 1.0 |̂ 1 of undigested pSFVlO-E. Lane S; 1.0 |j.l of Hindlll digested 

(linearised) pSFVlO-E.

0.8% (wt/vol) agarose gel, stained with ethidium bromide was used for the analysis.
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Figure 3.4 Screening for pSFV10-E-p35 clones by restriction analysis.

The presence and orientation o f the insert p35 in pSFV10-E-p35 was analysed using 

restriction enzymes EcoRI and Xbal. 1.0 |j.g o f pSFV10-E-p35 construct was digested 

using EcoRI and Xbal in separate reactions. 1.0 |j,l-digested product was analysed on 

1% agarose gel and observed for specific size o f fi'agments. Digested empty pSFVlO- 

E vector was used as control DNA along with lOObp molecular weight DNA marker.

(a) EcoRI cut the vector pSFVlO-E at 3 points yielding 3 fi-agments o f size 1578bp, 

3627 bp and 5552 bp = 10757 bp. The presence o f insert p35 in the vector is digested 

into 3 fi-agments o f size 1578bp, 3627bp & (5552+648 = 6200bp) = 11405bp.

Lane I and 7; 100 bp DNA ladder. Lane 2: EcoRI digested pSFVlO-E (without 

insert). Lane 3-6; EcoRI digested pSFV10-E-p35 (four different clones wdth insert).

(b) A unique restriction site Xbal in the pSFVlO-E vector (at 6639 bp) and p35 (at 

45Ibp) were selected to analyse the orientation o f the insert in pSFV10-E-p35. The 

difference between the Xbal site on the vector and the first nucleotide sequence o f p35 

in the construct was 900 bp. The presence and correct orientation o f p35 insert in 

pSFV10-E-p35 after Xbal digestion should produce a fragment size o f 1351 bp 

(900+451). Incorrectly orientated p35 in the construct should release a fragment of 

size 1097bp (900+(648-451=197 bp). Four positive clones were analysed to determine 

the orientation o f p35.

Lane I and  7; 100 bp DNA ladder. Lane 2: Xbal digested pSFVlO-E (without insert). 

Lane 3-6; X bal digested pSFV10-E-p35 (with insert): the samples in the Lane 3 and 4 

were confirmed as correctly orientated insert whereas lane 5 and 6 are incorrectly 

orientated insert in pSFV10-E-p35. Control empty vector sample digested using Xbal 

in the lane 2 confirmed Xbal as the unique site in the vector.
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Figure 3.5 Screening for pSFV10-E-p40 clones by restriction analysis.

The presence and orientation o f the insert p40 in pSFV10-E-p40 was analysed using 

restriction eri2:ymes EcoRI and Xbal. 1.0 |j,g o f pSFV10-E-p40 construct was digested 

using EcoRI and Xbal in separate reactions. 1.0 |al-digested product was analysed on 

1% agarose gel and studied for specific size fragments. Digested empty pSFVlO-E 

was used as control DNA along with Ikbp molecular weight DNA marker.

(a) EcoRI cut the vector pSFVlO-E at 3 sites yielding 3 fi'agments o f size 1578bp, 

3627bp & 5552bp = 10757 bp. The vector with the insert p40 is digested into 3 

fragments o f sizes 1578 bp, 3627 bp and (5552+1008=6560 bp) =11765 bp.

Lane 1; EcoRI digested pSFVlO-E (without insert). Lane 2-6; EcoRI digested 

pSFV10-E-p40 (five different clones with insert). Lane 7; 1 Kbp DNA ladder

(b) A unique restriction site Xbal on pSFVlO-E (at 6639 bp) and p40 (at 247 bp) were 

selected to analyse the orientation o f the insert in pSFV10-E-p40. A difference o f 900 

bp was found between the Xbal site on the vector and the first nucleotide sequence o f 

p40 (H indlll site) in the construct. The presence and correct orientation o f p40 in 

pSFV10-E-p40 after Xbal digestion should produce a fi-agment size o f 1147 bp 

(900+247). Incorrectly orientated p40 in the construct should release a fi*agment of 

size 1661 bp (900+( 1008-247 = 761). Six positive clones were analysed to determine 

the orientation o f the insert.

Lane 1; 1 kbp DNA ladder. Lane 2: Xbal digested pSFVlO-E (without insert). Lane 

3-8; Xbal digested pSFV10-E-p40 (with insert): the samples in the Lane 3-6 were 

confirmed as the constructs with correctly orientated insert whereas in the lanes 7 and 

8 the orientation o f the insert was incorrect. Control empty vector sample digested 

with Xbal in lane 2 confirmed Xbal as the unique site on vector.
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Figure 3.6 Screening for pSFV10-p35 clones by X bal restriction digestion.

A unique restriction site Xhal in the pSFVlO (at 6639 bp) and p35 (at 451 bp) was 

selected to analyse the presence and orientation of the insert in pSFV10-p35. The 

difference between the Xbal site (at 6639 bp) on the vector and the first nucleotide 

sequence of p35 {BamHI site at 7401 bp) in the construct was 762 bp. The presence 

and correct orientation of p35 insert in pSFV10-p35 after Xbal digestion should 

produce a fragment of size 1219 bp (762+451+6 (///W///-site). Incorrectly orientated 

p35 in the construct should release a fragment of size 965 bp (762+203). Two positive 

clones were analysed to determine the orientation of p35 insert in the construct.

Lane 1; Xbal digested pSFVlO (without insert). Lanes 2 and 3: Xbal digested 

pSFV10-p35 (positive clones). Lane 4; 1 kbp DNA ladder; the samples in the Lanes 

2 and 3 were confirmed as the constructs with correctly orientated insert p35. Control 

empty vector sample digested using Xbal in the lane 1 confirmed Xbal as the unique 

site in the vector. Two positive clones of pSFV10-p35 had correctly orientated insert.
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Figure 3.7 Screening for pSFV10-p40 clones by X bal restriction digestion.

A unique restriction site, Xbal in the pSFVlO (at 6639bp) and p40 (at 247bp) was 

selected to analyse the presence and orientation of the insert in pSFV10-p40. A 

difference between the Xhal site (at 6639 bp) on the vector and the first nucleotide 

sequence of p40 {BamHI site at 7401 bp) in the construct was 762bp. The presence 

and correct orientation of p40 insert in pSFV10-p40 after Xbal digestion should 

produce a fragment of size of 1015 bp (762+247+6 {Hindlll-s\\Q). Incorrectly 

orientated p40 in the construct should release a fragment of size 1530 bp 

(762+761+6). Two positive clones were analysed to determine the orientation of the 

p40 insert.

Lane 1; Xbal digested pSFVlO (without insert). Lanes 2 and 3: Xbal digested 

pSFV10-p40 (positive clones). Lane 4; 1 Kbp DNA ladder: the samples in Lane 2 

and 3 had correctly orientated insert in pSFV10-p40.
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The position ofĴ £7?aI on p40 in pSFV10-E-p70 is at 7790 bp 

The position o^Xha\ on p35 in pSFV10-E-p70 is at 9432 bp 

The position o f Xbal on pSFVlO-E in pSFV10-E-p70 is at 6639 bp

The position o f Xbal on p40 in pSFV10-p70 is at 7656 bp

The position o f Xbal on p35 in pSFV10-E-p70 is at 9159 bp

The position o f Xbal on pSFVlO-E in pSFV10-E-p70 is at 6639 bp

1 2 3 4 5 6 7 8 9 10 11 12 13 14

ii m

1■
10056bp
1642bp
llS lb p

Total size of
pSFV10-E-p70 12849 bp

▼

Total size of 
pSFV10-p70

lOOSlbp
1503bp
mi7hn

12571 bp
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Figure 3.8 Restriction analysis pSFVlO-E-IL 12 and pSFV10-IL12 constructs

pSFV10-E-p40 and pSFV10-p40 constructs were linearised using Smal restriction 

enzyme and dephosphorylated using Shrimp Alkaline phosphatase. p35 fragment 

along with 26S sub-genomic promoter from pSFV10-E-p35 and pSFV10-p35 were 

digested using PvuII and Smal restriction enzymes (generates blunt ends). The 26S- 

p35 fragment o f  pSFVlO-E- p35 was ligated into linearised pSFVlO-E- p40 and 26S- 

p35 fragment o f  pSFV10-p35 was ligated into linearised pSFV10-p40 vector using 

Quick T4 DNA Ligase to obtain pSFV10-E-p70 and pSFV10-p70.

Positive clones o f  pSFV10-E-p70 and pSFV10-p70 were analysed by X bal digestion 

to confirm the presence and orientation o f 26S-p35 fragments in pSFVlO-E- p40 and 

pSFV10-p40 constructs. The presence and correct orientation o f  26S-p35 insert in 

pSFV10-E-p40 and pSFV10-p40 was analysed using X bal digestion.

Lane I and 14; 1 kbp DNA ladder. Lanes 2, 4 and 6: Undigested pSFV10-E-p70. 

Lanes 3, 5 and 7; X bal digested pSFV10-E-p70 clones. Lanes 8, 10 and 12; 

Undigested pSFV10-p70. Lanes 9, 11 and 13; X bal digested pSFV10-p70 clones. 

Three positive clone samples for each o f the IL-12 constructs were analysed to 

determine the correct orientation o f  p35 and p40 inserts (data not shown).
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Query: 30 fcaggcggagctcagatagcccatcaccctgttgatggtcaczgacgcgggcgctqaaggc 89 
1 1 I I I I I I I I I I I I I 1 1 1 1 1 1 1 !  I I I I 1 1 I I I I  I I I  I I 1 1 I I I I I 1 1 I I I I I I I  i  I I  I I I  

Sbjct: 6bO tcaggcggagctcagataqcccatcaccctgttgatggtcflcgacgcgggtgctgaaggc 591

Query: 90 gtgaagcaggatgcagagcttcattttr.actctgtflagggtctgcttctcccacaggagg 149 
I I M I  I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I M  I I  I I I I I I I I I I I I I I I 

Sbjct: 590 gtgaagcaggatgcagaqcttcattttcactctgtaagggtctgcttctcccacaggagg 531

Query: 150 tttctggcgcagagtctcgccattatgattcagagactgcatcagctcatcgatggccac 209 
I I I I I I I  I I I I I I I I I I  I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I 

Sbjct: 530 tttctggcqcagagtctcgccattatgattcagagactgcatcagctcatcgatggccac 471

Query: 210 cagcatgcccttgtctagaatgatctgctgatggttgtgattctgaagtgctqcgttgat 269 
I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I N  I I I I I I I I I i  I I I I I I I 

Sbjct: 470 cagcatgcccttgtctagaatgatctgctgatggttgtgattctgaagtgctgcgttgat 411

Query: 270 ggcctggaactctgtctggtacatcttcaagtcctcatagatgctaccaagqcacagggt 329 
I I I I I I I I I I  I I  I I  I I I I I I I I I I I I I I I I I I I I I I I I I i  I I I I I I I I I I I i I  I I I I i I I 

Sbjct: 410 ggcctqgaactctgtctqgtacatcttcaagtcctcatagatgctaccaaggcacaqggt 351

Query: 330 catcatcaaagacgtcttctgtgggggcaqqcaqctccctcttgttqtggaagaagtctc 389 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I  I I I I i'll I I I I I I I I I I I I 

Sbjct: 350 catcatcaaaqacgtcttctqtgggqgcaqqcaqctccctcttgttgtqgaagaagtctc 291

Query: 390 tctagtagccaggcaactctcgttcttgtqtagttccagtqgtaaacaggtct.tcaatgt 449 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Sbjct.: 290 tct;agtaqccaqqcaactctcgttcttgtqtagttccaqtqgtaaacaggtcttnaatgt 231
httpv/www ncbi nim nih gov/blast/bl2seq/wblast2 cgi?l 10/02/0 ^
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Query: 450 qctgqtttggtcccgtgtgatgtcttcatgatcqatgtcttcagcagtgcaggaataatq 509
I I I I  I  I  I  I I I I I I I  I I I I I I I I I  I I I  I I I I I  I I i  I I I I M  I I I I I I I  I I I I  I I I  I I  I I I I 

Sbjct: 230 gctgqtttggtcccgtgtgatgtcttcatgatcgatgtcttcagcagtgcaggaataatg 171

Query: 510 tttcagtttttctctggccgtcttcaccatgtcatctgtggtctt.cagcaggtttcggga 569
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Sbjct: 170 tttcagtttttctctggccgtcttcaccatgtcatctgtggtcttcagcaggtttcggga 111

Query: 570 ctggctaagacacctggcaggtccagagactggaatgaccctggccaaactgaggtggtt 629 
I I I  I I I I I I  I  I I  I I I M  I I M  I  I I  I I I I  I I I I  I I  I !  M  I I I I I M  I  I  I I  I !  I I I  I I I  I I I 

Sbjct: 110 ctggctaagacacctggcaggtccagagactggaatgaccctggccaaactgaggtggtt 51

Query: 630 taggagggcaagggtggccaaaaagaggaggtagcgtgattgacacat 677
I 1 1 I I  I I  I  I  I I I  I I I M  I  I I I I  I I  I  I  I I  I I I I  I  I I I I I I I I I I  I I I I  

Sbjct: 50 taggagggcaagggtggccaaaaagaggaggtagcgtgattgacccat 3

CPU time; 0.06 user secs. 0.03 sys. secs 0.09 total secs.

Lambda K H
1.33 0.621 1.12

Gapped
Lambda K H

1.33 0.621 1.12

Figure 3.9 p35 subunit of IL-12 in pSFV10-E-p35 sequence analyses

Obtained p35 sequence from pSFV10E-p35 (using insert primers) was blasted against 

the original mouse p35 sequence o f  IL-12 from the GenBank database. A complete 

homology o f sequence was found with an expected value o f  0.0, indicating a perfect 

match with correct orientation in the vector. This was also confirmed by restriction 

analysis.
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Figure 3.10 p40 subunit of IL-12 in pSFV10-E-p40 sequence analyses

Obtained p40 sequence from pSFV10E-p40 (using insert primers) was blasted against 

the original mouse p40 sequence of IL-12 from the GenBank database. A complete 

homology of sequence was found with an expected value of 0.0, indicating a perfect 

match with correct orientation in the vector. This was also confirmed by restriction 

analysis.
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Figure 3.11 Linearised recombinant IL-12 and helper SFV plasmids

Helper and recombinant (rSFV-IL12) plasmids were Linearised prior to transcription 

using the unique restriction site Spel found on helper SFV plasmids and Nrul on 

recombinant SFV-1L12 plasmids.. Linearised plasmid concentrations were calculated 

using the band intensity from the gel used for analysis and were calculated the amount 

of DNA needed for transcription. Lane 1 and 77; 0.125 (ig and 0.25 |ag Lambda 

{Hindlll) DNA molecular weight marker. Lane 2, 4 and 3; 0.5 )al, 1.0 fil of digested 

pSFV- Helper CS219A DNA and undigested control, respectively. Lane 5, 7 and (5; 

0.5 îl, 1.0 )il of digested pSFV- Helper S2 DNA and undigested control, respectively. 

Lane 8, 10 and 9; 0.5 fxl, 1.0 |al of digested pSFV10-E-mIL12 vector DNA and 

undigested control, respectively. 0.8% (wt/vol) agarose gel, stained with ethidium 

bromide.
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Figure 3.12 In vitro SP6 RNA transcription

Helper and recombinant (rSFV10-E-IL12) plasmids were In vitro transcribed and 

analysed on a 0.8% agarose gel. Lanes 1 and 8\ 0.125 )jg and 0.25 )j.g Lambda 

{Hindlll) DNA molecular weight marker. Lanes 2 and S; 0.5 |al and 1.0 (il each of 

rSFV-Helper CS219A RNA. Lanes ^ and 5; 0.5 |il and 1.0 )il each of rSFV-Helper 

S2 RNA. Lane 6 and 7; 0.5 |nl and 1.0 ^1 each of rSFV10-E-IL12 RNA. 0.8% 

agarose gel, stained with ethidium bromide was used for the analysis. The 

concentration of the In vitro transcribed RNAs was approximately estimated by 

considering the staining intensity o f the RNA bands.
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Fig 3.13 Qualitative analysis of lL-12 expression levels in Swedish BHK cells by 

Immunofluorescence.

The difference in expression levels o f IL-12 between the two constructs was 

qualitatively examined by immunofluorscence (IF) staining of sBHK cells infected by 

VLPs of rSFV10-E-IL12 and rSFV10-IL12. The difference in expression levels 

between the mIL-12 constructs was compared by the intensities o f IF staining under 

constant visual parameters. The cells infected with rSFV10-E-IL12 VLPs (a) were 

stained brightly due to high level expression compared to the rSFV10-IL12 (b) 

infected cells. IF was absent in mock infected cells (not shown). Original 

magnification 200X.
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Fig 3.14 Qualitative analysis of IL-12 expression levels in K-BALB cells by 

Immuno-fluorescence.

The difference in expression levels of mIL-12 between the two mIL-12 constructs was 

further examined by immunofluorscence-staining of rSFV-IL12 VLPs infected K- 

BALB cells. The difference in expression levels was compared by the intensities of IF 

staining under constant visual parameters. The cells infected with rSFV10-E-IL12 

VLPs (a) were stained brightly due to high level expression compared to the 

rSFV10-IL12 (b) infected cells. IF was absent in mock infected cells (not shown). 

Original magnification x200.
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Figure 3.15 Immunocytochemical staining for lL-12.

The difference in expression levels o f  m lL-12 between the two constructs was further 

examined by immunocytochemical staining o f BHK-21 cells infected by VLPs o f  

rSFVlO-E-IL-12 and rSFVlO-IL-12. The infected cells were stained at 24h post 

infection using di-amino benzidine (DAB) solution, and Harris’ Haematoxylin stain. 

The stained cells were examined using bright field microscopy at a magnification 

x200. The expression levels were compared by the intensities o f  DAB staining 

(brown). The expression o f  higher levels o f IL-12 in the positive cells infected with 

rSFV10-E-IL12 (a) was found compared to those cells infected with rSFV10-IL12 (b) 

where as no expression was observed in the mock-infected cells (c).
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Figure 3.16 Quantitative analysis o f IL-12 expression levels in the supernatants 

of rSFV-mIL-12 VLPs infected BHK-21 cells

The difference in expression levels o f murine IL-12 by pSFV10-E-IL12 and pSFVlO- 

IL12 was examined in BHK-21 and K-BALB cells. An ELISA measured the 

difference in expression levels at different time points in supernatants o f VLPs 

infected BHK-21 cells at MOl o f 10. The levels o f secreted IL-12 in the supernatants 

of infected BHK-21 cells by rSFV10-E-IL12 were 3-4 times higher than by rSFVlO- 

IL12. The supernatant from mock-infected control BHK-21 cells showed IL-12 

expression. The values in the graph represent IL-12 secretion from 5x105 cells. Two 

different positive clones o f each construct were used for the in vitro expression 

assays.
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Figure 3.17 Comparative analysis of expression and secretion levels of IL-12 in 

K-BALB cells

K-BALB cells were infected with VLPs of rSFV10-E-IL12 and rSFV10-IL12 at MOI 

o f 10. ELISA quantified the levels o f secreted IL-12 from the supernatants o f infected 

K-BALB cells. Two different positive clones o f each construct were used for the in 

vitro expression assay. The expressed levels o f IL-12 in K-BALB cells infected with 

rSFV10-E-IL12 were ten-times higher than rSFV10-IL12 at any given point o f time. 

The supernatant fi-om rSFV-EGFP or mock-infected control K-BALB cells had no IL- 

12 expression. The values shown in the graph represent IL-12 secretion fi’om 5x10^ 

cells.
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Figure 3.18 Testing biological activity o f secreted murine IL-12

Biologically active IL-12 induces T-cells to secrete interferon-y (IFN-y). An ELISA 

measured the production o f IFN-y from murine splenocytes (1x106) treated with 

100|j,l o f  24h naive IL-12 supernatants o f  VLP infected BHK-21 cells (a) or K-BALB 

cells (b). This showed that supernatants o f  rSFV-IL12 infected BHK-21 and K-BALB 

cells, containing IL-12, stimulated splenocytes to produce similar levels o f  IFN-y as 

positive control Con A treatment. These results confirmed the expression and 

secretion o f  biologically active IL-12 from both pSFV10-E-IL12 and pSFV10-IL12 

vectors. Supernatants from control groups (rSFV-EGFP, uninfected, and without 

conA) were unable to induce splenocytes to produce IFN-y.
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3.3 DISCUSSION

The use o f immuno-stimulatory cytokines such as IL-2, IL-4, IL-12, IL-18 or 

IL-21 as tumour therapeutic agents has become a promising strategy for cancer 

therapy. Strategies that provide high levels o f immunostimulatory cytokines locally at 

the site o f the tumour have already demonstrated therapeutic efficacy in different 

tumour models.

Interleukin-12, a multifunctional cytokine is a heterodimer composed of two 

subunits, p35, and p40, encoded by separate genes. The expression o f biologically 

active IL-12 requires co-ordinated expression o f both subunits in equal proportion. If 

the two subunits are expressed at different levels, biologically inactive p40 

homodimers are produced. Murine p40 homodimers bind to the IL-12Rpi receptor- 

chain with an affinity similar to that of the heterodimers thus effectively blocking the 

function o f IL-12. Dendritic cells and other antigen presenting immune cells that are 

normally the first to encounter and react to foreign, disease-causing agents produce 

IL-12. IL-12 serves as the bridge between the natural or innate immune response and 

the adaptive immune response mediated by T-cells. Previous studies have 

demonstrated that IL-12 promotes the activity o f T cells and NK cells that can directly 

attack cancer cells. This cytokine induces the production of interferon-y, another 

biological response modifier, which augments the antitumour response through anti 

angiogenic effects (Shibuya et al., 2003).

Successful gene therapy mainly depends on properties o f gene delivery 

systems such as its antigenicity, bio-safety and its ability to express a functionally 

active product. The Semliki Forest virus vector is a transient suicidal expression 

vector system with low immunogenicity. The bio-safety o f SFV has been improved 

by modifying the original vector into a split vector system, which allows the vector to 

undergo only one round o f replication in the host cells (Smerdou et al., 1999). This 

vector has been previously used in vaccine studies to induce protection against 

louping-ill virus (Fleeton et al., 2000) and in the expression o f many other proteins 

including IL-12 (Asselin-Paturel et al., 1999). The development o f pSFVlO-E, a new 

SFV based expression vector that has the ability to express foreign protein up to ten­

fold higher than the original pSFVlO has provided a valuable tool to examine the anti­

tumour effects o f IL-12 expression locally at the tumour site. Since a previous study 

has demonstrated that the amount o f IL-12 available at the tumour site is critical for
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the tumour regression, availability o f pSFVlO-E has enabled us to enhance IL-12 

expression locally at the tumour site.

Hence, we constructed pSFV10-E-IL12 and pSFV10-lL12, and compared the 

expression o f IL-12 in standard BHK-21 cells and the murine tumour K-BALB cell 

line. To avoid the possible antagonism of p40 homodimers against the biologically 

functional heterodimeric IL-12 molecule, we cloned the component p40 and p35 

subunits into a single vector, each expressed from separate 26S promoters. The 

difference in the expression levels among the IL-12 constructs was qualitatively 

confirmed by immunofluorescence and cytochemical staining of infected BHK-21 

and K-BALB cells. To examine the ability o f rSFVlO-E to express and secrete IL-12, 

the supernatant o f infected cells was analysed by an IL-12 ELISA test. These 

measurements also confirmed the higher expression level from the rSFVlO-E vector 

compared to rSFVlO. The difference in the expression levels o f IL-12 in BHK-21 and 

K-BALB cells using a constant MOI o f VLPs may reflect the variability in infection 

and expression with different cell lines.

Since the mIL-12 (p70) specific antibodies used in the assay also recognise the 

p40 homodimers, it was essential to test the biological function o f the secreted IL-12. 

To confirm the biological activity, we measured the ability o f supernatants from 

rSFV-IL12 infected cells to induce IFN-y production by mouse splenocytes that were 

cultured in the presence o f supernatants. An ELISA test using specific IFN-y 

antibodies estimated the amount o f IFN-y produced by the splenocytes. IFN-y levels 

in the supernatants o f splenocytes induced by rSFV10-E-IL12 and rSFVlO-12 were 

similar. This may be due to saturated levels o f IL-12 in the supernatants produced by 

a limited number o f splenocytes. As this assay was only to test the biological 

functionality o f the secreted IL-12 by rSFV-IL12 constructs, the amount o f secreted 

IFN-y was not considered to comparatively characterise the rSFV-IL12 constructs.
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4

TREATMENT OF K-BALB AND CT26 TUMOURS 

WITH rSFV-IL12 VLPs



4.1 INTRODUCTION

The use o f immunostimulatory molecules has proven efficient at enhancing 

anti-tumour immune response through the modulation o f the tumour 

microenvironment and activation o f tumour lytic cells. Interleukin-12 is an important 

immunoregulatory cytokine, which enhances the function o f cytotxic immune cells 

including CTL and NK cells, and possesses potent IFN-y dependent therapeutic 

activity (Wigginton et ai, 2001). IL-12, secreted mainly by macrophages, monocytes 

and dendritic cells (Macatonia et ai, 1995), activates CTLs and NK cells (Kobayashi 

et al., 1989) for IFN-y secretion and promotes Thl differentiation (Manetti et ai, 

1994) that contributes to tumour cell killing. The anti-tumour effect o f IL-12 has been 

predicted to be more efficient compared with other tested cytokine genes such as IL-2, 

IL-4, IL-6, IFN-y, TNF-a or GM-CSF (Boulikas et al., 1998, Colombo et al., 2002). 

In a recent study, mice bearing GL-26 gliomas were treated with direct intratumoural 

administration of adenovirus carrying the IL-12 gene. Survival was significantly 

prolonged in IL-12 treated animals, and immunohistochemistry demonstrated 

increased CD4+ and CD8+ T cell infiltration o f the tumour compared to the controls 

(Liu Y era/., 2002).

The efficiency of alphavirus replication has been exploited for the 

development o f expression vectors based on Semliki forest, Sindbis and VEE 

(Smerdou et al., 1999). SFV is RNA virus fi'om the alphavirus family, which is non- 

pathogenic to humans. SFV vectors have already been successfully used in cancer 

gene therapy applications as well as for vaccine productions (Lundstrom, 2000). A 

previous study has successfully exploited the inherent ability o f rSFV VLPs to induce 

p53-independent apoptosis in the treatment o f H358a human lung carcinoma 

xenografts in BALB/c nu/nu mice (Murphy et al., 2000). An antitumoural effect also 

observed in xenografts o f the rat prostate cancer cell line AT3-6c/-2, was enhanced 

with the use o f rSFV VLPs expressing the pro-apoptotic gene bax, but was not as 

effective as that observed in the slower growing H358a xenografts (Murphy et a i, 

2001). Expression o f the PI A gene from recombinant SFV vectors resulted in 

induction o f tumour immunity (Colmenero et al., 1999). The transfer o f the IL-12 

gene using the SFV vector has induced tumour (B16) regression and also inhibited 

insitu neovascularisation within the tumour without affecting the resistance index of 

pre-existing intratumoural blood flows (Asselin-Paturel et al., 1999). A phase I/Il
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clinical study in adult human patients with recurrent glioblastoma multiforme (GBM) 

is planned which is aimed at evaluating biological safety, maximum tolerated dose 

and antitumour efficacy of genetically modified replication-disabled SFV carrying the 

human IL-12 gene encapsulated in cationic liposomes (Ren et a i, 2003).

K-BALB cells form rapidly growing syngeneic tumours in immunocompetent 

BALB/c mice upon s.c. injection (Stephenson and Aaronson, 1972) and in order to 

enhance any antitumour effect observed due to rSFV VLP cytotoxicity it was decided 

to recruit the host immune system by the enhanced expression o f IL-12 using a 

recently developed SFV vector with enhanced expression ability. A previous study 

has assessed the anti-SFV humoural and cell-mediated immune responses by ELISA 

and ex vivo splenocyte stimulation assays respectively (Smyth et a i, 2004). Hence, in 

this study we concentrated on characterizing the recently developed pSFVlO-E vector 

for the expression of IL-12 and its ability to induce anti-tumour immunity in 

comparison to the original SFVIO- IL12. In order to examine the consistency o f the in 

vivo treatment effect of rSFV10-E-IL12, three different tumour cell lines (K-BALB, 

CT26 and 4T1) have been used in immunocompetent female BALB/c mice. 

Treatment o f K-BALB and CT26 tumours with rSFV10-E-IL12 at a titre o f 4x10^ 

lU/dose resulted in complete tumour regression, which was significantly enhanced in 

comparison to the original rSFV10-IL12 VLPs.

In this study, H&E staining o f paraffin-embedded formalin fixed and 

immunohistochemistry o f frozen tumour sections were used for the routine 

examination o f tumour tissue and strong anti-tumour immune responses were 

apparent in IL-12 treated tumours. The results presented here clearly demonstrate and 

highlight the future potential o f rSFV10-E-IL12 for cancer gene therapeutical 

applications.
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4.2 RESULTS

4.2.1 Intra-tumoural treatment of K-BALB and CT26 tumours using rSFV 

replicons expressing murine IL-12

Initially, experiments were performed to optimise the amount IL-12 available 

at the tumour site by varying the titres o f VLPs to get the maximum treatment effect 

used for treatment per dose. K-BALB tumours were induced subcutaneously in 4-6 

weeks old immunocompetent female BALB/c mice. An average tumour diameter of 4 

mm was reached 4 days post induction o f K-BALB or CT26 tumours and the 

treatment was started at this point. The K-BALB tumours were treated with different 

titres o f rSFV10-E-IL12 VLPs in ascending order (4x10^ lU/ dose, 4x10* lU/ dose, 

and 4x10^ lU in 50 |il / dose). The treatment o f the CT26 tumour was carried out 

using rSFV10-E-IL12 VLPs at the titre that induced maximum anti-tumour effect on 

the K-BALB tumour (i.e., 4x10^ lU in 50 |il / dose). A total o f six intratumoural 

injections on every alternate day were given.

In these experiments, when the K-BALB tumours were treated with 4x10^ lU / 

dose o f rSFV10-E-IL12, one mouse at day 19 had complete tumour regression and the 

average tumour growth showed a statistically significant difference (P<0.01) after the 

second treatment compared to either the control TNE buffer or rSFV-EGFP treated 

groups. The smaller error bar for each group in the graph shows the reproducibility of 

the results. In an another experiment K-BALB tumours were treated with 4x10* 

lU/dose o f rSFV10-E-IL12; three out o f 6 mice (50%) showed complete tumour 

regression (between 15 to 21 days post tumour induction) with P value less than 0.01, 

the median survival time increased (49 days) compared to the control groups. Finally, 

all six mice (100% with P value less than 0.001) bearing K-BALB tumours showed 

complete tumour regression when treated with six intra-tumoural injections o f 

rSFV10-E-IL12 at 4x10^ lU VLPs. None o f the rSFVlO-IL-12 treated mice showed 

complete tumour regression although there was a significant growth inhibition 

compared to the TNE treated groups (Figure 4.1 - 4.4). In these experiments, none of 

the TNE treated mice showed tumour inhibition whereas rSFV-EGFP showed some 

inhibitory effect on tumour growth during the treatment stage but later the tumour 

grew back at a similar rate as TNE treated tumours. This initial slower tumour growth
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rate may be due to the inherent ability o f  rSFV VLPs to induce apoptosis in tumour 

cells (Atkins et a!., 2004).

A similar treatment protocol was performed on the CT26 tumour using 

rSFV10-E-lL12 at 4x10^ lU VLPs. This dose induced complete tumour regression in 

all the six mice used (100%) (Figure 4.5). A significant difference in the treatment 

effect was found compared to the control groups (P<0.001) (Table 1). There was no 

statistical difference o f  the treatment effect between TNE and rSFV-EGFP treated K- 

BALB or CT26 tumours (P>0.05). All tumours that received rSFV VLPs expressing 

either EGFP or IL-12 showed tumour swelling during the treatment stage which was 

an indication o f  inflammatory reaction (Smyth et a i ,  2004). The K-BALB and CT26 

tumour regressed mice were monitored for three months to ensured no tumour re­

growth, indicating that the regressions were permanent.

4.2.2 Tumour pathology and immunohistochemistry

The formalin fixed paraffin embedded tumour sections from one day after the 

sixth treatment were stained using haematoxylin and eosin (H&E) and examined 

histologically to evaluate the influx o f  immune cells into the tumour. The sections o f  

K-BALB tumours treated with TNE were composed o f  intact polyhedral and spindle 

shaped cells characterised by well-defined cell borders with bizarre mitotic forms. A 

small number o f  neutrophils were sparsely distributed throughout the tumours. Areas 

o f  massive necrosis with dense infiltrates o f  lymphocytes and large number o f  plasma 

cells in the surrounding connective tissue were detected at the tumour site for tumours 

treated with rSFV-EGFP replicons. No intact tumour cells were seen in most o f  the 

area examined but occasional intact tumour cells at the periphery were observed. 

Histopathological analysis o f  rSFV10-E-IL12 treated tumours showed complete 

tumour necrosis with substantial neutrophils, lymphocytes, and macrophage 

infiltration. In most o f  the IL-12 treated tumour sections, no tumour cells were seen 

other than nuclear and cell debris, and deformed tumour vasculature (fibrin thrombi), 

representing the antiangiogenic effects o f  IL-12. Examination o f  CT26 tumour 

sections showed a similar pattern o f  histopathology to that o f  K-BALB tumours 

showed in Figures 4.9 & 4.10.

For immunohistochemistry, frozen tumour sections were used to further 

examine the anti-tumour immune response and tumour vasculature in rSFV10-E-IL12
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and mock treated K-BALB and CT26 tumours after the sixth treatment. The sections 

were stained using CD4 and CDS antibodies to detect the type and number o f 

infiltrating lymphocytes. We found higher numbers o f  CD4+ (MHC class II 

restricted) and CD8+ (MHC class I restricted) cells located in perivascular spaces, 

necrotic areas, and the tumour nodular margins o f  IL-12 treated tumours. In contrast, 

mock treated tumours showed no infiltrating lymphocytes except occasional 

neutrophils, indicating the recruitment o f  immune cells in the IL-12 treated tumours 

but not in untreated tumours. In most o f  the IL-12 treated sections, greater 

populations o f  CD4+ cells were observed compared to CD8+, but overall the 

quantitative difference was not significant. CD8+ cells were mostly observed in 

necrotic areas whereas CD4+ were found especially at the interface between the 

necrotic areas and viable cells (Figures 4.11 & 4.12). As IL-12 has been reported to 

exhibit anti-angiogenic activity, fi’ozen K-BALB and CT26 tumour sections were 

analysed for intratumoral vascular density using CD31 antibodies, a marker specific 

for vascular endothelial cells. The examination o f  IL-12 treated tumour sections 

showed the restriction o f  endothelial cell density to the non-necrotic areas o f  the 

tumours, and showed a poorly developed or damaged vasculature pattern. In contrast, 

mock treated sections showed intact and well-defined tumour vasculature throughout 

the tumour area (Figures 4.13 & 4.14). However, attempts were not made to 

quantitate vascular density between the control and treated groups as the IL-12 treated 

tumours had large necrotic areas. These results therefore indicate a cumulative anti­

tumour effect o f  the IL-12 expressing enhanced SFV vector that may involve several 

mechanisms.
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Figure 4.1 Treatment o f K-BALB tumours in immunocompetent BALB/c mice 

with rSFV10-E-IL12 VLPs (4xlO’ VLPs/dose):

K-BALB tumours were induced on the right abdominal flank o f female BALB/c mice 

by s.c. injection o f 100 (xl o f K-BALB cell suspension in non-supplemented DMEM 

at a concentration o f 1 x lO’ cells/ml. Treatment was initiated in individual tumours 

at an average tumour diameter o f 4 mm. A group o f six mice were used per treatment 

group. Animals received six 50^1 intratumoural injections o f TNE alone, TNE 

containing rSFV-EGFP or rSFV10-E-IL12 VLPs at a concentration o f 4x l0’ lU/dose. 

Intratumoural injections were administered every other day over an eleven-day 

period. Treatment with rSFV-EGFP was used in the study as virus control. Average 

tumour diameters were calculated as the square root o f the product o f two 

perpendicular measurements (assuming spherical shape) and mice were euthanised 

when average tumour diameter reached 15 mm. Inhibition o f tumour growth in the 

rSFV10-E-IL12 VLPs treated mice observed compared to control treated groups (a); 

the tumour growth inhibition was found statistically significant (P<0.01) when 

analysed using using Tukey’s multiple comparison test by one-way ANOVA. One 

mouse out of six rSFV10-E-IL12 treated mice had complete tumour regression at day 

19 (a few days after the sixth treatment) (b).

Points', mean o f six replicates, bars', +/- SEM, arrows', days o f treatment. This graph 

represents results o f a single experiment.
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Figure 4.2 Treatment of K-BALB tumours in immunocompetent BALB/c mice 

with rSFV10-E-mIL12 VLPs (4x10* VLPs/dose):

K-BALB tumours were induced on the right abdominal flank o f female BALB/c 

mice as described previously. A group o f six mice was used per treatment. When the 

treatment was initiated, animals received six intratumoural injections o f TNE alone, 

TNE containing rSFV-EGFP, or rSFV10-E-IL12 VLPs at a concentration o f 4x10* 

lU/dose in 50 |j,l volume on each alternate day. Treatment using rSFV-EGFP was used 

in the study as a control. Tumour growth was monitored by daily measuring the 

tumour diameter and mice were euthanised when average tumour diameter reached 15 

mm. Inhibition o f tumour growth in the rSFV10-E-IL12 VLPs treated mice compared 

to control treated groups (a); the tumour growth was found statistically significant 

(P<0.01) when analysed using Tukey’s multiple comparison test by one-way 

ANOVA. Three mice out o f six rSFV10-E-IL12 treated mice had complete tumour 

regression few days after the sixth treatment (b).

Points’, mean o f six replicates, bars', +/- SEM. This graph represents results o f a single 

experiment.
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Figure 4.3 Treatment of K-BALB tumours in immunocompetent BALB/c mice 

with rSFV10-E-IL12 VLPs (4x l0 ’ VLPs/dose):

K-BALB tumours were induced on right abdominal flank o f female BALB/c mice as 

described previously. A group of six mice was used per treatment group. Treatment 

was initiated at an average tumour diameter o f 4mm. Tumours received six 

intratumoural injections o f TNE alone, or TNE containing rSFV-EGFP or rSFVlO-E- 

IL12 or rSFV10-IL12 VLPs at a concentration o f 4 x 10  ̂ lU/dose in 50 |j.l volume, on 

each alternate day. Treatment using rSFV-EGFP was used in the study as a control. 

Tumour growth was monitored by daily measuring the tumour diameter and mice 

were euthanised when average tumour diameter reached 15 mm. All six mice bearing 

K-BALB tumours showed complete tumour regression (a & b) whereas none o f the 

rSFV10-IL12 treated mice showed complete regression, although there was a 

significant growth inhibition compared to the TNE treated group. In these 

experiments, rSFV-EGFP showed some inhibitory effect on tumour growth during the 

treatment stage due to the inherent ability o f rSFV VLPs to induce apoptosis in 

tumour cells. Inhibition o f tumour growth in the rSFV10-E-IL12 VLPs treated mice 

was found statistically significant (P<0.001) when analysed using Tukey’s multiple 

comparison test by one-way ANOVA.

Points', mean o f six replicates, bars\ +/- SEM. This graph represents results o f a single 

experiment.
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Figure 4.4 Survival proportions of the mice bearing K-BALB tumours treated 

with rSFV10-E-IL12

Mice were sacrificed when the tumour size reached 15mm diameter. The average time 

taken to reach this size for a group of mice is the survival time. The total number of 

mice, which had complete and permanent tumour regression, is considered as number 

o f survivors. The survival proportions o f the mice bearing K-BALB tumour was 

16.66% when treated with a total of six intratumoural injections o f rSFV10-E-IL12 at 

a titre o f 4x10^ lU/dose (a). The survival percentage increased to 50% (b) and 100% 

(c) when tumours were treated using six intratumoural injections o f rSFV10-E-IL12 at 

a viral titre o f 4x10* and 4xlO’VLPS/dose respectively. The tumour regressions in the 

IL-12 treated mice were complete and permanent. Control (TNE or rSFV-EGFP) 

treated groups used along with the three different K-BALB tumour treatment 

experiments at different viral titres had almost similar tumour growth pattern with 0% 

survival proportions at the end of the treatment experiment. A significant difference in 

the number o f survival days between rSFV10-E-IL12 and rSFV10-IL12 treated 

groups was observed but none o f the mice survived in the rSFV10-IL12 treated group 

(c).
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Figure 4.5 Treatment of CT26 tumours in immunocompetent BALB/c mice with 

rSFV10-E-IL12 VLPs (4x l0 ’ lU/dose):

CT26 tumours were induced on the right abdominal flank of female BALB/c mice as 

described previously. A group o f six mice were used per treatment group. An average 

tumour diameter o f 4mm was reached at 4 days post induction for CT26. Treatment 

was initiated at an average tumour diameter o f 4 mm. Tumours received six 

intratumoural injections o f TNE alone or TNE containing rSFV-EGFP or rSFVlO-E- 

IL12 VLPs at a concentration o f 4x10^ lU/dose in 50 1̂ volume, on each alternate 

day. Tumour growth was monitored by daily measuring the tumour diameter and mice 

were euthanised when average tumour diameter reached 15 mm. All six mice bearing 

CT26 tumours (100%) showed complete tumour regression (a & b) whereas none o f 

the control treated mice showed tumour regression, ahhough there was some 

inhibition o f tumour growth in the rSFV-EGFP treated group compared to the TNE 

treated group. CT26 tumour regression in the rSFV10-E-IL12 VLPs treated mice was 

statistically significant (P<0.001) when analysed using Tukey’s multiple comparison 

test by one-way ANOVA.

Points', mean of six replicates, bars\ +/- SEM.
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Figure 4.6 Serum levels o f antiangiogenic factor IP-10

The inducible protein-10 (IP-10), a chemokine, is known to mediate the anti­

angiogenic activity o f IL-12. Serum samples o f three K-BALB tumour-bearing mice 

was collected 3 days following the sixth treatment to estimate the serum IP-10 

concentration by ELISA. The serum from rSFV10-E-IL12 (4x10^ lU in 50|i,l/dose) 

treated animals had high levels o f average IP-10 (3679 pg/ml) compared to the control 

TNE (1278 pg/ml) or rSFV-EGFP (1522 pg/ml) groups. On an average, IP-10 

concentration in IL-12 treated serum sample was found to be 2-3 fold higher than 

TNE or EGFP (control) treated groups (P<0.01). The serum concentration o f IP-10 

was also found considerably higher than the original SFV vector expressing IL-12. 

The actual mechanism of antiangiogenic effects induced by IP-10 still remains as 

unclear. These results correlate with the enhanced antitumour effect obtained in the 

animals treated with rSFV10-E-IL12 VLPs.
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Figure 4.7 BALB/c mice bearing K-BALB tumours, 20 days post tumour 

induction.

(a) TNE treated K-BALB tumour (15mm diameter) after six intratumoural injections. 

Mice were culled when the tumours reached 10% of body weight.

(b) rSFV-EGFP treated K-BALB tumour. The tumour is of similar size to the TNE- 

treated tumours.

142



Figure 4.8 rSFV10-E-IL12 treated BALB/c mice showing complete K-BALB

tumour regression.

(a) No tumour visible, 20 days post tumour induction.

(b) No tumour re-growth, 90 days post tumour induction indicating permanent tumour 

regressions.
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Figure 4.9 K-BALB tumours, one-day post treatment with TNE.

(a) Small numbers o f lymphoid cells and neutrophils among the tumour cells and at 

the periphery. H&E, x 40.

(b) Polyhedral and spindle-shaped tumour cells with well-defined cell borders and 

bizarre mitotic forms (arrows). H&E, x 200.
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Figure 4.10 K-BALB tumour, one-day post treatment with rSFV10-E-IL12.

(a) Large area o f necrosis (N) circumscribed by leucocyte infiltrates. H&E, x 40.

(b) Higher magnification of (a) showing details o f the necrotic cell death, with 

neutrophils and fibrin thrombi (F). Intact tumour cells are absent. H&E, x 200.
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Figure 4.11 CD4+ immunohistochemistry.

(a) K-BALB tumours one-day post tumour treatment with rSFV10-E-IL12. CD4+ T- 

lymphocytes in the peritumoural connective tissue. Hair follicles (HF) are indicated, x 

400.

(b) CT26 tumours one-day post tumour treatment with rSFV10-E-IL12. CD4+ T- 

lymphocytes at the interface between necrotic area (N) and hair follicles (HF). X 400.
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Figure 4.12 CD8+ immunohistochemistry.

(a) K-BALB tumours one-day post tumour treatment with rSFV10-E-IL12. A small 

numbers of CD8+ T-lymphocytes in an area of oedema and necrosis, x 400.

(b) CT26 tumours one-day post tumour treatment with rSFV10-E-IL12. CD8+ T- 

lymphocytes showing similar distribution to that in figure (a). Hair follicles are 

indicated (HF). x 400.
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Figure 4.13 K-BALB tumour microvasculature labelled with CD31 antibodies

using immunohistochemistry.

(a) TNE-treated tumour with well-defined capillary network uniformly distributed 

between the tumour cells, x 200.

(b) rSFV10-E-IL12 treated tumour with poorly-developed microvasculature, x 200.
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Figure 4.14 K-BALB tumour microvasculature labelled with CD31 antibodies

using immunohistochemistry.

Poorly developed microvasculature adjoining an area of necrosis (N). x 200.
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Table 1 Inhibition of K-BALB and CT26 tumour growth by rSFV-IL12
treatment

Tumour
Model

Treatment groups'’ Median survival (daysf 
(No. o f survivors'")

Average, tumour 
diamete/ (mm) 

(Std. error)

Probability''

K-BALB TNE' 22 (0) 11.9 (+/-0.66)
rSFV-EGFP (4xlO^IU/dose) 24 (0) 10.0 (+/- 0.80) >0.05
rSFV-EGFP (4xlO*IU/dose) 24(0) 11.4 (+/-0.57) >0.05
rSFV-EGFP (4xlO’lU/dose) 23 (0) 11.4 (+/-0.65) >0.05
rSFV10-IL12 (4xlO’lU/dose) 27 (0) 10.5 (+/- 0.66) >0.05
rSFV10-E-IL12 (4xlO^IU/dose) 26 (1) 7.3 (+/- 0.58) >0.05
rSFV10-E-IL12 (4xlO*IU/dose) 49(3) 5.9 (+/- 0.20) >0.05
rSFV10-E-IL12 (4xlO’lU/dose) Undefined (6)*̂ 1.0(+/- 0.23) <0.001

CT26 TNE 24 (0) 11.0 (+/- 0.67)
rSFVlO-EGFP (4xlO’lU/dose) 28(0) 9.8 (+/- 0.69) >0.05
rSFV10-E-IL12 (4xlO’lU/dose) Undefined (6)^ 1.5 (+/-0.33) <0.001

^Six Balb/c mice per treatment group were used for all experiments.

*^ice were sacrificed when the tumour reached 15 mm diameter and the time taken to 

reach this size is the survival time.

‘̂ Mice which had complete and permanent tumour regression; in a few cases a residual 

small nodule remained that was composed entirely of non-malignant scar tissue.

**Average timiour diameter for each group was calculated at their appropriate median 

survival time.

'Average of the control (TNE) treated groups in the three different K-BALB tumour 

treatment experiments with different titres of VLPs.

^Since all mice showed complete tumour regression, the median survival time cannot 

be calculated by Kaplan-Meier analysis.

*Two mice were culled due to the appearance of clinical signs before the termination 

of the experiment and before maximum tumour size was attained.

''The probability value is based on the average tumour diameter at their median 

survival time compared with that of the TNE treated (control) groups.
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4.3 DISCUSSION

Our in vivo tumour treatment studies involved the intratumoural treatment of 

fast growing, poorly immunogenic localised K-BALB and CT26 tumours in immuno­

competent female BALB/c mice. Currently there is much interest in IL-12, because of 

its potent antitumour and anti-metastatic activitites in different tumour models 

(Brunda et al., 1993). Previous work has shown that dramatic antitumour effects can 

be achieved by transient IL-12 delivery instead of continuous high doses (Mu et al., 

1995, Rakmilevich et al., 1996). It has also been shown that the amount of IL-12 at 

the tumour site is a key factor for tumour regression rather than systemic presence. 

Based on these concepts, we have used a new vector, pSFVlO-E, that has enhanced 

expression ability to express murine IL-12.

Previous studies on different tumour models using SFV vector have 

demonstrated the low immunogenisity of the vector as it undergoes only one round of 

replication in host cells (Zhou et al., 1995). The data in our treatment experiments 

clearly shows that six intra-tumoural treatments of K-BALB tumours using lower 

titres of rSFV10-E-IL12 replicons (4x10^ lU/dose) resulted in significant tumour 

growth inhibition including complete regression in one out of six mice (16.66%). 

Further, an improved treatment effect was found when three out of six mice (50%) 

had complete regression at 4x10* lU/dose of VLPs. Finally, complete and permanent 

K-BALB tumour regressions were found in all six animals (100%) treated with 4xl0’ 

lU/dose of rSFV10-E-IL12 replicons compared to original rSFVlO expressing murine 

IL-12. This is in agreement with Colombo et al (1996), indicating that an increased 

anti-tumour effect correlated with increased levels of IL-12 expressed locally at the 

tumour site. The consistency of this treatment effect was confirmed on CT26 colon 

carcinoma, another localised tumour, with complete and permanent tumour 

regressions in all 100% of the treated animals. These results showed that an efficient 

anti-tumour effect could be achieved using rSFV10-E-IL12 replicons. The findings of 

a recent study by Rodriguez-Madoz et al. (2005) have also indicated enhanced effect 

using IL-12 expressed locally at the tumour site by SFVIO-E. These results are in 

agreement with the antitumour effects of IL-12 obtained from our studies. It was 

evident from the immunohistochemistry that the rSFV10-E-IL12 has induced 

cytotoxic activities of B- and T-lymphocytes that are crucial for anti-tumour effects.
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Detection of massive numbers of CD4+ and CD8+ T-lymphocytes compared 

to the control tumours accounts for the induced tumour targeted immune response. 

Similar histopathological observations in K-BALB and CT26 tumours suggest the 

requirement of T-lymphocytes to promote more efficacious antitumour function. 

Variations in the tumour size (tumour swelling) during the treatment might be due to 

the influx of a wide range of immune cells leading to inflammatory swelling of the 

IL-12 treated tumours. In addition, detection of increased serum IP-10 concentrations 

in animals treated with rSFV10-E-IL12 replicons after the treatments (Figure 4.7) also 

accounts for the anti-tumour effect through the inhibition of angiogenesis. IP-10 is an 

IL-12 -induced downstream product that is responsible for antiangiogenic activity. 

This conclusion is in agreement with the previous results showing that IP-10 was a 

downstream molecule primarily responsible for IL-12 mediated tumour vasculature 

inhibition (Luster et al., 1995, Sgadari et al., 1996). The IL-12 induced anti­

angiogenic effect was further detected by staining IL-12 treated tumour sections for 

endothelial cells of the tumour vasculature using anti-mouse CD-31 antibodies. The 

observations show poorly developed or completely damaged blood-capillaries in the 

IL-12 treated tumour sections compared to the control treated tumours. Increased 

density of intact and healthy blood-capillaries was observed in the control treated 

tumours. This represents morphological evidence for IL-12 induced antiangiogenesis. 

The IL-12 induced anti-angiogenic effect may have been the cause for tumour 

necrosis that was observed in most of the IL-12 treated sections.

These results suggest that it is likely that the potent anti-tumour activity of the 

IL-12 expressing SFV vector results from a combination of mechanisms. However, 

complete regression of established K-BALB and CT26 tumours was found to be 

permanent. This was concluded after the disease-free survival of the tumour regressed 

animals for 90 days. Although, tumour therapy using rSFV-EGFP replicons (virus 

control) showed significant tumour growth inhibition compared to TNE treated 

groups, no complete regressions were reported. This inhibitory effect of rSFV-EGFP 

replicons during the treatment stage indicates the viral oncolytic (inherent ability to 

induce apoptosis) property and confirms that the inherent oncolytic property of the 

virus alone is not sufficient for complete tumour eradication.
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vectors into the other organs such as liver kidney, brain etc, has been well established 

by a previous study by Morris-Downes in 1999.

These results suggest that it is likely that the potent anti-tumour activity of the 

IL-12 expressing SFV vector results from a combination o f mechanisms. However, 

complete regression o f established K-BALB and CT26 tumours was found to be 

permanent. This was concluded after the disease-free survival o f the tumour regressed 

animals for 90 days.
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5

TREATMENT OF METASTASES IN THE 4T1 

TUMOUR MODEL WITH rSFV10-E-IL12 VLPs



5.1 INTRODUCTION

Interleukin-12 (IL-12) is a multifaceted antitumour agent that promotes 

cellular immune responses (Trinchieri et ai, 1998) and through IFN-y and other 

mediators, mediates tumour cell apoptosis and inhibits tumour angiogenesis (Gee et 

ai, 1999). IL-12 has been shown to be one of the most potent anti-tumour cytokines 

in experimental models (Brunda et ai, 1993, Mu et ai, 1995). Furthermore, a 

significant antitumour effect of the localized IL-12 gene delivery protocol was shown 

against distant solid tumours and spontaneous metastases in immunogenic murine 

tumour models (Rakhmilevich et al, 1997, 2000). It has been shown previously that 

expression of tumour associated antigens (MUC-1, HER-2/neu etc.) on human breast 

tumour cells can be recognized by the immune system and immunotherapeutic 

strategies for treatment have been studied for potential clinical application 

(Apostolopoulos et al., 1995). The development and metastasis of primary tumours 

mainly depends on the development of adequate vasculature (McNamara et al., 1998). 

These key findings have lead to strategies for tumour treatment involving inhibition of 

tumour angiogenesis. This is considered to be a promising therapeutic strategy based 

on the results of animal studies, which have shown that angiogenesis inhibitors can 

reduce metastases and shrink established experimental tumours (Skobe et al., 1997, 

Boehm et al., 1997). A tumour treatment study by Rakhmilevich et al., 2004 using IL- 

12 in combination with anti-vascular endothelial growth factor receptor-2 monoclonal 

antibodies has resulted in the inhibition of 4T1 adenocarcinoma and was also effective 

against lung metastases. But in most of the previous studies where angiogenesis 

inhibitors were used, residual primary tumours or dormant metastases began to grow 

following the discontinuation of the treatment (Holmgren et al., 1998). These and 

other studies support IL-12 gene therapy for metastatic breast cancer and other 

malignancies and also suggest the development of a clinical strategy.

To examine the treatment effect of rSFVlO-E-12 on a metastasising tumour 

model, we have selected a highly malignant, spontaneously metastasising 4T1 mouse 

mammary carcinoma model which readily develops into tumours upon s.c., injection 

(Aslakson et al., 1992, Pulaski et al., 1998). The 4T1 cell line was originally 

established fi'om a spontaneous moderately differentiated mammary adenocarcinoma 

growing in BALB/c mice (Aslakson et al., 1992). The 4T1 mammary carcinoma
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model has been already used in immunotherapy studies (Majumdar et ai,  2000). In 

this study, we treated the animals bearing the 4T1 tumour using rSFVlO-E-12 at a 

titre that induced complete tumour regression of K-KBAB and CT26 tumours ie., 

4x10^ lU/dose. In this model, micrometastases develop in lung and lymphnodes 

around 20 days post tumour implantation. Our results demonstrated that intratumoural 

administration o f rSFV10-E-ILI2 replicons resulted in complete tumour regression 

and a striking inhibition of metastatic tumour growth in lungs. These observations 

indicate that IL-12 can induce a curative immune response, even in the face of an 

aggressive micrometastasising tumour and also add to a growing list o f evidence for 

the antitumour and antimetastatic effects o f IL-12.
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5.2 RESULTS

5.2.1 Effect of rSFV10-E-IL12 treatment of 4T1 mammary carcinoma

Since the treatment efficacy of the rSFV10-E-IL12 replicon was verified using 

two different localised tumour models, we next examined its potential to inhibit the 

growth o f established lung metastases in the 4T1 mammary tumour model. 4T1 

tumours were established subcutaneously on the abdominal right flank o f BALB/c 

mice and treated with six intra-tumoural injections o f 4x10^ lU/dose in 50|al on every 

alternate day. Four out o f six treated mice had complete tumour regression between 

days 18 to 22 post tumour induction (Figure 5.1) and the remaining two mice grew 

tumours at the same rate as control groups during the post treatment period (P<0.01). 

All the control (TNE and rSFV-EGFP) treated tumours were sampled when the size 

reached 15mm diameter for immuno-histochemistry. The solid 4T1 tumour nodules 

were found with local tumour spread after repeated intra-tumoural treatment. This 

may be due to the pressure o f the intra-tumoural injections that was damaging the 

intact nodular shape. Graphical representation o f the 4T1 tumour growth shows a 

growth pattern that is different from K-BALB or CT26 tumours. The overall 

treatment summary o f K-BALB and CT26 tumour models is presented in Table 1 and 

for 4T1 tumour in Table 2.

5.2.2 rSFV10-E-IL12 therapy reduces the number of 4T1 lung metastases

The 4T1 breast carcinoma formed solid tumours o f 4mm diameter upon s.c 

injection day 4 post-induction. A large difference in lung metastases between the 

rSFV10-E-IL12 and control treated groups was found when the lungs were examined 

for visible tumour nodules at day 22 post-tumour induction. The average number o f 

tumour nodules on the TNE and rSFV-EGFP treated lungs were 16 and 13.2 

respectively compared to the IL-12 treated groups which had the lowest average 

number o f 1.5 (Figure 5.2). Previous studies have demonstrated metastasis in the 

lungs best represents the extent of 4T1 cell metastasis throughout the body. The 

number o f 6-thioguanine resistant colonies in the lungs o f the 4T1 tumour bearing
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BALB/c mice indicated the extent o f 4T1 lung metastases. The lungs o f  tumour 

bearing mice, which received TNE or rSFV-EGPP tumours, had a mean o f 35644 or 

22572 metastatic colonies, respectively, showing no significant difference between 

them (P>0.05). However, the lungs o f  the rSFV10-E-IL12 treated animals with a 

mean o f  3039 metastatic colonies showed a significant difference from the control 

treated groups (P<0.01) (Table 2). These results indicate that animals treated with 

rSFV10-E-IL12 are associated with increased survival time, which results from 

inhibition o f  primary 4T1 tumour growth and lung metastasis. The observation o f  no 

metastatic colonies in the lungs o f  complete tumour regressed mice indicated a strong 

correlation between tumour size and the number o f metastatic colonies for each 

mouse, which is consistent with other studies using the 4T1 tumour model (Darby et 

al,  2003).
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Figure 5.1 Treatm ent of 4T1 tum ours in BALB/c mice with rSFV10-E-IL12 

VLPs (4x10’ VLPs/dose):

4T1 tumours were induced on the right abdominal flank of female BALB/c 

mice by s.c. injection o f 100 |il o f 4T1 cell suspension in non-supplemented DMEM 

at a concentration o f 1 x 10  ̂ cells/ml. Treatment was initiated in individual tumours 

after an average tumour diameter o f 4 mm was reached. A group of six mice were 

used per treatment group, (a) Tumours received six 50 |al intratumoural injections of 

TNE alone or TNE containing rSFV-EGFP or rSFV10-E-IL12 VLPs at a 

concentration o f 4 x lO’ lU/dose which were administered every other day over an 

eleven day period. Treatment using rSFV-EGFP was used as a control group. 

Average tumour diameters were calculated as the square root o f the product o f two 

perpendicular measurements (assuming spherical shape) and mice were euthanised on 

day 22 post-tumour induction. Inhibition o f tumour growth in the rSFV10-E-IL12 

VLPs treated mice compared to control treated groups was found statistically 

significant (P<0.01) when analysed using using Tukey’s multiple comparison test by 

one-way ANOVA. (b) Four mice out o f six rSFV10-E-IL12 treated mice got 

complete tumour regression at day 19 (a few days after the sixth treatment).

Points', mean of six replicates, bars\ +/- SEM, This graph represents results o f a single 

experiment.
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Figure 5.2 rSFVlO-E-IL-12 therapy reduces the number o f 4T1 lung metastases

Following s.c. injection, 4T1-breast carcinoma cells formed solid tumours o f 4mm 

diameter by day 4 post induction. A large difference in lung metastases between the 

rSFV10-E-IL12 and control treated groups was found when the lungs were examined 

for visible tumour nodules at day 22 post tumour induction. The average numbers of 

tumour nodules in the TNE and rSFV-EGFP treated lungs were 16 and 13 

respectively compared to the rSFV10-E-IL12 treated groups which had an average of 

1.5 (Table 2).

(a) The number o f 6-thioguanine resistant colonies in the lungs o f the 4T1 tumour 

bearing BALB/c mice indicated the extent o f 4T1 lung metastases (Table 2). 

Lung cells were cultured in the presence o f 6-thioguanine and the number o f drug 

resistant colonies were stained and counted after incubating the plates for 10-14 days 

at 37®C.

(b) The lungs o f tumour bearing mice that received TNE or rSFV-EGFP had a mean 

of 4x10'* metastatic colonies. However, the lungs o f the rSFV10-E-IL12 treated 

animals with a mean o f 3x10^ metastatic colonies showed significantly less than both 

control groups (Table 2). These results indicate that treatment o f 4T1 tumours with 

rSFV10-E-IL12 is associated with increased survival time, which results from 

inhibition o f both primary 4T1 tumour growth and the growth of metastases. The 

graph represents the extent o f lung metastases.
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5.2.3 Pathology and immunohistochemistry

The formalin fixed paraffin embedded tumour and lung sections fi*om day 22 

post-tumour induction were stained using haematoxylin and eosin (H&E). These 

sections were examined histologically to evaluate the influx o f immune cells into the 

tumour and metastases o f 4T1 tumour into the lungs.

The examination o f lungs o f the mock (TNE) treated mice showed sub-pleural 

aggregates o f 4T1 metastatic spindle shaped cells characterised by well-defined cell 

borders (Figure 5.5). No tumours were detected in the lungs o f the tumour regressed 

mice treated with rSFV10-E-IL12 replicons and were characterised by large 

accumulations o f neutrophils in alveolar capillaries and larger blood vessels with 

small numbers in alveolar spaces (Figure 5.6). Control treated 4T1 tumour sections 

(H&E stained) showed a sparse number o f infiltrating lymphocytes. A high degree o f 

cell proliferation and compression o f panniculus muscle fibres indicating the 

aggressive growth of tumours were observed in large areas o f mock treated sections. 

Histopathological analysis o f rSFV10-E-IL12 treated tumour sections showed a large 

number o f lymphocytes with suppurative necrotic area circumscribed by intact tumour 

cells and lipid vacuoles were prominent. (Figures 5.3 & 5.4).

To detect the type and number o f infiltrating lymphocytes, fi-ozen tumour 

sections were stained by immunohistochemistry using CD4 and CDS antibodies. 

Higher numbers o f CD4+ and CD8+ cells were located in perivascular spaces, 

necrotic areas, and the tumour nodular margins o f IL-12 treated tumours (Figure 5.7). 

CD4+ cells were found especially at the interface between the necrotic areas and 

viable cells.

162



■** f t  ® ^ »  ^  4

S C i’  I  ~ * ; - x 54

Figure 5.3 TNE treated 4T1 tumour histopathology

(a) 4T1 tumour 22 days following induction and 8 days following cessation of 

treatment with TNE. Tumour proliferation and invasion towards subcutis by the 

compression of panniculus muscle fibres. H&E, x 40

(b) Higher magnification o f (a) showing an area o f compression o f muscle fibres 

(MF). H&E, X 200
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Figure 5.4 rSFV10-E-IL12 treated 4T1 Tumour histopathology

(a) 4T1 tumour 22 days following induction and 8 days following cessation o f 

treatment with rSFVI0-E-ILI2. Tumour necrosis, and neutrophil infiltration 

circumscribed by intact tumour cells. Lipid vacuoles (L) are indicated, x 200.

(b) rSFV I0-E-lLI2 treated 4T1 tumour showing features o f high malignancy such as 

nuclear pleomorphism (NP) and bizarre mitotic figures (arrows), x 400.



Figure 5.5 Histopathology of control treated 4T1 lung metastasis.

TNE (a) and rSFV-EGFP (b) treated mouse, 22 days post tumour induction and 8 

days following treatment cessation showing subpleural aggregates o f neoplastic cells 

(arrows). Alveolar spaces are indicated (A). H&E. x 200



Figure 5. 6 Histopathology of rSFV10-E-IL12 treated 4T1 lung metastasis.

rSFV10-E-IL12 treated mouse, 22 days post tumour induction and 8 days following 

treatment cessation showing absence o f 4T1 lung metastases. Alveolar spaces are 

indicated (A). H&E, x 200.
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Figure 5.7 Detection of CD4^ and CD8^ T-lymphocytes in rSFV10-E-IL12

treated 4T1 tumours.

(a) CD4+ T-lymphocytes are located in the peritumoural stroma and necrotic areas.

(b) Small numbers o f CD8+ T-lymphocytes are confined to the peritumoural stroma
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Table 2 Inhibition o f  4T1 tum our lung m etastases following treatm ent with 
rSFV10-E-IL12

Treatm enf Mouse No./ Lung metastases No. o f  clonogenic Average no. o f  lung P-Value
Tumour size (mm) (No. o f  nodulesf = Avg. lung metastases'^ metastases ±Std. error

TNE (Contol) 1/15 14 34747 35644 ± 6445
2/15 23 35933
3/13 5 = 16 21432
4/15 17 50707
5/15 28 55723
6/13 9 15321

rSFVlO -EffP 1/14 12 21796 22572 ± 10536 >0.05
2/12 21 31646
3/11 3 = 13 1915
4/11 6 2006
5/15 25 69494
6/13 12 8572

rSFV10-E-L12 1/11 4 6931 3039 ±2004 <0.01
2/0 0 0
3/0 0 = 2 0
4/13 5 11308
5/0 0 0
6/1 0 0

Mice received six intratumoral injections o f rSFV VLPs (4x10^ lU /dose) and were 

acrificed on day 22 post-tumour induction; lungs were then analysed for metastases. 

Visible tumour nodules on the lung surface were counted and the average number 

vas calculated for each group.

The number o f 6-thioguanine-resistant 4T1 lung metastasised colonies stained and 

ounted for each mouse.
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5.3 DISCUSSION

Previous reports have demonstrated the anti metastatic effect of IL-12 in 

several tumour models (Brunda et ai, 1993, Nastala et al., 1994). One primary 

interest of this study was to determine whether IL-12 treatment is consistent in its 

antitumour effects in a metastasisng tumour model. The continued investigations of 

our study examined the anti-tumour effect of rSFV10-E-IL12 on a metastatic tumour 

model, 4T1 mammary carcinoma and also its ability to inhibit lung metastases 

through its known antiangiogenic effects. The 4T1 mammary carcinoma model has 

been already used in immunotherapy studies (Majumdar et al., 2000).

We treated the established subcutaneous 4T1 tumour using six i.t injections of 

rSFV10-E-IL12 (4x10^ lU/dose) and found complete tumour regression in four out of 

six mice (66.66%) indicating promising therapeutic effects. However, the reduced 

survival percentage of 4T1 tumour bearing mice compared to K-BALB or CT26 

tumour bearing mice may be due to the reduced infectivity or replication kinetics of 

rSFV10-E-IL12 in 4T1 cells. This speculation is based on the previous results, which 

has demonstrated that due to the poor replication of HSV-1 1716 in 4T1 cells, the 

treatment was found moderately effective (Darby et al., 2003). 4T1 cells are known to 

be very selective to host a replicating agents (Toda et al., 1998). In addition, due to 

the pressure created by repeated intra-tumoural injections into a tumour of smaller 

size, leakage or the marginal transfer of tumour cells along with the injected material 

was found. Due to this, the tumour nodular structure was found distorted leading to 

local-tumour spread accounting for tumour escape from the treatment. Absence of 

lung metastases in the rSFV10-E-IL12 treated animals may show the antiangiogenic 

effects of IL-12 since an established vasculature is required for metastases to occur. 

Inhibition of metastases is associated with inhibition of vasculature development by 

antiangiogenic agents. Several studies show that angiogenesis inhibitors induce ceU 

apoptosis associated with limited supply of nourishments and other cell survival 

factors derived from endothelial cells (Rak et al., 1995).

Our immunohistochemical analyses have revealed that a massive 

accumulation of CD4+ and CD8+ T-cells was detected around the regressive 4T1 

tumour mass. The observations of large necrotic areas in the IL-12 treated 4T1 tumour 

sections compared to control treated tumours also suggest the possibility angiogenesis 

inhibition.
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Upon the examination o f lungs to detect 4T1 metastases, a large number o f 6- 

thioguanine resistant 4T1 colonies in the control treated animals were detected 

compared to rSFV10-E-IL12 treated animals, indicating the extent of established 

tumour vasculature among both the group of animals. Another observation during our 

study was that the number o f lung metastases was correlated with the size o f the 

tumour. This observation was confirmed when the lungs o f large tumour bearing mice 

were detected with the maximum number o f clonogenic metastatic 4T1 colonies 

where as IL-12 treated mice with smaller 4T1 tumours were found with very few lung 

metastases (Table 2). The visible tumour nodules on the lung surface indicated the 

advanced stage o f the disease, which was also evidenced by the clinical signs o f the 

animals.

Our results obtained in a murine spontaneous metastasis model illustrate that 

IL-12 expressed by the enhanced vector pSFVlO-E is effective in inhibiting the 

development o f micrometastasis. Thus, the present study could provide support for 

clinical application o f the IL-12 immunotherapy.
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6
IN VITRO CHARACTERISATION OF rSFVlO-E- 

IL18 AND TREATMENT OF K-BALB AND CT26 

TUMOURS



6.1 INTRODUCTION

Recently, IL-18 has been shown to be effective in the treatment of murine 

tumours with minimal side effects. This cytokine was initially termed IFN-y-inducing 

factor based on high level IFN-y secretion from NK and T cells at levels substantially 

greater than that observed with IL-12 (Okamura et ai, 1995). IL-18 is produced by 

cells of monocyte lineage, augments NK cytolytic activity, and enhances proliferation 

of T cells (Robinson et ai, 1997). IL-18 also promotes NK and T cells to secrete IFN- 

Y as well as granulocyte-macrophage CSF (GM-CSF) (Micaleff et ai, 1996). 

Although IL-18 and IL-12 synergise in IFTvf-y production, their receptors and signal- 

transduction pathways appear to be diflferent (Kohno et ai, 1997). These findings 

strongly suggest that IL-18 has significant immunoregulatory functions that could be 

modulated further using strategies that may involve site of expression, expression 

levels, or in combination with other therapeutic agents. The antitumour effect of IL-18 

has been demonstrated in murine models of breast cancer, renal cell cancer, and 

melanoma (Tan et ai, 1998, Tanaka et ai, 2000) and is greatly enhanced by the 

addition of IL-12 or IL-2 (Nagai et ai, 2000). The induction of tumour regression by 

the combination of IL-18 and IL-12 has been shown to occur through an 

antiangiogenic mechanism that is IFN-y dependent (Coughlin et ai, 1998).

Recently, IL-18 binding protein (IL-18BP), an inhibitor of IL-18 that is 

distinct from IL-18 receptor families, has been discovered. This protein has been 

shown to block IFN-y production by IL-18 or IL-12 (Novick et ai, 1999). It is 

believed that IL-18 BP may play an important role in controlling immune responses 

by limiting the availability of IL-18 to activate lymphocytes in conjunction with IL- 

12. So far nothing is known regarding the control of IL-18BP expression by cytokines 

or the cell types responsible for the synthesis of IL-18BP. Two isoforms of murine IL- 

18BP have been isolated (Kim et al., 2000). Furthermore, Korina G Veenstra et al 

(2002) have shown that those cytokines capable of synergising wath IL-18 to stimulate 

IFN-y production especially IL-12, are the primary inducers of IL-18BPa, an iso form 

of IL-18BP in monocytes. In addition, they have demonstrated that the induction of 

lL-18BPa by IL-12 is IFN-y dependent, suggesting that IL-18BPa forms part of a 

negative feedback loop to limit immune activation by IL-12. In our study, we have 

examined the antitumour effect of rSFV10-E-lL18 on K-BALB and CT26 tumours.
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The murine IL-18 gene was cloned into the enhanced expression vector pSFVlO-E 

(Figure 6.1) by Ms. Susan McNally and was characterized in BHK-21 and K-BALB 

cells.

6.2 RESULTS

6.2.1 Quantitative analysis of IL-18 expression by rSFV10-E-IL18 in BHK-21 

and K-BALB cells.

BHK-21 and K-BALB cells grown in 6-well plates were infected with 

rSFV10-E-IL18 replicons at an MOI o f 10. The supernatants o f the infected cells were 

collected at different time points (12 h, 24 h, 48 h and 72 h). An ELISA estimated the 

expressed IL-18 protein in the supernatants o f both the cell lines. The results were 

plotted to measure the difference in the IL-18 expression levels by rSFV10-E-IL18 in 

both BHK-21 and K-BALB cell lines. The levels o f IL-18 expression by rSFVlO-E- 

IL18 in BHK-21 cells were found to be 2-3 times higher than K-BALB cells. Mock- 

infected control BHK-21 and K-BALB cells supernatant had no IL-18 expression 

(Figure 6.2).

6.2.2 Testing biological activity of secreted murine IL-18

Biologically active IL-18 induces T-cells to secrete interferon-y (IFN-y). An 

ELISA measured the production o f IFN-y from the 24 h supernatants o f murine 

splenocytes treated with IL-18 supernatants o f rSFV10-E-IL18 infected K-BALB 

cells. The resuh showed that the supernatant o f K-BALB cells infected with rSFVlO- 

E-IL18 replicons stimulated splenocytes to produce considerably higher levels of 

IFN-y as the positive control, Concavalin A treatment, indicating the expression of 

functionally active IL-18 by rSFV10-E-IL18 replicons (Figure 6.3).

172



6.2.3 Intra-tumoural treatment o f K-BALB and CT26 tumours using rSFVlO- 

E-IL18 replicons.

K-BALB and CT26 tumours were induced on the right abdominal flank of 

female BALB/c mice. A group of six mice were used per treatment group. Treatment 

was initiated at an average tumour diameter o f 4 mm. Tumours received six 

intratumoural injections o f TNE alone, or TNE containing rSFV-EGFP or rSFVlO-E- 

IL18 or rSFV10-IL12 VLPs at a titre o f 4x10^ lU in 50|j,l/dose, on each alternate day. 

Treatment using rSFV-EGFP was used in the study as a control. Tumour growth was 

monitored by daily measuring the tumour diameter and mice were euthanised when 

average tumour diameter reached 15 mm. In this experiment, rSFV-EGFP showed 

some inhibitory effect on tumour growth during the treatment stage due to the 

inherent ability o f rSFV VLPs to induce apoptosis in tumour cells. Two mice had 

complete tumour regressions in the IL-18 treated groups in both o f the tumour 

models. None o f the control treated groups showed complete tumour regression 

(Figures 6.4-6.7). Inhibition o f tumour growth in the rSFV10-E-IL18 VLPs treated 

mice was not statistically significant (P>0.05) when analysed using Tukey’s multiple 

comparison-test by one-way ANOVA (Table.3).

6.2.4 Tumour histopathology

Histopathological examination o f H & E stained sections o f control treated 

tumours were composed of densely cellular, expansile masses extending to the 

margins o f the samples with no evidence o f encapsulation. Invasion o f subcutis 

muscle fibres was prominent (Figure 6.8). rSFV10-E-ILI8 treated tumours showed 

areas o f avascular and suppurative necrosis that are present in all o f the tumours with 

substantial infiltrations o f neutrophils, lymphocytes, and macrophages. Small foci o f 

chronic inflammation and fibrosis in the subcutis were common (Figures 6.9 and 

6 . 10).
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Capsid enhancer

Figure 6.1 Schematic representation of the pSFV10-E-IL18 construct.

The coding sequences o f IL-18 gene with upstream Ig-kappa transport signal 

sequences were cloned into the H indlll site in the MCS o f pSFVlO-E. The expression 

and secretion o f IL-18 was regulated by the 26S sub-genomic promoter, Kosak, 

capsid enhancer and FMDV 2A cleavage-site o f pSFVlO-E. The data on the 

construction o f pSFV10-E-IL18 is not shown in this report as Ms Susan McNally 

constructed it.

26S promoter 

FMDV 2A

 ̂ Ig-K IL-18
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Figure 6.2 Quantitative analysis of IL-18 expression levels in the supernatants of 

rSFVlO-E-ILlS VLPs infected BHK-21 and K-BALB cells

The expression levels o f murine IL-18 by pSFV10-E-IL18 was examined in BHK-21 

and K-BALB cells. An ELISA measured the expression levels at different time points 

in supernatants BHK-21 and K-BALB cells that were infected at an MOI o f 10. The 

levels o f IL-18 in the supernatants o f infected BHK-21 cells were at higher levels than 

those o f K-BALB cells. The expression levels o f IL-18 in BHK-21 cells by rSFVlO- 

E-1L18 were 2-3 times higher than in K-BALB cells. The supernatants from rSFV- 

EGFP or mock-infected BHK-21 or K-BALB cells showed no IL-18 expression. The 

values shown represent IL-18 secretion from 2.5x10^ cells.
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Figure 6.3 Biological activity of murine IL-18 secreted by K-BALB cells

Biologically active IL-18 is known to induce T-ceUs to secrete IFN-y. An ELISA 

measured the production o f IFN-y from murine splenocytes (1x10^) treated with 100 

|il o f 24 h supernatants from rSFV10-E-IL18 infected K-BALB cells. This showed 

that supernatants o f infected K-BALB cells, containing IL-18, stimulated splenocytes 

to produce higher levels o f IFN-y than the positive Concavalin A (ConA) treated 

control. These results confirmed the expression and secretion o f biologically active 

IL-18 from rSFV10-E-IL18. Supernatants from control groups (rSFV-EGFP, 

uninfected, and without conA) were unable to induce IFN-y production from 

splenocytes.
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Figure 6.4 Treatment of K-BALB tumours in BALB/c mice using rSFVlO-E- 

IL18 replicons (4x10^ lU/dose).

K-BALB tumours were induced on the right abdominal flank o f  female BALB/c mice 

by s.c. injection o f 100 1̂ o f  K-BALB cell suspension in non-supplemented DMEM 

at a concentration o f  1 x 10  ̂ cells/ml. Treatment was initiated at an average tumour 

diameter o f  4 mm. Six mice were used per treatment group. Animals received six 50 

fil intratumoural injections o f  TNE alone, or TNE containing rSFV-EGFP or rSFVlO- 

E-IL18 at a concentration o f 4x10^ lU /dose which was administered on each 

alternate day. Treatment using rSFV-EGFP was used in the study as a control group. 

Average tumour diameters were calculated as the square root o f  the product o f  two 

perpendicular measurements (assuming spherical shape) and mice in all the groups 

were euthanised when average tumour diameter reached 15mm.

The inhibition o f  tumour growth and complete regression o f K-BALB tumours in two 

mice by rSFV10-E-IL18 treatment was statistically significant compared to the 

control treated groups.

Although three out o f  six mice among rSFV10-E-IL18 treated group had complete 

tumour regression, one o f  them re-grew its tumour 3 days following the primary 

tumour regression (indicated by the larger error bars). These results show that the 

rSFV10-E-IL18 can be used as antitumour agent (Figure 6.4).

Points', mean o f six replicates, bars', +/- SEM.
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Figure 6.5 Survival proportions of the mice bearing K-BALB tumours treated 

using rSFV10-E-IL18 at 4xl0’ lU/dose

Mice were sacrificed when the tumour size reached 15mm diameter. The average time 

taken to reach this size for a group of mice is the survival time. Mice, which had 

complete and permanent tumour regression are considered survivors. The survival of 

mice bearing K-BALB tumours was 33.3% when tumours were treated using six 

intratumoural injections of rSFV10-E-lL18. None of the control (TNE or rSFV- 

EGFP) treated animals showed tumour inhibition and had 0% survival proportions at 

the end of the treatment experiment.
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Figure 6.6 Treatment of CT26 colon carcinoma in BALB/c mice using rSFVlO-E- 

IL18 replicons (4x10^ lU/dose).

CT26 tumours were induced on right abdominal flank of female BALB/c mice by s.c. 

injection o f 100 jil o f CT26 cell suspension in non-supplemented DMEM at a 

concentration o f 1 x lO’ cells/ml. Treatment was initiated in individual tumours after 

an average tumour diameter o f 4 mm was reached. A group o f six mice was used per 

treatment group. Tumours received six 50 |al intratumoural injections o f TNE alone, 

or TNE containing rSFV-EGFP, or rSFV10-E-IL18 at a concentration o f 4x10^ lU 

/dose which was administered on each alternate day. Treatment using rSFV-EGFP 

was used in the study as a control group. Mice in all the groups were euthanised when 

average tumour diameter reached 15 mm.

The inhibition o f tumour growth and complete regression CT26 tumours in two mice 

by rSFV10-E-IL18 treatment compared to control treated groups was observed. 

Although three out o f six mice among rSFV10-E-IL18 treated group had complete 

tumour regression, one o f them re-grew its tumour few days following the primary 

tumour regression. These results show that the rSFV10-E-IL18 can be used as 

antitumour therapeutic agent (Figure 6.6)

Points', mean o f six replicates, bars', +/- SEM.

181



100

01uu
Oia
>

’>u

80-

60-

40-

20-

' C ontrol-TN E  

■ ra^V-EGFP 

■rSFVlO-E-ILlS

I
10

I
20 30

r
40

1
50

1
60

Time (Days)

Figure 6.7 Survival proportions of the mice bearing CT26 tumours treated 

using rSFV10-E-IL18 at 4xl0’ lU/dose

Mice were sacrificed when the tumour size reached 15mm diameter. The average time 

taken to reach this size for a group of mice is the survival time. Mice, which had 

complete and permanent tumour regression are considered survivors. The survival of 

mice bearing CT26 tumours that were treated with IL-18 was 33.3% (similar to K- 

BALB tumour survivors) whereas control (TNE or rSFV-EGFP) treated groups had 

almost similar tumour growth with 0% survival proportions at the end of the treatment 

experiment.
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Figure 6.8 K-BALB tumours, one-day post treatment with TNE.

(a) Migration o f tumour (T) cells towards the subcutis through the intact layers o f 

epidermal tissue. Muscle fibre (MF) layer is indicated. H&E, x 100.

(b) Aggregation o f  tumour cells surrounding fibrovascuiar connective tissue in the 

cuticular region. Tumour cells passing through compressed panniculus muscle 

fibres are shown (arrow). H&E, x 100.
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Figure 6.9 CT26 tumours, one-day post treatment with rSFV10-E-IL18.

(c) Tumour with area o f  avascular and suppurative necrosis. H&E, x 100.

(d) Higher magnification o f (a) showing area o f  suppurative necrosis, throbosis (T), 

and densely infiltrated with neutrophils (arrow). H&E, x 200.
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Figure 6.10 K-BALB tumours, one-day post treatment with rSFV10-E-IL18.

(a) Islands of tumour (IT) cells surrounding blood capillaries. The tumour cells well 

nourished by the blood capillaries where as marginal cells are undergoing necrosis.

(b) Small foci of chronic inflammation and fibrosis in subcutis (arrow). No tumour 

cells seen. H&E, x 200.
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Table 3 Inhibition o f  tumour growth by rSFV10-E-IL18 treatment

Tumour Treatment groups'' Median survival (daysf Average, tumour 
Model (No. o f survivors'^) diameter^ (mm)

(Std. error)

Probability^

K-BALB TNE' 22 (0) 11.9 (+/- 0.66)
rSFV-EGFP (4xlO’lU/dose) 23 (0) 11.4 (+/- 0.65) >0.05
rSFV10-E-IL18 (4xlO’lU/dose) 32 (2) 6.3 (+/- 0.42) >0.05

CT26 TNE 24 (0) 11.0 (+/-0.67)
rSFVlO-EGFP (4xlO’lU/dose) 28 (0) 9.8 (+/- 0.69) >0.05
rSFV10-E-IL18 (4xlO’lU/dose) 35(2) 5.9 (+/- 0.45) >0.05

“Six BALB/c mice per treatment group were used for all experiments.

Vlice were sacrificed when the tumour reached 15 mm diameter and the time taken to

reach this size is the survival time.

‘̂ Mice which had complete and permanent tumour regression; in a few cases a residual 

small nodule remained that was composed entirely of noii-malignant scar tissue. 

^Average tumour diameter for each group was calculated at their appropriate median 

survival time.

^Average o f the control (TNE) treated groups in the three different K-BALB tumour 

treatment experiments with different titres o f VLPs.

®The probability value is based on the average tumour diameter at their median 

survival time compared with that o f the TNE treated (control) groups.
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6.3 DISCUSSION

Several cytokine genes introduced intratumourally in mice have shown 

antitumour effects. The strong antitumour property of IL-12 and IL-18 has been 

previously reported using murine renal cell carcinoma and bladder cancer models 

(Yamanaka et a i, 1999, Hara et a i, 2000). Powerful antitumour effects of 

combination therapy of the IL-12 gene introduced cells and systemic administration 

o f recombinant IL-18 against established tumours have been reported suggesting 

synergistic antitumour effects. In our study we analyzed the antitumour effect o f a 

rSFV10-E-IL18 replicons in order to examine and compare the antitumour efficacy o f 

IL-12 and IL-18 expressed by rSFVlO-E separately or in combination, the data o f 

which is not shown.

For an effective IL-18 gene therapy it may be essential to construct a vector 

that secretes high levels o f bioactive IL-18. IL-18 is first synthesised as a leaderless 

precursor, and it requires a conventional signal sequence for extra cellular secretion o f 

mature IL-18. Ms. Susan McNally, a project student, constructed a pSFV10-E-IL-I8 

vector that contains the Igk (Immunoglobulin Kappa) leader sequence, which 

regulates the expression o f mature IL-18. It has been reported that the dose o f IL-18 

administered correlates with the resulting level o f serum IFN-y and the strength o f its 

antitumour activity (Osaki et a i, 1998). Direct injection of a mature IL-18 adenoviral 

vector into mice with MCA205 elicited an effective immune response (Osaki et a i, 

1999). In this study we have in vitro characterized rSFVI0-E-IL18 replicons to 

examine the expression levels of IL-18 in BHK-21 and K-BALB cells. The levels of 

IL-18 secreted in the supernatants of infected BHK-21 cells were found at higher 

levels than those o f K-BALB cell supernatant. This difference in expression levels 

might be attributed to variability in infection expression and extracellular secretion o f 

the expressed protein with different cell lines. To determine the bioactivity o f the 

secreted IL-18, we induced splenocytes for IFN-y production and the results confirm 

that IL-18 produced by rSFV10-E-IL18 replicons in K-BALB cells is biologically 

functional. The IL-18 construct with enhanced expression ability, which contains the 

Ig/kappa leader sequence induced secretion of large amounts o f IFN-y (approximately 

1500 pg/ml). These observations are in agreement with the findings o f a previous
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study that has used a non-enhanced expression vector along with pro-IL18 sequences 

that contains the Ig-kappa leader sequence (Yoshimura et a i,  2001).

A previous study has demonstrated that the local secretion o f IL-12 or IL-18 

could lead to the complete tumour rejection as well as metastases inhibition (Satoko et 

ai,  2004). In this study, we examined the in vivo antitumour effect o f IL-18 alone or 

in combination with IL-12 in two different tumour models. The results o f our 

experiments in immunocompetent BALB/c mice have showed a similar antitumour 

effect in the animals treated with IL-18 alone or in combination with IL-12. The 

tumour inhibition due to the treatment effect between these two groups was 

statistically not significant.

In addition, we showed that the treatment o f K-BALB and CT26 tumours 

using rSFV10-E-IL18 replicons induced tumour growth inhibition, which is 

statistically significant compared to the control groups. Although three out o f six mice 

had complete tumour regression in the IL-18 treated group, the data on survival 

proportions is statistically not significant. Perhaps, these results could be further 

analysed by increasing the number o f animals used per treatment group.

Further, histopathological analysis o f IL-18 treated tumours showed no 

comparable difference to IL-12 treated tumours. The recurrence o f a tumour in one 

completely regressed mouse indicated the incomplete clearance o f the tumour even 

after six intratumoural treatments. In order to achieve an efficient antitumour effect, 

the optimization o f IL-18 concentrations at the tumour site may needs to be optimized 

in further. The observations o f this study support the previous reports that IL-12 and 

IL-18 molecules perform similar biological functions.

188



7

GENERAL DISCUSSION



7.1 GENERAL DISCUSSION

Gene therapy has potentially expanded the limits of tumour therapy by 

targeting tumour angiogenesis inhibition or recruiting immune cells. This can be 

achieved by the expression of high or critical concentrations of therapeutic agents 

within the tumour by repeated intra-tumoural administrations. In ex vivo gene therapy, 

gene transfer is performed in cells that have been removed from the patient. Once the 

therapeutic gene has been introduced into these cells they are transferred back to the 

patient. Cytokine expression at the tumour site has allowed better anti-tumour effects 

with reduced cytotoxicity (Gately et a i, 1992). The use of immuno-stimulatory 

cytokines as tumour therapeutic agents has become a promising strategy for cancer 

therapy. Strategies that provide high levels of immunostimulatory cytokines locally at 

the site of the tumour have already demonstrated therapeutic efficacy (Rodriguez- 

Madoze/a/., 2005).

The cytokine IL-12 has given many hopes as a tumour therapeutic agent 

because of its demonstrated potent antitumour and antimetastatic activities (Brunda et 

al., 1993) in different tumour models. It has been shown that IL-12 promotes the 

activity and differentiation of T-cells and NK-cells to induce an aggressive anti­

tumour immune response. In addition, another effective mode of tumour inhibition by 

IL-12 is in its ability to induce IFN-y production by T-cells, which in turn mediates 

anti-angiogenic effects (Sgadari et al., 1996). A previous study has shown that the 

amount of IL-12 available at the tumour site is critical for tumour regression and 

evidence has been provided showing that maximum anti-tumour effects can be 

achieved by transient IL-12 expression systems instead of prolonged high-dose 

treatment (Colombo et al., 1996).

Successful gene therapy mainly depends on the properties of gene delivery 

systems mainly its antigenicity, bio-safety and its ability to express a functionally 

active product. The Semliki Forest virus vector is a transient suicidal expression 

vector system with less immunogenicity (Lundstrom et al., 2001). The bio-safety of 

SFV has been improved by modifying the original vector into a split vector system, 

which restricts the vector to undergo only one round of replication in the host cells 

and reduces the frequency of recombination between helper and vector (Liljestrom et 

al., 1999). This vector has been previously used in vaccine studies to induce
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protection against louping ill virus (Fleeton et a i, 2000) and in the expression of 

many other proteins including lL-12 (Colmenero et al., 1999, Asselin-Paturel et a i, 

1999).

The recent development of pSFVlO-E, a new SFV based expression vector 

system with enhanced expression of foreign protein (up to ten fold higher than the 

original pSFVlO vector) has provided a valuable tool to examine the anti-tumour 

effects o f IL-12 expression locally at the tumour site. Hence, we started this study 

with the construction o f pSFV10-E-IL12 and pSFV10-IL12. Since our study included 

the mouse tumour models, we isolated the IL-12 gene subunits from mouse 

splenocytes. IL-12 is a heterodimer composed o f two subunits, p35, and p40, encoded 

by separate genes. The expression of biologically active IL-12 requires co-ordinated 

expression o f both subunits in equal proportions. If both subunits are expressed at 

different levels, biologically inactive p40 homodimers may be produced. Normally 

cells producing IL-12 secrete more free p40 chain than biologically active p70 

heterodimer. This can range up to 100-1000 times more. Secretion o f recombinant 

p40 IL-12 either as disulfide-bonded homodimer or as a monomer in mouse has been 

observed whereas no p40 homodimers have been reported so far in the human. 

Murine p40 homodimers bind to the IL-12Rpi chain with an affinity similar to that o f 

the heterodimers for binding to the IL-12 receptors, effectively blocking the biological 

fiinctions o f IL-12 on murine cells. Thus, in mouse IL-12 p40-homodimers may 

represent a physiological antagonist o f IL-12 p70. To avoid this possible antagonism 

of p40-homodimers against the biologically fimctional heterodimeric IL-12 molecule, 

we cloned the component p40 and p35 subunits into single vectors (pSFVlO-E and 

pSFVlO), each expressed from separate 26S promoters to achieve the equal 

proportionate expression o f both the subunits.

Expression and secretion levels o f IL-12 by pSFVlO-E and pSFVlO constructs 

were tested in vitro in BHK-21 and K-BALB cells using the infectious virus like 

particles from these constructs. When the cells were infected at a multiplicity o f 

infection (MOI) o f 10, expression levels o f IL-12 from rSFV10-E-IL12 infected K- 

BALB cells was almost a ten-fold higher than that o f rSFV10-IL12 infected cells, 

whereas in BHK-21 cells about a 3-4-fold difference was observed. These results 

confirm the enhanced expression ability o f pSFVlO-E compared to original pSFVlO 

vector. This was also confirmed qualitatively by staining intensities o f the infected 

cells by immunofluorescence and DAB staining. Although SFV replicons have the
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capacity to infect a variety o f  cell lines in vitro, very little is known about their 

infectivity in vivo (Lundstrom et al., 1999, Wahlfors et al., 2000). A difference in the 

expression levels in K-BALB and BHK-21 cells reflects the infection variability o f 

the replicons with different cell lines and/or the expression ability o f  the cell lines. 

This observation was in agreement with a previous study on K-BALB cells and 

supports previous observations (Smyth ef al., 2004).

As the mIL-12 specific antibodies may also recognise the P40 homodimers, it 

was essential to test the biological function o f  the secreted IL-12. The biologically 

active IL-12 induces T-cells to produce IFN-y. To confirm secretion o f  the expressed 

protein and its biological activity, we measured the ability o f  supernatants from VLP 

infected cells to induce IFN-y production by mouse splenocytes along with a positive 

control Con A (a known inducer o f  IFN-y production), before employing these 

constructs for the in vivo tumour treatment studies. The expressed IL-12 in the 

supernatant by the infectious virus like particles o f  both the constructs in BHK-21 and 

K-BALB cells induced splenocytes for IFN-y production that was quantified by an 

ELISA, indicating the expression and secretion o f  functionally active IL-12 molecule. 

IFN-y levels induced by rSFV10-E-IL12 and rSFV10-IL12 infected K-BALB and 

BHK-21 supernatants were found to be similar. This may be due to saturated levels o f 

IL-12 in the supernatant that was used to induce a limited number o f  splenocytes. As 

this assay was only to test the bioactivity o f  the secreted IL-12 by the rSFV-IL12 

constructs, the amount o f  secreted IFN-y was not critical to differentiate the 

expression levels o f  these two IL-12 constructs.

Our in vivo tumour treatment studies involved the intra-tumoural treatment o f 

fast growing, poorly immunogenic localised K-BALB and CT26 tumour models in 

immuno-competent BALB/c mice using rSFVlO-E replicons expressing murine IL- 

12. Further, we also examined the treatment effect on a lung metastatic 4T1 tumour 

model. The in vivo antitumour effect o f  rSFV10-E-IL12 and rSFV10-IL12 on the K- 

BALB tumour was compared in immunocompetent BALB/c mice and confirmed the 

enhanced antitumour effect associated with the enhanced expression vector.

It should be noted that the majority o f  the previous studies have used 

exclusively the administration o f  a single immunotherapeutic agent. Even after the 

gene, vector and expression system have been optimized, the route through which a 

gene therapeutic is administered influences the therapeutic effect o f  the product.
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Dosing regimens for gene therapy products are likely to require treatment every few 

weeks or every few months. Recent studies have demonstrated that multi-modality 

therapeutic approaches may yield additive or synergistic antitumour effects, because 

of their increased ability to stimulate immune functions required for tumour targeting 

and/or counteract mechanisms utilised by tumour cells to escape from immune 

recognition and destruction. Our data clearly shows that six intra-tumoural treatments 

of K-BALB tumours using lower titres o f rSFV10-E-IL12 replicons resulted in 

significant tumour growth inhibition. An improved effect, however was found using 

an increased dose. Thus, there is a progressive anti-tumour effect with increased 

concentrations o f IL-12 replicons. Since a high systemic concentration o f IL-12 has 

been reported to have lethal toxic effects in animals (Sarmiento et a i, 1994), it was 

essential for us to optimise the threshold concentrations o f IL-12 to treat the animals. 

In our study, some clinical symptoms (shivering and fever) were observed with 

animals that were treated with high doses o f rSFV10-E-IL12 VLPs after five 

intratumoural injections. These observations restricted our study from investigating 

the antitumour effects o f systemic treatment with rSFV10-E-IL12 VLPs. Oshikawa 

et al. recently found that IL-12 cDNA delivered s.c. into the opposite lateral side of 

the tumour site, was less efficient in inducing tumour regression than local treatment. 

Complete and permanent K-BALB tumour regression was found in all the six mice 

(100%) treated with rSFV10-E-IL12 replicons at a titre o f 4x10^ lU/dose, indicating 

the increased levels of IL-12 at the tumour site induce an efficient anti-tumour effect 

compared to rSFV10-IL12, without inducing lethal toxic effects. The consistency o f 

the above treatment effect was demonstrated using another localised tumour model, 

the CT26 colon carcinoma.

IL-12 promotes the activity and differentiation o f T-cells and NK-cells to 

induce an aggressive anti-tumour immune response. It has been suggested that IL-12 

promotes the development o f Thl cells (Hsieh et al., 1993), and these in turn may 

positively regulate the expansion and/or activation o f other lymphoid cell 

populations. In addition, a further anti-tumour activity o f IL-12 is its ability to induce 

IFN-y production by T-cells, which in turn mediates anti-angiogenic effects (Manetti 

et al., 1994, Sridhar et al., 2004). It is likely that the potent anti-tumour activity o f the 

IL-12 expressing SFV vector results from a combination o f mechanisms. SFV 

vectors have an inherent p53-independent apoptosis inducing capability (Glasgow et
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ai, 1998), which has been successfully used to treat tumours in nude mice (Toda et 

ai, 1998, Murphy et ai, 2000) and it is likely that this operates also for the vectors 

used in this study. However, the presence of the enhancer in rSFV10-E-IL12 is 

unlikely to increase this inherent apoptosis induction since all cells infected by the 

unenhanced vector undergo apoptosis and the vector does not spread intercellularly 

(Glasgow et al., 1998, Toda et ai, 1998). The enhanced ability of this vector to 

destroy tumour cells must therefore result from the induction of enhanced IL-12 

secretion. IL-12 also has a potent pro-inflammatory activity that may also contribute 

to the anti-tumour effect. Another anti-tumour mechanism that may operate is the 

inhibition of tumour angiogenesis by IL-12, which has been demonstrated in a 

previous study of tumour treatment by an IL-12 expressing SFV vector (Asselin- 

Paturel e/a/., 1999).

It was evident from the tumour pathology and immunohistochemistry that the 

intratumoural IL-12 expression using rSFV10-E-IL12 replicons has induced the 

cytotoxic activities of B- and T-lymphocytes that are considered as crucial for IL-12 

induced anti-tumour effects. Detection of an increased number of infiltrating CD4+ 

and CD8+ T-lymphocytes in the IL-12 treated K-BALB and CT26 tumours compared 

to the control tumours demonstrates a tumour targeted immune response induced by 

IL-12 treatment and strongly suggests the critical requirement of T-lymphocytes to 

promote more efficacious antitumour function. Histopathological examination of 

tumour sections during the treatment stage showed an intact tumour nodule with 

actively growing tumour cells in control treated mice whereas in most of the IL-12 

treated K-BALB and CT26 tumours, massive areas of necrosis throughout the tumour 

nodules were observed. Variations in the tumour size (tumour swelling) during the 

treatment stage may correlate with the influx of a wide range of immune cells leading 

to inflammatory swelling of the IL-12 treated tumours. Detection of increased IP-10 

concentrations in the blood serum of the animals treated with rSFV10-E-IL12 just 

after the last treatment may account for an anti-tumour effect through the inhibition of 

angiogenesis. This conclusion was in agreement with previously demonstrated results 

showing that IP-10 is a downstream molecule primarily responsible for IL-12 

mediated tumour vasculature inhibition (Luster et al., 1995, Sgadari et al., 1996). The 

IL-12 induced anti-angiogenic effect was further detected by staining the control or II- 

12 treated tumour sections for endothelial cells of the tumour vasculature using anti­

mouse CD31 antibodies. The observation of damaged and reduced numbers of blood
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capillaries in the IL-12 treated tumour sections compared to the increased density of 

intact and healthy vasculature of control treated tumours demonstrated morphological 

evidence o f IL-12 induced anti-angiogenesis. The induced anti-angiogenic effects of 

IL-12 provides the reason for the presence o f large necrotic areas observed in the IL- 

12 treated tumours that might have resulted from undernourishment o f the tumour. 

However, complete regression of established K-BALB and CT26 tumours was 

permanent, which was indicated by the disease-free survival o f the animals for 60-90 

days. Therefore, it is concluded that the success o f IL-12 treatment depends on the 

number o f activated T-lymphocytes and NK cells that infiltrate into the tumour and 

also its ability to induce an anti-angiogenic effect at the tumour site. However, further 

investigation is required to elucidate the precise mechanisms that are involved in the 

antitumour activity o f IL-12.

Interestingly, tumour therapy using rSFV-EGFP replicons that were used as 

virus control showed significant tumour inhibition compared to the control (TNE 

buffer) treated groups. These observations were also reported in a previous study in 

which human lung carcinoma cell growth was inhibited by apoptosis induction using 

Semliki Forest virus recombinant particles (Murphy et ai,  2000). In our study, the 

enhanced treatment effect observed in IL-12 treated animals compared to rSFV-EGFP 

treated groups with the tumour cell lines indicates that the viral oncolytic (inherent 

ability to induce apoptosis) property that was observed in the above study alone is not 

sufficient for complete tumour eradication and strongly supports the IL-12 induced 

antitumour effect.

We also examined the anti-tumour effect o f rSFV10-E-IL12 on a metastatic 

4T1 tumour model and its ability to induce lung metastasis inhibition. The antitumour 

mechanisms o f IL-12 against some poorly immunogenic tumours have been attributed 

to antiangiogenic effects (Voest et ai ,  1995). Absence o f lung 4T1 metastases in the 

rSFV10-E-IL12 treated animals compared to the lungs o f control treated animals may 

indicate failure o f tumour vasculature establishment and inhibition of metastases may 

be associated with vascular disruption by antiangiogenic agents. Several studies show 

that angiogenesis inhibitors induce cell apoptosis associated with limited supply of 

nutrients and other cell survival factors derived from endothelial cells (Rak et ai,  

1995). The number o f lung metastases was also correlated to the size o f the tumour at 

the time o f metastastic assay. The lungs o f large tumour bearing mice had the 

maximum number o f clonogenic metastatic 4T1 colonies compared to the lungs o f IL-
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12 treated animals which had smaller 4T1 s.c. tumours (Table 2). Advanced 

techniques or assays need to be developed to estimate more accurately the number of 

lung metastases, as the clonogenic assay is not an efficient technique to accurately 

measure the number o f lung metastases.

All these results have shown that the cumulative effects o f intratumoral 

treatment with rSFV10-E-IL12 replicons effectively inhibit tumour growth in three 

murine tumour models. These results confirm those o f other studies that have used 

IL-12 expressing SFV vectors for the treatment o f other tumour models (Zhang et a i,  

1997, Colmenero et a i,  2002, Yamanaka et a i,  2003). However, we have also shown 

that a combination o f the use o f high titre vector preparations and a vector expressing 

high levels o f IL-12 can result in complete and permanent tumour regression. This 

treatment also inhibits the growth o f lung metastases in a metastatic tumour model.

In this study, we also studied the in vivo antitumour effect o f IL-18 expressed 

by rSFVlO-E on K-BALB and CT26 tumour models. The biological function of 

secreted IL-18 was assayed using mouse splenocytes. A previous study has 

demonstrated that the local secretion o f IL-18, IL-12 or both could lead to the 

complete tumour rejection as well as metastases inhibition (Satoko et a l,  2004).

Complete regression o f K-BALB and CT26 tumours in two out o f six mice 

following intratumoural treatment using rSFV10-E-IL18 at a titre o f 4x10^ lU/dose, 

indicated the antitumour effect o f IL18. We also studied the antitumour effect o f IL- 

18 in combination with IL-12 in K-BALB and CT26 tumour models, but the tumour 

inhibition in combination treated animals showed no statistical difference compared to 

the IL-12 treatment (data not shown). Histopathological examination o f IL-18 treated 

tumours showed similar observations to that o f IL-12 treated tumours indicating 

similar biological functions o f these molecules. However, this study demonstrated that 

rSFV10-E-IL12 is more efficient antitumour agent than IL-18 when expressed by 

rSFVlO-E.
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7.2 Future work and directions

The results o f our experiments support and add to the body of existing data on 

the in vivo bio-safety and anti-tumour therapeutic efficacy o f locally administered 

rSFVlO-E replicons expressing the cytokine IL-12. In designing treatment strategies 

for clinical trials in humans, the use of the high titre and high expression recombinant 

particle system used in our study should be considered in order to achieve an 

efficacious antitumour effect. The inherent ability to induce apoptosis is advantageous 

in the effective eradication of tumours. Further, this enhanced expression SFV vector 

could be redesigned to include tumour specific envelope proteins, to specifically 

target tumour cells. In addition, it could be fiirther exploited in antitumour vaccine 

studies to express tumour-associated antigens and to target angiogenesis. This 

enhanced expression SFV vector system could be used as a safer alternative to the 

existing DNA vaccines due to its transient expression ability. We also believe that this 

enhanced expression system could be effectively used in multimodality treatments 

with other therapeutic agents to synergise the therapeutic efficacy for many diseases 

including cancer. In general, this vector could emerge as a novel therapeutic agent 

provided the required alterations are made to increase the specificity and the biosafety 

o f the vector.

196



REFERENCES



REFERENCES

Aaronson, S. A. and C. A. Weaver (1971). "Characterization o f murine sarcoma virus 
(Kirsten) transformation o f mouse and human cells." J Gen Virol 13(2): 245-52.

Aaronson, S. A. and G. J. Todaro (1968). "Development o f 3T3-like lines from Balb-c 
mouse embryo cultures: transformation susceptibility to SV40." J Cell Physiol 72(2): 
141-8.

Aghi, M., Chou, T. C., Suling, K., Breakefield, X. O., & Chiocca, E. A. (1999). 
"Multimodal cancer treatment mediated by a replicating oncolytic virus that delivers 
the oxazaphosphorine/rat cytochrome P450 2B1 and ganciclovir/herpes simplex virus 
thymidine kinase gene therapies." Cancer Res, 59(16): 3861-5.

Akiyama, M., Thome, S., Kim, D., Roelvink, P. W., Einfeld, D. A., King, C. R., & 
Wickham, T. J. (2004). "Ablating CAR and integrin binding in adenovirus vectors 
reduces nontarget organ transduction and permits sustained bloodstream persistence 
following intraperitoneal administration." Mol Ther, 9(2): 218-30.

Aliperti, G. and M. J. Schlesinger (1978). "Evidence for an autoprotease activity of 
sindbis vims capsid protein." Virology 90(2): 366-9.

Amor, S., M. F. Scallan, M. M. Morris, H. Dyson and J. K. Fazakerley (1996). "Role 
o f immune responses in protection and pathogenesis during Semliki Forest vims 
encephalitis." J Gen Virol 77 ( Pt 2 ): 281-91.

Apostolopoulos, V., Pietersz, G. A., Xing, P. X., Lees, C. J., Michael, M., Bishop, J., 
& McKenzie, L F. (1995). "The immunogenicity o f MUCl peptides and fusion 
protein." Cancer Lett, 90(1): 21-6.

Arthur, J. F., Yin, Z. L., Young, H. M., & Dusting, G. J. (1997). "Induction o f nitric 
oxide synthase in the neointima induced by a periarterial collar in rabbits." 
Arterioscler Thromb Vase Biol, 17(4): 737-40.

Asada, T. (1974). "Treatment o f human cancer with mumps vims." Cancer 34(6): 
1907-28.

Ashkenazi, A. and V. M. Dixit (1998). "Death receptors: signaling and modulation." 
Science 281(5381): 1305-8.

Aslakson, C. J., & Miller, F. R. (1992). "Selective events in the metastatic process 
defined by analysis o f the sequential dissemination o f subpopulations o f a mouse 
mammary tumor." Cancer Res, 52(6): 1399-405.

Asselin-Paturel, C., Lassau, N., Guinebretiere, J. M., Zhang, J., Gay, F., Bex, F., 
Hallez, S., Leclere, J., Peronneau, P., Mami-Chouaib, F., & Chouaib, S. (1999). 
"Transfer o f the murine interleukin-12 gene in vivo by a Semliki Forest virus vector 
induces B16 tumor regression through inhibition o f tumor blood vessel formation 
monitored by Doppler ultrasonography." Gene Ther, 6(4): 606-15.

197



Atkins, G. J., B. J. Sheahan and D. A. Mooney (1990). "Pathogenicity o f  Semliki 
Forest virus for the rat central nervous system and primary rat neural cell cultures: 
possible implications for the pathogenesis o f  multiple sclerosis." Neuropathol Appl 
Neurobiol 16(1): 57-68.

Atkins, G. J., B. J. Sheahan and P. Liljestrom (1999). "The molecular pathogenesis o f 
Semliki Forest virus: a model virus made useful?" J Gen Virol 80 ( Pt 9): 2287-97.

Atkins, G. J., I. M. Balluz, G. M. Glasgow, M. J. Mabruk, V. A. Natale, J. M. Smyth 
and B. J. Sheahan (1994). "Analysis o f the molecular basis o f  neuropathogenesis o f 
RNA viruses in experimental animals: relevance for human disease?" Neuropathol 
Appl Neurobiol 20(2): 91-102.

Atkins, G. J., Sheahan, B. J., & Liljestrom, P. (1996). "Manipulation o f  the Semliki 
Forest virus genome and its potential for vaccine construction." Mol Biotechnol, 5(1): 
33-8.

Atkins, G. J., Sheahan, B. J., & Liljestrom, P. (1999). "The molecular pathogenesis o f  
Semliki Forest virus: a model virus made useful?" J Gen Virol, 80 ( Pt 9): 2287-97.

Atkins, G. J., Smyth, J. W., Fleeton, M. N., Galbraith, S. E., & Sheahan, B. J. (2004). 
"Alphaviruses and their derived vectors as anti-tumor agents." Curr Cancer Drug 
Targets, 4(7): 597-607.

Balachandran, S., M. Porosnicu and G. N. Barber (2001). "Oncolytic activity o f 
vesicular stomatitis virus is effective against tumors exhibiting aberrant p53, Ras, or 
myc function and involves the induction o f  apoptosis." J Virol 75(7): 3474-9.

Balluz, L M., G. M. Glasgow, H. M. Killen, M. J. Mabruk, B. J. Sheahan and G. J. 
Atkins (1993). "Virulent and avirulent strains o f  Semliki Forest virus show similar 
cell tropism for the murine central nervous system but differ in the severity and rate o f 
induction o f  cytolytic damage." Neuropathol Appl Neurobiol 19(3): 233-9.

Barth, B. U. and H. GarofiF (1997). "The nucleocapsid-binding spike subunit E2 o f  
Semliki Forest virus requires complex formation with the E l subunit for activity." J 
Virol 71(10): 7857-65.

Barth, B. U., J. M. Wahlberg and H. Garoff (1995). "The oligomerization reaction o f 
the Semliki Forest virus membrane protein subunits." J Cell Biol 128(3): 283-91.

Barth, B. U., Suomalainen, M., Liljestrom, P., & Garoff, H. (1992). "Alphavirus 
assembly and entry: role o f  the cytoplasmic tail o f  the E l spike subunit." J Virol, 
66(12): 7560-4.

Baskar, S., V. K. Clements, L. H. Glimcher, N. Nabavi and S. Ostrand-Rosenberg 
(1996). "Rejection o f  MHC class Il-transfected tumor cells requires induction o f 
tumor-encoded B7-1 and/or B7-2 costimulatory molecules." J Immunol 156(10): 
3821-7.

Batliwalla, F. M., Bateman, B. A., Serrano, D., Murray, D., Macphail, S., Maino, V. 
C., Ansel, J. C., Gregersen, P. K., & Armstrong, C. A. (1998). "A 15-year follow-up 
o f AJCC stage 111 malignant melanoma patients treated postsurgically with Newcastle

198



disease virus (NDV) oncolysate and determination o f alterations in the CDS T cell 
repertoire." Mol Med, 4(12): 783-94.

Bauer, S., Groh, V., Wu, J., Steinle, A., Phillips, J. H., Lanier, L. L., & Spies, T. 
(1999). "Activation o f NK cells and T cells by NKG2D, a receptor for stress-inducible 
MICA." Science, 285(5428): 727-9.

Bell, A., & Rickinson, A. B. (2003). "Epstein-Barr virus, the TCL-1 oncogene and 
Burkitt's lymphoma." Trends Microbiol, 11(11): 495-7.

Bellamy, W. T., Richter, L., Frutiger, Y., & Grogan, T. M. (1999). "Expression o f 
vascular endothelial growth factor and its receptors in hematopoietic malignancies." 
Cancer Res, 59(3): 728-33.

Bergers, G., Javaherian, K., Lo, K. M., Folkman, J., & Hanahan, D. (1999). "Effects 
o f  angiogenesis inhibitors on multistage carcinogenesis in mice." Science, 284(5415): 
808-12.

Berglund, J. A., Charpentier, B., & Rosbash, M. (1997). "A high affinity binding site 
for the HIV-1 nucleocapsid protein." Nucleic Acids Res, 25(5): 1042-9.

Berglund, P., Sjoberg, M., Garoff", H., Atkins, G. J., Sheahan, B. J., & Liljestrom, P. 
(1993). "Semliki Forest virus expression system: production o f  conditionally 
infectious recombinant particles." Biotechnology (N Y), 11(8): 916-20.

Berglund, P., Smerdou, C., Fleeton, M. N., Tubulekas, I., & Liljestrom, P. (1998). 
"Enhancing immune responses using suicidal DNA vaccines." Nat Biotechnol, 16(6): 
562-5.

Berglund, P., Tubulekas, I., & Liljestrom, P. (1996). "Alphaviruses as vectors for 
gene delivery." Trends Biotechnol, 14(4): 130-4.

Bergman, I., Barmada, M. A., Griffin, J. A., & Slamon, D. J. (2001). "Treatment o f  
meningeal breast cancer xenografts in the rat using an anti-pl85/HER2 antibody." 
Clin Cancer Res, 7(7): 2050-6.

Bergmann, M., Gomikiewicz, A., Tamandl, D., Exner, R., Roth, E., Fugger, R., 
Gotzinger, P., & Sautner, T. (2003). "Continuous therapeutic epinephrine but not 
norepinephrine prolongs splanchnic IL-6 production in porcine endotoxic shock." 
Shock, 20(6): 575-81.

Bikfalvi, A., & Han, Z. C. (1994). "Angiogenic factors are hematopoietic growth 
factors and vice versa." Leukemia, 8(3): 523-9.

Bischoff", J. R., D. H. Kim, A. Williams, C. Heise, S. Hom, M. Muna, L. Ng, J. A. 
Nye, A. Sampson-Johannes, A. Fattaey and F. McCormick (1996). "An adenovirus 
mutant that replicates selectively in p53-deficient human tumor cells." Science 
274(5286): 373-6.

Blackman, M. J. and A. G. Morris (1984). "Gamma interferon production and 
cytotoxicity o f  spleen cells from mice infected with Semliki Forest virus." J Gen Virol 
65 ( Pt 5): 955-61.

199



Bluming, A. Z. and J. L. Ziegler (1971). "Regression of Burkitt's lymphoma in 
association with measles infection." Lancet 2(7715): 105-6.

Boehm, U., Klamp, T., Groot, M., & Howard, J. C. (1997). "Cellular responses to 
interferon-gamma." Annu Rev Immunol, 15: 749-95.

Boere, W. A., T. Harmsen, J. Vinje, B. J. Benaissa-Trouw, C. A. Kraaijeveld and H. 
Snippe (1984). "Identification of distinct antigenic determinants on Semliki Forest 
virus by using monoclonal antibodies with different antiviral activities." J Virol 52(2): 
575-82.

Boguski, M. S. and F. McCormick (1993). "Proteins regulating Ras and its relatives." 
Nature 366(6456): 643-54.

Bos, J. L. (1989). "ras oncogenes in human cancer: a review." Cancer Res 49(17): 
4682-9.

Bosco, M., Giovarelli, M., Fomi, M., Modesti, A., Scarpa, S., Masuelli, L., & Fomi, 
G. (1990). "Low doses o f IL-4 injected perilymphatically in tumor-bearing mice 
inhibit the growth of poorly and apparently nonimmunogenic tumors and induce a 
tumor-specific immune memory." J Immunol, 145(9): 3136-43.

Boulikas, T. (1997). "Gene therapy o f prostate cancer: p53, suicidal genes, and other 
targets." Anticancer Res, 17(3A): 1471-505.

Bradish, C. J., K. Allner and H. B. Maber (1971). "The virulence o f original and 
derived strains o f Semliki forest virus for mice, guinea-pigs and rabbits." J Gen Virol 
12(2): 141-60.

Bramson, J. L., & Wan, Y. H. (2002). "The efficacy o f genetic vaccination is 
dependent upon the nature o f the vector system and antigen." Expert Opin Biol Ther, 
2(1): 75-85.

Bramson, J. L., Graham, F. L., & Gauldie, J. (1995). "The use o f adenoviral vectors 
for gene therapy and gene transfer in vivo." Curr Opin Biotechnol, 6(5): 590-5.

Bramson, J., Hitt, M., Gallichan, W. S., Rosenthal, K. L., Gauldie, J., & Graham, F. 
L. (1996). "Construction o f a double recombinant adenovirus vector expressing a 
heterodimeric cytokine: in vitro and in vivo production o f biologically active 
interleukin-12." Hum Gene Ther, 7(3): 333-42.

Brattain, M. G., Strobel-Stevens, J., Fine, D., Webb, M., & Sarrif, A. M. (1980). 
"Establishment o f mouse colonic carcinoma cell lines with different metastatic 
properties." Cancer Res, 40(7): 2142-6.

Brem, S. (1976). "The role o f vascular proliferation in the growth o f brain tumors." 
Clin Neurosurg, 23: 440-53.

Brem, S. S., Zagzag, D., Tsanaclis, A. M., Gately, S., Elkouby, M. P., & Brien, S. E. 
(1990). "Inhibition of angiogenesis and tumor growth in the brain. Suppression of 
endothelial cell turnover by penicillamine and the depletion o f copper, an angiogenic 
cofactor." Am J Pathol, 137(5): 1121-42.

200



Brinster, C., Chen, M., Boucreux, D., Paranhos-Baccala, G., Liljestrom, P., 
Lemmonier, F., & Inchauspe, G. (2002). "Hepatitis C virus non-structural protein 3- 
specific cellular immune responses following single or combined immunization with 
DNA or recombinant Semliki Forest virus particles." J Gen Virol, 83(Pt 2): 369-81.

Bruce, C. B., J. Chapman, A. J. Suckling and M. G. Rumsby (1984). "Infection o f  rat 
brain primary cell cultures with an avirulent A7 strain o f  Semliki Forest virus." J 
Neurol Sci 66(1): 77-90.

Brunda, M. J., Luistro, L., Rumennik, L., Wright, R. B., Dvorozniak, M., Aglione, A., 
Wigginton, J. M., Wiltrout, R. H., Hendrzak, J. A., & Palleroni, A. V. (1996). 
"Antitumor activity o f  interleukin 12 in preclinical models." Cancer Chemother 
Pharmacol, 38 Suppl: S I6-21.

Brunda, M. J., Luistro, L., Rumennik, L., Wright, R. B., Wigginton, J. M., Wiltrout, 
R. H., Hendrzak, J. A., & Palleroni, A. V. (1996). "Interleukin-12: murine models o f  a 
potent antitumor agent." Ann N Y Acad Sci, 795: 266-74.

Brunda, M. J., Luistro, L., Warrier, R. R., Wright, R. B., Hubbard, B. R., Murphy, M., 
Wolf, S. F., & Gately, M. K. (1993). "Antitumor and antimetastatic activity o f 
interleukin 12 against murine tumors." J Exp Med, 178(4): 1223-30.

Brunda, M. J., Sulich, V., & Bellantoni, D. (1987). "The anti-tumor effect o f 
recombinant interferon alpha or gamma is influenced by tumor location." Int J 
Cancer, 40(6): 807-10.

Bubenik, J. (2001). "Genetically engineered dendritic cell-based cancer vaccines 
(review)." Int J Oncol, 18(3): 475-8.

Burnet, F. M. (1970). "The concept o f  immunological surveillance." Prog Exp Tumor 
Res, 13: 1-27.

Cadd, T. L., Skoging, U., & Liljestrom, P. (1997). "Budding o f  enveloped viruses 
from the plasma membrane." Bioessays, 19(11): 993-1000.

Carra, G., Gerosa, F., & Trinchieri, G. (2000). "Biosynthesis and posttranslational 
regulation ofhum an IL-12." J Immunol, 164(9): 4752-61.

Cassetti, M. C., McElhiney, S. P., Shahabi, V., Pullen, J. K., Le Poole, I. C., Eiben, G. 
L., Smith, L. R., & Kast, W. M. (2004). "Antitumor efficacy o f  Venezuelan equine 
encephalitis virus replicon particles encoding mutated HPV16 E6 and E7 genes." 
Vaccine, 22(3-4): 520-7.

Chada, S., Ramesh, R., & Mhashilkar, A. M. (2003). "Cytokine- and chemokine- 
based gene therapy for cancer." Curr Opin Mol Ther, 5(5): 463-74.

Chase, D., Feng, Y., Hanshew, B., Winkles, J. A., Longo, D. L., & Ferris, D. K. 
(1998). "Expression and phosphorylation o f  fibroblast-growth-factor-inducible kinase 
(Fnk) during cell-cycle progression." Biochem J, 333 ( Pt 3): 655-60.

201



Chen, B., Timiryasova, T. M., Gridley, D. S., Andres, M. L., Dutta-Roy, R., & Fodor, 
I. (2001). "Evaluation of cytokine toxicity induced by vaccinia virus-mediated IL-2 
and IL-12 antitumour immunotherapy." Cytokine, 15(6): 305-14.

Chen, M., Hu, K. F., Rozell, B., Orvell, C., Morein, B., & Liljestrom, P. (2002). 
"Vaccination with recombinant alphavirus or immune-stimulating complex antigen 
against respiratory syncytial virus." J Immunol, 169(6): 3208-16.

Cheng, W. F., Hung, C. F., Hsu, K. F., Chai, C. Y., He, L., Polo, J. M., Slater, L. A., 
Ling, M., & Wu, T. C. (2002). "Cancer immunotherapy using Sindbis virus replicon 
particles encoding a VP22-antigen fusion." Hum Gene Ther, 13(4): 553-68.

Chia, C. S., Ban, K., Ithnin, H., Singh, H., Krishnan, R., Mokhtar, S., Malihan, N., & 
Seow, H. F. (2002). "Expression o f interleukin-18, interferon-gamma and interleukin- 
10 in hepatocellular carcinoma." Immunol Lett, 84(3): 163-72.

Chintala, S. K., Fueyo, J., Gomez-Manzano, C., Venkaiah, B., Bjerkvig, R., Yung, W. 
K., Sawaya, R., Kyritsis, A. P., & Rao, J. S. (1997). "Adenovirus-mediated 
pl6/CDKN2 gene transfer suppresses glioma invasion in vitro." Oncogene, 15(17): 
2049-57.

Chiocca, E. A. (2002). "Oncolytic viruses." Nat Rev Cancer 2(12): 938-50.

Choi HK, Tong L, Minor W, Dumas P, Boege U, Rossmann MG, et al. (1991). 
Structure o f Sindbis virus core protein reveals a chymotrypsin-like serine proteinase 
and the organization of the virion. Nature. 354(6348): 37-43.

Chong, H., Todryk, S., Hutchinson, G., Hart, I. R., & Vile, R. G. (1998). "Tumour 
cell expression of B7 costimulatory molecules and interleukin-12 or granulocyte- 
macrophage colony-stimulating factor induces a local antitumour response and may 
generate systemic protective immunity." Gene Ther, 5(2): 223-32.

Chung, D. C., Brown, S. B., Graeme-Cook, F., Seto, M., Warshaw, A. L., Jensen, R. 
T., & Arnold, A. (2000). "Overexpression of cyclin D1 occurs frequently in human 
pancreatic endocrine tumors." J Clin Endocrinol Metab, 85(11): 4373-8.

Chung-Faye, G. A., Kerr, D. J., Young, L. S., & Searle, P. F. (2000). "Gene therapy 
strategies for colon cancer." Mol Med Today, 6(2): 82-7.

Ciolli, V., Gabriele, L., Sestili, P., Varano, F., Proietti, E., Gresser, I., Testa, U., 
Montesoro, E., Bulgarini, D., Mariani, G., & et al. (1991). "Combined interleukin 
1/interleukin 2 therapy o f mice injected with highly metastatic Friend leukemia cells: 
host antitumor mechanisms and marked effects on established metastases." J Exp 
Med, 173(2): 313-22.

Colmenero, P., Berglund, P., Kambayashi, T., Biberfeld, P., Liljestrom, P., & Jondal, 
M. (2001). "Recombinant Semliki Forest virus vaccine vectors; the route o f injection 
determines the localization o f vector RNA and subsequent T cell response." Gene 
Ther, 8(17): 1307-14.

202



Colmenero, P., Chen, M., Castanos-Velez, E., Liljestrom, P., & Jondal, M. (2002). 
"Immunotherapy with recombinant SFV-replicons expressing the P815A tumor
antigen or IL-12 induces tumor regression." Int J Cancer, 98(4): 554-60.

Colmenero, P., Liljestrom, P., & Jondal, M. (1999). "Induction o f PS 15 tumor 
immunity by recombinant Semliki Forest virus expressing the PI A gene." Gene Ther, 
6(10): 1728-33.

Colombo, M. P., Vagliani, M., Spreafico, P., Parenza, M., Chiodoni, C., Melani, C., 
& Stoppacciaro, A. (1996). "Amount o f interleukin 12 available at the tumor site is
critical for tumor regression." Cancer Res, 56(11): 2531-4.

Conry, R. M., LoBuglio, A. P., Loechel, F., Moore, S. E., Sumerel, L. A., Barlow, D. 
L., & Curiel, D. T. (1995). "A carcinoembryonic antigen polynucleotide vaccine has 
in vivo antitumor activity." Gene Ther, 2(1): 59-65.

Conry, R. M., LoBuglio, A. F., Loechel, F., Moore, S. E., Sumerel, L. A., Barlow, D. 
L., Pike, J., & Curiel, D. T. (1995). "A carcinoembryonic antigen polynucleotide 
vaccine for human clinical use." Cancer Gene Ther, 2(1): 33-8.

Coughlin, C. M., Salhany, K. E., Gee, M. S., LaTemple, D. C., Kotenko, S., Ma, X., 
Gri, G., Wysocka, M., Kim, J. E., Liu, L., Liao, F., Farber, J. M., Pestka, S., 
Trinchieri, G., & Lee, W. M. (1998). "Tumor cell responses to IFNgamma affect 
tumorigenicity and response to IL-12 therapy and antiangiogenesis." Immunity, 9(1): 
25-34.

Coughlin, C. M., Salhany, K. E., Wysocka, M., Aruga, E., Kurzawa, H., Chang, A. E., 
Hunter, C. A., Fox, J. C., Trinchieri, G., & Lee, W. M. (1998). "Interleukin-12 and 
interleukin-18 synergistically induce murine tumor regression which involves 
inhibition o f angiogenesis." J Clin Invest, 101(6): 1441-52.

Cox, A. D. and C. J. Der (2003). "The dark side o f Ras: regulation o f apoptosis." 
Oncogene 22(56): 8999-9006.

Curcio, C., Di Carlo, E., Clynes, R., Smyth, M. J., Boggio, K., Quaglino, E., Spadaro, 
M., Colombo, M. P., Amici, A., Lollini, P. L., Musiani, P., & Fomi, G. (2003). 
"Nonredundant roles o f antibody, cytokines, and perforin in the eradication of 
established Her-2/neu carcinomas." J Clin Invest, 111(8): 1161-70.

Daemen, T., A. Riezebos-Brilman, L. Bungener, J. Regts, B. Dontje and J. Wilschut 
(2003). "Eradication o f established HPV16-transformed tumours after immunisation 
with recombinant Semliki Forest virus expressing a fusion protein o f E6 and E7." 
Vaccine 21(11-12): 1082-8.

Daemen, T., F. Pries, L. Bungener, M. Kraak, J. Regts and J. Wilschut (2000). 
"Genetic immunization against cervical carcinoma: induction o f cytotoxic T 
lymphocyte activity with a recombinant alphavirus vector expressing human 
papillomavirus type 16 E6 and E7." Gene Ther 7(21): 1859-66.

Daemen, T., J. Regts, M. Holtrop and J. Wilschut (2002). "Immunization strategy 
against cervical cancer involving an alphavirus vector expressing high levels o f a 
stable fusion protein of human papillomavirus 16 E6 and E7." Gene Ther 9(2): 85-94.

203



Daemen, T., Riezebos-Brilman, A., Regts, J., Dontje, B., van der Zee, A., & Wilschut, 
J. (2004). "Superior therapeutic efficacy o f  alphavirus-mediated immunization against 
human papilloma virus type 16 antigens in a murine tumour model; effects o f  the 
route o f  immunization." Antivir Ther, 9(5): 733-42.

D'Andrea, A. D. (1992). "The interaction o f  the erythropoietin receptor and gp55." 
Cancer Surv, 15: 19-36.

Darby, S., McGale, P., Peto, R., Granath, F., Hall, P., & Ekbom, A. (2003). "Mortality 
from cardiovascular disease more than 10 years after radiotherapy for breast cancer: 
nationwide cohort study o f 90 000 Swedish women." Bmj, 326(7383): 256-7.

Davis, A. C. (1996). "The legislative process o f  the National Cancer Act, 1970-71. 
Problems and resolutions." Cancer, 78(12): 2585-9.

Davis, N. L., L. V. Willis, J. F. Smith and R. E. Johnston (1989). "In vitro synthesis o f 
infectious Venezuelan equine encephalitis virus RNA from a cDNA clone: analysis o f 
a viable deletion mutant." Virology 171(1): 189-204.

de Curtis, 1. and K. Simons (1988). "Dissection o f  Semliki Forest virus glycoprotein 
delivery from the trans-Golgi network to the cell surface in permeabilized BHK 
cells." Proc Natl Acad Sci U S A 85(21): 8052-6.

De Pace, N. (1912). "Sulla scomparsa di un enorme cancro vegetante del collo 
dell'utero senza cura chirurgica." Ginecologia 9: 82-89.

Descamps, V., M. T. Duffour, M. C. Mathieu, N. Fernandez, L. Cordier, M. A. Abina, 
E. Kremer, M. Perricaudet and H. Haddada (1996). "Strategies for cancer gene 
therapy using adenoviral vectors." J Mol Med 74(4): 183-9.

DeTulleo, L. and T. Kirchhausen (1998). "The clathrin endocytic pathway in viral 
infection." Embo J 17(16): 4585-93.

Dias, S., Thomas, H., & Balkwill, F. (1998). "Multiple molecular and cellular changes 
associated with tumour stasis and regression during IL-12 therapy o f  a murine breast 
cancer model." Int J Cancer, 75(1): 151-7.

Diaz, R. M., Bateman, A., Emiliusen, L., Fielding, A., Trono, D., Russell, S. J., & 
Vile, R. G. (2000). "A lentiviral vector expressing a fusogenic glycoprotein for cancer 
gene therapy." Gene Ther, 7(19): 1656-63.

Diaz, R., L. Lopez-Barcons, D. Ahn, A. Garcia-Espana, A. Yoon, J. Matthews, R. 
Mangues, R. Perez-Soler and A. Pellicer (2004). "Complex effects o f  Ras proto­
oncogenes in tumorigenesis." Carcinogenesis 25(4): 535-9.

Dick, M., B. U. Barth and C. Kempf (1996). "The E l protein is mandatory for pore 
formation by Semliki Forest virus spikes." Virology 220(1): 204-7.

Diefenbach, A. and D. H. Raulet (2002). "The innate immune response to tumors and 
its role in the induction ofT-cell immunity." Immunol Rev 188: 9-21.

204



Diefenbach, A., E. R. Jensen, A. M. Jamieson and D. H. Raulet (2001). "Rael and 
H60 ligands o f the NKG2D receptor stimulate tumour immunity." Nature 413(6852): 
165-71.

Dobrikova, E. Y., Florez, P., & Gromeier, M. (2003). "Structural determinants o f 
insert retention o f  polio virus expression vectors with recombinant IRES elements." 
Virology, 311(2): 241-53.

Dock, G. (1904). "Rabies virus vaccination in a patient with cervical carcinoma." Am 
J Med Sci 127: 563.

Dorai, T., Olsson, C. A., Katz, A. E., & Buttyan, R. (1997). "Development o f  a 
hammerhead ribozyme against bcl-2. I. Preliminary evaluation o f  a potential gene 
therapeutic agent for hormone-refractory human prostate cancer." Prostate, 32(4): 
246-58.

Doronin, K., M. Kuppuswamy, K. Toth, A. E. Tollefson, P. Krajcsi, V. Krougliak and 
W. S. Wold (2001). "Tissue-specific, tumor-selective, replication-competent 
adenovirus vector for cancer gene therapy." J Virol 75(7): 3314-24.

Downward, J. (2003). "Targeting RAS signalling pathways in cancer therapy." Nat 
Rev Cancer 3(1): 11-22.

DranofT, G. (2004). "Cytokines in cancer pathogenesis and cancer therapy." Nat Rev 
Cancer 4(1): 11-22.

Dranoff, G. (2004). "Cytokines in cancer pathogenesis and cancer therapy." Nat Rev 
Cancer, 4(1): 11-22.

Dunn, G. P., A. T. Bruce, H. Ikeda, L. J. Old and R. D. Schreiber (2002). "Cancer 
immunoediting: from immunosurveillance to tumor escape." Nat Immunol 3(11): 
991-8.

Dunn, G. P., L. J. Old and R. D. Schreiber (2004). "The Three Es o f  Cancer 
Immunoediting." Annu Rev Immunol 22: 329-360.

Durrant, L. G., Doran, M., Austin, E. B., & Robins, R. A. (1995). "Induction o f  
cellular immune responses by a murine monoclonal anti-idiotypic antibody 
recognizing the 791Tgp72 antigen expressed on colorectal, gastric and ovarian human 
tumours." Int J Cancer, 61(1): 62-6.

Ebert, O., Shinozaki, K., Huang, T. G., Savontaus, M. J., Garcia-Sastre, A., & Woo, 
S. L. (2003). "Oncolytic vesicular stomatitis virus for treatment o f  orthotopic 
hepatocellular carcinoma in immune-competent rats." Cancer Res, 63(13): 3605-11.

Eckhardt, S. (2002). "Recent progress in the development o f anticancer agents." Curr 
Med Chem Anti-Canc Agents, 2(3): 419-39.

Ehrlich, P. (1909). "Uber den jetzigen Stend der Karzinomforshung." Ned Tijdschr 
Gneneesk 53: 273-90.

205



Ekstrom, M., Liljestrom, P., & GarofF, H. (1994). "Membrane protein lateral 
interactions control Semliki Forest virus budding." Embo J, 13(5): 1058-64.

El-Aneed, A. (2004). "An overview o f current delivery systems in cancer gene 
therapy." J Control Release, 94(1): 1-14.

Fan, T. P., Hu, D. E., Smither, R. L., & Gresham, G. A. (1992). "Further studies on 
angiogenesis in a rat sponge model." Exs, 61: 308-14.

Fazakerley, J. K. (2002). "Pathogenesis o f Semliki Forest virus encephalitis." J 
Neurovirol 8 Suppl 2: 66-74.

Fazakerley, J. K. and M. J. Buchmeier (1993). "Pathogenesis o f virus-induced 
demyelination." Adv Virus Res 42: 249-324.

Fazakerley, J. K., A. Boyd, M. L. Mikkola and L. Kaariainen (2002). "A single amino 
acid change in the nuclear localization sequence of the nsP2 protein affects the 
neurovirulence of Semliki Forest virus." J Virol 76(1): 392-6.

Fazakerley, J. K., S. Pathak, M. Scallan, S. Amor and H. Dyson (1993). "Replication 
o f the A7(74) strain o f Semliki Forest virus is restricted in neurons." Virology 195(2): 
627-37.

Feldman, A. L. and S. K. Libutti (2000). "Progress in antiangiogenic gene therapy of 
cancer." Cancer 89(6): 1181-94.

Fernandez, I. M., A. Snijders, B. J. Benaissa-Trouw, M. Harmsen, H. Snippe and C. 
A. Kraaijeveld (1993). "Influence o f epitope polarity and adjuvants on the 
immunogenicity and efficacy o f a synthetic peptide vaccine against Semliki Forest 
virus." J Virol 67(10): 5843-8.

Fernandez, M., Porosnicu, M., Markovic, D., & Barber, G. N. (2002). "Genetically 
engineered vesicular stomatitis virus in gene therapy: application for treatment of 
malignant disease." J Virol, 76(2): 895-904.

Ferrari, F. K., Xiao, X. McCarty, D., Samulski, R. J. (1997). New developments in the 
generation of Ad-free, high-titer rAAV gene therapy vectors. Nature Med. 3:1295- 
1297.

Fisher, K. D., Stallwood, Y., Green, N. K., Ulbrich, K., Mautner, V., & Seymour, L. 
W. (2001). "Polymer-coated adenovirus permits efficient retargeting and evades 
neutralising antibodies." Gene Ther, 8(5): 341-8.

Fisher, P. B., Gopalkrishnan, R. V., Chada, S., Ramesh, R., Grimm, E. A., Rosenfeld, 
M. R., Curiel, D. T., & Dent, P. (2003). "mda-7/IL-24, a novel cancer selective 
apoptosis inducing cytokine gene: from the laboratory into the clinic." Cancer Biol 
Ther, 2(4 Suppl 1): S23-37.

Flanagan, A. D., R. Love and W. Tesar (1955). "Propagation o f Newcastle disease 
virus in Ehrlich ascites cells in vitro and in vivo." Proc Soc Exp Biol Med 90(1): 82-6.

206



Fleeton, M. N., Chen, M., Berglund, P., Rhodes, G., Parker, S. E., Murphy, M., 
Atkins, G. J., & Liljestrom, P. (2001). "Self-replicative RNA vaccines elicit 
protection against influenza A virus, respiratory syncytial virus, and a tickbome 
encephalitis virus." J Infect Dis, 183(9): 1395-8.

Fleeton, M. N., Liljestrom, P., Sheahan, B. J., & Atkins, G. J. (2000). "Recombinant 
Semliki Forest virus particles expressing louping ill virus antigens induce a better 
protective response than plasmid-based DNA vaccines or an inactivated whole 
particle vaccine." J Gen Virol, 81(Pt 3): 749-58.

Fleeton, M. N., Sheahan, B. J., Gould, E. A., Atkins, G. J., & Liljestrom, P. (1999). 
"Recombinant Semliki Forest virus particles encoding the prME or NSl proteins of 
louping ill virus protect mice from lethal challenge." J Gen Virol, 80 ( Pt 5): 1189-98.

Folkman, J. (1972). "Anti-angiogenesis: new concept for therapy o f solid tumors." 
Ann Surg, 175(3): 409-16.

Folkman, J. (1986). "How is blood vessel growth regulated in normal and neoplastic 
tissue? G.H.A. Clowes memorial Award lecture." Cancer Res, 46(2): 467-73.

Folkman, J. (1990). "What is the evidence that tumors are angiogenesis dependent?" J 
Natl Cancer Inst, 82(1): 4-6.

Forstova, J., Krauzewicz, N., Sandig, V., Elliot, J., Palkova, Z., Strauss, M. et al. 
1995. Polyoma virus pseudocapsids as efficient carriers o f heterologous DNA into 
mammalian cells. Hum. Gene Ther. 6:297-306.

Frederick, M. J., Holton, P. R., Hudson, M., Wang, M., & daym an, G. L. (1999). 
"Expression o f apoptosis-related genes in human head and neck squamous cell 
carcinomas undergoing p53-mediated programmed cell death." Clin Cancer Res, 5(2): 
361-9.

Freeman, S. M., Abboud, C. N., Whartenby, K. A., Packman, C. H., Koeplin, D. S., 
Moolten, F. L., & Abraham, G. N. (1993). "The "bystander elfect": tumor regression 
when a fraction of the tumor mass is genetically modified." Cancer Res, 53(21): 5274- 
83.

Frelin, L., Ahlen, G., Alheim, M., Weiland, O., Bamfield, C., Liljestrom, P., & 
Sallberg, M. (2004). "Codon optimization and mRNA amplification effectively 
enhances the immunogenicity o f the hepatitis C virus nonstructural 3/4A gene." Gene 
Ther, 11(6): 522-33.

Frelin, L., Alheim, M., Chen, A., Soderholm, J., Rozell, B., Bamfield, C., Liljestrom, 
P., & Sallberg, M. (2003). "Low dose and gene gun immunization with a hepatitis C 
virus nonstructural (NS) 3 DNA-based vaccine containing NS4A inhibit NS3/4A- 
expressing tumors in vivo." Gene Ther, 10(8): 686-99.

Freytag, S. O., Rogulski, K. R., Paielli, D. L., Gilbert, J. D., & Kim, J. H. (1998). "A 
novel three-pronged approach to kill cancer cells selectively: concomitant viral, 
double suicide gene, and radiotherapy." Hum Gene Ther, 9(9): 1323-33.

207



Freytag, T., Dashevsky, A., Tillman, L., Hardee, G. E., & Bodmeier, R. (2000). 
"Improvement of the encapsulation efficiency of oligonucleotide-containing 
biodegradable microspheres." J Control Release, 69(1): 197-207.

Frolov, I., & Schlesinger, S. (1994). "Translation o f Sindbis virus mRNA: effects of 
sequences downstream of the initiating codon." J Virol, 68(12): 8111-7.

Froshauer, S., J. Kartenbeck and A. Helenius (1988). "Alphavirus RNA replicase is 
located on the cytoplasmic surface of endosomes and lysosomes." J Cell Biol 107(6 Pt 
1): 2075-86.

Fueyo, J., C. Gomez-Manzano, R. Alemany, P. S. Lee, T. J. McDonnell, P. Mitlianga, 
Y. X. Shi, V. A. Levin, W. K. Yung and A. P. Kyritsis (2000). "A mutant oncolytic 
adenovirus targeting the Rb pathway produces anti-glioma effect in vivo." Oncogene 
19(1): 2-12.

Fueyo, J., Gomez-Manzano, C., Yung, W. K., & Kyritsis, A. P. (1999). "Targeting in 
gene therapy for gliomas." Arch Neurol, 56(4): 445-8.

Fujiwara, T., Cai, D. W., Georges, R. N., Mukhopadhyay, T., Grimm, E. A., Roth, J. 
A. 1994a. Therapeutic effect of a retroviral wild-type p53 expression vector in an 
orthotopic lung cancer model. Jnl. Natl. Can. Inst. 86:1458-1462.

Fujiwara, T., Cai, D. W., Georges, R. N., Mukhopadhyay, T., Grimm, E. A., & Roth, 
J. A. (1994). "Therapeutic effect o f a retroviral wild-type p53 expression vector in an 
orthotopic lung cancer model." J Natl Cancer Inst, 86(19): 1458-62.

Fujiwara, T., Grimm, E. A., Mukhopadhyay, T., Zhang, W. W., Owen-Schaub, L. B., 
& Roth, J. A. (1994). "Induction o f chemosensitivity in human lung cancer cells in 
vivo by adenovirus-mediated transfer o f the wild-type p53 gene." Cancer Res, 54(9): 
2287-91.

Fujiwara, T., Mukhopadhyay, T., Cai, D. W., Morris, D. K., Roth, J. A., & Grimm, E. 
A. (1994). "Retroviral-mediated transduction o f p53 gene increases TGF-beta 
expression in a human glioblastoma cell line." Int J Cancer, 56(6): 834-9.

Futreal, P. A., Coin, L., Marshall, M., Down, T., Hubbard, T., Wooster, R., Rahman, 
N., & Stratton, M. R. (2004). "A census o f human cancer genes." Nat Rev Cancer, 
4(3): 177-83.

Galea, H. R., & Cogne, M. (2002). "GM-CSF and IL-12 production by malignant 
plasma cells promotes cell-mediated immune responses against monoclonal Ig 
determinants in a light chain myeloma model." Clin Exp Immunol, 129(2): 247-53.

Garoff, H., D. Huylebroeck, A. Robinson, U. Tillman and P. Liljestrom (1990). "The 
signal sequence of the p62 protein of Semliki Forest virus is involved in initiation but 
not in completing chain translocation." J Cell Biol 111(3): 867-76.

Garoff, H., K. Simons and O. Renkonen (1974). "Isolation and characterization o f the 
membrane proteins of Semliki Forest virus." Virology 61(2): 493-504.

208



GarofF, H., Wilschut, J., Liljestrom, P., Wahlberg, J. M., Bron, R., Suomalainen, M., 
Smyth, J., Salminen, A., Barth, B. U., Zhao, H., & et al. (1994). "Assembly and entry 
mechanisms o f Semliki Forest virus." Arch Virol Suppl, 9: 329-38.

Garrido, F., Ruiz-Cabello, F., Cabrera, T., Perez-Villar, J. J., Lopez-Botet, M., 
Duggan-Keen, M., & Stem, P. L. (1997). "Implications for immunosurveillance o f 
altered HLA class I phenotypes in human tumours." Immunol Today, 18(2): 89-95.

Gately, M. K., Gubler, U., Brunda, M. J., Nadeau, R. R., Anderson, T. D., Lipman, J. 
M., & Sarmiento, U. (1994). "Interleukin-12: a cytokine with therapeutic potential in 
oncology and infectious diseases." Ther Immunol, 1(3): 187-96.

Gately, M. K., Renzetti, L. M., Magram, J., Stem, A. S., Adorini, L., Gubler, U., & 
Presky, D. H. (1998). "The interleukin-12/interleukin-12-receptor system: role in 
normal and pathologic immune responses." Annu Rev Immunol, 16: 495-521.

Gately, M. K., Wolitzky, A. G., Quinn, P. M., & Chizzonite, R. (1992). "Regulation 
o f  human cytolytic lymphocyte responses by interleukin-12." Cell Immunol, 143(1): 
127-42.

Ge, N. L., Ye, S. L., Zheng, N., Sun, R. X., Liu, Y. K., & Tang, Z. Y. (2003). 
"Prevention o f hepatocellular carcinoma in mice by IL-2 and B7-1 genes co­
transfected liver cancer cell vaccines." World J Gastroenterol, 9(10): 2182-5.

Gee, M. S., Koch, C. J., Evans, S. M., Jenkins, W. T., Pletcher, C. H., Jr., M oore, J. 
S., Koblish, H. K., Lee, J., Lord, E. M., Trinchieri, G., & Lee, W. M. (1999). 
"Hypoxia-mediated apoptosis from angiogenesis inhibition underlies tumor control by 
recombinant interleukin 12." Cancer Res, 59(19): 4882-9.

Gee, M. S., Procopio, W. N., Makonnen, S., Feldman, M. D., Yeilding, N. M., & Lee, 
W. M. (2003). "Tumor vessel development and maturation impose limits on the 
effectiveness o f anti-vascular therapy." Am J Pathol, 162(1): 183-93.

Georges, R. N., Mukhopadhyay, T., Zhang, Y., Yen, N., & Roth, J. A. (1993). 
"Prevention o f orthotopic human lung cancer growth by intratracheal instillation o f  a 
retroviral antisense K-ras construct." Cancer Res, 53(8): 1743-6.

Gerber, S. A., Moran, J. P., Frelinger, J. G., Frelinger, J. A., Fenton, B. M., & Lord, 
E. M. (2003). "Mechanism o f IL-12 mediated alterations in tumour blood vessel 
morphology: analysis using whole-tissue mounts." Br J Cancer, 88(9): 1453-61.

Ghazizadeh, S., Carroll, J. M., Taichman, L. B. (1997). Repression o f  retrovirus- 
mediated transgene expression by interferons: Implications for gene therapy. Jnl. 
Virol. 71:9163-9169.

Gibbons, D. L., I. Erk, B. Reilly, J. Navaza, M. Kielian, F. A. Rey and J. Lepault 
(2003). "Visualization o f  the target-membrane-inserted fusion protein o f  Semliki 
Forest virus by combined electron microscopy and crystallography." Cell 114(5): 573- 
83.

Gibson, I. (1994). "Antisense DNA and RNA strategies: new approaches to therapy." 
J R Coll Physicians Lond, 28(6): 507-11.

209



Gibson, I. (1996). "Antisense approaches to the gene therapy o f  cancer—'Recnac'." 
Cancer Metastasis Rev, 15(3): 287-99.

Gibson, S. A., & Shillitoe, E. J. (1997). "Ribozymes. Their functions and strategies 
for their use." Mol Biotechnol, 7(2): 125-37.

Gibson, S. A., Pellenz, C., Hutchison, R. E., Davey, F. R., & Shillitoe, E. J. (2000). 
"Induction o f apoptosis in oral cancer cells by an anti-bcl-2 ribozyme delivered by an 
adenovirus vector." Clin Cancer Res, 6(1): 213-22.

Gillessen, S., Carvajal, D., Ling, P., Podlaski, F. J., Stremlo, D. L., Familletti, P. C., 
Gubler, U., Presky, D. H., Stem, A. S., & Gately, M. K. (1995). "Mouse interleukin- 
12 (IL-12) p40 homodimer: a potent IL-12 antagonist." Eur J Immunol, 25(1): 200-6.

Giovarelli, M., Cofano, F., Vecchi, A., Fomi, M., Landolfo, S., & Fomi, G. (1986). 
"Interferon-activated tumor inhibition in vivo. Small amounts o f  interferon-gamma 
inhibit tumor growth by eliciting host systemic immunoreactivity." Int J Cancer, 
37(1): 141-8.

Glasgow, G. M., B. J. Sheahan, G. J. Atkins, J. M. Wahlberg, A. Salminen and P. 
Liljestrom (1991). "Two mutations in the envelope glycoprotein E2 o f Semliki Forest 
virus affecting the maturation and entry patterns o f  the virus alter pathogenicity for 
mice." Virology 185(2): 741-8.

Glasgow, G. M., Killen, H. M., Liljestrom, P., Sheahan, B. J., & Atkins, G. J. (1994). 
"A single amino acid change in the E2 spike protein o f  a virulent strain o f  Semliki 
Forest virus attenuates pathogenicity." J Gen Virol, 75 ( Pt 3): 663-8.

Glasgow, G. M., M. M. McGee, B. J. Sheahan and G. J. Atkins (1997). "Death 
mechanisms in cultured cells infected by Semliki Forest virus." J Gen Virol 78 ( Pt 7): 
1559-63.

Glasgow, G. M., M. M. McGee, C. J. Tarbatt, D. A. Mooney, B. J. Sheahan and G. J. 
Atkins (1998). "The Semliki Forest virus vector induces p53-independent apoptosis." 
J Gen Virol 79 ( Pt 10): 2405-10.

Golab, J. (2000). "Interleukin 18—interferon gamma inducing factor—a novel player in 
tumour immunotherapy?" Cytokine, 12(4): 332-8.

Grandgirard, D., E. Studer, L. Monney, T. Belser, I. Fellay, C. Bomer and M. R. 
Michel (1998). "Alphaviruses induce apoptosis in Bcl-2-overexpressing cells: 
evidence for a caspase-mediated, proteolytic inactivation o f  Bcl-2." Embo J 17(5): 
1268-78.

Green, D. R. and J. C. Reed (1998). "Mitochondria and apoptosis." Science 
281(5381): 1309-12.

Groh, V., Bahram, S., Bauer, S., Herman, A., Beauchamp, M., & Spies, T. (1996). 
"Cell stress-regulated human major histocompatibility complex class 1 gene expressed 
in gastrointestinal epithelium." Proc Natl Acad Sci U S A ,  93(22): 12445-50.

Gromeier, M. (2002). "Viruses for treating cancer." ASM News 68(9): 438-45.

210



Guerrero, S., Figueras, A., Casanova, I., Farre, L., Lloveras, B., Capella, G., Trias, 
M., & Mangues, R. (2002). "Codon 12 and codon 13 mutations at the K-ras gene 
induce different soft tissue sarcoma types in nude mice." Faseb J, 16(12); 1642-4.

Gumus, E., Erdamar, S., Demirel, G., Horasanli, K., Ozmen, G., & Miroglu, C. 
(2004). "Relation between serum anti-p53 antibodies and microvessel density in 
bladder cancer patients." Urol Int, 73(3): 219-25.

Ha, S. J., Lee, S. B., Kim, C. M., Shin, H. S., & Sung, Y. C. (1998). "Rapid 
recruitment o f  macrophages in interleukin-12-mediated tumour regression." 
Immunology, 95(1): 156-63.

Hahn, Y. S., Strauss, E. G., & Strauss, J. H. (1989). "Mapping o f  RNA- temperature- 
sensitive mutants o f  Sindbis virus: assignment o f  complementation groups A, B, and 
G to nonstructural proteins." J Virol, 63(7): 3142-50.

Haicheur, N., Escudier, B., Dorval, T., Negrier, S., De Mulder, P. H., Dupuy, J. M., 
Novick, D., Guillot, T., Wolf, S., Pouillart, P., Fridman, W. H., & Tartour, E. (2000). 
"Cytokines and soluble cytokine receptor induction after IL-12 administration 
incancer patients." Clin Exp Immunol, 119(1): 28-37.

Hallenbeck, J. M. (2002). "The many faces o f  tumor necrosis factor in stroke." Nat 
Med, 8(12): 1363-8.

Hamada, K., Alemany, R., Zhang, W. W., Hittelman, W. N., Lotan, R., Roth, J. A., & 
Mitchell, M. F. (1996). "Adenovirus-mediated transfer o f  a wild-type p53 gene and 
induction o f apoptosis in cervical cancer." Cancer Res, 56(13): 3047-54.

Hamada, S., Kamada, M., Furumoto, H., Hirao, T., & Aono, T. (1994). "Expression 
o f  glutathione S-transferase-pi in human ovarian cancer as an indicator o f  resistance 
to chemotherapy." Gynecol Oncol, 52(3): 313-9.

Hanahan, D. and R. A. Weinberg (2000). "The hallmarks o f  cancer." Cell 100(1): 57- 
70.

Hanke, T., Bamfield, C., Wee, E. G., Agren, L., Samuel, R. V., Larke, N., & 
Liljestrom, P. (2003). "Construction and immunogenicity in a prime-boost regimen o f 
a Semliki Forest virus-vectored experimental HIV clade A vaccine." J Gen Virol, 
84(Pt 2): 361-8.

Harm, B., & Balmain, A. (2003). "Replication o f  an E lB  55-kilodalton protein- 
deficient adenovirus (ONYX-015) is restored by gain-of-function rather than loss-of- 
function p53 mutants." J Virol, 77(21): 11588-95.

Hara, I., Nagai, H., Miyake, H., Yamanaka, K., Hara, S., Micallef, M. J., Kurimoto, 
M., Gohji, K., Arakawa, S., Ichihashi, M., & Kamidono, S. (2000). "Effectiveness o f 
cancer vaccine therapy using cells transduced with the interleukin-12 gene combined 
with systemic interleukin-18 administration." Cancer Gene Ther, 7(1): 83-90.

211



Harding, F. A., McArthur, J. G., Gross, J. A., Raulet, D. H., & Allison, J. P. (1992). 
"CD28-mediated signalling co-stimulates murine T cells and prevents induction of 
anergy in T-cell clones." Nature, 356(6370): 607-9.

Harris, M. P., Sutjipto, S., Wills, K. N., Hancock, W., Cornell, D., Johnson, D. E., 
Gregory, R. J., Shepard, H. M., & Maneval, D. C. (1996). "Adenovirus-mediated p53 
gene transfer inhibits growth of human tumor cells expressing mutant p53 protein." 
Cancer Gene Ther, 3(2): 121-30.

Hashiro, G., P. C. Loh and J. T. Yau (1977). "The preferential cytotoxicity of reovirus 
for certain transformed cell lines." Arch Virol 54(4): 307-15.

Heinzerling, L., Dummer, R., Pavlovic, J., Schultz, J., Burg, G., & Moelling, K. 
(2002). "Tumor regression o f human and murine melanoma after intratumoral 
injection of IL-12-encoding plasmid DNA in mice." Exp Dermatol, 11(3): 232-40.

Heise, C., Sampson-Johannes, A., Williams, A., McCormick, F., Von HofiF, D. D., & 
Kim, D. H. (1997). "ONYX-015, an ElB  gene-attenuated adenovirus, causes tumor- 
specific cytolysis and antitumoral efficacy that can be augmented by standard 
chemotherapeutic agents." Nat Med, 3(6): 639-45.

Helenius, A., B. Morein, E. Fries, K. Simons, P. Robinson, V. Schirrmacher, C. 
Terhorst and J. L. Strominger (1978). "Human (HLA-A and HLA-B) and murine (H- 
2K and H-2D) histocompatibility antigens are cell surface receptors for Semliki 
Forest virus." Proc Natl Acad Sci U S A 75(8): 3846-50.

Heller, L., Pottinger, C., Jaroszeski, M. J., Gilbert, R., & Heller, R. (2000). "In vivo 
electroporation o f plasmids encoding GM-CSF or interleukin-2 into existing B16 
melanomas combined with electrochemotherapy induces long-term antitumour 
immunity." Melanoma Res, 10(6): 577-83.

Henderson, L. J., Coe, B. P., Lee, E. H., Girard, L., Gazdar, A. F., Minna, J. D., Lam, 
S., MacAulay, C., & Lam, W. L. (2005). "Genomic and gene expression profiling of 
minute alterations of chromosome arm Ip in small-cell lung carcinoma cells." Br J 
Cancer, 92(8): 1553-60.

Herlyn, D., Herlyn, M., Steplewski, Z., & Koprowski, H. (1985). "Monoclonal anti­
human tumor antibodies o f six isotypes in cytotoxic reactions with human and murine 
effector cells." Cell Immunol, 92(1): 105-14.

Heubner, W. (1956). "[95 Years of drug therapy in the Berlin Medical Society.]." 
Arztl Wochensch, 11(32): 693-701.

Heubner, W. (1956). "95 Years of drug therapy in the Berlin Medical Society." Arztl 
Wochensch, 11(32): 693-701.

Hiscox, S., & Jiang, W. G. (1997). "Interleukin-12, an emerging anti-tumour 
cytokine." In Vivo, 11(2): 125-32.

Hiscox, S., Hallett, M. B., Puntis, M. C., & Jiang, W. G. (1995). "Inhibition o f cancer 
cell motility and invasion by interleukin-12." Clin Exp Metastasis, 13(5): 396-404.

212



Hodge, J. W., S. Abrams, J. Schlom and J. A. Kantor (1994). "Induction o f antitumor 
immunity by recombinant vaccinia viruses expressing B7-1 or B7-2 costimulatory 
molecules." Cancer Res 54(21): 5552-5.

Hoffinann, T. K., Donnenberg, A. D., Finkelstein, S. D., Donnenberg, V. S., Friebe- 
Hoffinann, U., Myers, E. N., Appella, E., DeLeo, A. B., & Whiteside, T. L. (2002). 
"Frequencies of tetramer+ T cells specific for the wild-type sequence p53(264-272) 
peptide in the circulation o f patients with head and neck cancer." Cancer Res, 62(12): 
3521-9.

Hollstein, M., Sidransky, D., Vogelstein, B., & Harris, C. C. (1991). "p53 mutations 
in human cancers." Science, 253(5015): 49-53.

Holmgren, L., Jackson, G., & Arbiser, J. (1998). "p53 induces angiogenesis-restricted 
dormancy in a mouse fibrosarcoma." Oncogene, 17(7): 819-24.

Homma, S., Kikuchi, T., Ishiji, N., Ochiai, K., Takeyama, H., Saotome, H., Sagawa, 
Y., Hara, E., Kufe, D., Ryan, J. L., Ohno, T., & Toda, G. (2005). "Cancer 
immunotherapy by fusions o f dendritic and tumour cells and rh-IL-12." Eur J Clin 
Invest, 35(4): 279-86.

Horwitz, M. S. (1990). pl679-1721. In, Fields virology. B. N. Fields et al (eds). 
Lippincott-Raven publishers, Philadelphia.

Hsieh, C. S., Macatonia, S. E., Tripp, C. S., Wolf, S. F., O'Garra, A., «& Murphy, K. 
M. (1993). "Development o f THl CD4+ T cells through IL-12 produced by Listeria- 
induced macrophages." Science, 260(5107): 547-9.

Huang, G., Song, Y., Xiao, L., Lu, Y., Zhang, J., & Chen, W. (2003). "[The bystander 
effect o f HSV-tk/GCV system on human cervical carcinoma cell line ME 180]." 
Sichuan Da Xue Xue Bao Yi Xue Ban, 34(1): 51-4.

Huang, S., Shu, L., Easton, J., Harwood, F. C., Germain, G. S., Ichijo, H., & 
Houghton, P. J. (2004). "Inhibition of mammalian target o f rapamycin activates 
apoptosis signal-regulating kinase 1 signaling by suppressing protein phosphatase 5 
activity." J Biol Chem, 279(35): 36490-6.

Huckriede, A., L. Bungener, M. Holtrop, J. de Vries, B. L. Waarts, T. Daemen and J. 
Wilschut (2004). "Induction o f cytotoxic T lymphocyte activity by immunization with 
recombinant Semliki Forest virus: indications for cross-priming." Vaccine 22(9-10): 
1104-13.

Huebner, R. J., W. P. Rowe, W. E. Schatten, R. R. Smith and L. B. Thomas (1956). 
"Studies on the use o f viruses in the treatment o f carcinoma o f the cervix." Cancer 
9(6): 1211-8.

Hung, K., R. Hayashi, A. Lafond-Walker, C. Lowenstein, D. Pardoll and H. Levitsky 
(1998). "The central role o f CD4(+) T cells in the antitumor immune response." J Exp 
Med 188(12): 2357-68.

213



Hwang, H. C., Smythe, W. R., Elshami, A. A., Kucharczuk, J. C., Amin, K. M., 
Williams, J. P., Litzky, L. A., Kaiser, L. R., & Albelda, S. M. (1995). "Gene therapy 
using adenovirus carrying the herpes simplex-thymidine kinase gene to treat in vivo 
models o f human malignant mesothelioma and lung cancer." Am J Respir Cell Mol 
Biol, 13(1): 7-16.

Indraccolo, S., W. Habeler, V. Tisato, L. Stievano, E. Piovan, V. Tosello, G. Esposito, 
R. Wagner, K. Uberla, L. Chieco-Bianchi and A. Amadori (2002). "Gene transfer in 
ovarian cancer cells: a comparison between retroviral and lentiviral vectors." Cancer 
Res 62(21): 6099-107.

Irmler, M., Thome, M., Hahne, M., Schneider, P., Hofmann, K., Steiner, V., Bodmer, 
J. L., Schroter, M., Bums, K., Mattmann, C., Rimoldi, D., French, L. E., & Tschopp, 
J. (1997). "Inhibition of death receptor signals by cellular FLIP." Nature, 388(6638): 
190-5.

Jacobson, M. D., M. Weil and M. C. RaflF (1997). "Programmed cell death in animal 
development." Cell 88(3): 347-54.

Jagelman, S., A. J. Suckling, H. E. Webb and F. T. Bowen (1978). "The pathogenesis 
o f avirulent Semliki Forest virus infections in athymic nude mice." J Gen Virol 41(3): 
599-607.

Janouskova, O., Sima, P., & Kunke, D. (2003). "Combined suicide gene and 
immunostimulatory gene therapy using AAV-mediated gene transfer to HPV-16 
transformed mouse cell: decrease of oncogenicity and induction o f protection." Int J 
Oncol, 22(3): 569-77.

Jerusalmi, A., M. M. Morris-Downes, B. J. Sheahan and G. J. Atkins (2003). "Effect 
o f intranasal administration of Semliki Forest virus recombinant particles expressing 
reporter and cytokine genes on the progression o f experimental autoimmune 
encephalomyelitis." Mol Ther 8(6): 886-94.

Jia, W. W., McDermott, M., Goldie, J., Cynader, M., Tan, J., & Tufaro, F. (1994). 
"Selective destruction of gliomas in immunocompetent rats by thymidine kinase- 
defective herpes simplex virus type 1." J Natl Cancer Inst, 86(16): 1209-15.

Joe, A. K., H. H. Foo, L. Kleeman and B. Levine (1998). "The transmembrane 
domains o f Sindbis virus envelope glycoproteins induce cell death." J Virol 72(5): 
3935-43.

Johnson, L., Shen, A., Boyle, L., Kunich, J., Pandey, K., Lemmon, M., Hermiston, T., 
Giedlin, M., McCormick, F., & Fattaey, A. (2002). "Selectively replicating 
adenoviruses targeting deregulated E2F activity are potent, systemic antitumor 
agents." Cancer Cell, 1(4): 325-37.

Kagawa, S., Gu, J., Swisher, S. G., Ji, L., Roth, J. A., Lai, D., Stephens, L. C., & 
Fang, B. (2000). "Antitumor effect of adenovirus-mediated Bax gene transfer on p53- 
sensitive and p53-resistant cancer lines." Cancer Res, 60(5): 1157-61.

Karlsson, G. B., & Liljestrom, P. (2003). "Live viral vectors: Semliki Forest virus." 
Methods Mol Med, 87: 69-82.

214
i
i
i



Karlsson, G. B., & Liljestrom, P. (2004). "Delivery and expression o f heterologous 
genes in mammalian cells using self-replicating alphavirus vectors." Methods Mol 
Biol, 246: 543-57.

Kastan, M. B., Onyekwere, O., Sidransky, D., Vogelstein, B., & Craig, R. W. (1991). 
"Participation of p53 protein in the cellular response to DNA damage." Cancer Res, 
51(23 Pt 1): 6304-11.

Kawasaki H, Taira K. Induction of DNA methylation and gene silencing by short 
interfering RNAs in human cells. Nature 2004;431:211-17.

Keranen, S. and L. Kaariainen (1975). "Proteins synthesized by Semliki Forest virus 
and its 16 temperature-sensitive mutants." J Virol 16(2): 388-96.

Kerr, J. F., Wyllie, A. H., & Currie, A. R. (1972). "Apoptosis: a basic biological 
phenomenon with wide-ranging implications in tissue kinetics." Br J Cancer, 26(4): 
239-57.

Kessels, H. W., Wolkers, M. C., & Schumacher, T. N. (2002). "Adoptive transfer of 
T-cell immunity." Trends Immunol, 23(5): 264-9.

Khuri, F. R., J. Nemunaitis, I. Ganly, J. Arseneau, I. F. Tannock, L. Romel, M. Gore, 
J. Ironside, R. H. MacDougall, C. Heise, B. Randlev, A. M. Gillenwater, P. Bruso, S. 
B. Kaye, W. K. Hong and D. H. Kim (2000). "a controlled trial o f intratumoral 
ONYX-015, a selectively-replicating adenovirus, in combination with cisplatin and 5- 
fluorouracil in patients with recurrent head and neck cancer." Nat Med 6(8): 879-85.

Kielian, M. and A. Helenius (1985). "pH-induced alterations in the fusogenic spike 
protein of Semliki Forest virus." J Cell Biol 101(6): 2284-91.

Kim J, Krichevsky A, Grad Y, et al. Identification o f many microRNAs that copurify 
with polyribosomes in mammalian neurons. Proc Natl Acad Sci U S A  2004;101:360- 
5.

Kim, S. H., Eisenstein, M., Reznikov, L., Fantuzzi, G., Novick, D., Rubinstein, M., & 
Dinarello, C. A. (2000). "Structural requirements o f six naturally occurring isoforms 
of the IL-18 binding protein to inhibit IL-18." Proc Natl Acad Sci U S A ,  97(3): 1190- 
5.

Kim, D. (2001). "Oncolytic virotherapy for cancer with the adenovirus d ll520 (Onyx- 
015): results o f phase I and II trials." Expert Opin Biol Ther, 1(3): 525-38.

Kishima, H., Shimizu, K., Miyao, Y., Mabuchi, E., Tamura, K., Tamura, M., Sasaki, 
M., & Hakakawa, T. (1998). "Systemic interleukin 12 displays anti-tumour activity in 
the mouse central nervous system." Br J Cancer, 78(4): 446-53.

Knutson, K. L., & Disis, M. L. (2004). "IL-12 enhances the generation o f tumour 
antigen-specific Thl CD4 T cells during ex vivo expansion." Clin Exp Immunol, 
135(2): 322-9.

Ko, E. C., Wang, X., & Ferrone, S. (2003). "Immunotherapy of malignant diseases. 
Challenges and strategies." Int Arch Allergy Immunol, 132(4): 294-309.

215



Ko, S. G„ Koh, S. H„ Jun, C. Y., Nam, C. G„ Bae, H. S., & Shin, M. K. (2004). 
"Induction o f apoptosis by Saussurea lappa and Pharbitis nil on AGS gastric cancer 
cells." Biol Pharm Bull, 27(10): 1604-10.

Ko, Y. J., & Atkins, M. B. (2005). "Chemotherapies and immunotherapies for 
metastatic kidney cancer." Curr Urol Rep, 6(1): 35-42.

Kohno, K., Kataoka, J., Ohtsuki, T., Suemoto, Y., Okamoto, I., Usui, M., Ikeda, M., 
& Kurimoto, M. (1997). "IFN-gamma-inducing factor (IGIF) is a costimulatory factor 
on the activation o f Thl but not Th2 cells and exerts its effect independently o f IL- 
12." J Immunol, 158(4): 1541-50.

Kuerbitz, S. J., Plunkett, B. S., Walsh, W. V., & Kastan, M. B. (1992). "Wild-type 
p53 is a cell cycle checkpoint determinant following irradiation." Proc Natl Acad Sci 
U S A ,  89(16): 7491-5.

Kurihara, T., Brough, D. E., Kovesdi, I., & Kufe, D. W. (2000). "Selectivity o f a 
replication-competent adenovirus for human breast carcinoma cells expressing the 
MUCl antigen." J Clin Invest, 106(6): 763-71.

Kuroki, M., H. Shibaguchi, T. Imakiire, K. Uno, K. Shirota, T. Higuchi, T. Shitama, 
H. Yamada, Y. Hirose and A. Nagata (2003). "Immunotherapy and gene therapy of 
cancer using antibodies or their genes against tumor-associated antigens." Anticancer 
Res 23(6a): 4377-81.

Lachman, L. B., Rao, X. M., Kremer, R. H., Ozpolat, B., Kiriakova, G., & Price, J. E. 
(2001). "DNA vaccination against neu reduces breast cancer incidence and metastasis 
in mice." Cancer Gene Ther, 8(4): 259-68.

Ladehinde, A. I., Ogunlewe, M. O., Adeyemo, W. I., & Bamgbose, B. O. (2005). 
"Gene therapy in the management o f oral cancer: a review o f recent developments." 
Niger Postgrad Med J, 12(1): 18-22.

Laird, A. D., Brown, P. I., & Fausto, N. (1994). "Inhibition o f tumor growth in liver 
epithelial cells transfected with a transforming growth factor alpha antisense gene." 
Cancer Res, 54(15): 4224-32.

Lasek, W., Basak, G., Switaj, T., Jakubowska, A. B., Wysocki, P. J., Mackiewicz, A., 
Drela, N., Jalili, A., Kaminski, R., Kozar, K., & Jakobisiak, M. (2004). "Complete 
tumour regressions induced by vaccination with IL-I2 gene-transduced tumour cells 
in combination with IL-15 in a melanoma model in mice." Cancer Immunol 
Immunother, 53(4): 363-72.

Lasek, W., Feleszko, W., Golab, J., Stoklosa, T., Marczak, M., Dabrowska, A., 
Malejczyk, M., & Jakobisiak, M. (1997). "Antitumor effects o f the combination 
immunotherapy with interleukin-12 and tumor necrosis factor alpha in mice." Cancer 
Immunol Immunother, 45(2): 100-8.

216



LaStarza, M. W., Lemm, J. A., & Rice, C. M. (1994). "Genetic analysis o f the nsP3 
region o f Sindbis virus: evidence for roles in minus-strand and subgenomic RNA 
synthesis." J Virol, 68(9); 5781-91.

Latchman, D. S. (2001). "Gene therapy with herpes simplex virus vectors; progress 
and prospects for clinical neuroscience." Neuroscientist, 7(6); 528-37.

Ledley, F. D. (1994). "Non-viral gene therapy. Curr. Opin. Biotech. 5;626-636".

Lee, D. W., Park, S. W., Park, S. Y., Heo, D. S., Kim, K. H., & Sung, M. W. (2004). 
"Effects o f p53 or p27 overexpression on cyclooxygenase-2 gene expression in head 
and neck squamous cell carcinoma cell lines." Head Neck, 26(8); 706-15.

Lee, S. Y., & Choi, Y. (1997). "TRAF-interacting protein (TRIP); a novel component 
o f the tumor necrosis factor receptor (TNFR)- and CD30-TRAF signaling complexes 
that inhibits TRAF2-mediated NF-kappaB activation." J Exp Med, 185(7); 1275-85.

Leech, S. H., Olie, R. A., Gautschi, O., Simoes-Wust, A. P., Tschopp, S., Haner, R., 
Hall, J., Stahel, R. A., & Zangemeister-Wittke, U. (2000). "Induction o f apoptosis in 
lung-cancer cells following bcl-xL anti-sense treatment." Int J Cancer, 86(4); 570-6.

Lehtovaara, P., L Ulmanen, L. Kaariainen, S. Keranen and L. Philipson (1980). 
"Synthesis and processing of Semliki Forest virus-specific nonstructural proteins in 
vivo and in vitro." Eur J Biochem 112(3); 461-8.

Leonard, J. P., Sherman, M. L., Fisher, G. L., Buchanan, L. J., Larsen, G., Atkins, M. 
B., Sosman, J. A., Dutcher, J. P., Vogelzang, N. J., & Ryan, J. L. (1997). "Effects of 
single-dose interleukin-12 exposure on interleukin-12-associated toxicity and 
interferon-gamma production." Blood, 90(7); 2541-8.

Levine, A. J. (1997). "p53, the cellular gatekeeper for growth and division." Cell 
88(3); 323-31.

Levine, A. J., Momand, J., & Finlay, C. A. (1991). "The p53 tumour suppressor 
gene." Nature, 351(6326); 453-6.

Lewis, J., S. L. Wesselingh, D. E. Griffin and J. M. Hardwick (1996). "Alphavirus- 
induced apoptosis in mouse brains correlates with neurovirulence." J Virol 70(3); 
1828-35.

Li, A. A., Ng, E., Shi, W., Lee, A., Chia, M., Liu, T. J., Huang, D., O'Sullivan, B., 
Gullane, P., & Liu, F. F. (2004). "Potential efficacy o f p i6 gene therapy for EBV- 
positive nasopharyngeal carcinoma." Int J Cancer, 110(3); 452-8.

Li, Z., Ren, Y., Lin, S. X., Liang, Y. J., & Liang, H. Z. (2004). "Association of 
E-cadherin and beta-catenin with metastasis in nasopharyngeal carcinoma." Chin Med 
J(Engl), 117(8); 1232-9.

Liljestrom, P. (1994). "Alphavirus expression systems." Curr Opin Biotechnol, 5(5); 
495-500.



Liljestrom, P. (1994). "Alphavirus expression systems." Curr Opin Biotechnol, 5(5): 
495-500.

Liljestrom, P. and H. Garoff (1991). "A new generation of animal cell expression 
vectors based on the Semliki Forest virus replicon." Biotechnology (N Y) 9(12): 
1356-61.

Liljestrom, P. and H. Garoff (1991). "Internally located cleavable signal sequences 
direct the formation of Semliki Forest virus membrane proteins from a polyprotein 
precursor." J Virol 65(1): 147-54.

Liljestrom, P., Lusa, S., Huylebroeck, D., & Garoflf, H. (1991). "In vitro mutagenesis 
of a full-length cDNA clone of Semliki Forest virus: the small 6,000-molecular- 
weight membrane protein modulates virus release." J Virol, 65(8): 4107-13.

Limpaiboon, T., Khaenam, P., Chinnasri, P., Soonklang, M., Jearanaikoon, P., Sripa, 
B., Pairojkul, C., & Bhudhisawasdi, V. (2005). "Promoter hypermethylation is a 
major event of hMLHl gene inactivation in liver fluke related cholangiocarcinoma." 
Cancer Lett, 217(2): 213-9.

Liston, P., Roy, N., Tamai, K., Lefebvre, C., Baird, S., Cherton-Horvat, G., Farahani, 
R., McLean, M., Ikeda, J. E., MacKenzie, A., & Korneluk, R. G. (1996). "Suppression 
of apoptosis in mammalian cells by NAIP and a related family of lAP genes." Nature, 
379(6563): 349-53.

Liu J, Carmell MA, Rivas FV, et al. Argonaute2 is the catalytic engine of mammalian 
RNAi. Science 2004;305:1437^1.

Liu, M. A. (1998). "Vaccine developments." Nat Med, 4(5 Suppl): 515-9.

Liu, M. A., Fu, T. M., Donnelly, J. J., Caulfield, M. J., & Ulmer, J. B. (1998). "DNA 
vaccines. Mechanisms for generation of immune responses." Adv Exp Med Biol, 452: 
187-91.

Liu, T. J., el-Naggar, A. K., McDonnell, T. J., Steck, K. D., Wang, M., Taylor, D. L., 
& dayman, G. L. (1995). "Apoptosis induction mediated by wild-type p53 adenoviral 
gene transfer in squamous cell carcinoma of the head and neck." Cancer Res, 55(14): 
3117-22.

Liu, Z., Muehlbauer, K. R., Schmeiser, H. H., Hergenhahn, M., Belharazem, D., & 
Hollstein, M. C. (2005). "p53 mutations in benzo(a)pyrene-exposed human p53 
knock-in murine fibroblasts correlate with p53 mutations in human lung tumors." 
Cancer Res, 65(7): 2583-7.

Ljunggren, H. G., & Karre, K. (1990). "In search of the 'missing self: MHC 
molecules and NK cell recognition." Immunol Today, 11(7): 237-44.

Lobigs, M., H. X. Zhao and H. Garoff (1990). "Function of Semliki Forest virus E3 
peptide in virus assembly: replacement of E3 with an artificial signal peptide 
abolishes spike heterodimerization and surface expression of El." J Virol 64(9): 
4346-55.

218



Loewy, A., J. Smyth, C. H. von BonsdorfT, P. Liljestrom and M. J. Schlesinger 
(1995). "The 6-kilodalton membrane protein o f  Semliki Forest virus is involved in the 
budding process." J Virol 69(1): 469-75.

Loewy, A., Smyth, J., von Bonsdorff, C. H., Liljestrom, P., & Schlesinger, M. J. 
(1995). "The 6-kilodalton membrane protein o f  Semliki Forest virus is involved in the 
budding process." J Virol, 69(1): 469-75.

Lorence, R. M., A. L. Pecora, P. P. Major, S. J. Hotte, S. A. Laurie, M. S. Roberts, W. 
S. Groene and M. K. Bamat (2003). "Overview o f phase I studies o f  intravenous 
administration o f PV701, an oncolytic virus." Curr Opin Mol Ther 5(6): 618-24.

Lowe, S. W., & Ruley, H. E. (1993). "Stabilization o f  the p53 tum or suppressor is 
induced by adenovirus 5 E lA  and accompanies apoptosis." Genes Dev, 7(4): 535-45.

Lucas, M. L., Heller, L., Coppola, D., & Heller, R. (2002). "IL-12 plasmid delivery by 
in vivo electroporation for the successful treatment o f  established subcutaneous 
B16.F10 melanoma." Mol Ther, 5(6): 668-75.

Lundstrom, J. O., Vene, S., Saluzzo, J. F., & Niklasson, B. (1993). "Antigenic 
comparison o f  Ockelbo virus isolates from Sweden and Russia with Sindbis virus 
isolates from Europe, Africa, and Australia: fiirther evidence for variation among 
alpha viruses." Am J Trop Med Hyg, 49(5): 531-7.

Lundstrom, K. (1997). "Alphaviruses as expression vectors." Curr Opin Biotechnol, 
8(5): 578-82.

Lundstrom, K. (1999). "Alphaviruses as tools in neurobiology and gene therapy." J 
Recept Signal Transduct Res, 19(1-4): 673-86.

Lundstrom, K. (2000). "Alphavirus vectors: applications for DNA vaccine production 
and gene expression." Intervirology, 43(4-6): 247-57.

Lundstrom, K. (2000). "Alphavirus vectors: applications for DNA vaccine production 
and gene expression." Intervirology, 43(4-6): 247-57.

Lundstrom, K. (2001). "Alphavirus vectors for gene therapy applications." Curr Gene 
Ther, 1(1): 19-29.

Lundstrom, K. (2001). "Alphavirus vectors for gene therapy applications." Curr Gene 
Ther, 1(1): 19-29.

Lundstrom, K. (2003). "Alphavirus vectors for vaccine production and gene therapy." 
Expert Rev Vaccines, 2(3): 447-59.

Lundstrom, K. (2003). "Latest development in viral vectors for gene therapy." Trends 
Biotechnol, 21(3): 117-22.

Lundstrom, K. (2004). "Gene therapy applications o f  viral vectors." Technol Cancer 
Res Treat, 3(5): 467-77.

219

I



Lundstrom, K., Mills, A., Allet, E., Ceszkowski, K., Agudo, G., Chollet, A., & 
Liljestrom, P. (1995). "High-level expression o f G protein-coupled receptors with the 
aid o f the Semliki Forest virus expression system." J Recept Signal Transduct Res, 
15(1-4): 23-32.

Lusa, S., Garoff, H., & Liljestrom, P. (1991). "Fate o f the 6K membrane protein o f 
Semliki Forest virus during virus assembly." Virology, 185(2): 843-6.

Luster, A. D., Greenberg, S. M., & Leder, P. (1995). "The IP-10 chemokine binds to a 
specific cell surface heparan sulfate site shared with platelet factor 4 and inhibits 
endothelial cell proliferation." J Exp Med, 182(1): 219-31.

Luster, A. D., Greenberg, S. M., & Leder, P. (1995). "The IP-10 chemokine binds to a 
specific cell surface heparan sulfate site shared with platelet factor 4 and inhibits 
endothelial cell proliferation." J Exp Med, 182(1): 219-31.

Mach, N., & Dranoff, G. (2000). "Cytokine-secreting tumor cell vaccines." Curr Opin 
Immunol, 12(5): 571-5.

Mackensen, A., Lindemann, A., & Mertelsmann, R. (1997). "Immunostimulatory 
cytokines in somatic cells and gene therapy of cancer." Cytokine Growth Factor Rev, 
8(2): 119-28.

Manetti, R., Gerosa, F., Giudizi, M. G., Biagiotti, R., Parronchi, P., Piccinni, M. P., 
Sampognaro, S., Maggi, E., Romagnani, S., Trinchieri, G., & et al. (1994). 
"Interleukin 12 induces stable priming for interferon gamma (IFN-gamma) production 
during differentiation of human T helper (Th) cells and transient IFN-gamma 
production in established Th2 cell clones." J Exp Med, 179(4): 1273-83.

Marincola, F. M., & Ferrone, S. (2003). "Immunotherapy o f melanoma: the good 
news, the bad ones and what to do next." Semin Cancer Biol, 13(6): 387-9.

Marincola, F. M., E. Wang, M. Herlyn, B. Seliger and S. Ferrone (2003). "Tumors as 
elusive targets of T-cell-based active immunotherapy." Trends Immunol 24(6): 335- 
42.

Markowitz, D., Goff, S., & Bank, A. (1988). "A safe packaging line for gene transfer: 
separating viral genes on two different plasmids." J Virol, 62(4): 1120-4.

Marshall, E. (2003). "Gene therapy. Second child in French trial is found to have 
leukemia." Science 299(5605): 320.

Mastrangelo, A. J., Hardwick, J. M., Bex, F., & Betenbaugh, M. J. (2000). "Part I. 
Bcl-2 and Bcl-x(L) limit apoptosis upon infection with alphavirus vectors." 
Biotechnol Bioeng, 67(5): 544-54.

Masztalerz, A., Van Luyn, M., Werner, N., Molema, G., Everse, L. A., & Otter, W. D. 
(2004). "Treatment with IL-2 and IL-12 inhibits tumour cell division in SL2 
lymphoma." Anticancer Res, 24(5A): 2633-42.

220



Mathiot, C. C., G. Grimaud, P. Garry, J. C. Bouquety, A. Mada, A. M. Daguisy and 
A. J. Georges (1990). "An outbreak of human Semliki Forest virus infections in 
Central African Republic." Am J Trop Med Hyg 42(4): 386-93.

Matsubara, T., Saura, R., Hirohata, K., & Ziff, M. (1989). "Inhibition o f human 
endothelial cell proliferation in vitro and neovascularization in vivo by D- 
penicillamine." J Clin Invest, 83(1); 158-67.

May, A., Naim, R. S., Okumoto, D. S., Wassermann, K., Stevnsner, T., Jones, J. C., 
& Bohr, V. A. (1993). "Repair o f individual DNA strands in the hamster 
dihydrofolate reductase gene after treatment with ultraviolet light, alkylating agents, 
and cisplatin." J Biol Chem, 268(3): 1650-7.

May, C., Gunther, R., & Mclvor, R. S. (1995). "Protection o f mice from lethal doses 
o f methotrexate by transplantation with transgenic marrow expressing drug-resistant 
dihydrofolate reductase activity." Blood, 86(6): 2439-48.

Mayne, J. T., C. M. Rice, E. G. Strauss, M. W. Hunkapiller and J. H. Strauss (1984). 
"Biochemical studies of the maturation o f the small Sindbis virus glycoprotein E3." 
Virology 134(2): 338-57.

McCormick, F. (2001). "Cancer gene therapy: fringe or cutting edge?" Nat Rev 
Cancer 1(2): 130-41.

Mclnemey, G. M., Smit, J. M., Liljestrom, P., & Wilschut, J. (2004). "Semliki Forest 
virus produced in the absence o f the 6K protein has an altered spike structure as 
revealed by decreased membrane fusion capacity." Virology, 325(2): 200-6.

McIntosh, B. M., C. B. Worth and R. H. Kokemot (1961). "Isolation of Semliki 
Forest virus from Aedes (Aedimorphus) argenteopunctatus (Theobald) collected in 
Portuguese East Africa." Transfusion (Paris) 55: 192-8.

McNamara, D. A., Harmey, J. H., Walsh, T. N., Redmond, H. P., & Bouchier-Hayes, 
D. J. (1998). "Significance of angiogenesis in cancer therapy." Br J Surg, 85(8): 1044- 
55.

Meager, A., Wadhwa, M., Dilger, P., Bird, C., Thorpe, R., Newsom-Davis, J., & 
Willcox, N. (2003). "Anti-cytokine autoantibodies in autoimmunity: preponderance of 
neutralizing autoantibodies against interferon-alpha, interferon-omega and 
interleukin-12 in patients with thymoma and/or myasthenia gravis." Clin Exp 
Immunol, 132(1): 128-36.

Meister G, Landthaler M, Patkaniowska A, et al. Human Argonaute2 mediates RNA 
cleavage targeted by miRNAs and siRNAs. Mol Cell 2004; 15:185-97.

Melancon, P. and H. Garoff (1987). "Processing of the Semliki Forest virus structural 
polyprotein: role of the capsid protease." J Virol 61(5): 1301-9.

Mellstedt, H. (2000). "Monoclonal antibodies as enhancers o f the host's 
immunoresponse against the tumour." Ann Oncol 11 Suppl 3: 191-4.

221



Metsikko, K. and H. Garoff (1990). "Oligomers o f the cytoplasmic domain o f the 
p62/E2 membrane protein o f Semliki Forest virus bind to the nucleocapsid in vitro." J 
Virol 64(10): 4678-83.

Micallef, M. J., Tanimoto, T., Kohno, K., Ikegami, H., & Kurimoto, M. (2000). 
"Interleukin 18 induces a synergistic enhancement o f interferon gamma production in 
mixed murine spleen cell-tumor cell cultures: role o f endogenous interleukin 12." 
Cancer Detect Prev, 24(3): 234-43.

Micallef, M. J., Yoshida, K., Kawai, S., Hanaya, T., Kohno, K.., Arai, S., Tanimoto, 
T., Torigoe, K., Fujii, M., Ikeda, M., & Kurimoto, M. (1997). "In vivo antitumor 
effects o f murine interferon-gamma-inducing factor/interleukin-18 in mice bearing 
syngeneic Meth A sarcoma malignant ascites." Cancer Immunol Immunother, 43(6): 
361-7.

Michor, F., Iwasa, Y., & Nowak, M. A. (2004). "Dynamics o f cancer progression." 
Nat Rev Cancer, 4(3): 197-205.

Mickisch, G. H., Aksentijevich, I., Schoenlein, P. V., Goldstein, L. J., Galski, H., 
Stable, C., Sachs, D. H., Pastan, I., & Gottesman, M. M. (1992). "Transplantation of 
bone marrow cells from transgenic mice expressing the human MDRl gene results in 
long-term protection against the myelosuppressive effect o f chemotherapy in mice." 
Blood, 79(4): 1087-93.

Midgley, R. S. and D. J. Kerr (2002). "Ras as a target in cancer therapy." Crit Rev 
Oncol Hematol 44(2): 109-20.

Mikyskova, R., Bubenik, J., Mendoza, L., Vonka, V., Smahel, M., Simova, J., & 
Jandlova, T. (2000). "Local cytokine treatment o f HPV16-associated tumours results 
in inhibition of their lung metastases." Clin Exp Metastasis, 18(7): 581-7.

Miller, D. G., M. A. Adam and A. D. Miller (1990). "Gene transfer by retrovirus 
vectors occurs only in cells that are actively replicating at the time o f infection." Mol 
Cell Biol 10(8): 4239-42.

Milstein, C. (1999). "The hybridoma revolution: an offshoot o f basic research." 
Bioessays, 21(11): 966-73.

Mims, C. A., M. F. Day and I. D. Marshall (1966). "Cytopathic effect o f Semliki 
Forest virus in the mosquito Aedes aegypti." Am J Trop Med Hyg 15(5): 775-84.

Mineta, T., S. D. Rabkin, T. Yazaki, W. D. Hunter and R. L. Martuza (1995). 
"Attenuated multi-mutated herpes simplex virus-1 for the treatment o f malignant 
gliomas." Nat Med 1(9): 938-43.

Monaghan, P. E. and Samulski, R. J. (2000). AAV vectors; is clinical success on the 
horizon? Gene Ther. 7:24-30.

Moolten, F. L. (1994). "Drug sensitivity ("suicide") genes for selective cancer 
chemotherapy." Cancer Gene Ther, 1(4): 279-87.

222



Moolten, F. L. and P. J. Mroz (2002). “Prodrug activation strategies for gene therapy 
o f cancer.” p481-489. In, Gene therapy o f cancer, 2nd edition. E.C. Lattime and S.L. 
Gerson (eds). Academic Press, USA

Morgan, A. J., Mackett, M., Finerty, S., Arrand, J. R., Scullion, F. T., & Epstein, M. 
A. (1988). "Recombinant vaccinia virus expressing Epstein-Barr virus glycoprotein 
gp340 protects cottontop tamarins against EB virus-induced malignant lymphomas." J 
Med Virol, 25(2): 189-95.

Moritz, T., Mackay, W., Glassner, B. J., Williams, D. A., & Samson, L. (1995). 
"Retrovirus-mediated expression of a DNA repair protein in bone marrow protects 
hematopoietic cells from nitrosourea-induced toxicity in vitro and in vivo." Cancer 
Res, 55(12): 2608-14.

Moriuchi, S., D. Wolfe, M. Tamura, T. Yoshimine, F. Miura, J. B. Cohen and J. C. 
Glorioso (2002). "Double suicide gene therapy using a replication defective herpes 
simplex virus vector reveals reciprocal interference in a malignant glioma model." 
Gene Ther 9(9): 584-91.

Morris KV, Chan SW, Jacobsen SE, et al. Small interfering RNA-induced 
transcriptional gene silencing in human cells. Science 2004;305:1289-92.

Morris, M, M., H. Dyson, D. Baker, L. S. Harbige, J. K. Fazakerley and S. Amor 
(1997). "Characterization of the cellular and cytokine response in the central nervous 
system following Semliki Forest virus infection." J Neuroimmunol 74(1-2): 185-97.

Morris-Downes, M. M., B. J. Sheahan, M. N. Fleeton, P. Liljestrom, H. W. Reid and
G. J. Atkins (2001). "A recombinant Semliki Forest virus particle vaccine encoding 
the prME and NSl proteins o f louping ill virus is effective in a sheep challenge 
model." Vaccine 19(28-29): 3877-84.

Morris-Downes, M. M., K. V. Phenix, J. Smyth, B. J. Sheahan, S. Lileqvist, D. A. 
Mooney, P. Liljestrom, D. Todd and G. J. Atkins (2001). "Semliki Forest virus-based 
vaccines: persistence, distribution and pathological analysis in two animal systems." 
Vaccine 19(15-16): 1978-88.

Morris-Downes, M. M., Sheahan, B. J., Fleeton, M. N., Liljestrom, P., Reid, H. W., & 
Atkins, G. J. (2001). "A recombinant Semliki Forest virus particle vaccine encoding 
the prME and NSl proteins o f louping ill virus is effective in a sheep challenge 
model." Vaccine, 19(28-29): 3877-84.

Mossman, S. P., Bex, F., Berglund, P., Arthos, J., O'Neil, S. P., Riley, D., Maul, D.
H., Bruck, C., Momin, P., Bumy, A., Fultz, P. N., Mullins, J. L, Liljestrom, P., & 
Hoover, E. A. (1996). "Protection against lethal simian immunodeficiency virus 
SIVsmmPBjl4 disease by a recombinant Semliki Forest virus gpl60 vaccine and by a 
gpl20 subunit vaccine." J Virol, 70(3): 1953-60.

Mountain, A. (2000). Gene Therapy; the first decade. TIBTECH. 18:119-128.

Mu, J., Zou, J. P., Yamamoto, N., Tsutsui, T., Tai, X. G., Kobayashi, M., Herrmann, 
S., Fujiwara, H., & Hamaoka, T. (1995). "Administration o f recombinant interleukin

223



12 prevents outgrowth o f tumor cells metastasizing spontaneously to lung and lymph 
nodes." Cancer Res, 55(19); 4404-8.

Mukhopadhyay, T., Tainsky, M., Cavender, A. C., & Roth, J. A. (1991). "Specific 
inhibition of K-ras expression and tumorigenicity o f lung cancer cells by antisense 
RNA." Cancer Res, 51(6): 1744-8.

Mule, J. J., Asher, A., McIntosh, J., Lafreniere, R., Shiloni, E., Lefor, A., Reichert, C. 
M., & Rosenberg, S. A. (1988). "Antitumor effect o f recombinant tumor necrosis 
factor-alpha against murine sarcomas at visceral sites: tumor size influences the 
response to therapy." Cancer Immunol Immunother, 26(3): 202-8.

Murphy, A. M., M. M. Morris-Downes, B. J. Sheahan and G. J. Atkins (2000). 
"Inhibition o f human lung carcinoma cell growth by apoptosis induction using 
Semliki Forest virus recombinant particles." Gene Ther 7(17): 1477-82.

Murphy, A. M., Sheahan, B. J., & Atkins, G. J. (2001). "Induction o f apoptosis in 
BCL-2-expressing rat prostate cancer cells using the Semliki Forest virus vector." Int 
J Cancer, 94(4): 572-8.

Nagai, H., Hara, I., Horikawa, T., Oka, M., Kamidono, S., & Ichihashi, M. (2000). 
"Elimination o f CD4(+) T cells enhances anti-tumor effect o f locally secreted 
interleukin-12 on B16 mouse melanoma and induces vitiligo-like coat color 
alteration." J Invest Dermatol, 115(6): 1059-64.

Nagai, S., & Toi, M. (2000). "Interleukin-4 and breast cancer." Breast Cancer, 7(3): 
181-6.

Nakahara, T., Urabe, K., Fukagawa, S., Uchi, H., Inaba, K., Fume, M., & Moroi, Y. 
(2005). "Engagement o f human monocyte-derived dendritic cells into interleukin 
(IL)-12 producers by IL-lbeta + interferon (IFN)-gamma." Clin Exp Immunol, 
139(3): 476-82.

Nakamura, T., & Russell, S. J. (2004). "Oncolytic measles viruses for cancer 
therapy." Expert Opin Biol Ther, 4(10): 1685-92.

Nanda, D., de Jong, M., Vogels, R., Havenga, M., Driesse, M., Bakker, W., Bijster, 
M., Avezaat, C., Cox, P., Morin, K., Naimi, E., Knaus, E., Wiebe, L., & Smitt, P. S. 
(2002). "Imaging expression o f adenoviral HSVl-tk suicide gene transfer using the 
nucleoside analogue FIRU." Eur J Nucl Med Mol Imaging, 29(7): 939-47.

Nastala, C. L., Edington, H. D., McKinney, T. G., Tahara, H., Nalesnik, M. A., 
Brunda, M. J., Gately, M. K., Wolf, S. F., Schreiber, R. D., Storkus, W. J., & et al. 
(1994). "Recombinant IL-12 administration induces tumor regression in association 
with IFN-gamma production." J Immunol, 153(4): 1697-706.

Nesterova, M., & Cho-Chung, Y. S. (1995). "A single-injection protein kinase A- 
directed antisense treatment to inhibit tumour growth." Nat Med, 1(6): 528-33.

Nguyen, J. T., Wu, P., Clouse, M. E., Hlatky, L., Terwilliger, E. F. (1998). Adeno- 
associated virus-mediated delivery of antiangiogenic factors as an antitumour 
strategy. Can. Res. 58:5673-5677.

224



Nieva JL, Bron R, Corver J, Wilschut J. (1994). Membrane fusion o f  Semliki Forest 
virus requires sphingolipids in the target membrane. Embo J. 13(12): 2797-2804.

Nilsson, C., Makitalo, B., Berglund, P., Bex, F., Liljestrom, P., Sutter, G., Erfle, V., 
ten Haaft, P., Heeney, J., Biberfeld, G., & Thorstensson, R. (2001). "Enhanced simian 
immunodeficiency virus-specific immune responses in macaques induced by priming 
with recombinant Semliki Forest virus and boosting with modified vaccinia virus 
Ankara." Vaccine, 19(25-26); 3526-36.

Niranjan, A., D. Wolfe, W. Fellows, W. F. Goins, J. C. Glorioso, D. Kondziolka and 
L. D. Lunsford (2000). "Gene transfer to glial tumors using herpes simplex virus." 
M ethods Mol Biol 246: 323-37.

Nomura, T., Nakajima, S., Kawabata, K., Yamashita, F., Takakura, Y., & 
Hashida, M. (1997). "Intratumoral pharmacokinetics and in vivo gene expression o f 
naked plasmid DNA and its cationic liposome complexes after direct gene transfer." 
Cancer Res, 57(13): 2681-6.

Noro, T., Miyake, K., Suzuki-Miyake, N., Igarashi, T., Uchida, E., Misawa, T., 
Yamazaki, Y., & Shimada, T. (2004). "Adeno-associated viral vector-mediated 
expression o f endostatin inhibits tumor growth and metastasis in an orthotropic 
pancreatic cancer model in hamsters." Cancer Res, 64(20): 7486-90.

Novick, D., Kim, S. H., Fantuzzi, G., Reznikov, L. L., Dinarello, C. A., & Rubinstein, 
M. (1999). "Interleukin-18 binding protein: a novel modulator o f  the Thl cytokine 
response." Immunity, 10(1): 127-36.

Okamura, H., Kashiwamura, S., Tsutsui, H., Yoshimoto, T., & Nakanishi, K. (1998). 
"Regulation o f interferon-gamma production by IL-12 and IL-18." Curr Opin 
Immunol, 10(3): 259-64.

Okamura, H., Tsutsi, H., Komatsu, T., Yutsudo, M., Hakura, A., Tanimoto, T., 
Torigoe, K., Okura, T., Nukada, Y., Hattori, K., & et al. (1995). "Cloning o f  a new 
cytokine that induces IFN-gamma production by T cells." Nature, 378(6552): 88-91.

Oldstone MB, Tishon A, Dutko FJ, Kennedy SI, Holland JJ, Lampert PW. (1980). 
Does the major histocompatibility complex serve as a specific receptor for Semliki 
Forest virus? J Virol. 34(1): 256-265.

O'Malley, B. W., Jr., Chen, S. H., Schwartz, M. R., & Woo, S. L. (1995). 
"Adenovirus-mediated gene therapy for human head and neck squamous cell cancer 
in a nude mouse model." Cancer Res, 55(5): 1080-5.

Osaki, T., Hashimoto, W., Gambotto, A., Okamura, H., Robbins, P. D., Kurimoto, M., 
Lotze, M. T., & Tahara, H. (1999). "Potent antitumor effects mediated by local 
expression o f  the mature form o f the interferon-gamma inducing factor, interleukin-18 
(IL-18)." Gene Ther, 6(5): 808-15.

Osaki, T., Tanio, Y., Tachibana, I., Hosoe, S., Kumagai, T., Kawase, I., Oikawa, S., & 
Kishimoto, T. (1994). "Gene therapy for carcinoembryonic antigen-producing human 
lung cancer cells by cell type-specific expression o f  herpes simplex virus thymidine 
kinase gene." Cancer Res, 54(20): 5258-61.

225



Oshikawa, K., Shi, F., Rakhmilevich, A. L., Sondel, P. M., Mahvi, D. M., & Yang, N. 
S. (1999). "Synergistic inhibition o f  tumor growth in a murine mammary 
adenocarcinoma model by combinational gene therapy using IL-12, pro-lL-18, and 
IL-lbeta converting enzyme cDNA." Proc Natl Acad Sci U S A ,  96(23): 13351-6.

Owen, K. E. and R. J. Kuhn (1996). "Identification o f  a region in the Sindbis virus 
nucleocapsid protein that is involved in specificity o f  RNA encapsidation." J Virol 
70(5): 2757-63.

Paul, N. L., Marsh, M., McKeating, J. A., Schulz, T. F., Liljestrom, P., Garoff, H., & 
Weiss, R. A. (1993). "Expression o f HIV-1 envelope glycoproteins by Semliki Forest 
virus vectors." AIDS Res Hum Retroviruses, 9(10): 963-70.

Pecora, A. L., N. Rizvi, G. I. Cohen, N. J. Meropol, D. Sterman, J. L. Marshall, S. 
Goldberg, P. Gross, J. D. O'Neil, W. S. Groene, M. S. Roberts, H. Rabin, M. K. 
Bamat and R. M. Lorence (2002). "Phase I trial o f  intravenous administration o f 
PV701, an oncolytic virus, in patients with advanced solid cancers." J Clin Oncol 
20(9): 2251-66.

Peng, K. W., Donovan, K. A., Schneider, U., Cattaneo, R., Lust, J. A., & Russell, S. J. 
(2003). "Oncolytic measles viruses displaying a single-chain antibody against CD38, 
a myeloma cell marker." Blood, 101(7): 2557-62.

Peranen, J., Rikkonen, M., Liljestrom, P., & Kaariainen, L. (1990). "Nuclear 
localization o f  Semliki Forest virus-specific nonstructural protein nsP2." J Virol, 
64(5): 1888-96.

Phenix, K. V., McKenna, B., Fitzpatrick, R., Vaughan, L., Atkins, G., Liljestrom, P., 
& Todd, D. (2000). "Cell Culture Evaluation o f  the Semliki Forest Virus Expression 
System As a Novel Approach for Antigen Delivery and Expression in Fish." Mar 
Biotechnol (NY), 2(1): 27-37.

Ponsaerts, P., Van Tendeloo, V. F., & Bememan, Z. N. (2003). "Cancer 
immunotherapy using RNA-loaded dendritic cells." Clin Exp Immunol, 134(3): 378- 
84.

Prados, M. D., M. McDermott, S. M. Chang, C. B. Wilson, J. Fick, K. W. Culver, J. 
Van Gilder, G. E. Keles, A. Spence and M. Berger (2003). "Treatment o f  progressive 
or recurrent glioblastoma multiforme in adults with herpes simplex virus thymidine 
kinase gene vector-producer cells followed by intravenous ganciclovir administration: 
a phase I/II multi-institutional trial." J Neurooncol 65(3): 269-78.

Pulaski, B. A., & Ostrand-Rosenberg, S. (1998). "Reduction o f  established 
spontaneous mammary carcinoma metastases following immunotherapy with major 
histocompatibility complex class II and B7.1 cell-based tumor vaccines." Cancer Res, 
58(7): 1486-93.

Pushko, P., M. Parker, G. V. Ludwig, N. L. Davis, R. E. Johnston and J. F. Smith 
(1997). "Replicon-helper systems fi'om attenuated Venezuelan equine encephalitis 
virus: expression o f heterologous genes in vitro and immunization against 
heterologous pathogens in vivo." Virology 239(2): 389-401.

226



Qin, H., J. Valentino, S. Manna, P. K. Tripathi, M. Bhattacharya-Chatterjee, K. A. 
Foon, B. W. O'Malley, Jr. and S. K. Chatterjee (2001). "Gene therapy for head and 
neck cancer using vaccinia virus expressing IL-2 in a murine model, with evidence o f 
immune suppression." Mol Ther 4(6): 551-8.

Quazilbash, M. H., Xiao, X., Seth, P., Cowan, K. H., Walsh, C. E. 1997. Cancer gene 
therapy using a novel adeno-associated virus vector expressing human wild-type p53. 
Gene Ther. 4:675-682.

Rak, J. W., St Croix, B. D., & Kerbel, R. S. (1995). "Consequences o f  angiogenesis 
for tum or progression, metastasis and cancer therapy." Anticancer Drugs, 6(1): 3-18.

Rak, J., Mitsuhashi, Y., Bayko, L., Filmus, J., Shirasawa, S., Sasazuki, T., & Kerbel, 
R. S. (1995). "Mutant ras oncogenes upregulate VEGF/VPF expression: implications 
for induction and inhibition o f tumor angiogenesis." Cancer Res, 55(20): 4575-80.

Rakhmilevich, A. L., Turner, J., Ford, M. J., McCabe, D., Sun, W. H., Sondel, P. M., 
Grota, K., & Yang, N. S. (1996). "Gene gun-mediated skin transfection with 
interleukin 12 gene results in regression o f  established primary and metastatic murine 
tumors." Proc Natl Acad Sci U S A ,  93(13): 6291-6.

Ramachandra, M., Rahman, A., Zou, A., Vaillancourt, M., Howe, J. A., Antelman, D., 
Sugarman, B., Demers, G. W., Engler, H., Johnson, D., & Shabram, P. (2001). "Re­
engineering adenovirus regulatory pathways to enhance oncolytic specificity and 
efficacy." Nat Biotechnol, 19(11): 1035-41.

Reed, J. C. (1997). "Bcl-2 family proteins: regulators o f  apoptosis and 
chemoresistance in hematologic malignancies." Semin Hematol 34(4 Suppl 5): 9-19.

Reid, T., Galanis, E., Abbruzzese, J., Sze, D., Wein, L. M., Andrews, J., Randlev, B., 
Heise, C., Uprichard, M., Hatfield, M., Rome, L., Rubin, J., & Kim, D. (2002). 
"Hepatic arterial infusion o f a rephcation-selective oncolytic adenovirus (d ll520): 
phase II viral, immunologic, and clinical endpoints." Cancer Res, 62(21): 6070-9.

Reilly, R. T., L. A. Emens and E. M. JafTee (2001). "Humoral and cellular immune 
responses: independent forces or collaborators in the fight against cancer?" Curr Opin 
Investig Drugs 2(1): 133-5.

Ren, H., Boulikas, T., Lundstrom, K., Soling, A., Wamke, P. C., & Rainov, N. G. 
(2003). "Immunogene therapy o f  recurrent glioblastoma multiforme with a 
liposomally encapsulated replication-incompetent Semliki forest virus vector carrying 
the human interleukin-12 gene—a phase I/II clinical protocol." J Neurooncol, 64(1-2): 
147-54.

Renehan, A. G., & O'Dwyer, S. T. (2000). "Optimizing cancer care: specialization, 
coordination and cooperation." Br J Cancer, 82(1): 7-8.

Rice, C. M., R. Levis, J. H. Strauss and H. V. Huang (1987). "Production o f  infectious 
RNA transcripts from Sindbis virus cDNA clones: mapping o f  lethal mutations, 
rescue o f  a temperature-sensitive marker, and in vitro mutagenesis to generate defined 
mutants." J Virol 61(12): 3809-19.

227



Ring, C. J. (2002). "Cytolytic viruses as potential anti-cancer agents." J Gen Virol, 
83(Pt 3): 491-502.

Roberts, N. J., Impey, H. L., Applegate, T. L., Fuery, C. J., Ward, R. L., & Todd, A. 
V. (1999). "Rapid, sensitive detection o f mutant alleles in codon 12 of K-ras by 
REMS-PCR." Biotechniques, 27(3): 418-20, 422.

Robinson, D., Shibuya, K., Mui, A., Zonin, F., Murphy, E., Sana, T., Hartley, S. B., 
Menon, S., Kastelein, R., Bazan, F., & O'Garra, A. (1997). "IGIF does not drive Thl 
development but synergizes with IL-12 for interferon-gamma production and 
activates IRAK and NFkappaB." Immunity, 7(4): 571-81.

Rochlitz, C. F. (2001). "Gene therapy of cancer." Swiss Med Wkly, 131(1-2): 4-9.

Rodriguez-Madoz, JR., Prieto, J,. Smerdou C. (2005). "Semliki Forest Virus Vectors 
Engineered to Express Higher IL12 Levels Induce Efficient Elimination o f Murine 
Colon Adenocarcinomas" Mol Ther, 12(l):153-63.

Rosenberg, R. N., Aminoff, M., Boiler, F., Soelberg, P., Griggs, R. C., Hachinski, V., 
Hallett, M., Johnson, R. T., Kennard, C., Lang, A. E., Lees, A. J., Lisak, R., Newsom- 
Davis, J., Pedley, T. A., Selzer, M. E., & Zochodne, D. (2001). "Reporting clinical 
trials: full access to all the data." Stroke, 32(12): 2734.

Rosenberg, S. A. (1999). "A new era for cancer immunotherapy based on the genes 
that encode cancer antigens." Immunity 10(3): 281-7.

Rosenberg, S. A. (2001). "Progress in human tumour immunology and 
immunotherapy." Nature 411(6835): 380-4.

Rosenberg, S. A., Yang, J. C., & Restifo, N. P. (2004). "Cancer immunotherapy: 
moving beyond current vaccines." Nat Med, 10(9): 909-15.

Rosenberg, Y. J., Malek, T. R., Schaeffer, D. E., Santoro, T. J., Mark, G. E., 
Steinberg, A. D., & Mountz, J. D. (1985). "Unusual expression o f IL 2 receptors and 
both the c-myb and c-raf oncogenes in T cell lines and clones derived from 
autoimmune MRL-lpr/lpr mice." J Immunol, 134(5): 3120-3.

Roth, J. A. and Cristiano, R. J. (1997). Gene therapy for cancer: what have we done 
and where are we going? Jnl. Natl. Cancer Inst. 89:21-39.

Roth, J. A., & Grammer, S. F. (2003). "Tumor suppressor gene therapy." Methods 
Mol Biol, 223: 577-98.

Roth, J. A., Nguyen, D., Lawrence, D. D., Kemp, B. L., Carrassco, C. H., Ferson, D. 
Z., et al. (1996). Retrovirus-mediated wild-type p53 gene transfer to tumors of 
patients with lung cancer. Nature Med. 2:985-991.

Roth, J. R., Kofoid, E., Roth, F. P., Berg, O. G., Seger, J., & Andersson, D. I. (2003). 
"Regulating general mutation rates: examination o f the hypermutable state model for 
Caimsian adaptive mutation." Genetics, 163(4): 1483-96.

228



Roulston, A., R. C. Marcellus and P. E. Branton (1999). "Viruses and apoptosis." 
Annu Rev Microbiol 53: 577-628.

Sadelain, M., Riviere, 1., & Brentjens, R. (2003). "Targeting tumours with genetically 
enhanced T lymphocytes." Nat Rev Cancer, 3(1); 35-45.

Sakakura, C., Hagiwara, A., Tsujimoto, H., Ozaki, K., Sakakibara, T., Oyama, T., 
Ogaki, M., Imanishi, T., Yamazaki, J., & Takahashi, T. (1995). "Inhibition o f colon 
cancer cell proliferation by antisense oligonucleotides targeting the messenger RNA 
of the Ki-ras gene." Anticancer Drugs, 6(4): 553-61.

Sammin, D. J., D. Butler, G. J. Atkins and B. J. Sheahan (1999). "Cell death 
mechanisms in the olfactory bulb of rats infected intranasally with Semliki forest 
virus." Neuropathol Appl Neurobiol 25(3): 236-43.

Samulski, R. J., Zhu, X., Xiao, X., Brook, J. D., Housman, D. E., Epstein, N., Hunter, 
L. A. 1991. Targeted integration of adeno-associated virus (AAV) into human 
chromosome 19. EMBO J. 10:3941-3950.

Sariola, M., J. Saraste and E. Kuismanen (1995). "Communication o f post-Golgi 
elements with early endocytic pathway: regulation o f endoproteolytic cleavage o f 
Semliki Forest virus p62 precursor." J Cell Sci 108 ( Pt 6): 2465-75.

Sarmiento, U. M., Riley, J. H., Knaack, P. A., Lipman, J. M., Becker, J. M., Gately, 
M. K., Chizzonite, R., & Anderson, T. D. (1994). "Biologic effects o f recombinant 
human interleukin-12 in squirrel monkeys (Sciureus saimiri)." Lab Invest, 71(6): 862- 
73.

Satoh, T., M. Nakafuku and Y. Kaziro (1992). "Function o f Ras as a molecular switch 
in signal transduction." J Biol Chem 267(34): 24149-52.

Saukkonen, K., & Hemminki, A. (2004). "Tissue-specific promoters for cancer gene 
therapy." Expert Opin Biol Ther, 4(5): 683-96.

Sawicki, D. L., L. Kaariainen, C. Lambek and P. J. Gomatos (1978). "Mechanism for 
control o f synthesis of Semliki Forest virus 26S and 42s RNA." J Virol 25(1): 19-27.

Sayers, T. J., Wiltrout, T. A., McCormick, K., Husted, C., & Wiltrout, R. H. (1990). 
"Antitumor effects of alpha-interferon and gamma-interferon on a murine renal cancer 
(Renca) in vitro and in vivo." Cancer Res, 50(17): 5414-20.

Scallan, M. F., T. E. Allsopp and J. K. Fazakerley (1997). "bcl-2 acts early to restrict 
Semliki Forest virus replication and delays virus-induced programmed cell death." J 
Virol 71(2): 1583-90.

Schmidt, N. O., Westphal, M., Hagel, C., Ergun, S., Stavrou, D., Rosen, E. M., & 
Lamszus, K. (1999). "Levels o f vascular endothelial growth factor, hepatocyte growth 
factor/scatter factor and basic fibroblast growth factor in human gliomas and their 
relation to angiogenesis." Int J Cancer, 84(1): 10-8.

229



Schultz, J., Pavlovic, J., & Moelling, K. (2000). "Immune modulation in cancer using 
DNA inoculation—antitumour effect o f interleukin-12." Dev Biol (Basel), 104: 109- 
14.

Schumacher, T. N. (2002). "T-cell-receptor gene therapy." Nat Rev Immunol, 2(7): 
512-9.

Scoggin, S. D., Sivanandham, M., Sperry, R. G., & Wallack, M. K. (1992). "Active 
specific adjuvant immunotherapy with vaccinia melanoma oncolysate." Ann Plast 
Surg, 28(1): 108-9.

Scott, K. A., Holdsworth, H., Balkwill, F. R., & Dias, S. (2000). "Exploiting changes 
in the tumour microenvironment with sequential cytokine and matrix metalloprotease 
inhibitor treatment in a murine breast cancer model." Br J Cancer, 83(11): 1538-43.

Sgadari, C., Angiolillo, A. L., & Tosato, G. (1996). "Inhibition o f  angiogenesis by 
interleukin-12 is mediated by the interferon-inducible protein 10." Blood, 87(9): 
3877-82.

Shah, A. C., D. Benos, G. Y. Gillespie and J. M. Markert (2003). "Oncolytic viruses: 
clinical applications as vectors for the treatment o f  malignant gliomas." J Neurooncol 
65(3): 203-26.

Shankaran, V., H. Ikeda, A. T. Bruce, J. M. White, P. E. Swanson, L. J. Old and R. D. 
Schreiber (2001). "IFN-gamma and lymphocytes prevent primary tumour 
development and shape tumour immunogenicity." Nature 410(6832): 1107-11.

Sharpe, J. C., D. Amoult and R. J. Youle (2004). "Control o f  mitochondrial 
permeability by Bcl-2 family members." Biochim Biophys Acta 1644(2-3): 107-13.

Sheahan BJ, Barrett PN, Atkins GJ. (1981). Demyelination in mice resulting from 
infection with a mutant o f  Semliki Forest virus. Acta Neuropathol (Berl). 53(2): 129- 
136.

Sheahan BJ, Ibrahim MA, Atkins GJ. (1996). Demyelination o f  olfactory pathways in 
mice following intranasal infection with the avirulent A7 strain o f  Semliki Forest 
virus. European Journal o f  Veterinary Pathology. 2: 117-125.

Shinozaki, K., Ebert, O., Koumioti, C., Tai, Y. S., & Woo, S. L. (2004). "Oncolysis o f 
multifocal hepatocellular carcinoma in the rat liver by hepatic artery infusion o f 
vesicular stomatitis virus." Mol Ther, 9(3): 368-76.

Siapati, K. E., Barker, S., Kinnon, C., Michalski, A., Anderson, R., Brickell, P., 
Thrasher, A. J., & Hart, S. L. (2003). "Improved antitumour immunity in murine 
neuroblastoma using a combination o f  IL-2 and IL-12." Br J Cancer, 88(10): 1641-8.

Simons, K. and Garoff, H. (1980). The budding mechanisms o f  enveloped animal 
viruses. Jnl. Gen. Virol. 50:1-21.

Singh, I. and A. Helenius (1992). "Role o f  ribosomes in Semliki Forest virus 
nucleocapsid uncoating." J Virol 66(12): 7049-58.

230



Sinkovics, J. (1993). "[Immunotherapy of human tumors]." Orv Hetil, 134(2): 101.

Sinkovics, J., & Horvath, J. (1993). "New developments in the virus therapy of 
cancer: a historical review." Intervirology, 36(4): 193-214.

Sjoberg, E. M. and H. Garoff (1996). "The translation-enhancing region of the
Semliki Forest virus subgenome is only functional in the virus-infected cell." J Gen 
Virol 7 7 ( P t  6): 1323-7.

Sjoberg, E. M., M. Suomalainen and H. GaroflF (1994). "A significantly improved 
Semliki Forest virus expression system based on translation enhancer segments from 
the viral capsid gene." Biotechnology (N Y) 12(11): 1127-31.

Sjostrom, J., & Bergh, J. (2001). "How apoptosis is regulated, and what goes wrong in
cancer." Bmj, 322(7301): 1538-9.

Skobe, M., Rockwell, P., Goldstein, N., Vosseler, S., & Fusenig, N. E. (1997). 
"Halting angiogenesis suppresses carcinoma cell invasion." Nat Med, 3(11): 1222-7.

Skoging, U., & Liljestrom, P. (1998). "Role o f the C-terminal tryptophan residue for 
the structure-function of the alphavirus capsid protein." J Mol Biol, 279(4): 865-72.

Skoging, U., M. Vihinen, L. Nilsson and P. Liljestrom (1996). "Aromatic interactions 
define the binding o f the alphavirus spike to its nucleocapsid." Structure 4(5): 519-29.

Skoging-Nyberg, U., & Liljestrom, P. (2000). "A conserved leucine in the 
cytoplasmic domain of the Semliki Forest virus spike protein is important for 
budding." Arch Virol, 145(6): 1225-30.

Skoging-Nyberg, U., & Liljestrom, P. (2001). "M-X-I motif o f semliki forest virus 
capsid protein affects nucleocapsid assembly." J Virol, 75(10): 4625-32.

Smerdou, C. and P. Liljestrom (1999). “Two-helper RNA system for production of 
recombinant Semliki Forest virus particles.” J Virol 73:1092-98

Smerdou, C., & Liljestrom, P. (1999). "Non-viral amplification systems for gene 
transfer: vectors based on alpha viruses." Curr Opin Mol Ther, 1(2): 244-51.

Smithbum, K. C. and A. J. Haddow (1944). "Semliki Forest virus. Isolation and
pathogenic properties." Jnl Immunol 49: 141-157.

Smyth, J. W., Fleeton, M. N., Sheahan, B. J., & Atkins, G. J. (2005). "Treatment of
rapidly growing K-BALB and CT26 mouse tumours using Semliki Forest virus and
its derived vector." Gene Ther, 12(2): 147-59.

Sobol, R. and Scanlon, K. J. (1995). Clinical protocol lists. Can. Gene Ther. 2:225- 
234.

Sobol, R. E., Fakhrai, H., Shawler, D., Gjerset, R., Dorigo, O., Carson, C., Khaleghi, 
T., Koziol, J., Shiftan, T. A., & Royston, I. (1995). "Interleukin-2 gene therapy in a 
patient with glioblastoma." Gene Ther, 2(2): 164-7.

231



Sobota, V., Bubenik, J., Simova, J., & Jandlova, T. (2000). "Intratumoral IL-12 gene 
transfer improves the therapeutic efficacy o f  IL-12 but not IL-19." Folia Biol (Praha), 
46(5): 191-3.

Sorrentino, G., Singh, 1. N., Hubsch, A., Kanfer, J. N., Mykita, S., & Massarelli, R. 
(1992). "Muscarinic binding sites in a catecholaminergic human neuroblastoma cell 
line." Neurochem Res, 17(3): 215-22.

Sotomayor, E. M., Borrello, I., & Levitsky, H. L (1996). "Tolerance and cancer: a 
critical issue in tumor immunology." Crit Rev Oncog, 7(5-6): 433-56.

Southam, C. M., & Moore, A. E. (1952). "Clinical studies o f  viruses as antineoplastic 
agents with particular reference to Egypt 101 virus." Cancer, 5(5): 1025-34.

Sperandio, S., de Belle, L, & Bredesen, D. E. (2000). "An alternative, nonapoptotic 
form o f  programmed cell death." Proc Natl Acad Sci U S A ,  97(26): 14376-81.

Stephenson, J. R. and S. A. Aaronson (1972). "Antigenic properties o f  murine 
sarcoma virus-transformed BALB-3T3 nonproducer cells." J Exp Med 135(3): 503- 
15.

Stojdl, D. F., Lichty, B., Knowles, S., Marius, R., Atkins, H., Sonenberg, N., & Bell, 
J. C. (2000). "Exploiting tumor-specific defects in the interferon pathway with a 
previously unknown oncolytic virus." Nat Med, 6(7): 821-5.

Strauss, J. H. and E. G. Strauss (1994). "The alphaviruses: gene expression, 
replication, and evolution." Microbiol Rev 58(3): 491-562.

Strauss, J. H., E. G. Strauss and R. J. Kuhn (1995). "Budding o f  alphaviruses." Trends 
Microbiol 3(9): 346-50.

Symonds, H., Krall, L., Remington, L., Saenz Robles, M., Jacks, T., & Van Dyke, T. 
(1994). "p53-dependent apoptosis in vivo: impact o f  p53 inactivation on 
tumorigenesis." Cold Spring Harb Symp Quant Biol, 59: 247-57.

Szabo, S. J., Dighe, A. S., Gubler, U., & Murphy, K. M. (1997). "Regulation o f  the 
interleukin (IL)-12R beta 2 subunit expression in developing T helper 1 (T h l) and 
Th2 cells." J Exp Med, 185(5): 817-24.

Takahashi, M., Funato, T., Suzuki, Y., Fujii, H., Ishii, K. K., Kaku, M., & Sasaki, T. 
(2002). "Chemically modified ribozyme targeting TNF-alpha mRNA regulates TNF- 
alpha and IL-6 synthesis in synovial fibroblasts o f  patients with rheumatoid arthritis." 
J Clin Immunol, 22(4): 228-36.

Takahashi, N., Kawada, T., Yamamoto, T., Goto, T., Taimatsu, A., Aoki, N., 
Kawasaki, H., Taira, K., Yokoyama, K. K., Kamei, Y., & Fushiki, T. (2002). 
"Overexpression and ribozyme-mediated targeting o f  transcriptional coactivators 
CREB-binding protein and p300 revealed their indispensable roles in adipocyte 
differentiation through the regulation o f peroxisome proliferator-activated receptor 
gamma." J Biol Chem, 277(19): 16906-12.

232



Takkinen, K., J. Peranen and L. Kaariainen (1991). "Proteolytic processing of Semliki 
Forest virus-specific non-structural polyprotein." J Gen Virol 72 ( Pt 7): 1627-33.

Tan, H., Liu, A., & Wan, J. (1998). "[A multiple variable analysis about the risk 
factors of breast cancer in women]." Hunan Yi Ke Da Xue Xue Bao, 23(4): 365-8.

Tanaka, K., Towata, S., Nakao, K., Mizuguchi, H., Hayakawa, T., Niwa, M., Ishii, N., 
& Nagayama, Y. (2003). "Thyroid cancer immuno-therapy with retroviral and 
adenoviral vectors expressing granulocyte macrophage colony stimulating factor and 
interleukin-12 in a rat model." Clin Endocrinol (Oxf), 59(6): 734-42.

Tao, G., Zou, H., & Hu, J. (2001). "[Anti-tumor immune response to cervical 
carcinoma induced by costimulatory molecule B7 gene in mice]." Zhonghua Fu Chan 
Ke Za Zhi, 36(2): 111-4.

Taqi, A. M., M. B. Abdurrahman, A. M. Yakubu and A. F. Fleming (1981). 
"Regression o f Hodgkin's disease after measles." Lancet 1(8229): 1112.

Tatsumi, T., Huang, J., Gooding, W. E., Gambotto, A., Robbins, P. D., Vujanovic, N. 
L., Alber, S. M., Watkins, S. C., Okada, H., & Storkus, W. J. (2003). "Intratumoral 
delivery o f dendritic cells engineered to secrete both interleukin (IL)-12 and IL-18 
effectively treats local and distant disease in association with broadly reactive Tcl- 
type immunity." Cancer Res, 63(19): 6378-86.

Thomas, J. W. (1959). "Allergic reactions following insect bites and stings and their 
management." W V Med J, 55(4): 115-21.

Toda, M. (2003). "Immuno-viral therapy as a new approach for the treatment o f brain 
tumors." Drug News Perspect 16(4): 223-9.

Toda, M., Rabkin, S. D., & Martuza, R. L. (1998). "Treatment o f human breast cancer 
in a brain metastatic model by G207, a replication-competent multimutated herpes 
simplex virus 1." Hum Gene Ther, 9(15): 2177-85.

Toda, M., S. D. Rabkin, H. Kojima and R. L. Martuza (1999). "Herpes simplex virus 
as an in situ cancer vaccine for the induction of specific anti-tumor immunity." Hum 
Gene Ther 10(3): 385-93.

Toes, R. E., Ossendorp, F., Oflfringa, R., & Melief, C. J. (1999). "CD4 T cells and 
their role in antitumor immune responses." J Exp Med, 189(5): 753-6.

Tooker, P. and S. I. Kennedy (1981). "Semliki Forest virus multiplication in clones of 
Aedes albopictus cells." J Virol 37(2): 589-600.

Trinchieri, G. (1995). "Interleukin-12 and interferon-gamma. Do they always go 
together?" Am J Pathol, 147(6): 1534-8.

Trinchieri, G. (1995). "Interleukin-12: a proinflammatory cytokine with
immunoregulatory functions that bridge innate resistance and antigen-specific 
adaptive immunity." Annu Rev Immunol, 13: 251-76.

233



Trinchieri, G. (1998). "Immunobiology o f interleukin-12." Immunol Res, 17(1-2): 
269-78.

Trinchieri, G. (1998). "Interleukin-12: a cytokine at the interface o f inflammation and 
immunity." Adv Immunol, 70: 83-243.

Trinchieri, G., & Scott, P. (1995). "Interleukin-12: a proinflammatory cytokine with 
immunoregulatory functions." Res Immunol, 146(7-8): 423-31.

Trono, D. (2000). Lentiviral vectors: turning a deadly foe into a therapeutic agent. 
Gene Ther. 7:20-23.

Tsang, K. Y., Zaremba, S., Nieroda, C. A., Zhu, M. Z., Hamilton, J. M., & Schlom, J. 
(1995). "Generation o f human cytotoxic T cells specific for human carcinoembryonic 
antigen epitopes from patients immunized with recombinant vaccinia-CEA vaccine." 
J Natl Cancer Inst, 87(13): 982-90.

Tseng, J. C., B. Levin, A. Hurtado, H. Yee, I. Perez de Castro, M. Jimenez, P. 
Shamamian, R. Jin, R. P. Novick, A. Pellicer and D. Meruelo (2004). "Systemic 
tumor targeting and killing by Sindbis viral vectors." Nat Biotechnol 22(1): 70-7.

Tseng, J. C., Levin, B., Hurtado, A., Yee, H., Perez de Castro, I., Jimenez, M., 
Shamamian, P., Jin, R., Novick, R. P., Pellicer, A., & Menielo, D. (2004). "Systemic 
tumor targeting and killing by Sindbis viral vectors." Nat Biotechnol, 22(1): 70-7.

Tsujimoto, Y., Jaffe, E., Cossman, J., Gorham, J., Nowell, P. C., & Croce, C. M. 
(1985). "Clustering o f breakpoints on chromosome 11 in human B-cell neoplasms 
with the t(l 1;14) chromosome translocation." Nature, 315(6017): 340-3.

Tubulekas, I. and P. Liljestrom (1998). "Suppressors o f cleavage-site mutations in the 
p62 envelope protein of Semliki Forest virus reveal dynamics in spike structure and 
function." J Virol 72(4): 2825-31.

Tuittila, M. and A. E. Hinkkanen (2003). "Amino acid mutations in the replicase 
protein nsP3 of Semliki Forest virus cumulatively affect neurovirulence." J Gen Virol 
84(Pt 6): 1525-33.

Ubol, S., Tucker, P. C., Griffin, D. E., & Hardwick, J. M. (1994). "Neurovirulent 
strains o f Alphavirus induce apoptosis in bcl-2-expressing cells: role o f a single amino 
acid change in the E2 glycoprotein." Proc Natl Acad Sci U S A, 91(11): 5202-6.

Uyttenhove, C., Maryanski, J., & Boon, T. (1983). "Escape o f mouse mastocytoma 
P815 after nearly complete rejection is due to antigen-loss variants rather than 
immunosuppression." J Exp Med, 157(3): 1040-52.

Vaha-Koskela, M. J., M. T. Tuittila, P. T. Nygardas, J. K. Nyman, M. U. Ehrengruber, 
M. Renggli and A. E. Hinkkanen (2003). "A novel neurotropic expression vector 
based on the avirulent A7(74) strain o f Semliki Forest virus." J Neurovirol 9(1): 1-15.

Van den Eynde, B. J., & Boon, T. (1997). "Tumor antigens recognized by T 
lymphocytes." Int J Clin Lab Res, 27(2): 81-6.

234



Van den Eynde, B. J., & van der Bruggen, P. (1997). "T cell defined tumor antigens." 
Curr Opin Immunol, 9(5): 684-93.

Van den Eynde, B., Lethe, B., Van Pel, A., De Plaen, E., & Boon, T. (1991). "The 
gene coding for a major tumor rejection antigen o f tumor P815 is identical to the 
normal gene of syngeneic DBA/2 mice." J Exp Med, 173(6): 1373-84.

van der Bruggen, P., Traversari, C., Chomez, P., Lurquin, C., De Plaen, E., Van den 
Eynde, B., Knuth, A., & Boon, T. (1991). "A gene encoding an antigen recognized by 
cytolytic T lymphocytes on a human melanoma." Science, 254(5038): 1643-7.

Veenstra, K. G., Jonak, Z. L., Trulli, S., & Gollob, J. A. (2002). "IL-12 induces 
monocyte IL-18 binding protein expression via IFN-gamma." J Immunol, 168(5): 
2282-7.

Vile, R. G., Nelson, J. A., Castleden, S., Chong, H., & Hart, I. R. (1994). "Systemic 
gene therapy of murine melanoma using tissue specific expression o f the HSVtk gene 
involves an immune component." Cancer Res, 54(23): 6228-34.

Vile, R., D. Ando and D. Kim (2002). "The oncolytic virotherapy treatment platform 
for cancer: unique biological and biosafety points to consider." Cancer Gene Ther 
9(12): 1062-7.

Voest, E. E., Kenyon, B. M., O'Reilly, M. S., Truitt, G., D'Amato, R. J., & Folkman, 
J. (1995). "Inhibition o f angiogenesis in vivo by interleukin 12." J Natl Cancer Inst, 
87(8): 581-6.

Vogel, R. H., S. W. Provencher, C. H. von BonsdorflF, M. Adrian and J. Dubochet 
(1986). "Envelope structure of Semliki Forest virus reconstructed from cryo-electron 
micrographs." Nature 320(6062): 533-5.

Vogelstein, B., Lane, D., & Levine, A. J. (2000). "Surfing the p53 network." Nature, 
408(6810): 307-10.

von Bonsdorff CH, Harrison SC. (1975). Sindbis virus glycoproteins form a regular 
icosahedral surface lattice. J Virol. 16(1): 141-145.

Waarts, B. L., Smit, J. M., Aneke, O. J., Mclnemey, G. M., Liljestrom, P., Bittman, 
R., & Wilschut, J. (2005). "Reversible acid-induced inactivation o f the membrane 
fusion protein o f Semliki Forest virus." J Virol, 79(12): 7942-8.

Wahlberg JM, Bron R, Wilschut J, GaroflF H. (1992). Membrane fusion o f Semliki 
Forest virus involves homotrimers o f the fusion protein. J Virol. 66(12): 7309-7318.

Wahlberg JM, Garoff H. (1992). Membrane fusion process o f Semliki Forest virus. I: 
Low pH-induced rearrangement in spike protein quaternary structure precedes virus 
penetration into cells. J Cell Biol. 116(2): 339-348

Wahlfors, J. J., Zullo, S. A., Loimas, S., Nelson, D. M., & Morgan, R. A. (2000). 
"Evaluation o f recombinant alphaviruses as vectors in gene therapy." Gene Ther, 7(6): 
472-80.

235



Wallack, M. K., Scoggin, S. D., & Sivanandham, M. (1992). "Active specific 
immunotherapy with vaccinia melanoma oncolysate." Mt Sinai J Med, 59(3): 227-33.

Wang, R. F. (2003). "Identification o f MHC class 11-restricted tumor antigens 
recognized by CD4+ T cells." Methods, 29(3): 227-35.

Wang, R., Epstein, J., Charoenvit, Y., Baraceros, F. M., Rahardjo, N., Gay, T., 
Banania, J. G., Chattopadhyay, R., de la Vega, P., Richie, T. L., Tomieporth, N., 
Doolan, D. L., Kester, K. E., Heppner, D. G., Norman, J., Carucci, D. J., Cohen, J. D., 
& Hoffinan, S. L. (2004). "Induction in humans o f  CD8+ and CD4+ T cell and 
antibody responses by sequential immunization with malaria DNA and recombinant 
protein." J Immunol, 172(9): 5561-9.

Weber, S. M., Shi, F., Heise, C., Warner, T., & Mahvi, D. M. (1999). "Interleukin-12 
gene transfer results in CD8-dependent regression o f murine CT26 liver tumors." Ann 
Surg Oncol, 6(2): 186-94.

Weinberg, R. A. (1994). "Oncogenes and tumor suppressor genes." CA Cancer J Clin 
44(3): 160-70.

Weiss B, Nitschko H, Ghattas I, Wright R, Schlesinger S. (1989). Evidence for 
specificity in the encapsidation o f  Sindbis virus RNAs. J Virol. 63(12): 5310-5318.

Wheelock, E. F. and J. H. Dingle (1964). "Observations on the Repeated 
Administration o f  Viruses to a Patient with Acute Leukemia. A Preliminary Report." 
N Engl J Med 271: 645-51.

White, C. L., M. Thomson and N. J. Dimmock (1998). "Deletion analysis o f  a 
defective interfering Semliki Forest virus RNA genome defines a region in the nsP2 
sequence that is required for efficient packaging o f the genome into virus particles." J 
Virol 72(5): 4320-6.

Wildner, O. (2001). "Oncolytic viruses as therapeutic agents." Ann Med, 33(5): 291- 
304.

Willems WR, Kaluza G, Boschek CB, Bauer H, Hager H, Schutz HJ, et al. (1979). 
Semliki forest virus: cause o f  a fatal case o f human encephalitis. Science. 203(4385): 
1127-1129.

Witholf, S., K. L. Glazenburg, M. L. van Veen, M. M. Kraak, G. A. Hospers, S. 
Storkel, E. G. de Vries, J. Wilschut and T. Daemen (2001). "Replication-defective 
recombinant Semliki Forest virus encoding GM-CSF as a vector system for rapid and 
facile generation o f  autologous human tumor cell vaccines." Gene Ther 8(20): 1515- 
23.

Wolpoe, M. E., Lutz, E. R., Ercolini, A. M., Murata, S., Ivie, S. E., Garrett, E. S., 
Emens, L. A., JafFee, E. M., & Reilly, R. T. (2003). "HER-2/neu-specific monoclonal 
antibodies collaborate with HER-2/neu-targeted granulocyte macrophage colony- 
stimulating factor secreting whole cell vaccination to augment CD8+ T cell effector 
function and tumor-fi'ee survival in Her-2/neu-transgenic mice." J Immunol, 171(4): 
2161-9.

236



Wong, R. J., Patel, S. G., Kim, S., DeMatteo, R. P., Malhotra, S., Bennett, J. J., St- 
Louis, M., Shah, J. P., Johnson, P. A., & Fong, Y. (2001). "Cytokine gene transfer 
enhances herpes oncolytic therapy in murine squamous cell carcinoma." Hum Gene 
Ther, 12(3): 253-65.

Wyllie, A. M., Beveridge, M. E., & Smith, I. (1972). "Intraocular pressure during 4- 
hydroxybutyrate narcosis." Br J Ophthalmol, 56(5): 436-8.

Xiang, H., Wang, J., Mao, Y. W., & Li, D. W. (2000). "hTERT can function with 
rabbit telomerase RNA: regulation o f  gene expression and attenuation o f  apoptosis." 
Biochem Biophys Res Commun, 278(3): 503-10.

Yamanaka, K., Hara, I., Nagai, H., Miyake, H., Gohji, K., Micallef, M. J., Kurimoto, 
M., Arakawa, S., & Kamidono, S. (1999). "Synergistic antitumor effects o f 
interleukin-12 gene transfer and systemic administration o f  interleukin-18 in a mouse 
bladder cancer model." Cancer Immunol Immunother, 48(6): 297-302.

Yamanaka, R. (2004). "Alphavirus vectors for cancer gene therapy (review)." Int J 
Oncol 24(4): 919-23.

Yamanaka, R., N. Tsuchiya, N. Yajima, J. Honma, H. Hasegawa, R. Tanaka, J. 
Ramsey, R. M. Blaese and K. G. Xanthopoulos (2003). "Induction o f  an antitumor 
immunological response by an intratumoral injection o f  dendritic cells pulsed with 
genetically engineered Semliki Forest virus to produce interleukin-18 combined with 
the systemic administration o f  interleukin-12." J Neurosurg 99(4): 746-53.

Yamanaka, R., N. Yajima, N. Tsuchiya, J. Honma, R. Tanaka, J. Ramsey, M. Blaese 
and K. G. Xanthopoulos (2002). "Administration o f interleukin-12 and -18 enhancing 
the antitumor immunity o f genetically modified dendritic cells that had been pulsed 
with Semliki forest virus-mediated tumor complementary DNA." J Neurosurg 97(5): 
1184-90.

Yamanaka, R., S. A. Zullo, J. Ramsey, M. Onodera, R. Tanaka, M. Blaese and K. G. 
Xanthopoulos (2001). "Induction o f therapeutic antitumor antiangiogenesis by 
intratumoral injection o f  genetically engineered endostatin-producing Semliki Forest 
virus." Cancer Gene Ther 8(10): 796-802.

Yamanaka, R., S. A. Zullo, J. Ramsey, N. Yajima, N. Tsuchiya, R. Tanaka, M. Blaese 
and K. G. Xanthopoulos (2002). "Marked enhancement o f  antitumor immune 
responses in mouse brain tumor models by genetically modified dendritic cells 
producing Semliki Forest virus-mediated interleukin-12." J Neurosurg 97(3): 611-8.

Yamanaka, R., Tsuchiya, N., Yajima, N., Honma, J., Hasegawa, H., Tanaka, R., 
Ramsey, J., Blaese, R. M., & Xanthopoulos, K. G. (2003). "Induction o f  an antitumor 
immunological response by an intratumoral injection o f  dendritic cells pulsed with 
genetically engineered Semliki Forest virus to produce interleukin-18 combined with 
the systemic administration o f  interleukin-12." J Neurosurg, 99(4): 746-53.

Yamanishi, K., Hosai, H., Ueda, S., Takahashi, M., & Okuno, Y. (1970). "Studies on 
live attenuated mumps virus vaccine. II. Biological characteristics o f  the strains

237



adapted to the amniotic and chorioallantoic cavity of developing chick embryos." 
Biken J, 13(2): 127-32.

Yanamandra, N., Kondraganti, S., Gondi, C. S., Gujrati, M., Olivero, W. C., Dinh, D. 
H., & Rao, J. S. (2005). "Recombinant adeno-associated virus (rAAV) expressing 
TFPI-2 inhibits invasion, angiogenesis and tumor growth in a human glioblastoma 
cell line." Int J Cancer, 115(6): 998-1005.

Yang, G., Stapleton, A. M., Wheeler, T. M., Truong, L. D., Timme, T. L., Scardino, 
P. T., & Thompson, T. C. (1996). "Clustered p53 immunostaining: a novel pattern 
associated with prostate cancer progression." Clin Cancer Res, 2(2): 399-401.

Yang, S., Vervaert, C. E., Seigler, H. P., & Darrow, T. L. (1999). "Tumor cells 
cotransduced with B7.1 and gamma-IFN induce effective rejection o f established 
parental tumor." Gene Ther, 6(2): 253-62.

Yang, T., Buchan, H. L., Townsend, K. J., & Craig, R. W. (1996). "MCL-1, a member 
o f the BLC-2 family, is induced rapidly in response to signals for cell differentiation 
or death, but not to signals for cell proliferation." J Cell Physiol, 166(3): 523-36.

Yeung, S. N., & Tufaro, F. (2000). "Replicating herpes simplex virus vectors for 
cancer gene therapy." Expert Opin Pharmacother, 1(4) 623-31.

Ying, H., Zaks, T. Z., Wang, R. F., Irvine, K. R., Kammula, U. S., Marincola, F. M., 
Leitner, W. W., & Restifo, N. P. (1999). "Cancer therapy using a self-replicating 
RNA vaccine." Nat Med, 5(7): 823-7.

Yoshimura, K., Hazama, S., lizuka, N., Yoshino, S., Yamamoto, K., Muraguchi, M., 
Ohmoto, Y., Noma, T., & Oka, M. (2001). "Successful immunogene therapy using 
colon cancer cells (colon 26) transfected with plasmid vector containing mature 
interleukin-18 cDNA and the Igkappa leader sequence." Cancer Gene Ther, 8(1): 9- 
16.

Yu, D. C., G. T. Sakamoto and D. R. Henderson (1999). "Identification o f the 
transcriptional regulatory sequences o f  human kallikrein 2 and their use in the 
construction o f calydon virus 764, an attenuated replication competent adenovirus for 
prostate cancer therapy." Cancer Res 59(7): 1498-504.

Yu, Z., & Restifo, N. P. (2002). "Cancer vaccines: progress reveals new 
complexities." J Clin Invest, 110(3): 289-94.

Zhang, J., Asselin-Paturel, C., Bex, F., Bernard, J., Chehimi, J., Willems, F., 
Caignard, A., Berglund, P., Liljestrom, P., Bumy, A., & Chouaib, S. (1997). "Cloning 
o f human IL-12 p40 and p35 DNA into the Semliki Forest virus vector: expression of 
IL-12 in human tumor cells." Gene Ther, 4(4): 367-74.

Zhang, X., & Kielian, M. (2005). "An interaction site o f the envelope proteins of 
Semliki Forest virus that is preserved after proteolytic activation." Virology, 337(2): 
344-52.

Zhang, Y., Qie, M., Zeng, X., Cheng, J., Wu, J., & Liu, J. (1998). "[The effect o f a 
vaccine made from 39kd hydrophobic outer membrane protein o f Leptospira

238



interrogans on neurohumoral and red cell immunity function o f  the guinea pigs]." Hua 
Xi Yi Ke Da Xue Xue Bao, 29(2): 117-21.

Zhou, X., Berglund, P., Rhodes, G., Parker, S. E., Jondal, M., & Liljestrom, P. (1994). 
"Self-replicating Semliki Forest virus RNA as recombinant vaccine." Vaccine, 
12(16): 1510-4.

Zhou, X., Berglund, P., Zhao, H., Liljestrom, P., & Jondal, M. (1995). "Generation o f 
cytotoxic and humoral immune responses by nonreplicative recombinant Semliki 
Forest virus." Proc Natl Acad Sci U S A ,  92(7): 3009-13.

Zomig, M., Hueber, A., Baum, W., & Evan, G. (2001). "Apoptosis regulators and 
their role in tumorigenesis." Biochim Biophys Acta, 1551(2): F l-37.

239



APPENDICES



Group" TNE control rSFV -EG FP
(4xlO^IU/dose)

rSFV -EG FP
(4xlO''lU/dose)

rSFV-EGFP
(4xlO’lU/dose)

rSFV10-E-IL12
(4xlO’lU/dose)

rSFV10-E-IL12
(4xl0’‘lU/dose)

rSFV10-E-IL12
(4xlO’ lU/dose)

rSFV10-IL12
(4xl0‘'lU/dose)

TNE control - ns*” ns ns P < 0.001 P < 0.001 P <  0.001 P < 0.05

rSFV -EG FP
(4xlO’lU/dose) ns - nd‘= nd P < 0.05 nd nd nd

rSFV -EG FP
(4xl0“iy/dose) ns nd - nd nd P < 0 .0 1 nd nd

rSFV-EGFP
(4xlO'’lU/dose) ns nd nd - nd nd P < 0.001 ns

rSFV10-E-IL12
(4xlO’ lU/dose) P < 0 .0 1 P < 0.05 nd nd - nd nd nd

rSFV I0-E-lL12
(4xlO"lU/dose) P < 0.001 nd ns nd nd - nd nd

rSFV I0-E-lL12
(4xlO'*IU/dose) P < 0.001 nd nd ns nd nd - P < 0.001

rSFV10-lL12
(4xlO’ lU/dose) P < 0.05 nd nd ns nd nd P < 0.001 -

Appendix 9.1 Probabilities of differences between groups trea ted  with TNE or rSFV-IL12 or rSFV -EG FP VLPs for K-BALB tumours.

A one-way repeated measures ANOVA was performed on all treated groups and Tukey’s multiple comparison post-test was used to compare groups to each other. “Six mice were 

used per treatment group, and tumour treatment by direct injection (virus or TNE buffer as control) commenced when tumours had reached 4 mm in diameter, ‘’ns; not significant 

(i.e., P>0.5), “̂ nd; not done. Results are representative of three independent experiments.

a



a b

Group" TNE
control

rSFV-EGFP
(4xlO’lU/dose)

rSFV10-E-IL12
(4xlO’lU/dose)

TNE control - ns*" P < 0.001

rSFV-EGFP
(4xlO''lU/dose) ns - P < 0.001

rSFV10-E-!L12
(4xlO''lU/dose) P < 0.001 P < 0.001 -

Group" TNE
control

rSFV-EGFP
(4xlO’lU/dose)

rSFV10-E-IL12
(4xlO'*lU/dose)

TNE control - ns*’ P< 0.001

rSFV-EGFP
(4xlO''lU/dose) ns - P< 0.001

rSFV10-E-IL12
(4xl0’lU/dose) P < 0.001 P < 0.001 -

Appendix 9.2 Probabilities of differences between groups treated with TNE or rSFV10-E-IL12 or rSFV-EGFP VLPs at 4xlO’lU/dose for CT26 (a) and 4T1 (b) tumours.

A one-way repeated m easures ANOVA was perform ed on all treated groups and Tukey’s m ultiple com parison post-test was used to com pare groups to each other. “Six mice were 

used per treatm ent group, and tum our treatm ent by direct injection (virus or TNE buffer as control) commenced when tum ours had reached 4 mm in diameter, '’ns; not significant 

(i.e., P>0.5). Results are representative o f  two independent experiments.

b



Group" TNE
control

rSFV-EGFP
(4xlO’lU/dose)

rSFV10-E-IL18
(4xlO‘'lU/dose)

TNE control - ns** P < 0.01

rSFV-EGFP
(4xlO’lU/dose) ns - P < 0.01

rSFV10-E-IL18
(4xlO’lU/dose) P < 0.01 P<0.01 -

Appendix 9.3 Probabilities of differences between groups treated with TNE, rSFV-EGFP VLPs or rSFV10-E-IL18 at a titre of 4xlO’lU/dose for K-BALB and CT26 

tumours.

A one-way repeated m easures ANOVA was perform ed on all treated groups and Tukey’s m ultiple com parison post-test was used to com pare groups to each other. “Six mice were 

used per treatm ent group, and tum our treatm ent by direct injection (virus or TNE buffer as control) com menced when tum ours had reached 4 mm in diam eter, “"ns; not significant 

(i.e., P>0.05). The data for both K-BALB and CT26 tum ours were sim ilar for all the groups. Results are representative o f  two independent experim ents.
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egression of mouse tumours and inhibition of 
fnetastases following administration of a Semliki 
Forest virus vector with enhanced expression of IL-12
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The Semliki Forest virus (SFV) vector is an RNA-based 
suicide expression vector that has been used experimentally 
lor tumour therapy. Recently, a new enhanced vector 
oSFVW-E has been developed that expresses foreign genes 
it levels up to 10 times higher than the original vector. 
Interleukin-12 (IL-12), an immunomodulatory cytokine, plays 
a key role in the induction of T-helper1 responses. The two 
IL-12 gene subunits were cloned from mouse splenocytes 
3nd inserted into the pSFVIO-E and pSFVIO (nonenhanced) 
vectors. Both constructs expressed and secreted biologically 
ictive murine IL-12. Administration of high titre rSFVIO-E- 
112 particles intratumourally to treat implanted K-BALB

tumours in BALB/c mice demonstrated complete tumour 
regression in comparison to control or rSFV1Q-lL12 treated 
groups. High titre rSFV10-E-IL12 particles were also 
effective in the CT26 tumour model. Histological and 
immunohistochemical studies revealed tumour necrosis in 
addition to aggressive influx of CD4+ and CD8+ T cells and 
other immune cells. Furthermore, inhibition of primary tumour 
growth and lung metastases of a metastatic (4T1) tumour 
model indicated the potential of high titres of rSFV10-E-IL12 
particles as an efficient antitumour therapeutic agent.
Gene Therapy (2005) 12, 1253-1263. doi:10.1038/ 
sj,gt.3302561; published online 2 June 2005

Keywords: interleukin-12; Semliki Forest virus vectors; antiangiogenesis; tumour models; metastasis inhibition; cancer gene 
iherapy

Introduction
Research on cancer gene therapy has largely focused on 
induction of apoptosis in cancer cells or on stimulation 
of immune mechanisms to eliminate cancer cells. Many 
investigations have used viral vectors such as retro, 
adeno, adeno-associated, or alphavirus vectors. Alpha- 
yirus vectors demonstrate high-level expression of het­
erologous proteins in a broad host range of cellŝ "̂  ̂ and 
have been shown to induce apoptosis in infected cells.®-̂  

Semliki Forest virus (SFV), an alphavirus, is an 
enveloped positive-sense RNA virus of the family 
Togaviridae; it has been developed into a transient 
RNA-based suicidal expression vector system.® This 
system consists of a vector in which foreign genes can 
be expressed, and two helper vectors that encode the 
structural protein genes. Cotransfection of all three 
vectors into cells results in release of recombinant 
virus-like particles (VLFs) coding for the foreign gene.® 
The SFV vector system has several advantages over other 
vector systems in its broad host range and inherent 
ability to induce apoptosis.^”

SFV vectors have been successfully used to induce 
in vivo expression of a number of genes such as cyto-

Correspondence: Professor GJ Atkins, Virus Group, Department of 
Microbiology, Moyne Institute, Trinity College, Dublin 2, Ireland 
Received 12 January 2005; accepted 25 April 2005; published online 
2 June 2005

kines,"“”  tumour-associated antigens (TAA),^ '̂’“ and 
vaccine antigens,’ -̂’'’ and to deliver therapeutic genes 
to the central nervous s y s t e m . I t  has been shown that 
recombinant SFV (rSFV) particles can efficiently infect 
tumour cells and that intratumoural treatment with rSFV 
particles results in the induction of p53-independent 
apoptosis leading to significant tumour inhibition. 
However, in order to achieve complete regression in at 
least a proportion of treated mice, multiple treatments at 
relatively high doses are needed.^ SFV vectors expressing 
the cytokine interleukin-12 (IL-12) induce tumour regres­
sion mainly by inhibition of angiogenesis.’® Clinical trials 
(Phase I and II) have been planned to use liposome- 
encapsulated SFV vectors expressing IL-12 in the treat­
ment of several tumours, including glioblastoma multi- 
forme. '̂* These and other studies have indicated that the 
SFV vector is an effective tumour therapy agent.“

An enhanced SFV expression vector system, pSFVlO-E, 
has been developed which has been shown to produce 
up to 10 times more foreign protein than the original SFV 
vector. This vector contains the N-terminal 34 amino 
acids of the SFV capsid protein followed by the foot 
and mouth disease virus (FMDV) 2A cleavage sequence 
(Figure 1). The capsid enhancer drives the enhanced 
expression of the foreign genes^° and the FMDV 
protease cleaves the expressed protein from the capsid 
enhancer

Immuno-gene therapy with cytokines is one of the 
strategies being developed for the activation of
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1254
pSFV10-E-lL12

Spet (9681)

Smal (9666)

26S-p35 (8588-9665)

HindIIU8553) 

p40 (7544-8557)

HindIIU7539)
FMDV cleavage (7523-7537)

Capsid enhancer (7421-7522)

SP6 promoter

12849 bp

26S promoter

nsPl-4 enh p40 enh p35

gcaccatgaattacatccctacgcaaacgttttacggccgccggtggcgcccgcg 
cccggcggcccgtccttggccgttgcaggccactccggtggctcccgtcgtc
aattttgaccttcttaagcttgcgggagacgtcgagtccaaccctgggccc

nsPl-4 (87-7382)

26S promoter (7383-7414)

SP6 promoter
pSFV10-IL12

nsPl-4 p40 p35

12571bp

26S-p35 (8709-9356)
nsPI-4 (87-7382)

p 40(7410-8417)

26S promoter

Figure 1 The SF V  vectors. The standard SF V  vector SFVIO and the enhanced vector pSFV-E, both expressing the IL-12 subunits p40 and p35 fri 
separate 26S promoters. The plasmid used to transcribe the vector R N A  from  the SP6 promoter (after linearization w ith  Spel) is shown on the left and t 
transcribed R N A  (incorporating the enhancer element (enh) in the case o frSF V-E ) on the right. Recombinant VLPs were produced using the split help 
system.^ The nucleotide sequence o f the enhancer element is shown in the inset. Italics indicate the Kozak and methionine initiation sequences, standa 
typeface codons fo r amino acids 2 -3 4  of the capsid protein, and bold codons fo ri 7 amino acids of the 2A  protein; cleavage occurs before the last amino ac 
(proline).

immune cells to enhance anti tumour responses. Previous 
experiments using SFV vectors expressing cytokines 
have given promising results.” "”  It has been shown  
that the amount of IL-12 available at the tumour site is 
critical for tumour regression. A major drawback of 
systemic treatment with IL-12 is its short plasma half-life 
and the toxicity associated with high systemic concentra­
tions. However, concentration of cytokine at the tumour 
site increases therapeutic efficacy and reduces the 
systemic side effects.^ '̂^^

The cytokine IL-12 is a disulphide linked hetero- 
dimeric protein, comprising a 35 kDa subunit and a 
40 kDa subunit to form a biologically active p70 complex. 
It is produced by antigen-presenting cells such as 
dendritic cells, macrophages, B-cells, and possibly other 
accessory cells, after exposure to infectious agents. IL-12 
induces the differentiation of T-helperl (Thl) CD4+ cells, 
which are inducers of IFN-7  production.^^ It has been 
reported that tumour treatment using IL-12 is associated 
with the expression of the cytokine IFN-y and chemo- 
kines such as IP-10 at the tumour site, inducing the 
antitumour effect through a direct toxic effect on the 
tumour cells or by activating potent antiangiogenic 
mechanisms.^^ The induced antiangiogenic mechanisms 
are complex and dependent both on the direct effect of 
the proinflammatory cytokines/chem okines on endo-
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thelial cells and the recruitment of effector NK an 
T-cells. IL-12-induced specific immunological m em oif 
has been reported, making IL-12 a promising Candida 
for permanent and specific tumour eradication.^^

In this study, we constructed pSFV10-IL12 (norm; 
expression of murine IL-12) and pSFV10-E-IL12 (e: 
hanced expression) vectors and examined the antiti 
mour effect of these constructs. Three different tumo 
m odels were utilised to demonstrate the consistency 
IL-12 therapeutic efficacy. K-BALB cells are murirle 
sarcoma virus transformed mouse fibroblasts that ovei 
express the K-ras oncogene and form aggressive loci- 
lized syngeneic tumours in immunocompetent BALB/ic 
mice on subcutaneous (s.c.) i n j e c t i o n . C T 2 6  cells a: 
murine colon adenocarcinoma cells which form localizei 
tumours of low  immunogenicity in BALB/c mice afte 
s.c. injection.^®“̂ ° To examine the effect of treatment 01 
a metastasizing tumour model, w e have selected thj 
highly malignant, spontaneously metastasising 4T 
m ouse mammary carcinoma model that also readil 
develops into tumours on s.c. implantation.^^"^^ Co: 
plete and permanent in vivo tumour regression wi 
found in all three tumour models treated with hig 
titre rSFV10-E-IL12 particles, and in the case of th 
4T1 model, inhibition of metastasis formation alsp 
occurred.
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Results
Comparative analysis of IL-12 expression levels 

'{llie difference in expression levels of murine IL-12 
)etween the two vector constructs pSFV10-E-IL12 and 
)SFV10-IL12 (Figure 1) was examined by qualitative and 
[uantitative assays in BHK-21 and K-BALB cells. By 
nmunohistochemistry, cells infected with rSFVlO-E- 
L12 VLPs were more intensely stained due to high-level 
xpression compared to rSFV10-IL12-infected cells 
Figure 2). This was confirmed by an ELISA assay of 
upernatants from infected BHK-21 and K-BALB cells, 
he expression levels of IL-12 in BHK-21 cells by rSFVlO- 
S-IL12 were found to be 3-4 times higher than rSWlO- 
L12 VLPs, whereas in K-BALB cells, a 10-fold difference 
was found (Figure 3). As expected, mock-infected and 
fiFVlO-EGFP-infected control BHK-21 and K-BALB cells 
showed no IL-12 expression. Expression levels of IL-12 
were broadly similar to those obtained for adeno^"* and 
herpes^® vectors expressing the same cytokine.

^Biological activity of secreted  murine IL-12 
Siologically active IL-12 induces T cells to secrete 
interferon-y (IFN-y). An ELISA measured the production 
of IFN-y from supernatants of murine splenocyte 
cultures 24 h after stimulation with supernatants of 
l^LP-infected BHK-21 cells or K-BALB cells. This showed 
that supernatants of such infected BHK-21 and K-BALB 
cells, containing IL-12, stimulated splenocytes to produce 
similar levels of IFN-y to the positive Concavalin A 
(ConA)-treated control (Figure 4). These results con­
firmed the expression and secretion of biologically 
active IL-12 from both rSFV10-E-IL12 and rSFV10-IL12 
vectors. However, the stimulation of IFN-y was not 
directly related to the amount of IL-12 present in the cell 
supernatants; this may reflect a quantal production 
of IFN-y on IL-12 stimulation at a threshold level.
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Treatment of K-BALB, CT26, and4T 1 tumours using 
rSFV particles
Initially, experiments were performed to optimize the 
amount of IL-12 available at the tumour site by varying 
the titres of VLPs administered. K-BALB tumours were 
treated with six injections of rSFV10-IL12 or rSFVlO-E- 
1L12 VLPs at 4 X 10 ,̂ 4 x 10^ and 4 x lU in 50 \ i l /  
dose, whereas CT26 and 4T1 tumours were treated only 
with a titre of 4 x 10® lU (Figure 5, Table 1). An average 
tumour diameter of 4 mm was reached at 4 and 6 days 
postinduction of K-BALB, or CT26, and 4T1 tumours, 
respectively. When K-BALB tumours were treated with a 
4x lO ^IU /dose of rSFV10-E-IL12, one mouse showed 
complete tum our regression at day 19 but average 
tumour growth did not show a statistically significant 

^difference compared to either the control TNE buffer or 
rSFVlO-EGFP-treated groups (Table 1). For K-BALB 
tumours treated with 4 x 10®IU/dose of rSFV10-E-IL12, 
three out of six mice showed complete tum our regression 
and increased median survival time compared to the 
controls (Table 1). Finally, all six mice bearing K-BALB 
tumours showed complete tumour regression when 
treated with six intratumoural injections of 4 x 10® lU 
(Figure 5a, Table 1). None of the rSFV10-IL12-treated 
mice showed regression, and there was no overall 
significant growth inhibition compared to the TNE-

1255
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Figure 2 Immunocytochemical staining for IL-12. BHK-21 cells were 
mock infected (a) or infected with rSFV-IL12 replicons and examined at 
24 h postinfection by immunocytochemical staining for IL-12 (brown 
stain). The expression levels of IL-12-positive cells infected with rSFVlO- 
IL12 (b) were distinguished from rSFV10-E-lL12-infected (c) cells by 
lower staining intensities. Original magnification x  200.
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Figure 3 Comparative analysis of IL-12 expression. The level of secreted 
IL-12 from cells infected with VLPs was quantified by ELISA for BHK-21 
cells and K-BALB cells. The values given represent IL-12 secretion from 
5 x l ( f i  cells.

treated group. In these experiments, rSFVlO-EGFP and 
rSFV-IL12 showed some inhibitory effect on tumour 
growth during the treatment stage, but overall had no 
significant effect. This initial slower tumour growth rate 
may be due to the inherent ability of rSW  VLPs to 
induce apoptosis in tumour cells.B ased on these results 
for K-BALB cells, treatment of CT26 tumours was carried 
out using six doses of high titre (4 x 10® lU in 50 |il/dose) 
rSFV10-E-IL12 VLPs; this dose induced complete tumour 
regression in all six treated mice (Figure 5b, Table 1). All 
tumours that received rSFV VLPs expressing either EGFP 
or IL-12 showed tumour swelling during the treatment 
stage, which related to intratumoural necrosis, inflam­
mation, and oedema.^” The K-BALB and CT26 tumour 
regressed mice were monitored for 3 months to ensure 
no tumour regrowth, indicating that the regressions were 
complete.

Since the treatment efficacy of the rSFV10-E-IL12 
replicon was verified using two different localized 
tumour models, we next examined its potential to inhibit 
the growth of established lung metastases in the 4T1 
mammary tumour model. Established s.c. 4T1 tumours 
on the right abdominal flank of BALB/c mice were

BHK-21 supernatant
40-1

30-

E
M
B

zb

2 0 -

1 0 -

I rSFVlO-EGFP 

i uninfected control 

0333 Without ConA 

With ConA 
rSFVlO-E 1L12 

F = 1  rSFV10-IL12

ii
30-1

2 0 -

eie
?
Zb. 10 -

24 48
Time (h)

K-BALB supernatant

= . E

I
24 48 

Time (h)

Figure 4 IFN-y ELISA. An ELISA was used to measure the production 
IFN-y by murine splenocytes induced by supernatants of BHK-21 cells ( ^  
and K-BALB cells (h) infected by VLPs.

treated with six injections of 4 x lO”* lU/dose in 50 nl oil 
alternate days. Four out of six mice showed complei 
tumour regression between days 18 and 22 (Table 2) an| 
the remaining two mice grew tumours at the same rai 
as control groups during the post-treatment period. A 
control (TNE and rSFVlO-EGFP) and IL-12-treate 
tumours were sampled for histopathology and immune h 
histochemistry when the size reached 15mm diameter 
(around day 22). Local spread of 4T1 tumour nodule! 
was noted in control mice after repeated injections.

rSFV10-E-IL12 therapy reduces the number of 4T1 
lung metastases
Following s.c. injection, 4Tl-breast carcinoma cel 
formed solid tumours of 4 mm diameter by day 
postinduction and frequent lung metastases by day 2! 
postinduction. A large difference in numbers of lun; 
metastases between the rSFV10-E-IL12 and contn 
treated groups was found when the lungs wen 
examined at day 22 post tumour induction. The averag 
number of grossly visible tumour nodules in the TN' 
and rSFVlO-EGFP-treated lungs were 16 and 13 ' 
respectively, compared to the IL-12-treated groupi 
which had an average of 1.5 (Table 2). These findingj 
were supported by histological studies (below). Usin; 
the clonogenic assay, the number of 6-thioguanine* 
resistant colonies in the lungs of the 4T1 tumour-bearin;[
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BALB/c mice confirmed the extent of 4T1 lung metas- 
tases (Table 2). The lungs of tumour-bearing mice that 
received TNE or rSFVlO-EGFP had a mean of 3 x 10"* 
metastatic colonies. However, the lungs of the rSFVlO-E- 
IL12-treated animals with a mean of 3 x 10  ̂ metastatic 
colonies showed significantly less than both control 
groups (Table 2). These results indicate that the treatment 
of 4T1 tumours with rSFV10-E-IL12 is associated with 
increased survival time, which results from inhibition 
of both primary 4T1 tumour growth and the growth of 
metastases. The observation that no metastatic colonies 
were present in the lungs of complete tumour regressed 
mice (four out of the six treated mice) indicates a 
correlation between tumour size and the number of 
metastatic colonies for each mouse, which is consistent 
with other studies of the 4T1 tumour model (Table 2).^^

Serum levels of antiangiogenic factor IP-10 
The inducible protein-10 (IP-10), a chemokine, is known 
to mediate the antiangiogenic activity of IL-12. '̂* Serum 
of K-BALB tumour-bearing mice was collected 3 days 
following the sixth treatment to estimate the serum 
concentration of IP-10 by ELISA (Figure 6). The average 
IP-10 concentration in IL-12-treated serum samples was 
found to be significantly higher than in TNE or EGFP 
control groups, with the enhanced vector inducing 
significantly more IP-10 than the standard vector.

Tumour pathology and immunohlstochemistry 
K-BALB tumours treated with TNE were composed of 
polyhedral and spindle-shaped cells characterized by 
well-defined cell borders and frequent bizarre mitotic 
forms. Small numbers of neutrophils were sparsely 
distributed between the tumour cells (Figure 7a). 
Necrosis and haemorrhage with oedema, neutrophils, 
macrophages, lymphocytes, and plasma cells in the 
surrounding connective tissue were present at the
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'umour model Treatment groups' Median survival (days)'’ (No. of survivors)'^ Average tumour diameter (mm)'^ Probability^

(-BALB TNE‘ 22 (0) 11.9 ( +  0.7)
rSFVlO-EGFP (4 x 10’ lU /dose) 23 (0) 11.4 ( +  0.8) >0.05
rSFV10-IL12 (4 x 10"* lU /dose) 27 (0) 10.5 ( +  0.7) >0.05
rSFV10-E-IL12 (4 x 10  ̂lU /dose) 26 (1) 7.3 ( +  0.6) >0.05
rSFV10-E-IL12 (4 x 10® lU /dose) 49 (3) 5.9 ( +  0.2) <0.001
rSFV10-E-IL12 (4 x lO'* lU /dose) Undefined (6)® 1.0 ( +  0.2) <0.001

:i26 TNE 24 (0) 11.0 ( +  0.7)
rSFVlO-EGFP (4 x 10'' lU /dose) 28 (0) 9.8 ( +  0.7) >0.05
rSFV10-E-IL12 (4 x 10’ lU /dose) Undefined (6)® 1.5 (±0.3) <0.001

ITl TNE 22 (0) 10.2 ( +  0.8)
rSFVlO-EGFP (4 x 10’ lU /dose) 22 (0) 8.9 (+0.6) >0.05

1 rSFV10-E-IL12 (4 x 10’ lU /dose) 22 (4)’’ 4.5 ( +  0.3) <0.001

Six B alb/c mice per treatment group were used for all experiments.
’Mice were killed w hen the tumour reached 15 mm diameter and the time taken to reach this size is the survival time.
Mice which had complete and permanent tumour regression; in som e cases a residual small nodule remained that was composed entirely of 
>car tissue.
'Average tumour diameter for each group was calculated at the median survival time ( + standard error).
The probability is based on the average tumour diameter compared to that of the TNE-treated (control) groups over the survival time of the 
nice.
Average of the control (TNE)-treated groups in the three different K-BALB tumour treatment experiments with different titres of VLPs. 
Since all mice showed complete tumour regression, the median survival time cannot be calculated by Kaplan-Meier analysis.
'All mice were culled at day 22; two mice had tumours of maximum size.
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Table 2 Inhibition of 4T1 tum our lung metastases following treatment with rSFV10-E-IL12

Treatment‘s M ouse no./tum our 
size (mm)

L ung metastases 
(no. o f nodules)'’

Aug. no. 
nodules

No. o f clonogenic 
lung metastases"'

Average no. of 
lung metastases+s.e.

P-vc ittt

TNE (Control) 1/15 14 16.0 34 747
2/15 23 35 933
3/13 5 21 432
4/15 17 50 707
5/15 28 55 723
6/13.5 9 15 321

rSFVlO-EGFP 1/14.5 12 13.2 21 796
2/12 21 31 646
3/11 3 1915
4/11.4 6 2006
5/15 25 69 494
6/12.8 12 8572

rSFV10-E-IL12 1/11.5 4 1.5 6931
2 /0 0 0
3 /0 0 0
4/13.5 5 11 308
5 /0 0 0
6/1.4 0 0

35 644 ±6445

22 572 ±10 536 > 0,05

3039 ±  2004 < 0,)1

“Mice received six intratumoural injections of rSFV VLPs (4x10® lU /dose) and were killed on day 22 post-tumour induction; lungs were tl 
analysed for metastases.
“’Visible lung tum our nodules were counted and the average number was calculated for each group.
“The number of 6-thioguanine-resistant 4T1 lung metastasized colonies stained and counted for each mouse.

necrosis and haemorrhage and peritumoural infiltrates

pn

o f

TNE rSFVlO-EGFP rSFV10-IL12 rSFV10-E-IL12 
Treated groups

Figure 6 Serum  IP-10 levels. Serum  from  K -BALB tumour-bearing mice 
collected 3 days follcnving the six th  treatm ent was analysed by ELISA.

tumour sites following treatment w ith rSFVlO-EGFP 
replicons (Figure 7b). Occasional intact tumour cells 
were located at the periphery of the necrotic areas. For K- 
BALB tum ours treated w ith IL-12, intact tumour cells 
were absent and necrosis appeared complete with dense 
infiltrates of neutrophils, macrophages and lymphoid 
cells (Figure 7c). Fibrin thrombi were common in blood 
vessels. CT26 and 4T1 tumours treated with TNE and 
IL-12 showed similar patterns of change to those seen in 
K-BALB tumours. Actively growing 4T1 tumours located 
in the subcutis of TNE-treated mice were composed of 
polyhedral cells with well-defined cell borders, round to 
oval nuclei and pale vacuolated cytoplasm (Figure 7d). 
Nuclear pleomorphism, mitotic forms, focal areas of

lymphoid cells were common (Figure 7e). Subpleuial 
aggregates of metastatic 4T1 tumour cells were commi m 
in the lungs of TNE-treated mice on day 22 post tumo 0  
induction (Figure 7f). No tumours were detected in tie  
lungs of the 4T1 tumour regressed mice treated w itt 
rSFV10'E-IL12 VLPs. Similar histological findings weK 
obtained for all three mice examined from each treatme St 
group.

The cellular response and tumour microvasculature kl 
IL-12 and mock-treated K-BALB and CT26 tumours w e *  
further examined using immunohistochemistry. Highjr 
numbers of CD4+ (MHC class II restricted) and CDih- 
(MHC class I restricted) cells were located in perivas­
cular spaces at the margins of IL-12-treated tumours thi in 
in those treated with TNE (Figure 7g, h). For most of tie  
IL-12-treated tumours, numbers of CD4-n cells exceed* d  
those of CD8+ cells, but overall the quantitati re 
difference was not significant (data not shown). Usiilg 
anti-CD31, an antibody specific for vascular endothelial 
cells, mock-treated K-BALB tumours showed a well- 
defined capillary network uniformly distributed betwet n 
the tum our cells (Figure 7i). Vascular endothelial cells n 
IL-12 treated tumours were restricted to the non-necrotk 
areas of the tumours. These results indicate a cumulativ[e 
antitumour effect of the IL-12-expressing vector, whii 
may involve several mechanisms.

Discussion
In this study, we have shown that intratumour |I 
treatment with SFV vectors expressing IL-12 effective, y 
inhibits tum our growth in three murine tumour model |. 
These results confirm those of other studies that ha^e 
used IL-12-expressing SFV vectors for the treatment ^
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(figure 7  Examples of tumour histopathology and immunohistochemistry. (a) K-BALB tumour, mock-treated (TNE). Polyhedral tumour cells and 
Kutrophil infiltration. H&E, x  200. (b) K-BALB tumour, mock-treated. Lymphocytes and plasma cells in the peritumoural stroma. H&E, x  200. (c) K- 

• (BALB tumour, IL-12 treated. Area of necrosis densely infiltrated with neutrophils, macrophages and lymphocytes. H&E, x  200. (d) 4T1 tumour, mock- 
Ireated. Compression ofpanniculus muscle fibres (arrows) by polyhedral tumour cells. H&E, x 200. (e) 4T1 tumour, mock-treated (TNE). Area of necrosis 
arcumscribed by tumour cells and lipid vacuoles. H&E, x  200. (fl Subpleural aggregate of metastatic tumour cells (arrow) in the lung of a mock-treated 

t g  ITNE) mouse bearing a 4T1 tumour. H&E, x  200. (g) CT26 tumour, IL-12-treated. CD 4+ cells (brown) interposed between an area of necrosis (N) and 
^ i r  follicles (HF). ABC, x 200. (h) CT26 tumour, IL-12 treated. CD8-t- cells adjoining an area of necrosis (N). ABC, x  200. (i) K-BALB tumour, mock- 
itreated (TNE). Well-defined capillary network expressing CD31 (brown) uniformly distributed between the tumour cells. ABC, x 200.

Other tumour models,""’'* and indeed results obtained 
. »«for adeno '̂* and herpes vectors^® expressing IL-12.

^^*^However, we have also shown that a combination of 
the use of high titre vector preparations and a vector 
expressing high levels of IL-12 can result in complete 
tumour regression. This treatment also inhibits the 
growth of lung metastases in a metastatic tumour model. 

 ̂ j The cytokine IL-12 has potential as a tumour therapy 
, ; agent because of its antitumour and antimetastatic 

^  I  activity.^*’ IL-12 promotes the activity and differentiation 
^ ’[of T cells and NK cells to induce an aggressive 

antitumour immune response. In addition, a further 
antitumour activity of IL-12 is its ability to induce IFN-y

ave 
t of

production by T cells, which in turn mediates antiangio- 
genic effects.^^^^ Previous studies have shown that the 
amount of IL-12 available at the tumour site is critical for 
tumour regression, since it determines the number and 
type of infiltrating leucocytes.^’ It may also mediate the 
antiangiogenic effect of IL-12,’® although the relative 
contribution of these two effects to the antitumour 
activity of IL-12 is not clear

The development of pSFVlO-E, a new SFV-based 
expression vector system with enhanced expression of 
foreign protein (up to 10-fold more than the standard 
pSFVlO system), has enabled us to enhance IL-12 
expression locally at the tumour site. Hence, we
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constructed pSFV10-E-IL12 and pSFV10-IL12, and 
compared the expression of IL-12 in standard BHK-21 
cells and the murine tumour K-BALB cell line. To avoid 
the possible antagonism of p40 homodimers against the 
biologically functional heterodimeric IL-12 molecule, we 
cloned the component p40 and p35 subunits into single 
vectors, each expressed from separate 26S promoters. 
To confirm the biological activity and secretion of the 
expressed protein, we measured the ability of super­
natants from vector-infected cells to induce IHST-y 
production by mouse splenocytes. Since high systemic 
concentrations of IL-12 have been reported to have lethal 
toxic effects,^^ it was essential to optimize the IL-12 
concentrations used to treat the animals. Complete 
tumour regression in all three models tested was found 
in animals treated with the highest dose of rSFVlO-E- 
IL12 VLPs, and the animals remained free of clinical 
signs, indicating that increased levels of IL-12 at the 
tumour site induce efficient tumour regression without 
systemic lethal toxic effects.

It is likely that the potent antitumour activity of the IL- 
12-expressing SFV vector results from a combination of 
mechanisms. SFV vectors have an inherent p53-indepen- 
dent apoptosis inducing capability,® which has been 
successfully used to treat tumours in nude mice/-^^ and 
it is likely that this operates also for the vectors used in 
this study. However, the presence of the enhancer in 
rSFV10-E-IL12 is unlikely to increase this inherent 
apoptosis induction since all cells infected by the 
unenhanced vector undergo apoptosis and the vector 
does not spread intercellularly.'’-̂ '̂  ̂The enhanced ability 
of this vector to destroy tumour cells must therefore 
result from the induction of enhanced IL-12 secretion. 
IL-12 has a potent proinflammatory activity that may 
contribute to the antitumour effect. Although K-BALB 
cells are syngeneic with BALB/c mice and are poorly 
immunogenic,^^ influx of lymphoid cells into the 
peritumoural tissue following treatment was demon­
strated by histopathology. A third antitumour mechan­
ism that may operate is the inhibition of tumour 
angiogenesis by IL-12, which has been demonstrated in 
a previous study of tumour treatment by an IL-12- 
expressing SFV vector.'® In the present study, the 
increased levels of the antiangiogenic chemokine IP-10 
in the blood of treated mice, allied to the frequent 
occurrence of thrombosis and haemorrhage in the treated 
tumours, suggests that inhibition of angiogenesis also 
played a role in our model system.

The antiangiogenic action of IL-12 may also be 
responsible for inhibition of the growth of metastases 
in the 4T1 tumour model, since angiogenesis inhibitors 
are known to induce tumour cell apoptosis by limiting 
the supply of nutrients and other cell survival factors 
derived from endothelial cells.^® It is also possible that 
inhibition of the growth of the primary tumour restricts 
tumour mass so that fewer metastases are formed. 
However, the latter explanation does not explain the 
total absence of metastases in animals where the primary 
tumour had totally regressed.

A phase I/II clinical trial has been proposed for the 
use of an SFV vector expressing IL-12 for the treatment of 
glioblastoma multiforme, an incurable human brain 
tumour, by direct perfusion of the tumour with lipo­
some-encapsulated recombinant particles.'^ In designing 
this and similar clinical trials, the use of the high titre and

high expression recombinant particle system used in th 
present study should be considered.

Materials and methods
Mice
Specific pathogen-free immuno-competent 4-6-week-olk 
female BALB/c mice were obtained from Harla 
(Bicester, UK) and maintained under pathogen-frc 
conditions in accordance with the principles set dow 
in SI 17/94 of the European Union.
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Cell culture
The K-BALB (K-ras overexpressing transformed BALB/ 
3T3), CT26.WT (colon adeno carcinoma from BALE/ 
mouse), and 4T1 (metastasing breast carcinoma from 
BALB/c mouse) tumour cell lines were obtained froii 
ATCC. The K-BALB, CT26, and 4T1 cells were cultured 
in Dulbecco's minimal essential medium supplementel 
with 10% foetal bovine serum and antibiotics (strepto* 
mycin 100 ng/m l and penicillin 100 U /m l). BHK-21 cel 
were obtained from ATCC and were propagated in BHBSi 
21 medium supplemented with 5% foetal bovine seruni^ 
10% tryptose phosphate broth, 2 mM L-glutamine, 20 m 
HEPES, and antibiotics.
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Cloning of murine IL-12 subunits p35  and p40 into 
pSFVIO and pSFV10-E vectors 
To construct pSFVlO-IL-12 vectors (Figure 1), initially 
cDNA of IL-12 subunits p35 and p40 was amplified fro: 11 
the total RNA of BALB/c mouse splenocytes using PR f- 
DNA polymerase. The following primers were used 
amplify the dimeric subunits of IL-12, each havii 
H indlll restriction enzyme sites (bold) at their end| 
5'CCC AAG CTT ATG TGT CAA TCA CGC TAG CTC, 
(p35, sense), 5'-ATA AAGCTT TCA GGC GGA G' 
GAG ATA GCC-3' (p35, antisense), 5'-CCC AAG CT| 
ATG TGT CCT GAG AAG CTA ACC-3' (p40, sense),
ATA AAG CTT CTA GGA TCG GAC CCT GCA GG-: 
(p40, antisense). The p35 and p40 genes were ligated inlo 
two separate pSFVlO-E vectors using the Quick Ligaticn : 
Kit (NEB), which resulted in pSFV10-E-p35 and pSFVK(- 5 
E-p40. The p35 and p40 genes from their respecti\e  ̂
pSFVlO-E constructs were released by Hindlll (NEH) i 
digestion and the generated ends of the subunits we: e ~ii 
blunted using DNA polymerase I large fragment i 
(Klenow, NEB). The pSFVlO vector was linearized usir g \ 
BamWl and the sticky ends blunted and dephosphor f- \ 
lated with shrimp alkaline phosphatase (Roche). Blunted 
p35 and p40 subunits were ligated into linearize 
pSFVlO separately to obtain pSFV10-p35 and pSFVl^-b  
p40 and the orientation checked. The p35 subunit w o t  si; 
then removed together with its subgenomic 26S promcW' 
ter from the pSFV10-E-p35 and pSFV10-p35. The 26S-p35jre, 
fragment was subsequently cloned into the Smal restri(».as 
tion site just downstream of the p40 subunit in tle_i( 
pSFV10-E-p40 and pSFV10-p40 constructs to obtain tle_n 
pSFV10-E-IL12 and pSFV10-IL12 constructs (Figure 1)- co

n
Production of rSFV-IL-12 virus-like particles  w
The SFV split-helper vector system was obtained froi II w 
P Liljestrom (Microbiology and Tumorbiology Center, E- 
Karolinska Institute, Stockholm, Sweden) and VLI^^k 
produced as previously described.® Briefly, BHK-21 cel Is h
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vere coelectroporated with vector RNA and the two 
lelper RNAs: rSFV-CS219A (encoding the capsid pro- 
ein) and rSFV-HelperS2 (encoding the envelope pro- 
•eins). After the cells were incubated for 36 h  at 33°C in 
)% CO 2 , the medium containing the VLPs was harvested, 
jarified by centrifugation, aliquoted, and stored at 
70°C. Titration was performed by infecting monolayers

)W

BHK-21 cells with serial dilutions of the IL-12- 
Expressing VLPs and immunofluorescence was carried 
3ut using rat anti-mouse lL-12 p-70 (Pharmingen) 18 h 
jostinfection. For in vivo studies, VLPs were concen- 
rated by ultracentifugation through a 20% w /v  sucrose 
:ushion (Beckman SW28 rotor; 28 000 r.p.m. for 2 h at 
t°C) and resuspended in TNE buffer (50 mM Tris-HCl 

LCl/ oH 7.4, 100 mM NaCl, 0.1 mM EDTA).
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hnafysis of IL-12 expression by rSFV10-E-IL12 
ind rSFV10-IL-12  VLPs
Expression and secretion levels of IL-12 from infected 
BHK-21 and K-BALB cells were analysed using the 
^LISA OptEIA™ Set Mouse IL-12 (p70) Kit (BD Bio- 
iciences Pharmingen). Cell supernatants were collected 
at 12, 24, 48, and 72 h after mock (TNE) or rSFV-IL12 
VLP infection at a multiplicity of infection (MOI) of 10. 
Infected BHK-21 cells were also stained using rabbit anti- 
mouse IL-12 (p70) antibody (Vectastain), DAB (Diamino- 
benzidine. Sigma) solution, and Harris haematoxylin 
itain (BDH) at 24 h  postinfection, and examined by light 
microscopy.

An assay for the biological activity of secreted IL-12 
tom both the rSFV constructs was performed using 
nouse T cells. Mouse splenocytes were incubated with 
I supernatants (24 h after infection) from mock or rSFV- 
IL12 VLP-infected BHK-21 or K-BALB cells. Naive and 
Concavalin A (ConA) (1 ^g/ml)-treated splenocytes 
were used as controls. The supernatant was collected at 
24, 48, and 72 h after infection and an IFN-y assay was 
carried out. This consisted of an ELISA test using 
DptEIATM Set Mouse lEN-y (BD Biosciences).

Establishment and treatment of K-BALB, CT26, 
m d 4T1 tumours with rSFV-IL12 VLPs
Female 6-8-week-old BALB/c mice were used in all the 
iimour treatment experiments. Tumours were induced 
iubcutaneously on the right flank of each mouse by 
njecting 10® cells in 100 [il Hank's balanced salt medium 
with a 29 G 0.5 ml syringe. Tumours were measured 
laUy using a linear caliper and average tumour diameter 
vas calculated as the square root of the product of 
wo perpendicular measurements, assuming spherical 
ihape.^ The established tumours were treated when the 
iize reached 4 mm diameter. In all tumour treatment 

^experiments, mice were culled once the tumour size 
'reached 10% of body weight (15 mm). Six mice were 
used in each of the treatment groups. The tumours were 
treated on alternate days with a total of six intratumoural 
njections of 50 |il of TNE buffer alone, TNE buffer 
:ontaining rSFVlO-EGFP,^ rSFV10-E-IL12 or rSFV10-IL12. 
l^LPs were administered at varying titres (4 x 10^ 4 x 10® 
3r 4 X 10® lU/m l). CT26 and 4T1 tumours were treated 
3nly with TNE, or 4 x lO** lU /m l rSFV-EGFP or rSFVlO- 
E-IL12 VLPs. Two sets of animals were used for each 
treatment; the first group was assayed for survival and 
the second group assayed for pathology, serology.
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immunohistochemistry, and lung metastases (4T1 
tumour model only).

Detection of lung m etastases
Lungs were examined for 4T1 metastases as previously 
described.^^ Briefly, mice were killed at day 24 post­
tumour induction and the lungs removed for gross 
examination, histopathology, and clonogenic assay. The 
right lungs were immersion fixed in formol saline, sliced, 
and processed to paraffin wax; sections 4 (xm thick were 
cut and stained with haematoxylin and eosin (H&E). The 
left lungs were treated with Elastase and Liberase 
blendzymes (Roche) and the cells harvested by filtering 
through a 70 nm nylon cell strainer. Lung cells were 
diluted and plated in culture medium containing 60 |iM 
6-thioguanine (2-amino-6-mercaptopurine, Sigma). The 
4T1 cells (which are resistant to thioguanine) were grown 
for 10-12 days and the clonogenic colonies of 4T1 cells 
fixed in methanol and stained with crystal violet for 
quantitation of clonogenic lung metastases.

Pathology and immunohistochemistry 
For pathology, K-BALB, CT26, and 4T1 tumours were 
resected 1 day after the sixth treatment, immersion fixed 
in formal saline, sliced and processed to paraffin wax;
4 [xm sections were cut and stained with H&E.

For immunohistochemistry, K-BALB and CT26 tu­
mours were resected 1 day after the sixth treatment, 
embedded in Tissue-Tek OCT compound (Fisher scien­
tific), and snap frozen in isopentane. Tumours were 
sectioned at 6 (xm in a cryostat microtome. The sections 
were used for immunohistochemical staining to detect 
CD4 and CDS cells in the tumour. The sections were 
fixed in ethanol, quenched with 0.3% hydrogen peroxide, 
blocked in 5% rabbit serum for 30 min at room 
temperature, and endogenous avidin and biotin blocked 
using a blocking kit (Vectorstain ABC Kit Elite, Vector 
Laboratories). The sections were treated with primary 
antibody, either rat anti-mouse CD4 (1:20, Pharmingen) 
or CD8 (1:20, Pharmingen) diluted in 5% rabbit serum 
(Vector Laboratories) at room temperature for 1 h. 
Secondary antibody and biotinylated rabbit anti-rat 
antibodies, (1:1000, Vector Laboratories) were used at 
room temperature for 45 min. For detection of vascular 
endothelial cells, sections of tumours were labelled using 
5% goat serum as blocking buffer, rat anti-mouse CD31 
(1:50, Pharmingen) as primary antibody, and biotinylated 
goat anti-rat IgGs as secondary antibody. The prim ary- 
secondary antibody complexes were detected using the 
Vector Elite ABC standard HRP kit according to the 
manufacturer's instructions, with DAB as substrate. The 
sections were washed between each step with PBS and 
counterstained with haematoxylin. Mouse spleens were 
used as positive controls; a negative control was used in 
each assay by substituting the primary antibody with 5% 
normal rabbit serum. The labelled sections were 
mounted and observed by light microscopy for positive 
cells stained brown.

Serum analysis for antiangiogenic factor IP-10 
Blood serum from three mice from each group was 
collected 3 days after the sixth treatment from the K- 
BALB tumour bearing mice. Levels of IP-10 in the sample 
blood serum in triplicate were quantified using the 
Quantikine mouse IP-IO/CXCLIO (R&D Systems)
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immunoassay kit, according to the manufacturer's 
instructions. The absorbance of the samples was read at 
450 nm.

Statistical analysis
The statistical significance of tumour size among the 
different experimental treatment groups was analysed by 
one-way ANOVA, using Tukey's multiple comparison 
post-test to compare the probability (P) value of each 
group with its appropriate control TNE-treated group. 
Kaplan-Meier survival curves were used to analyse the 
overall median survival of mice and survival proportions 
in each of the treatment groups. The P-value significance 
of the lung metastasized clonogenic colonies was 
analysed using Dunn's multiple comparison post-test. 
All the statistical analyses were performed using the 
GraphPad Prism 4 programme and a P-value less than 
0.05 was considered significant.
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