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Abstract

Electroporation refers to a technique that nlakes use of electrical pulses to create

transient and reversible pores into cellular membranes \\'hich allo\\'s the passage of drugs

and macromolecules. such as plasmid DNA. into the ceU's interior. It is a \\idely used

laboratory procedure for the transfection of cultured mammalian cells. plant cells and

bacteria. Only recently has in \'Ï\'o electroporation been used for the transfer of genetic

material into living tissue. such as muscle. hepatocytes. and tumors of experimental

animaIs. üsing a luciferase assay. we ha\'e sho\\ll that electroporation-mediated

luciferase gene transfer into solid. subcutaneous tumors in mice resulted in a 103 fold

increase in tumor luciferase actiyity compared to naked DNA injections. Using this

technique. we succeeded in inhibiting the gro\\th of LLC tumors in mice by delivering

plasmid DNA encoding mouse Endostatin and mouse single-chain IL-12 directIy into the

tumor site. Lastly. in \'ivo electroporation was used to enhance DNA vaccination \\ith the

tumar associated antigen CEA and IL-12 gene adjuvant. which protected mice from a

tumor challenge with LLC'CEA- tumor ceIIs, Our results suggest that in vivo

electroporation is an efficient non\'iraI. gene transfer \'ehicle that can be used in the fields

of antiangiogenic cancer gene therapy as \\dI as cancer immunotherapy.
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Abrégé

L'électroporation est une technique qui utilise le courant électrique pour créer de façon

transitoire et réversible des pores dans les membranes cellulaires et ainsi faciliter le passage

de droques et de macromolécules telle du plasmide d'acide désoxyribonucléique (DNA) à

l'intérieur des cellules. Cette procédure est très utilisée pour la transfection de cellules de

mammifère en culture, de cellules de plants et de bactéries. Ce n'est que récemment que

l'électroporation est utilisée in vivo pour transférer du matériel génétique à l'intérieur de

tissus tels les muscles, le foie et des tumeurs expérimentales chez les animaux de

laboratoire. En mesurant l'activité du gène reporteur de la luciférase nous avons montré que

l'électroporation du plasmide contenant ce gène dans des tumeurs de cellules transplantées

était 103 fois plus importante que dans les tumeurs injectées sans électroporation. En

utilisant la technique d'électroporation. nous avons inhibé la croissance des tumeurs de la

ligné cellulaire de poumons de Lewis (LLC) chez la souris par l'injection directement dans

les tumeurs du plasmide contenant le gène de souris de l'endostatine ou d'une chaine simple

de l'interleukine-12 (IL-12). Enfin. lorsque l'électroporation in vivo a été utilisé la protection

de la vaccination contre des cellules tumorales LLC qui exprime le CEA de manière stable

(LLC/CEA") par le plasmide de DNA encodant l'antigène embryonnaire cancérigène

humain (CEA) et le gène de l'IL-12 a été augmenté. Nos résultats suggèrent que

l'électroporation in vivo est une méthode non-viral efficace de transfen de gènes qui peut

être utilisée comme thérapie anti-angiogénique et immunogénique contre le cancer.
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Introduction and Literature Review

Chapter 1: ln Vivo Electroporation as a Nonviral Gene Transfer Technique

1.1 "isto~' and Applications of Ruman Gene Therap~"

Somatic gene therapy can be detined as the introduction of DNA into somatic

cells such that the protein encoded by this DNA can serve a therapeutic function in

treating a given disease. The tirst approved clinical trials involving gene therapy were

performed on two girls suffering from se\'ere combined immunodeficiency disorder

(SCID) (Blaese et al.. 1995). SCID is an inherited. lethal. recessive disease caused by a

mutation in the adenosine deaminase gene. Like cystic fibrosis and familial

hypercholesterolemia. these diseases are classified as monogenic disorders and are

excellent candidates for gene therapy (Prince. 1998). The rationale behind this type of

treatment is ta provide patients with the normal genes that are lacking and in essence

curing them using genetic material as medication. Currently. more than 300 gene therapy

clinical trials ha\'e been appro\'ed in\'oh'ing a wide range of diseases from cancer to

cardio\'ascular diseases suggesting that this typ~ of therapy is not restricted ta monogenic

disorders but can aise be used in the treatment of complex disorders (l\lountain. 2000).

Funhermore. as we reach the completion of the Human Genome Project and the

sequencing of the enlire human genetic component. wc are approaching an era where aIl

of the genes involved in human disease will be identified and gene therapy will

revolutionize the \\'ay medicine is practiced in this neVi century. However~ despite ail the

excitement and the hundreds of clinical trials invol\"ing gene therapy. there have ooly
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been fe\v. if any true suceess stories to arise from the clinic. ln facto the death of Jesse

Gelsinger, the only patient reported to have died from genetie therapy. reminds us that

basic research into the methodology of gene transfer into human somatie eells must he

carefully studied and optimized before we begin to treat human patients with this

technique (Marshall. 1999).

1.2 Obstacles Pre\'enting Successful Gene Therap)' Clinical Applications

Although the idea ofintroducing DNA into human celis for therapeutic means

appears straightforward enough. researchers quickly realized that transfening genes to

human tissue \\'ould need to overcome several obstacles before gene therapy eould

become a routine procedure (Crystal. 1995). Ideally. the therapeutie gene should be

targeted to a specifie cell type. For instance. in the case of cystic fibrosis. which is

caused by a lack of the CFTR gene. it is of extreme importance that the transgene is

targeted specitically to the airways where it is normally expressed and not to other tissues

where gene expression can have detrimental effects (Verma and Somia.. 1997). Also in

the above example. in order for gene replacement to play a therapeutic role expression of

the transgene must be sustained o\"er the course of the individuars lifetime. Besides

duration of transgene expression. another important consideration in the successful

application of gene therapy is regulation of transgene expression. Better understanding

of the molecular mechanisms invol\"ed in gene transcription \\ill enable us to place the

therapeutic gene under the control of promoter'enhancer elements whose activity can be

modulated. Another interesting approach is to place the transgene under the control of a

drug-sensitive promoter such that administration of the prodrug results in transgene

2
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expression (Ye et al.. 1999). Gene transfer efficiency, which refers to the number of cells

that can be transfected by a given approach. is another important consideration given that

a certain number of ceUs must be transfected in order to achieve therapeutic levels of the

gene product. Another major setback in the experience of human gene therapy has been

the inability to produce an effective gene transfer vehicle which does not elicit a host

immune response and potentially give rise to inflammation. Lastly. problems have been

encountered in producing purified gene·transferring vehicles in large quantities and at

high concentrations (Anderson. 1998).

1.3 The Three Different Approaehes l:sed for Somatie Cell Gene Transfer

One of the tirst factors to consider in a gene therapy trial is how to physically target

the tissue of interest \\ith the therapeutic gene. Generally. there are three different

categories of somatic ceH gene therapy: ex \·Îvo. În situ. and systemic in vivo (Anderson,

1998). The tirst one involves removing. cells from the body. transfecting them in culture

and then transplanting the engineered cells back into the hosto An advantage of the ex

\'ivo approach is that when retroviruses are used as the gene-delivery machinery. the

transgene becomes incorporated into the cell ular chromosomes and is expressed for the

duration of the cell's lifetime. Howe\"er. for certain cell types such as myoblasts. optimal

cell transplantation procedures have yet to he detined (Mulligan. 1993). In situ gene

transfer refers to the delivery of the transgene directly into the targeted tissue. In this

case. the gene product is expected to have primarily local rather than systemic effects.

An example of this type of approach would be transferring a gene encoding a cytotoxic

protein or inflammatory c)'1okine directly into a tumor mass. Finally, injecting the gene

3
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delivery vehicle directly into the bloodstream or such that the protein is released into the

circulation. is referred to as a systemic in vivo approach (Desurmont et al.. 2000).

.... Vehicles for Gene Transfer: Viral versus NOR,·iral Vectors

Devising effective vectors. or gene delivery vehicles. has been the greatest obstacle

in human gene therapy. Presently. the tield is divided between two camps: those using

viral vectors and the nonviral enthusiasts. By far. viral vectors have been the preferred

choice in clinical trials. The following is a brief discussion of the advantages and

disadvantages with both methods.

Viral Vectors:

Viruses are obligatory. intracellular parasites specialized in transferring their

genetic material into host cells making them excellent candidates for gene transferring

vehicles. Three major types of viruses are used for human gene therapy: retroviruses.

adenoviruses. and adeno-associated viruses (AAVs) (Kay et al.. 1997).

Before being administered to humans. viruses are made replication-deficient by

deleting the viral genes essential for virus replication and replacing them with appropriate

expression cassettes containing the transgene. In order to obtain sufficient viral titers to

transfect enough cells, viroses are produced in packaging cell lines which contain the

genes necessary for virus replication. This automatically leads to two disadvantages

associated with viral vectors: the first involves the problem of conveniently producing

purified viral vectors at high enough concentrations and second is the potential for

replication-competent virus production due to homologous recombination with the

packaging cellline (Prince. 1998).

4
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Retroviruses can only transfect dividing cells such that certain cell types. including

muscle and neurons. cannot he targeted by retroviral vectors (Verma and Somia. 1997).

Retroviruses are optimally used for ex vivo techniques \vhere cultured cells are

transfected and then transplanted into the hosto The major advantage of using retroviral

vectors is that the DNA is incorporated into the genome such that the transgene is

expressed for the remainder of the cell"s lifespan. This is considered heneficial for

hereditary or chronie diseases where transgene expression must be maintained but ean

aIso be risky since the chronie expression of cenain factors. such as c)1okines. can be

toxic to the patient. Furthennore. transgene incorporation into the host genome is a

random event which can lead to drastic outcomes by inserting into a protooncogene or

through deletion of a tumor suppressor gene (Crystal. 1995).

In humans. adenoviruses are responsible for such diseases as upper respiratory

infections. ünlike retroviruses. adenoviruses can transduce non-dividing cells in vitro

and in \·i\'o. they can be produced at higher titers. and do not integrate into chromosomal

D1':-\. :-\lthough in \'itro and animal studies have shown adenoviruses to have very high

gene transfer efficiency (Trapnell and Gorziglia. 1994). they have also revealed.

probably. the greatest setback invoh"ing viral \"ectors. The immune system has evolved

to help clear infections with such pathogens as \"iruses. Although adenoviral vectors are

manufactured to express as linle viral component as possible~ leaky expression of viral

proteins results in host immune responses which clear virus-infected cells and decrease

transgene expression (Anderson. 1998). Evidence for this is provided by the fact that

transgene expression is significantly increased in nude mice. or in mice which have been

given immunosuppressive drugs (Dai et al.. 1995). The immune response against

5
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adenoviral vectors involves both the cell-mediated ann and the humoral component of the

immune system. In the cellular responses. C)10toxic T lymphocytes play an important

role in destro);ng virus-infected ceUs (Yang and Wilson. 1995). lnflammatory c)'1okines.

such as tumor necrosis factor a (NF-a). are also crucial in viral clearance. giving Tise to

potentially hannful inflammatory reactions in the host (Elkon et aL 1997). Furthermore.

adenoviral vectors have been sha\\TI to elicit antibody production against viral proteins

which prevents subsequent vector injections. limiting their use to cases where transgene

expression is required for only short periods oftime. Presently. researchers are

anempting ta manufacture ··gutless" vectors which are devoid of aIl viral components and

completely non-immunogenic. but the feasibility of producing such a vector remains

uncertain (yeh and Perricaudet. 1997).

AAVs are relatively new in the tield of human gene therapy and .-\AV vectors have

been used to achieve therapeutic levels of the factor IX cloning factor in

immunocompetent mice (Herzog et al.. 1997). Although these vectors appear to be less

immunogenic than adenoviruses a large proportion of the adult human population have

pre-existing A.-\V-specifie antibodies whieh wauld inhibit repeat injections of this vector.

Another major disadvantage \\;th this vcetor is its very small genome. which limits the

amount of foreign DNA it can carry (\1ountain. 2000).

The obstacles invalved in the use of viral vectors are formidable and pose serious

health risks to the recipients. Viral veetor-induced inflammation and immune responses

are not only dangerous to the patients. but also limit the duration oftransgene expression

due to immune clearance of transfeeted celis and prevent the possibility of repeat

administration of the vectors. The pOlential for insenional mutagenesis and the

6
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production of replication-competent vectors can have catastrophic consequences. Ali

these reasons justify the philosophy of the non-viral camp. which prefers ta use safer

gene delivery methods and devise ways of improving gene transfer efficiency.

NOD-Viral Veetors:

ln general. nonviral vectors result in relatively inefficient gene transfer but are safe

and easy to produce, Naked ONA injections. cationic liposomes. gene gun delivery. and

electroporation are sorne of the nonviral veetors used in gene therapy studies.

Although naked ONA does not transfect eeils in culture. suprisingly it has been

sho\\n to transfeet murine skeletal muscle eelis in \'i\'o (\Volff et. al. 1990). The

mechanism through which naked D~A is taken up and expressed in \'lVO is not fully

understood. but it appears that the two major obstacles 10 efficient gene transfer involve

lysosomal degradation and nuclear rejeetion of foreign ONA (Coonrod et al.. 1997),

The use of naked DNA injections as a gene deli\'ery system offers several advantages

eompared to viral vectors. ~10st importantly. this technique presents linle or no safety

hazards to recipients. \1oreover. plasmid DNA can easily be prepared from bacteria in

purified and enormous quantities. L'nlike \"iral vectors. naked DNA can be administered

repeatedly in order to obtain therapeutic leyds of the transgene and there are no

restrictions on the size of the DN:\. that can be transferred. However. viral vectors have

been the preferred choice in clinical trials due to the fact that naked DNA injections result

in 10\\" transfection rates (Ooh et al.. 1997), In spite of this. severa! studies have

demonstrated clinical potential for naked D~:\. injections. especially in the field ofDNA

vaccination where intramuseular injections of naked DNA encoding viral or tumor

antigens results in proteeti,·e immunity in adult mice (Donnelly et al" 1997). One group

7



•

•

•

used intramuscular injection of a plasmid DNA encoding erythropoietin (Epo) to

significantly increase serum Epo levels and obtain normal hematocrit levels in anemic

adult mice (Tripathy et al .. 1996). Also. cytokines or cytokine inhibitors have been

administered using this technique to inhibit autoimmune diseases (Prud'homme and

Piccirillo. 2000: and Chang and Prud'homme. 1999). Furthermore. one of the fe\\'

reponed human gene therapy success stories involves intramuscular injection of plasmid

DNA encoding VEGF 165 to induce ne\\" blood vessel formation in patients with critical

limb ischemia (Baumgartner et al.. 1998: and Isner et al., 1996)). These findings suggest

that nonviral methods could become the preferred strategy in future gene therapy trials.

ln order to enhance transfection efficiency. se\'eral modifications of the naked DNA

approach have been devised. The most popular one involves cationic liposomes which

bind DNA tightly by electrostatic interactions and permit cellular enttance of the DNA

through fusion of the liposome with the cellular membrane (Farhood et al,. 1994).

Alternati\"ely. gold-coated D~A particks are propelled into the cytoplasm using a high

pressure helium stream in the gene gun approach (~1ountain. 2000). Lastly.

electroporation. which is the focus of the following section. makes use of voltage

induced. transient pores in the ceIl membrane which facilitates DNA uptake,

1.5 ln Vivo Electroporation «(VEP): Principles and Metbodology

Since Neumann et al. tirst showed that the herpes thymidine kinase (TK) gene can

efficiently he transferred to cultured lyoma celIs in the presence of electric impulses

(Neumann et al,. 1982). electroporation has become a routine laboratory technique for the

transfection of cultured cells. Although the mechanism by which electric impulses

8
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facilitates gene transfer is not fully understood. much has been leamed stud~ing artificial

systems such as gene and dye uptake by uni1ameIlar lipid vesicles in the presence of

electrical pulses (Neumann et al.. 1999). These studies have revealed that electric fields

induce membrane pores and cell deformation. which then trigger downstream events such

as pore enlargement and transpon of small and large molecules across the electroporated

membrane. The porous and penneable nature of the membrane is transient and reversible

such that optimal electrical parameters provide an excellent degree of cellular

peITTleability \\ithout severely damaging the cells. Aiso. il was shown that for efficient

DNA uptake it is imponant that the DN:\. be present before pulsation. This suggested

that the electric pulses not only induce cellular permeabilization. but also facilitate the

migration of molecules from the periphery towards the cellular membrane. In fact. using

anal)tical expressions it was shawn that electrodiffusion of DNA is about ten times more

effective than simple diffusion (Neumann et al.. 1999). It \\'as soon understood that these

electrical phenomena studied in in \·ilra systems might be applied to living tissue. This

eventually gave rise to the tield of IVEP.

IVEP is a very simple procedure that lasts only a few seconds. AIl that is required is

an electrical pulse generator and electrodes that are applied across the target tissue and

transmit the electrical pulses. Electrodes can either be superficial or invasive.

Superficial electrodes consist of parallel copper plates separated by an adjustable distance

and placed on the surface of the skin. Invasive electrodes. or needle electrodes are

surgically applied to target tissue such as liver. brain. and muscle. They exist as different

numbered electrodes. such as m"o-needle or six-needle electrodes. which allow them to

bener surround the target tissue for a more even current distribution throughout the tissue.

9
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The electrical parameters to he optimized for IVEP include pulse strength~ pulse length

and the number of pulses administered. Frequently. the number of pulses is fixed al

eight. Pulse strength is the electric field generated and is reponed as Volts per

centimeters separating the electrodes. Pulse length is the duration of each pulse and is

usually given as microseconds or milliseconds. The frequency is the time between each

pulse and is normally fixed at one second. Depending on the application. there are

generally t\\'·o different types of conditions used: high voltage-shon duration pulses

versus low voltage -long duration pulses.

1.6 Electrochemotherap~' (ECT): A Clinical Application of IVEP

Electrochemotherapy is a treatment that combines chemotherapy \\;th IVEP by

using high-voltage electric pulses to deliver impermeable drugs into tumors. By

increasing the permeability of c~1otoxic drugs. lo\\"er doses can be used. resulting in

fewer side-etTects and less systemic toxicity (Singh and D\\'ivedi. 1999).

Bleomycin is an extremely c:10toxic drug. but has had limited success as an anti·

tumor agent due to the fact that il does not freely diffuse across cellular membranes into

the c:1os01 which is its site of action. Initially. studies showed that

electropenneabilization could be used to introduce bleomycin inta cells and tissues

resulting in C)10toxicity (Belehradek et al.. 1994). :'\nti-turnor effects ofthis technique

were studied in three different murine tumor models (Sersa et al.. 1994). In this study,

adult mice bearing solid subcutaneous tumors were given intravenous injections of

bleomycin. Electric pulses were then administered across the tumor using two parallel

plate electrodes placed at either end of the tumor. Turnor grO\\th arrest occurred in all
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mice treated \\ith ECT. whereas no effect on tumor growth was observed in mice treated

only with bleomycin or \\ith electric pulses alone. ECT has also had exciting results in

treating patients in various clinical trials. In one study. the anti-rumor effects ofECT

using bleomycin on cutaneous and subcutaneous tumors ofbasal cell carcinoma.

malignant melanoma. adenocarcinoma. and head and neck squamous cell carcinoma were

studied (~1ir et al.. 1998). From 273 evaluable tumors from five different cancer centres.

treatment resulted in objectiye responses in 85.3~/o oftumors with 56.40/0 oftumors

sho\\ing a complete response. Bleomycin was administered either intravenously or

directly into the tumors with both approaches being equally effective. Imponantly.

treatment was weU tolerated \\"ith minimal adverse side-effects such as instantaneous

contraction of the underlying muscles. In a similar study. 142 of 143 metastatic cutaneous

nodules or primaI")' tumors responded to intralesional bleomycin administration followed

by shon intense electrical pulses (Heller et al.. 1998). 91 % of those tumors showed

complete responses. In addition to its impressi\'e local effects on tumor nodules. ECT

has been combined with immunotherapy to inhibit lung metastasis of subcutaneously

transplanted Le\\is lung carcinomas in mice (Orlowski et al .. 1998). A final

consideration must be made to the type of electrodes used for ECT. Typically. parallel

plate electrodes haye been used for administering direct current pulses to tumors in ECT

trials. However. one study comparing different needle array electrodes to the parallel

plate ones sho\\"ed that the invasive type of electrodes resulted in bener clinical responses

in mice melanoma tumors (Gilben et al.. 1997). This is probably due to a more uniform

distribution of electrical pulse across the tumor and suggests that bener electrodes can he

de\ised to improve ECT trials .
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1.7 Electro-Gene Therap}' (EGT)

Another exciting clinical application of IVEP is EGT. This technique is a very

recent. nonviral means of gene transfer which previously accounted for approximately

one percent of studies related to gene therapy. Comparing EGT to other nonviraJ gene

transfer techniques. such as liposomes and gene gun. it has been reponed that for

localized target areas IVEP is the best method (Muramatsu et al .. 1998). Most studies

involving EGT have focused on transfection of muscle. It is generally accepted that low

voltages of long duration provide best results for muscle transfection (Gehl and Mir.

1999). These results have also sho\\n that intramuscular EGT results in a (Wo to four-log

enhancement of gene expression over naked DNA injections. interindividual variability is

strongly decreased. gene expression is long-lasting and can he modulated by varying the

amount of DNA injected and/or the electric-pulse parameters (Mir et al.. 1999).

Important clinical applications of this technique have been reponed. Injecting as liule as

one microgram of plasmid DNA encoding Epo into mouse muscle followed by

electroporation resulted in therapeutical serum Epo levcls with a stable increase in

hematocrit suggesting a safe and novel method of treating serum protein deficiencies

{Rizzuto et al.. 1999). Furthermore. the EGT of a hepatitis B surface antigen and a HIV

gag antigen resulted in increased muscle expression and immune responses showing the

potential ofthis technique for increased DN:\. vaccine delivery (Widera et al.. 2000).

Similar ta ECT. EGT can also be used to transfer plasmid DNA into tumors whose gene

product can inhibit tumor gro\\1h. The tirst such approach was used to transfer human

mOnOC)1e chemoattractant protein-l (MCP-l) cDNA into rat brain tumors (Nishi et al.,
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1996). In this panicular study. the brain tumor \\'as first electroporated using invasive

needle electrodes followed by intra-carotid anery injection of plasmid DNA encoding

!v1CP-l cONA. This resulted in localized. increased f\.1CP-I protein expression in the

brain \\ith massive monocyte intiltration. Using parallel plate electrodes. another group

reponed transfecting 4~/o of subcutaneously transplanted rnurine melanoma tumors by

intratumoral injections of plasmid ONA encoding B-galactosidase gene (Rois et aL.

1997). More recently. several papers have reported using intra-tumoral EGT to

significantly inhibit tumor grO\\th. Using a suicide gene approach. transferring the

herpes thymidine kinase gene into murine tumors followed by systemic ganciclovir

injection resulted in up to 90~/o inhibition of tumor gro\\1h compared to control (Goto et

al.. 2000). Funhermore. EGT with plasmid O~.-\ encoding the green fluorescent protein

reporter gene produced numerous. bright. green signaIs \\'Îthin the tumors. Finally, in a

rat model of hepatocellular carcinoma tumors failed to develop in mice injected

intraperitoneally \vith antisense bel-2 followed by IVEP of liver nodules using invasive

electrodes (Baba et al.. 2000). These results supported a previous study which showed

that IVEP could be used to efficiently transfer reporter genes into hepatocellular

carcinomas (HelIer et aL 2000).

[n summary. IVEP appears to be an excellent alternative to viral vectors since any

type of cell or tissue can be targeted. handling is easy and over in a matter of seconds.

DN:\. can be administered repeatedly. no immunogenicity is expected and there are no

restrictions on the amounts and sizes of DNA transferred.
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Chapter 2: Anti-Angiogenic Cancer Gene Tberapy

2.1 Angiogenesis in Health and Disease

Angiogenesis can he defined as the proliferation of new blood vessels from the

preexisting parent vasculature. In human adults. endothelial ceUs are remarkably

quiescent and angiogenesis. therefore. only occurs in specialized tissues under specifie

conditions. The feroale reproductive tissues are sorne of the few adult tissues to undergo

angiogenesis. where it plays an irnponant role in endometrial proliferation. corpus luteum

formation. and pregnancy (Reynolds et al.. 1992). Moreover. angiogenesis is crucial for

wound and fracture repair and factors known to induee angiogenesis also play an

important role in maintaining normal. established blood vessels as weil as regulating such

immune functions as lymphoc)1e trafficking and dendritic cell maturation (Ferrara. 1999;

Carmeliet et al.. 1999: and Barleon et al.. 1996). It thus appears that angiogenesis is a

finely regulated process such that it is turned "on·' in specifie conditions like wound

repair and quickly tumed ··off" once the damage has been repaired. This has been

referred to as the ··angiogenic switch" which describes the existence of activators and

inhibitors of angiogenesis and that when the inhibitors are in excess angiogenesis does

not occur and only when the number of inhibitors decrease and activators are increased

will angiogenesis take place (Hanahan and Folkman. 1996). In facto the numbers of

factors reported to have regulatory effects on the process of angiogenesis are many.

Positive regulators of angiogenesis include gro\\1h factors such as vascular endothelial

grO\\th factor (VEGF) and basic fibroblast gro\\1h factor (bFGF). hypoxia, cenain

c)1okines like IL-6. and such oncogenes as ras. Factors \\ith anti-angiogenic activity
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• include platelet-derived factors such as platelet factor 4 (PF4) and thrombospondin-l

(TSP-l). cryptic angiostatic factors like endostatin. angiostatin. and PEX. IL-12. and

certain tumor-suppressor genes. including p53. Certain diseases termed "angiogenic

diseases" occur due to an imbalance in the factors involved in the ··angiogenic swilch

(Folkman. 1995a). In the case of peptic ulcers and criticallimb ischemia. the lack of

angiogenesis results in disease and angiogenic activators such as bFGF and VEGF have

been used to successfully treat these disorders (Folkman. 1995b). Contrarily.

angiogenesis plays a causative role in other diseases such as diabetic retinopathy,

rheumatoid arthritis. and tumor grov~th and metastasis. Therefore. a bener understanding

of the factors involved in the regulation of angiogenesis will eventually lead to its

therapeutic control and treatment of a number of important diseases.

• 2.2 Angiogenesis: A Complex. ~lulti-Step Process

Angiogenesis is a complex. multi-step process involving cell-cell interactions. and

the interaction of endothelial cells (Ee) with extracellular matrix (ECM) components.

soluble gro\\lh factors and proteases. The sequence of events involved in the angiogenic

pathway include basement membrane degradation of the parent vesset migration and

proliferation of activated ECs. capillary sprout and lumen formation. and maturation of

the new blood vessels involving basement membrane production and incorporation of

peri-endothelial cells.

•
Normally ECs are remarkably quiescent with a turnover rate of approximately one

thousand days (Folkman. 1995b). However. under given stimuli, such as hypoxia or

inflammation. ECs become activated and angiogenesis occurs. The first step in the
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• angiogenic pathway is degradation of basement membrane. Invading macrophages or

ECs themselves secrete matrix metalloproteinases (MMPs) which are crucial to the

formation of new blood vessels (Stetler-Stevenson. 1999). MMPs play t\VO very

imponant roles in angiogenesis. Firstly. their proteolytic activity results in basement

•

•

membrane degradation which facilitates EC migration. Secondly, the ECM acts as a

reservoir for endothelial cell gro\\1h factors such as bFGF and VEGF which are not

soluble proteins but rather sequestered by heparin (Schlessinger et al.. 1995). Mt\.1Ps play

an important role in releasing these gro\\1h factors which can then act on ECs. Activated

ECs then begin to penetrate the basement membrane and migrate towards the chemotactic

factors resulting in the elongation and alignment of migratory ECs to form a capillary

sprout. Importantly. activated ECs are structurally and metabolically different from

quiescent cells. Not only do they become proteol):1ic. but they also express different cell

surface Molecules which are fundamental in the angiogenic pathway. One such surface

marker is the avp3 integrin which is specifie for ECs undergoing angiogenesis and is

involved in cell motility and gro\\1h (El iceiri and Cheresh. 1999). In facto this integrin

inhibits EC apoptosis and has been used as a target for antiangiogenic therapies

(Ruoslahti. 1997). Another feature of activated ECs is their hyperpermeability, due

mainly to the action ofVEGF. which is also kno\\n as vascular permeability factor and

has been reported to be one of the most potent vascular permeabilizing agents known

\\ith a potency of about 50.000 times that of histamine (D'Vorak et al.. 1995).

Hyperpermeability is not only a characteristic of activated ECs but plays an important

function in angiogenesis. The endogenous ECM is not conducive to EC motility. but

VEGF induces the EC release of matrix components which allows the formation of a
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• provisional ECM that is favorable for their migration (Dvorak et al., 1995). Fina1ly. the

new blood vessels undergo maturation by establishing normal intercellular junctions and

ECs associate with perivascular ceUs such as peric)1eS which inhibit funher EC

proliferation. The balance between two groups ofpro-angiogenic factors. VEGF and the

angiopoietins (Ang). mediates this last step. Ang-] acts via the Tie2 receptor to maintain

and stabilize immature vessels by promoting the interaction of ECs with surrounding

support cells. whereas Ang-2 has antagonistic effects on the same receptor. During the

proliferative phase of angiogenesis. Ang-2 inhibits the association of perivascular ceUs

\vhich facilitates EC proliferation. In the absence of Ang-], new vessels cannot mature

and eventually regress (Holash et aL 1995: and Holash et al. 1995b). In fact, an anti

Ang-l approach has been used to block angiogenesis and Ang-l has been used

• therapeutically to protect against vascular leakage associated with VEGF overexpression

in mice (Thurston et al.. 2000).

ln summary. angiogenesis is a process which involves numerous steps and is

regulated by various factors. The better angiogenesis is understood at a molecular level,

the more targets become available at blocking this phenomenon. And inhibiting

angiogenesis is important when we consider the role il plays in various diseases, notably,

tumor gro\\llh and metastasis.

2.3 Tumor Growth and Metastasis are Angiogenesis-Dependent

•
Angiogenesis is necessary, but not sufficient for tumor growth. Tumorigenesis is

initiated by oncogenes and/or mutations in tumor suppressor genes which promote

uncontrolled cellular proliferation and hyperplasia. In the early stages, turnors can divide

17



• unimpeded in an avascular state until they reach a size of{wo to three millimetres in

diameter (Folkman. 1986). Clinically. these asymptomatic lesions can be seen on the

surface of the skin. on the cervix or in bladder. Studies on transgenic mice models of

pancreatic islet cell carcinogenesis have clearly shown that an angiogenic s\\itch must

occur in premalignant tumors to progress to solid tumor formation and invasive

carcinomas (Bergers et al.. 1999: and Parangi et al.. 1996). Prior to neovascularization.

tumors are said to reach a saturation point where the proliferation rate of tumor ceUs is

•

•

equal to their rate of apoptosis. This occurs when the metabolic requirements of the

expanding tumor mass are no longer met by the endogenous blood supply. In this state of

hypoxia. tumor cells. as weil as intlammatory cells and connective tissue ceUs. secrete

angiogenic tàctors such as VEGF and bFGF. which activate and attract ECs (Battegay.

1995). ln tum. neovascularization augments tumor gro\\lh through (WO different

mechanisms referred to as the perfusion effect and the paracrine effect (Folkman. 2000).

The newly formed. hyperpermeable \'essels literally bathe the tumor with nutrients and

oxygena while removing waste products through a perfusion effect. The latter mechanism

invol\'es the release of numerous mitogt:ns. such as bFGF. by ECs vihich promote tumor

growth. This two-way paracrine exchange of gro\\th and survival factors. and the

intricate relationship which exists between tumor cells and neighbouring ECs has been

alluded to as the "two-compartment model of a tumor" (Folkman.1 996a). In fact it has

been reponed that up to forly percent of a tumor mass is composed of blood vessels.

Besides supplying the tumor with nutrients. angiogenesis aIso plays a crucial role in

tumor metastasis by providing a primary route for tumor cells to enter the circulation and

spread to distant organs (letter. 1998: and Folkman. 1996b). Strong evidence to support
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the link between angiogenesis and tumor spread cornes from the various studies showing

that the vascularity of the primaf)' tumor cao he used as a prognostic marker for tumor

aggressiveness and patient survival. Thus for many types oftumors. such as breast

cancer. a highly vascular primary tumor is indicative of increased metastatic potential and

decreased patient survival (Ellis and Fidler. 1995). Angiogenesis is involved not only at

primary tumors~ but also at distant metastases. When tumor ceUs from primary tumors

are shed into the circulation they must extravasate at distant organ sites and adapt to the

new microenvironment. These tumors can remain in a donnant state. as micrometastasis.

for several yearS without causing any symptoms. Only once these tumors acquire an

angiogenic phenotype does metastatic disease occur (Fidler and Ellis. 1994).

~techanisms explaining how micrometastases are activated have been proposed by

studying a mice model of Lewis lung carcinoma (O' Reilly, 1997a). In this animal model•

the removal of primary tumor results in neo\'ascularization of dormant micrometastases

and their subsequent gro\\l1h. It has been sho\\n that the primary tumor secretes an anti

angiogenic factor which is stable in the circulation and accumulates at sites of distant

metastases suppressing their gro\\th. Once the primaI")' tumor is removed. the levels of

the angiostatic factor decrease resulting in rapid gro\\l1h of the distant tumors. Thus. it

can be appreciated that the gro\\1h of distant tumors is regulated by a balance between

angiogenic and angiostatic factors and that a decrease in the level of anti-angiogenic

factor results in an angiogenic switch that is favorable for tumor growth. Therefore,

angiogenesis is essential for gro\\1h of bath the primary and secondary tumors. Hence,

by blocking angiogenesis not only are you starving the primaI)' tumor of essential

nutrients but also preventing an escape route for malignant cells and keeping
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micrometastases in a dormant state. This has given rise to a new approach for treating

cancer~ termed. antiangiogenic cancer therapy.

2.4 Antiangiogenic Cancer Therapy

The fimdamental principle ofthis approach is the anempt to treat cancer. not by

anacking tumor cells themselves. but rather the blood vessels which are necessary for

tumor gro\\1h (Hanahan. 1998: and Ezzell. 1998). Theoretically. angiostatic therapy

offers several advantages over conventional cancer therapyo Firstly. ECs. unlike tumor

cells. represent a genetically stable population of eeUs eliminating the risk of drug

resistanee that is seen \vith regular chemotherapy. Evidence for this cornes from young~

hemangioma patients that are treated with an anti-angiogenic factor~ interferon alfa-2a.

without any occurrence of drug resistance and very linle toxieity (Folkman. 1995b).

Furthennore. studies in mice have shown that tumors treated with angiostatic factors

regress completelyo \Vhen treatment is halted tumor regro\\1h occurs. Readministration

of the angiostatic factor results in further tumor regression and this treatment eycling can

be repeated several times with the same outcome (Kerbel. 1997: and Boehm et al.. 1997).

Another advantage of angiostatic therapy is based on the fact that ECs undergoing

angiogenesis are structurally and rnetabolically different from those in quiescent vessels.

Therefore. treatment is more selective reducing the risks of potential side efTects.

Moreover. sorne researchers have taken ad\Oantage of the fact that activated ECs express

specific cell surface markers. such as uvp3 integrins. to construet ligands for this integrin

coupled with anticancer drugs to treat tumors in mice (Arap et al.~ 1998). New vessels

are hyperpermeable and have abnormal architecture resulting in increased interstitial
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pressure which acts as a barrier for chemotherapeutic agents to reach the tumor

(Gasparini. 1999). By targeting ECs instead. antiangiogenic agents do not need to reach

the tumor ceUs making the target more accessible. Similarly. antiangiogenic agents do

not need to cross the blood-brain barrier. Finally. it is expected that antiangiogenic

agents would be effective against most solid tumors. regardless of tumor celi type. since

angiogenesis appears to be fundamental for tumor growth and metastasis (Taniguchi.

1998).

Many different strategies exist for inhibiting angiogenesis (Gast! et al.. 1997~

Bro\\'er. 1997: Keshet and Ben-Sasson. 1999:and Oehler and Bicknell. 2000). There

exist endogenous angiostatic factors. such as endostatin and angiostatin. which cao

directly inhibit EC proliferation and migration. Administration ofthese molecules in

mice tumor models has been successful in inhibiting tumor growth by preventing

angiogenesis. Furtherrnore. tumors secrete angiogenic factors. including VEGF. which

are necessary for tumor gro\\1h. Blocking the activity of these factors has aise been

useful in preventing tumor gro\\th in animaIs. However. this approach is riskier since

tumors have the ability to adapt to this son of treatment by secreting different angiogenic

moiecules and can potentially lead to drug resistance. a\'~3 integrins specifie for

activated ECs confer a necessary anti-apoptotic activity to endothelium undergoing

angiogenesis. AntagonistÏc peptides. kno\\n as RGD peptides. can bind to this integrins

and prevent angiogenesis (Bischoff. 1997). Activated ECs and tumor ceUs secrete MMPs

which are invoived in basement membrane degradation and EC migration. PEX, a C

tenninal fragment of MMP-2 which binds to ECs and prevents MMP-2 activity, has been

sho\\n to block angiogenesis in vivo and inhibit tumor gro\\'th in mice (Brooks et al.,
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1998). Finally there is evidence to suggest that antiangiogenic therapy in combination

with classical cytotoxic therapy can potentiate the antitumor effects of either drug alone

(Teicher et al.. 1994).

Since antiangiogenic therapy is angiostatic in nature~ therapy must he sustained to

achie\'e long-tenu suppression of tumor growth. Moreover. although quiescent ECs

differ from activated ones. angiogenesis is an important physiological response involved

in \\·ound repair and the female reproductive system. Furthermore. since one

antiangiogenic agent. thalidomide. has already proven to have teratogenic effects and

since the consequences of systemic antiangiogenic therapy have not been fully studied in

humans. treatment should be kept local preventing any side effects which may be

associated \\"ith systemic therapy. TheoreticaIly. gene therapy can provide local.

sustained expression of angiostatic factors .

2.5 Ad"antages of Angiostati~Cancer Gene Therapy

Combining the fields of angiogenesis research and gene therapy research has given

rise to the exciting new field of antiangiogenic gene therapy (Kong and Crystal. 1998a;

and Folkman. 1998). Several ad\"antages are offered using a gene therapy approach over

conventional drugs. Systemic administration of an anti-angiogenesis agent cao result in

promiscuous anti-angiogenesis and affect normal physiological functions. In fact, a study

has already sho\\n that systemic antiangiogenic treatment \\;th AGM-1470 in

nonpregnant mice inhibited endometrial maturation and corpus luteum fonnation

(Klauber et al.. 1997). Gene therapy would eliminate this risk by directing gene transfer

to the tumor environment. Also. gene transfer would result in accumulation of the

,.,--
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antiangiogenic factor within the tumor \\'ithout increasing systemic levels of the drug.

Funhermore. since angiogenic and antiangiogenic factors have an effeet on cells \\ithin

the local environment and not necessarily on the cells expressing the factors. delivering

and expressing the gene in ceUs in the tumor environment. \\ithout targeting a specific

cell type. should be sufficient to have an antiangiogenic effect. Lastly. gene therapy

would definitely be cheaper than daily injections with antiangiogenic tàctors and would

solve the unresolved pharmacological problems \\ith bolus injections.

Various animal studies have sho\\'n that gene therapy may prove to be an effective

way to treat cancer by blocking angiogenesis in solid tumors (Kong and Crystal. 1998a).

Many ofthese studies have targeted the activity ofVEGF. which is one of the most

specifie and potent angiogenic factors involved in turnor angiogenesis. In a rat glioma

model. retroviral transfer of a truncated VEGF receptor-2 (VEGFR-2) gene resulted in

suppressed tumor angiogenesis and prolonged sun:ival of rats with intracerebral tumors

(Machein et al.. 1999). The mutated VEGFR-2 works by sequestering available VEGF

secreted by tumor cells and inhibiting its angiogenic activity. Anotber study using

adenoviral transfer of soluble VEGFR-l in a murine model of colon carcinoma sho\\:ed

that vector can be administered locally. either intravenously for liver metastases.

intratracheally for lung metastasis. or intratumorally for subcutaneous tumors. to suppress

tumor gro\\th \\ithout the risk of systemic antiangiogenesis (Kong et al.. 1998b). In facto

the use of soluble VEGF receptor gene therapy has been used to suppress the grO\\1h ofa

variety of mouse tumors including mammary. ovarian and lung carcinoma. as weil as

glioblastoma. suggesting a crucial raIe for VEGF in promoting tumor angiogenesis

(Millauer et al.. 1996; and Millauer et aL 1994). Antisense technology has also been

., ..
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used ta black VEGF activity and inhibit tumor gro\\th. Gro\\1h of rat C6 glioma cells.

stably transfected \\lth antisense·VEGF cDNA. implanted subcutaneously was

significantly inhibited and tumor vascularization was reduced (Saleh et al .. 1996).

Several antiangiogenic factors have also been used for gene transfer purposes to inhibit

tumor angiogenesis. Transduction of established intracerebral gliomas by adenoviral

vectors carrying soluble platelet factor4 (sPF4) cDNA. resulted in a decrease in tumor

angiogenesis and increased animal survival (Tanaka et al.. 1997). Angiostatin and

Endostatin. t'wo potent angiostatic tàctors. have also been used for antiangiogenic cancer

gene therapy purposes in animaIs. One study showed that subcutaneous implantation of

an angiostatin. stably transfected mouse fibrosarcoma cell showed a seventy-seven

percent decrease in tumor gro\\th compared to nontransfected cells and resulted in

hypovascular tumors (Cao et al.. 1998). Retroviruses were also used to transfer the

angiostatin cDNA into rat RT:! glioma cells. resulting in small. pale tumor nodules when

implanted into the subrenal capsule. intracranially. and subcutaneously. compared \\ith

the large. red. hypervascUlarized tumors which formed with the vector·transfected control

tumor cells (Tanaka et al.. 1998). Gene therapy trials using another patent antiangiogenic

factor. Endostatin. have al50 been successful in pre'"enting tumor grO\\1h in animais.

Systemic administration of an adeno\"irus \"ector carrying endostatin cDNA was sho\\-n ta

significantly inhibit the gro\\th of both Je breast carcinoma and Le""is lung carcinoma

models in mice. and ta prevent lung metastases in the Le\\-is lung model (Sauter et al.•

1000). Also. subcutaneous implantation of endostatin·transfected mouse renal carcinoma

cells (RenCa) and endostatin-transfected human colon carcinoma cells (SW620) resulted

in hypovascular tumors that were up to ninety-one percent smaller than tumors from
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nontransfected control ceUs and significantly decreased lung and liver Metastases.

respectively (Yoon et aL 1999). Similar results were obtained when a cell mixture of

twenty-five percent transfected ceUs and seventy-five percent control ceUs \vere

implanted. suggesting that gene delivery into a minority oftumor ceUs can be effective in

blocking angiogenesis and preventing tumor grov.th and Metastases. Although the great

majority of these studies use viral vectors to transfer the angiostatic gene. the literature

contains three reports of nonviral antiangiogenic gene therapy for cancer treatment. The

sustained production of Endostatin following intramuscular injections of naked DNA

formulated with a PINC polymer resulted in endostatin serum levels of seven nanograms

pel' millilitre. which was enough ta inhibit the gro\\lh of subcutaneously implanted

mouse RenCa and Le\\;s lung carcinomas and to prevent the lung Metastases of the

RenCa tumors (Blezinger et al.. 1999). Furthermore. intratumoral injections of liposomes

complexed to plasmids encoding angiostatin and endostatin resulted in a thirty-six

percent and forty-nine percent reduction. respectivdy. in a breast tumor celiline (MDA

\IB-435) implanted in the mammary fat pads of nude mice (Chen et al .. 1999).

~1oreo\'er. intravenous injection of the endostatin-liposome complex reduced tumor

gro\\th in nude mice by nearly forty percent. providing tùrther evidence for the efficacy

of nonviral delivery of antiangiogenic genes. Lastly. systemic gene delivery of three

different gene-liposome complexes. namely p53. GM-CSf. and angiostatin genes, were

sho\\n to be equally effective at inhibiting tumor metastasis and tumor angiogenesis in a

murine model of invasive melanoma (Liu et al.. 1999).
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Cbapter 3: Enban(:ing DNA Vac(:ination .~gaiost Tumor Associated Antigens (TAA)
Tbrough ln Jlivo Ele(:troporation

3.1 Prio(:iples of Tumor Immunotberap~'

Studies from laboratory animaIs and humans have provided convincing evidence to

suggest that the immune system can recognize and destroy malignant cells. The isolation

oftumor-specific T cells from cancer patients has led (0 the identification of a number of

tumor-associated antigens (TA.:\) (Timmennan and Le"y. 1999; Kawakami and

Rosenberg. 1997: Baon and van der Bruggen. 1996: and Pardoll. 1994), New therapeutic

approaches to cancer involve enhancing immune responses against these antigens.

Before reviewing sorne of the current research in this field. the cells involved and the

effector mechanisms used in cancer immunity will be discussed.

T L"mohoc"tes:

Most of the anention has focused on CDS- c:lotoxic T lymphoc~les (CTLs) for

several reasons. Firstly. most tumors express ~tHC dass 1molecules but are MHC class

II negative. r..1oreover. in l:itro CTLs isolated from tumor-bearing mice are able ta lyse

tumor cells directly upon recognition of peptide-~IHCclass 1complexes expressed by

tumor ceUs. In facto many of the T.-\.-\5 ha\"e been identified by analyzing the antigen

specificity oftumor-reactive CTLs isolated from cancer patients. However. given the

crucial role of CD4- Th ceUs in regulating most antigen-specific immune responses. it is

not surprising that CD4- T cells have also been sho\\n to play an important role in the

antitumor response. Recent studies have shawn that CD4- T ceUs are involved in severa!

distinct antitumor effector mechanisms (Toes et al.. 1999). These effector mechanisms

include priming of turnor-specific CTLs. either directly through the release of soluble
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factors such as IL-2. or indirectly by activating dendritic ceUs (Des) which present

antigens to CTLs. and recruitrnent and activation of infiltrating macrophages and

eosinophils involved in tumor clearance (Hung et al .. 1998). Thus. both T cell subsets

appear to play important roles in antitumor immunity and most T cell depletion studies

have ShO\\il that both CD4- and CDS- T ceUs are required for systemic antitumor effects.

Natural Killer Cells and Macrophages:

Natural killer (NK) cells are a distinct group of lymphoc)1es that lyse tumor ceUs

wIthout prior sensitization and with no MHC requirements. NK ceUs have been sho\\'tl to

kill tumar celllines in vi/ra and prevent metastasis in mice injected i.v. with malignant

cells.

Activated macrophages Mediate their antitumor effects via several effector

mechanisms. The secretion of a number of c)10toxic substances. such as free oxygen

radîcals. or c)1okines such as tumor necrosis tàctor (TNF) play a very important role in

the tumoricidal effects of macrophages. Finally. phagoC)10sis is another mechanism by

which macrophages can kill tumor cells.

Dendritic Cells:

Dendrite cells (Des) are specialized antigen presenting ceUs (APCs) which play a

pi\"otal raie in the initiation of cell-mediated immunity (Banchereau and Steinman. 1998;

and Han.. 1997). High level expression of MHC class 1 and class II Molecules. as weil as

co-stimulatory Molecules. makes Des the ideal cell-type for presenting tumor protein

antigens ta T cells. Because of these characteristics. the use of tumor antigen-Ioaded Des

as vaccines for cancer immunotherapy have been extensively studied (Timmerman and

Levy. 1999). Furthermore. initial clinical trials have shown that Des pulsed "-ith tumor
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antigens could elicit specific anti-tumor immune responses in cancer patients (Hsu et al..

1996).

Antibodies and 8 ceUs:

Although monoclonal antibodies specifie for tumor antigens have been isolated.

generally a strong humoral response against tumor antigens does not result in significant

antitumor activÎty. ln vitro. antibodies have been sho"'TI to kill solid tumor celIs through

several mechanisms. Antibody-coated tumor cells undergo opsonization and are

phagoc~1osedby macrophages. with or without the presence of complement.

Furthermore. antibody-coated tumor ceIls can be killed by antibody-dependent celI

mediated C)10toxicity (ADCC) in the presence of neutrophils. NK celIs. or macrophages.

The importance of these effector mechanisms in vi\'o is not fully understood. Antibodies

have been used to treat tumors cxperimentally by coupling them with C)10toxic agents

and targeting them to tumor epitopes. Finally. depending on the turnor modei studied. B

cell involvement in regulating tumor immunity may or may not be of imponance.

3.2 ~echanisms In\"oh"ed in Tumor Escape from Immune Destruction

Although tumor antigens exist and are targeted by specifie immune effector

rnechanisms. cancer cells have devised several ways to elude antitumor immune

responses and a\'oid destruction. The following is a brief discussion of the several

mechanisms involved in tumor escape from immune surveillance.

Cancer cells are genetically and phenotypically unstable. and T cell responses

against specifie tumor antigens can lead to the selection of nonimmunogenic turnor cell

variants in a similar way that microorganisms develop drug resistance. Also~ tumor cells
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• are not professional APCs and presentation of tumor antigens by cancer ceUs to T ceUs

May result in T cell anergy in a mechanism identical for maintaining peripheral tolerance

to self-antigens. For instance, cancer cells May present antigens in the context of MHC

Molecules but lack the expression of co-stimulatory molecules necessary for proper

antigen presentation. Moreover. tumors aIso show decreased expression of MHC

Molecules allowing them to escape host immunity. Finally. tumors can secrete their own

immunosuppressive factors such as TGF-p. IL-I0. or VEGF which results in ineffective

tumor immunity. Therefore. one of the greatest challenges of cancer researehers and

immunologists is to figure out ways to potentiate or amplify patients' antitumor immune

responses. The next section will discuss one such attempt: boosting specifie tumor

immunity through the use of DNA vaccination against common specifie TAAs.

• 3.3 DNA Va~cination Primes Antitumor T·Celi Responses

DNA vaccinations are very effective at priming MHC-restricted T- cell responses.

Animal studies have shown that intramuscular injections of naked DNA encoding TAA

elicit T cell responses that have the potential of rejecting tumor cells expressing the

antigen (Kowalczyk and Erti. 1999). Previous work from our lab made use of the human

carcinoembryonic (CEA) antigen in mice to study different DNA vaccination strategies.

•

~tice were immunized with CEA plasmid DNA and then challenged with a Lewis lung

carcinoma cellline stably transfected with the CEA antigen. Turnor growth was retarded

but eventually aH mice developed solid. subcutaneous tumors. When a plasmid encoding

the IL-12 gene \vas co-administered with the CEA plasmid, IL-12 acted as an adjuvant by

enhancing the T cell-mediated immune response against the CEA antigen protecting up to
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• 800/0 of the mice studied from developing tumors (Song et al., 2000). In a similar study,

DNA vaccination \\ith the TAA Neu induced prolective immunity against the

development of spontaneous mammary tumors in HER-:2/neu transgenic mice as weil as

in mice challenged with lumor ceUs expressing the Neu antigen (Amici el al.. 2000: and

Chen et aL 1998).

In arder for DNA vaccines la elicit patent. prolective immune responses. efficient

gene transfer is crucial. Thus. although DNA vaccines have been shown to induce

protective immunity in small animais. the lower efficiency ofnaked DNA uptake by ceUs

in larger animais. such as humans. may limit the use ofthis technique for human

•

•

vaccination. Recently. it has been shawn that electroporation can be used to increase

DNA vaccine de livery and amplify protective immune responses (Widera et al.. 2000).

Using the weakly immunogenic hepatitis B surtàce antigen. this group showed that IVEP

resulted in an earlier onset and a greater magnitude of anti-hepatitis B antibodies in mice.

Also. the immunogenicity of an HIV gag DNA vaccine was increased as was seen by

increased antibody titers. increased CDS- T ceU responses. and a decrease in the amount

of DNA required ta induce an immune response. Furthermore. similar results were

obtained using a combination HIV gag and env DNA vaccine in guinea pigs and rabbits.

Thus. these results suggest that electroporation may be very useful in the field of cancer

immunotherapy by amplifying the immune responses associated with DNA vaccination

with TAA.
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"'.1 Soluble VEGF Re~eptor 1 (sFlt-l)

VEGF. also kno\\n as vascular permeability factor (VPF). is a potent angiogenic

and vascular penneability factor. Alternative splicing of a single VEGF mRNA gives

rise to five different isoforms. 121. 145. 165. 189. and 206. identified by the number of

amino acids they contain. VEGF 165. the major and most potent isofonn. is sequestered on

heparan-sulfate proteoglycans of cell surfaces and in the extracellular matrix. The

angiogenic actions ofVEGF are mediated via t\\"o membrane-bound. t)Tosine kinase

receptars expressed almast exclusively on ECs. VEGFR-l (flt-l) and VEGFR-2

(KDR/tlk-l) bath contain seven extracellular immunoglobulin demains. a transmembrane

demain. and a c)10plasmic tyrosine kinase domain. Upon VEGF binding. the receptors

hemo- or hetero-dimerize. and undergo autophosphorylation which begins a signal

transduction cascade ultimately resuiting in the production of proteases. the expression of

specifie integrins. and finally. in EC proliferation and migration (Neufeld et al.. 1999).

VEGF plays a pivotaI role in \·asculogenesis. angiogenesis. and endothelial survival

of the mature vasculature. Vasculogenesis occurs in the embryo and is defined as the

formation of primitive bload vesseis from mesenchymal tissue (Carmeliet, 2000; Risau,

1997: Beek. Jr.. and D' Amore. 1997: and Risau. 1995). The most convincing evidence

for the crucial role ofVEGF in the de\'elopment of the embryonic vasculature is provided

by studies showing that embryonic mice lacking a single VEGF allele do not survive due

to abnonnal blood vessel formation (Carmeliet et al.. 1996; and Ferrara et al.~ 1996).

Furthermore. hamozygous mouse mutants for the Flk-l receptor fail to undergo
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vasculogenesis and die in utero. between 8.5 and 9.5 days post-coitum~ in the absence of

any organized blood vesseI fonnati(\n (Shalaby et al., 1995). lnterestingly. mice lacking

the Flt-I receptor are capable of forming ECs but organize them into abnonnal vascular

ehannels \\;th an overgro\\"th of endothelial-like cel1s within the lumens resulting in

embryonic death between post-coital days 8.5 and 9. (Fong et al.. 1995). Thus. despite

being structurally homologous the two VEGF receptors appear to have distinct biological

properties. Biochemically. FIt-1 shows a ten fold greater affinity to VEGF but about a

ten fold lower kinase activity than Flk-l. Miee expressing the Flt-l receptor lacking the

tyrosine kinase domain undergo normal embryonic development and angiogenesis

suggesting that it may play an important role as a ligand-binding molecule~ regulating the

levels of VEGF available for angiogenesis (Hiratsuka et al, 1998). ln support of this

hypothesis. an endogenous soluble FIt-l has been identified in pregnant mice whose

levels are increased towards the end of pregnancy coinciding with a decrease in

embryonic angiogenesis (He et al.. 1999). :\ homologous soluble receptor has been

isolated from a human umbilical vein endothelial eel1 (HUVEC) line suggesting that a

similar mechanism of FIt-I- regulated angiogenesis may also be occurring in humans

(Kendall and Thomas. 1993: and Kendall et al.. 1996).

Deregulated expression of VEGF and its receptors appears to play a major role in

various "angiogenic diseases··. inc1uding cancer and diabetic retinopathy. Conclusive

cvidence exists demonstrating the corrdation between increased serum VEGF levels and

the incidence of tumor gro\\th and metastasis in both mice and humans. A study

examining VEGF serum levels in thirteen different types of mouse ascites tumors

demonstrated that VEGF was significantly accumulated in the ascites fluids of ail thineen

...,
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tumors (Luo et al.. 1998). In a human study of patients suffering from cancer of the

breast~ Iung, prostate. esophagus.. stomach. colon. rectum. brain. or head and neck or from

melanoma. non-Hodgkin' s lymphoma. mesothelioma, or angiosarcoma. both patients

\\,;th local. regional and disseminated cancer had significantly increased serum VEGF

levels compared with subjects without cancer (Salven et al.. 1997). Aiso. patients

undergoing cancer therapy were found to have 10\\'er serum VEGF levels than those

without cancer therapy. One of the major causes of blindness in the Western World is

ischemia-induced retinal neovascularization seen in diabetic patients (Henkind. 1978:

Engerman. 1989: Merimee. 1990: Klein and Klein. 1997; AieIlo et al.. 1998: and [nfeld

and O·Shea. 1998). Examination of ocular fluid of patients with diabetic retinopathy

showed signiticantly increased levels of VEGF suggesting that it plays a critical role in

mediating the proliferation ofblood vessels in the retina resulting in severe visualloss

(AieHo et al.. 1994). Moreover. in a mouse model of retinal neovascularization VEGF

levels are increased follo\ving retinal hypoxia and rernain elevated during the

development of neovascularization suggesting that it plays a causative role in the

pathological fonnation of new retinal vessels (Pierce et al.. 1995). Lastly. rheumatoid

arthritis is a chronic inflammatory disease characterized by lymphocytic infiltration of the

joints. Angiogenesis plays an important raIe in recruiting and activating the

inflammatory ceUs \\'ithin the synoviurn. Through irnmunohistochemical staining.

reverse transcription polymerase chain reaction (RT-PCR) and in situ hybridization

analysis. VEGF levels have been sho\\TI to be significantly increased in the joints of

arthritic patients (Nagashima et al .. 1995).
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Since VEGF plays such a crucial role in diseases caused by pathological

angiogenesis. inhibiting the activity of this angiogenic factor can be used to treat such

disorders. Several techniques have been used to block VEGF activity including

neutralizing monoclonal antibodies. and antisense VEGF transcripts (Aiello, 1997: and

Asano. 1999). Soluble or truncated VEGF receptors have proven to be extremely

effective for blocking angiogenesis of solid tumors and inhibiting tumor growth (Lin et

al.. 1998: Millauer et al.. 1996: and Goldman et al.. 1998). The mutated receptors' ability

to inhibit VEGF activity involves two different mechanisms. Firstly, soluble receptors

act extracellularly by binding and quenching available VEGF molecules. preventing the

interaction of VEGF \Vith its receptors on the surface of ECs and ilS consequent

angiogenic activities. Given that Flt-l has a higher affinity for VEGF than the Flk-I

receptor. sFlt-1 should be more effective at sequestering available VEGF molecules. An

in \'irro study examining the ability of ~ither soluble receptor from inhibiting endothelial

cell proliferation and migration revealed that whereas sKDR. which is the human

homolog of the mouse sFlk-l. could not prevent VEGF-mediated EC proliferation and

only partially inhibit celI migration sFlt-l almost completely blocked VEGF-induced cell

proliferation and migration (Roeckl et al.. 1998). The ather mechanism involved in

blocking VEGF activity is referred ta as dominant-negative inhibition. This refers to the

ability of soluble or membrane-bound receptors lacking kinase activity to bind VEGF and

subsequently interact with full-length receptars found on the surface of EC. This

association captures the normal. functional receptars on the cell surface. but prevents

signal transduction which requires homo-or heterodimerization of two full-length

monomeric receptor subunits. Lastly. a single intravitreal injection containing 200
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nanograms of sFlt-1 or sFlk-l inhibited retinal neovascularization in the mouse model of

ischemia-induced retinal neovascularization in one hundred percent and ninety-five

percent of animaIs. respectively (Aiello et al .. 1995).

Thus. there exists abundant evidence suggesting the efficiency of soluble VEGF

receptors to inhibit angiogenesis. making these molecules excellent candidates for their

therapeutic use in preventing pathological angiogenesis.

4.2 Angiostatin

Angiostatin was tirst discovered in a rnurine model of Lewis lung carcinoma in which the

prima~' tumor inhibited the growth of lung metastases (O-Reilly et al.. 1994). Removal

of the primaT)' tumor resulted in the neovascularization and gro\\1h of lung

micrometastases. It was discovered that the primary tumor was secreting an

antiangiogenic factor which accumulated in the blood and urine of these mice and

prevented metastatic gro\\1h by inhibiting angiogenesis at the secondaI")' sites. This

antiangiogenic tàctor was purified from urine of mice with primar)' Lewis lung tumors

and was gi\'en the name Angiostatin. ~tolecular characterization and sequencing of this

factor re\'ealed that it was a thirty-eight kilodalton internai fragment of plasminogen

containing the first four highly homologous. looped multiple disulfide-bonded domains,

knO\\TI as kringle domains. Proof that Angiostatin was indeed an internaI fragment of

plasminogen came from studies which showed that systemic administration of a

recombinant molecule consisting of the first four kringle domains ofhuman plasminogen

successfully inhibited primary gro\\lh and metastasis of Lewis lung carcinomas in mice

and inhibited EC proliferation in vitro (Sim et al.. 1997).
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Several mechanisms have been proposed to describe how Angiostatin is generated

in vivo. In subcutaneous Le\\;s lung carcinomas. tumor cells secrete granulOC)1e

macrophage colony-stimulating factor which induces tumar-infiltrating macrophages ta

express the serine proteinase. metalloelastase (MME). involved in plasminogen cleavage

inta Angiostatin (Dong et al.. 1997). Altematively. human prostate carcinoma cells (PC

3) themselves secrete enZ)'matic activit)' that converts plasminogen to angiostatin (Gately

et al.. 1997). PC-3 cells secrete urokinase (uPa) which is involved in cleaving

plasminogen into the plasmin intermediate. Plasmin. in the presence of free sultbydryl

donors (FSD) provided by the tumor cells. acts as bath the substrate and enzyme for the

generation of angiostatin. Angiostatin praduced in a cell-free system by combining

plasminogen with uPa and FSD has been used to inhibit angiogenesis in vitro and in vivo

and to inhibit primaI")' tumor grov.th and metastasis of Le\\;s lung carcinomas in mice.

Furthermore. ~\'I~IP-3. also known as stromelysin-l. and MMP-12 have been sho\\TI to

cleave plasminagen in l'llro ta yidd Angiostatin. implicating yet another class of

proteinases in the production of this antiangiogenic factor (Lijnen et al.. 1998: and

Cornelius et al.. 1998).

Although the mechanisms by which Angiostatin inhibits angiagenesis are not

understood. several possibilities have been proposed. Angiostatin has been sho\\'n to

bind the ATP synthase on the surface of HUVE cells (Moser et al.. 1999). It has been

proposed that ECs use the ATP synthase to produce an additional source of ATP which

allows them to survive under the hypoxic conditions of a gro\\'ing tumar. Angiostatin, by

binding to this enzyme. May prevent ECs from producing needed ATP and result in

decreased EC survival. Another recent study suggests ùlat its antiangiogenic activity
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relies on its ability to prevent the activation of plasminogen by tissue plasminogen

activator (t-PA) (Stack et al.. 1999). Vascular ECs secrete plasminogen activators. t-PA

being the prominent one. which convert plasminogen into plasmin. Plasmin is an

important protease that facilitates EC and tumor cell invasion through the ECM by

digesting a number of molecules found in the BM and tumor stroma. such as laminin and

tibronectin. t-PA can form a temaI')' complex with its substrate. plasminogen, and ECM

components which enhances its catal~1ic activity. ln vitro, Angiostatin can inhibit EC

invasion by interacting with the ECM and disrupting its association \\;th t-PA which

prevents matrix enhancement of t-PA activation of plasminogen, Other evidence

suggests that Angiostatin induces endothelial cell apoptosis and causes inappropriate

acti\'ation of focal adhesion kinase. which is normally involved in crucial cellular

responses. such as proliferation. migration. ditTerentiation or death (Claesson-Welsh et

al.. 1998). Lastly. it has been reported that Angiostatin blocks angiogenesis in vivo by

inhibiting endothelial cell proliferation by preventing the G!/M transition induced by M

phase-promoting factors (Griscelli et al.. 1998).

Systemic administration of human Angiostatin strongly inhibits the gro\\<1h of

primaI')' human and murine tumors in mice (O'Reilly et al.. 1996). Ho\\'ever. given the

pharmacological problems associated with systemic Angiostatin treatment. such as the

need for high dosages. repeated injections and long-term administration of the protein.

gene therapy is an attractive alternative for antiangiogenic therapy using Angiostatin

(Cao. 1999).
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4.3 Endostatin

Endostatin is one of the most potent angiogenesis inhibitors. Il "'as discovered by

looking for the production of novel inhibitors of endothelial cell proliferation by a murine

hemangioendothelioma cellline. EOMA (O' Reilly et al.. 1997b). Endostatin was the

name given to the twenty kilodalton protein purified from the conditioned media of

EOMi\. cells that specifically inhibited the proliferation of various endothelial cell lines.

Like Angiostatin. Endostatin is a cleavage fragment of a larger precursor molecule that

has no antiangiogenic activity. Microsequencing analysis of the twenty kilodalton

protein revealed that it was identical to a C·terminal fragment of collagen XVIII. The

ability of a recombinant (wenty kilodalton protein produced from the C-terminal portion

of mouse collagen XVIII to inhibit the proliferation of bovine capillary endothelial cells

in \'itro confirmed that Endostatin was indeed a cryptic fragment of collagen XVIII.

Furtherrnore. systemic administration of recombinant Endostatin resulted in the complete

regression of several different types of primary solid tumors. such as Le\\'is lung

carcinoma. T241 fibrosarcoma. EOf\lA. hemangioendothelioma. and B16F10 melanoma.

grO\\TI in mice to a size of at least one percent of total body weight. Similar to

Angiostatin. Endostatin did not affect the proliferative index of the tumors.

Immunohistochemical analysis revealed that the antitumor effect was due to an inhibition

of tumor angiogenesis.

Several papers have reported plausible mechanisms for Endostatin activity.

Recently. it has been demonstrated using three different apoptosis assays that Endostatin

causes cow pulmonary artery endothelial celi apoptosis tDhanabal et al .. 1999a).

Moreover. Endostatin treatment led to a significant reduction in Bcl-2. an anti-apoptotic
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protein. These effects were specifie to endotheIiai cells and did not occur with other cell

types tested. Another study. using recombinant human Endostatin produced from a yeast

expression system. showed that in addition to causing HUVE cell apoptosis. Endostatin

treatment resulted in cell cycle arrest in the G 1 phase of ECs (Dhanabal et al. 1999b).

Lastly. it has been sho\\;ll that mouse Endostatin has a high affinity for heparin

(Hohenester et al .. 1998). Thus. Endostatin may aiso use an indirect approach al blocking

angiogenesis by binding to the heparan sulfate proteoglycans involved in the signaling of

such EC gro\\1h factors as VEGF and bFGF.

Despite Endostatin' s impressive results in shrinking tumors in mice. human studies

have not been as impressive. Although Endostatin and Angiostatin were seen as cancer

cures follo\\ing the initial results in mice. the fact is that these molecules have just

recently become available as drugs for human applications (Ryan et al .• 1999: and Rowe.

1999). Significant barriers must be overcome before pure and suffident quantities of

these proteins can be tested on vmous tumor roodels. assessed for toxicity. and

eventually allowed into the clinic (CrystaL 1999). One feasihle alternative is to use

Endostatin gene therapy and gi\"e patients the task of manufacturing the drug themselves.

4.4 Interleukin-12 (IL-12)

IL-l:! is unique from other c~10kines because it is a heterodimer comPOsed of two

disulfide-linked chains. p35 and p40. encoded by separate genes. Active IL-I2 requîres

coordinated expression ofboth genes. IL-12 plays a crucial role in regulating the early

events of inflammatory responses and enhances the development of a Th1 response that

favors cell-mediated immunity (Trinchieri. 1994~ and Robertson and Ritz~ 1996). Upon
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T-cell interaction. antigen presenting cells. such as dendritic eells and B lymphoc)1es.

produce IL-12 which causes T cell and natural killer (NK) cell proliferation and increased

c)1olytic activity and stimulates their secretion of IFN-y. Numerous studies have sho\\n

that IL-12 administration causes regression of primary turnors and prevents metastasis of

severa! tumor models in mice and has been tested in various clinical trials (Brunda et al..

1993: and Sun et al.. 1998).

Anti-tumor effects of IL-l:! are mediated by several effector mechanisms. One

study examined the cellular and molecular mechanisms of IL-12- mediated anti-tumor

activity in BALB/C mice bearing established subcutaneous RENCA or CT 26. murine

colon adenocarcinoma. treated with daily one microgram intraperitoneal IL-12 injections

(Tannenbaum et al.. 1996). C!1okine and chemokine gene expression in tumors along

with immunohistoehemical analysis of tumors revealed that IL-12 responsive cells \\ithin

the tumors. such as T ceUs and NK cells. secrete IFN-y which induces tumor ceUs to

synthesize the CXC chemokine interferon-inducible protein-l 0 (lP-l 0). Expression of

IP-I0 results in massive tumor infiltration of CD8- T ceUs and macrophages. The

c~1olo)1ic nature of infiltrating T cells. mediated by the effector molecules perforin and

granzyme B. NK ceUs. and macrophage nitric oxide (NO) production are enhanced by

IL-12 and result in tumor regression. These results suppon previous studies claiming that

IFN-y is a crucial Mediator of the antitumor effects of IL-12 (Trinchieri, 1995; and

Nastala et al.. 1994). Furthermore. rabbit polyclonaI antibodies specifie for IP-tO

resulted in inhibition ofT cell infiltration into RENCA tumors and prevented IL-12

mediated tumor regression (Tannenbaum et al.. 1998). This mechanism is now referred

to as the ··attraction-expansion·· model and has been used by severa! researchers to treat
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tumors in mice. The basic principle relies on using a combination of chemokines and

c)1okines such that the chemokine acts as a recruiting molecule. attracting immune cells

to the tumor site. and c)10kines are "activators" potentiating the c)101)1ic activity of the

infiltrating cells (Paillard. 1999). In one study, intratumoral coinjection oftwo

adenoviruses. one encoding IP-l 0 and the other IL-12. resuhed in marked antiturnor

synergistic effect resulting in one hundred percent eradication of established CT16

tumors in mice (Narvaiza et al.. 1000). Co-administration of the t\\"o vectors resulted in a

potent tumor-specific CTL response with massive tumor infiltration of CD4 and CD8 T

cells. NK cells \vere also sho\\n to play a crucial role in the antitumor response. In a

similar experiment. intratumoral coinjection of adenoviruses encoding IL-12 and

lymphotactin. a chemokine that can cause local accumulation ofCD4-. C08-. and NK

cells. results in tumor regression and protective immunity against solide murine. breast

adenocarcinomas stably transfected with polyoma Middle T (PyMT) or Neu (8142)

antigen (Emtage et al.. 1999).

The tàct that IL-I:! also displays antitumor effects and antimetastatic effects in

SeID mice demonstrates that additional. non-immune responses are involved in IL-I2

mediated tumor regression. Several early studies demonstrated that IL-12 displayed in

vit·o antiangiogenic activity by inhibiting murine corneal vascularization induced by

bFGF (Voest et al.. 1995: and Kerbel and Hawley. 1995). Only later was it sho"n that

the antiangiogenic activity was not due ta IL-I2 itself but by the do\\'nstream chemokine

IP-I0. and that neutralizing antibodies against IP-IO resulted in inhibition of IL-12

mediated antiangiogenic activity enhancing tumor gro\\th and Metastases ofhuman lung

turnors in SCID mice (..\renberg et al.. 1996). Human Burkitt lymphoma celllines give
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rise to subcutaneous turnors in athymic mice. Inoculation of Epstein-Barr virus

immonalized normal human l~mphoctes into these tumors results in elevated IP-I 0 levels

and turnor regression. Constitutive IP-l 0 expression in mice Burkin tumors inhibits the

ability of the tumors to grow as subcutaneous tumors and results in visible necrosis.

Histological examination of these tumors reveaied that necrosis is due to vascular damage

oftumor blood vessels. including intimaI thickening and capillary damage (Sgadari et al..

1996). Further insight into the antiangiogenic activity of IL-12 has reveaied the criticai

role ofNK cells in vaseular damage (Yao et al.. 1999). In an in vivo model ofbFGF

induced neovascularization. neutralization ofNK ceH function using specifie asialo GMI

antibodies inhibited IL·12 mediated antiangiogenie aetivity" Burkin Iymphomas in nude

mice. treated with local IL-12 injections. resulted in vaseular damage \\;th NK cell

infiltration surrounding small vesseIs" Furthennore. NK eells isolated from oude mice

and acti\"ated in \"irro \\ith IL-12 become strongly c~1otoxic ta syngeneic aortic

endothelial cells. These results suggest that ~K cells play an important role in IL-12

mediated antiangiogenie aeti\"ity and that the endotheliai cell c~1otoxic nature ofNK cells

might be in\"oived in IL·I2 suppression of angiogenesis.

Although IL-I2 appears ta be a promising anticancer drug. systemic administration

of the c)1okine can result in severe toxie effects and has already caused the death oftwo

patients enrolled in clinieal trials (Cohen. 1995). Several studies have provided evidence

for the efficiency of local. intratumoraI accumulation of IL·Il using gene therapy

approaches. Replication-defecti\"e adenovirus carrying a bicistronic vector containing

cDNAs for the p40 and p35 subunits of IL-Il was assessed for its antitumoral activity

(Chen et al.. 1997). Intratumoral injection of the vector resulted in elevated IL-I2 and
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IFN-y levels over two to five days and levels retumed to baseline by seven to fourteen

days. These elevated IL-l2 levels resulted in complete regression of subcutaneous

murine MB49 bladder tumors in one hundred percent of animais studied. and cured mice

showed protective immunity against rechallenge with the same cellline. An ex \'il'O

approach \Vas used to sho\\' the antitumor effects of IL·12 in advanced. terminally il!.

melanoma patients (Sun et al.. 1998). ~telanoma cells were isolated from surgically

removed metastases and were transfected with human IL-12 gene using ballistic gene

transfer. Patients were then vaccinated \\'ith weekly. subcutaneous injections of the

engineered cells for a period of six weeks and showed no signs of systemic toxicity other

than a mild fe\'er. Sorne of the patients developed delayed-type hypersensitivity (DTH)

reactions against aUlologous melanoma cdls and one patient sho\\'ed a clinicaI response

with regression of sorne cutaneous metastases over three rnonths. Funhermore. biopsies

of sorne of the rnetastases showed massive infiltration of CD4'" and CDS'" T lymphocytes

suggesting that the vaccination protocol was successful in boosting antitumor immune

response. Cationic liposomes complexed with a vector carrying the IL-}:! gene have also

been used to inhibit lung metastases in a mouse RENe.-\. model (Blezinger et al.. 1999).

lntratracheal administration of the liposome \'eClor resulted in elevated levels of

biologically active IL-l:! and IFN-: in the bronchoalveolar lavage (BAL) fluid. These

levels resulted in a significant reduclion in the number of lung Metastases tVienty-four

hours after subcutaneous challenge with RE!'JCA cells. compared with control group.

Moreover. intratracheal IL-l:!/lipid administration inhibited the growth of established

lung metastasis and increased the sur."ival of mice bearing RENCA tumors. A final

consideration \\ill be given to the amount of IL-l2 needed at the tumor site in order to
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aehieve tumor regression. Using two different retroviral veetors carrying the IL-12 gene.

one study has shown that the amount of IL-12 available at the tumor site is crucial for

regression of solid. subeutaneous. C26 colon earcinomas in miee (Colombo et al.• 1996).

The first vector system resulted in the release of thirty to eighty picograms per millilitre

of IL-I:! at the tumor site. resulting in delayed tumor growth and seanty Iymphoe~tie

infiltration of the tumor in BALB/C mice. S\\itching to a retroviral system which

released five nanograms per millilitre of IL-l:! al the tumor site. resulted in complete

tumor regression in one hundred percent of animaIs studied whieh was associated \\ith

massive tumor infiltration of CDS- T eeUs and NK ceUs. ln arder to achieve sueh

elevated IL-I:! levels through systemic administration of recombinant IL-12 protein. very

high IL-I:! concentrations would he required leading to severe. toxic effects. This study

demonstrates that the amount of IL-I2 required at the tumor site in order to achieve

regression is quite high and thal gene transfer techniques are most efficient at obtaining

these levels.

Lastly. il should be noted that two different Il-I2 genes were used in my projeet.

pVRI255/bisIL-12 is an expression n~ctor carrying the native mIl-I2 gene in which both

subunits. p35 and p40. are separaled by an internaI ribosome entry site (IRES) and are

therefore expressed separately. :\ second pYR 1255 expression veetor. referred to as

pVRI255/melIL-12. carries the mouse IL-I2elasti gene which encodes a single chain IL

12. The single chain IL-!:! makes use ofa bovine linker motifthatjoins the!Wo subunits

together and allows both subunits to be transcribed together. A major disadvantage of the

native bislL-12 gene is the uncoordinated expression ofp35 and p4ü which gives rise to

free p4ü subunits that act as IL-I2 antagonists by binding IL-I2 receptors without any
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signal transduction (Chen et al.~ 1997). Therefore, using melIL-12 prevents the

production of free p4ü subunits and ensures that every transcription event from a single

promoter results in biologically active IL-12.

Cbapter 5: Hypothesis and Objectives of tbis Study

The main objective of this study is to assess the efficiency of in vivo electroporation

as a nonviral gene transfer technique. We hypothesize that electroporation can be used to

efficiently transfer genes directly ioto the tumor environment. Once this is established..

\\'e intend to inhibit tumor growth in mice using in vivo electroporation to deliver genes

encoding angiostatic factors and IL-Il directly into the tumor site. Lastly.

electroporation-mediated intramuscular gene transfer will be used to enhance DNA

vaccination with the CEA tumor antigen in the hopes of protecting mice against

challenge with LLC tumor cells expressing CEA. Therefore the specific aims of this

studyare:

1. To assess the efficiency of in vi\.'o electroporation in transferring genes into

solid. subcutaneous tumors in mice using a luciferase assay.

To inhibit the gro\\1h oflLe tumors in mice through electroporation-mediated

intratumor gene transfer of plasmid DNA encoding angiostatic factors. such as

Endostatin. and the Th1 cytokine IL-12.

3. To protect mice against challenge with tumor cells expressing CEA through

electroporation-mediated enhanced DNA vaccination with CEA and lL-12

adjuvant.
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Cbapter 6: Materials and Metbods

6.1 Cloning of tbe Mouse Soluble VEGF Receptor-I (sFLT-1)

6.1.1 RNA Isolation From Mouse Ten-Dav Embrvos ŒIOl

Mouse El 0 embryos were used as our R..NA source since sFLT-1 is highly

expressed during mouse embryo organogenesis (E9.5-E 12.5) (Peters et al.. 1993).

Pregnant CD 1 mice in their tenth day of pregnancy were sacrificed by cervical

dislocation and whole embryos were extracted. Total ~\lA isolation was perfonned

using TRlzoL® Reagent (Life Technologies). and was dissolved in 150~ ofDEPC water

at a concentration of 4.74J.lg/J.lL. The quality of the RNA was assessed on a 1%

formaldehyde gel .

6.1.2 Re\'erse Transcription Pol\'merase Chain Reaction lRT-peRl Using sFLT-1
Specifie Primers

RT-PCR of the isolated R...\;A was performed using the ThennoScript™ RT-PCR

System (Life Technologies). Primers were constructed based on the FLT-l sequence

deposited in GenBank (accession number. Lü7297) and were designed to amplify the

entire 2.3 kilobases of the extraeellular region of the native FLT-l reeeptor (Finneny et

al.. 1993). The sense primer eontained 40 base pairs including four non-specifie base

pairs (the handle region). a Not 1 restriction enzyme site (5' GCGGCCGC ) and 28

specifie nucleotides (5' CGTCITGCTCACCATGGTCAGCTGCTGG). The anti-sense

primer also contained 40 base pairs including a three base pair handle region, an Eco RI

restriction enzyme site (5' GAATIC). a stop codon (CTA). and 28 specifie nucleotides

(5' CAGGTTTGACTTGTCTGAGGTTCCTTGC). cDNA obtained from the RT
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reaction was amplified using the above primers. Pfu DNA polymerase, and the follo\\ing

PCR conditions: initial denaturation at 94° for 45 seconds. 35 cycles of the following

program~ denature at 94° for 45 seconds. anneal at 60° for 45 seconds, and extend al 72°

for 10 minutes. fol1owed by a final 10 minute extension period. The PCR product was

run on a 1% agarose gel and appeared as a single 2.3 kb fragment.

6.1.3 Cloning of the 2.3 kb Fragment Into the pVR12SS Expression Vector

The 2.3 kb fragment was eut from the agarose gel. purified~ digested \\ith EcoRI

and Not 1enz~mes. and ligated to the pVR 1255 vector which contains the human

c~10megalovirus(CMV) immediate-early enhancer/promoter (IE-EP). the CMV intron A~

and the minimal rabbit globin terminator sequence (RBG poly A). Follo"ing the ligation

reaction. transformation of competent H"ll 09 E, coli cells was performed. and the

transformants were plated on Kan-,LB plates ovemight. Out of ten colonies screened. a

single clone was positive and was purified using the QIAtilter Endofree Plasmid Ma.xi

Kit (Qiagen Inc.. Mississauga. Ontario). Plasmid DNA was resuspended in 100f..lL of

endotoxin-free buffer at a concentration of 4.56~g;j.lL,

6.1.4 Sequencing of the 2.3 kb PCR Product

In order to sequence the 2.3 kb PCR product. the fragment \\'as subcloned into the

Bluescript sequencing vector using the restriction enzymes EcoRI and Not 1. The new

\'ector was sent to the Sheldon Biotechnology Centre where it was sequenced using

standard primers. Sequencing results contirmed that the 2.3 kb fragment \\l'as indeed

sFLT-l.
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6.1.5 Western Blot of Conditioned Media From sFLT-1 Transientl,' Transfected
COS-' Cells

COS-7 cells \vere transiently transfected \\·ith sFLT.l/pVR1255 using

Lipofectaminent Reagent (Life Technologies) according to the manufacturer"s

instructions. Tl hours following transfection. conditioned media was collected and cells

were han:ested. and expression of sFLT-l was analyzed drrough Western blotting.

Samples were run on discontinuous SDS PAGE and transferred onto a PVDF membrane

(BIO-Rad) using the ~lilliBlot-Graphite Electrobloner system. A 1:500 dilution of a

mouse. monoclonal. anti-VEGF receptor·l antibody (Sigma-Aldrich. Oakville. Ontario)

was used to detect sFLT-1 expression.

6.2 Subdoning of pBLAST-mAngiostatin, pBLAST-mEndostatin, and pORF
me1lL-12 iuto the pVRl255 Expression Vector

Vectors expressing the antiangiogenic genes mEndostatin. mAngiostatin. and full-

length. single-chain IL-l:! were purchased from In\'ivoGen (lnvivoGen. San Diego.

Califomia). The genes were excised from the commercial vectors and inserted into our

PVR 1255 expression vector using the following technique. Genes \Vere excised from the

InvivoGen vectors using EcoRV and ~he [ restriction enzymes. Digestion products were

run on a 1% agarose gel. the DNA bands were eut from the gel and the GeneClean Spin

kit was used to purify the angiostatic cO!\.-\s. pVR 1255 plasmid DNA was linearized

using EcoRV and Xba 1enzymes. dephosphorylated. and ligated to the above purified

cDNAs. Ligation products were used to transfonn competent E. coli JMI09 cells using

the EC~vt 830 Pulse Generator (Genetronics. Inc .. San Diego. Califomia) follo\\'ing the

manufacturer" s electroporation protocol.
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6.2.1 Ouanti'ving the Amounts of mEndostatin and me1lL-12 in the Conditioned
Media of Transientlv Transfected COS-' Cells

COS-7 ceUs were transiently transfected \\ith the commercial mEndostatin and the

PVR1255 vectors containing the mEndostatin and melIL-12 genes using the TransIT®-

LTl transfection system (~tirus Corporation. Madison. Wisconsin). The conditioned

media was collected 14 hours following transfection. Commercial ELISA kits. OptEIAT~

Mouse IL-11 (p70) Set (PharMingen Canada. Mississauga. Ontario) and ACCUCYTE®

~Iurine EndostatinT~i(C)1Immune Sciences Inc.. College Park. Maryland), were used to

measure the levels of IL-12. and mEndostatin. respectively.

6.3 Plasmid DNA Preparation

Plasmid DNA was prepared by the alkaline lysis method using the QIAfilter

Plasmid Giga kit (Qiagen Inc .. \tississauga. Ontario) according to the manufacturer's

instructions. Plasmid DN:\. was resuspended in sterile 0.850/0 NaCl and stored at -20oe.

DN:\. purity \vas confirmed by electrophoresis with 1~/o agarose gel and

spectrophotometric analysis re\'ealed a 160/280 nm ratio greater than 1.60.

6.4 Preparation ofTumor Cell Suspensions

The murine Le\\is lung carcinoma (LLC) cellline ofC57BL/6 (H_2b
) origin and

human carcinoembryonic antigen (CE.-\.)- expressing stably transfected LLC

(CEA-'LLe) were cultured in DlvtE~1 (Life Technologies) containing 10°,/0 fetai bovine

serum (FBS). Cells were washed t\vice \\·ith serum-free DMEM before trypsinization.

D~IEM-l0 was used to inhibit trypsin activity. CeUs \vere pelleted, resuspended in

serum-free Dr...-1EM and counted using a hemac~10meter. Cells were \\"ashed t\\'o more
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times before being resuspended in serum-free DMEM at a final concentration of4x 106

cells/mL

6.5 Tumor Cell Challenge

C57BLi6 mice were transplanted with 2x 105 LLC cells in a 50JlL volume by

subcutaneous injection in the left tlank. Tumors were measured by caliper in two

dimensions and the volumes were calculated using the formula (width:2 x length)/2.

6.6 Intramuscular and Intratumor Gene Transfer Using IVEP

Mice were anesthesized with a mixture containing two pans ketamine. and one part

each of xylazine and saline. Areas were shaved to expose the injection sites. For Lm

injections. rectus femoris muscles of both legs were injected with plasmid DNA

preparations using disposable. sterile. plastic. insulin syringes and 29G 112 needles (VWR

Canlab. ~Iississauga.Ontario). The same syringes and needles were used for i.t

injections. Immediately following D!\iA injections. conductive gel was applied over the

exposed area to assure good contact between the electrodes and the surface of the skin.

Electrical pulses were administered using BTX caliper electrodes mode! 384

<Genetronics. Inc .. San Diego. Califomia) attached to the ECM 830 Pulse Generator. The

electrical parameters. pulse strength. pulse length. and the number of electrical pulses

were set by tuming the parameter control knob on the pulse generator.
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6.7 Luciferase Assay

IVEP of 50 I-lg ofpVR1255 plasmid DNA encoding the luciferase gene "'as

injected into solid, subcutaneous LLC tumors. At different lime points foUowing gene

transfer. tumors were excised and homogenized in luciferase ceU culture lysis reagent

(Promega. Madison. \\'"isconsin). Tumor homogenate \Vas kept on ice for 30 minutes and

then centrifuged at maximum speed for 15 minutes. Tumor lysate was collected and the

total amount of protein within the lysate \\'as quantified using the Bio-Rad DC protein

assay reagent (Bio-Rad Laboratories (Canada) Ltd.. Mississauga. Ontario). Different

protein concentrations were assayed for luciferase activity using the luciferase assay

substrate (Promega. Madison. \Visconsin) and an automated luminometer.

6.8 Measuring meUL-12 and mEndostatin Amounts at the Tumor Site

Tumors were excised and homogenized in a PBS + 1% Triton X-l 00 solution. The

homogenate was kept on ice for 30 minutes before centrifugation at maximum speed for

15 minutes, The tumor Iysate \\"as collected and stored at -SO°C. melIL- t2 and

mEndostatin levels were rneasured using the aforementioned commercial ELISA kits.

6.9Immunohistocbemistl1"

Tumor tissue was fixed overnight in 4% fonnalin and paraffin-embedded. Sections

were deparaffinized in 100% xylene al 60°C for 35 minutes and rehydrated in graded

ethanol solutions. von \Villebrand factor (\"\\TF) staining \vere perfonned as described

previously (Holmgren et al.. 1995). Briefly, antigen was unmasked using 5J.lglmL

Proteinase K (Sigma.. Saint Louis. Missouri) al 37°C for 15 minutes. Samples were then
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• treated \Vith rabbit polyclonal antibodies against vWF (Dako Diagnostics Canada Inc..

Mississaug~ Ontario). or with non-immunized. rabbit immunoglobulin fraction (Dako

Diagnostics Canada Inc., Mississauga, Ontario) as negative control. Sections \Vere then

incubated with biotinylated secondary antibody followed by an avidin-biotin peroxidase

complex using the VECTASTAIN® E:/il4 ABC Kit (Vector Laboratories Inc.. Burlingame,

Califomia). Positive staining was visualized using DAB substrate (Vector).

6.10 Subdoning CEA eDNA from the pCI Expression Vector IDto pVR1255.

Our lab has previously used a pCI vector encoding the human CEA gene for DNA

vaccination purposes (Song et al.. 2000). The CEA cDNA \Vas excised using NheI and

XbaI restriction enzymes. The NheI end \Vas made into a bIllOt end using T4 DNA

• polymerase (Life Technologies) before being ligated to the pVR1255 vector linearized by

digestion with EcoRV and XbaI enzymes. COS-7 cells were transiently transfected with

the pVR1255/CEA plasmid and FACS analysis was used to confirm CEA expression.

6.11 Immunization Protoeo.

7 to 10-week old C57BL'6 mice were anesthesized and injected i.m followed by

electroporation in the rectus femons muscles of both legs \\tith 50 J,Lg of

pVR1255/CEA vector rnixed with 50 ~g ofblank pVR1255, 50 ~g of

pVR1255/mellL-12. or with 50 ~g of pVR1255/bisIL-12 in a total volume of 50 f.1L

of saline. Mice injected with 100 J.1g ofhlank pVR1255 vectorserved as control

•
groups. Injections were administered once a week over a 5..week period. On the

sixth week, mice were challenged \\ith either LLC or CEA"'ILLC cells. In the fonner
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case, once turnors reached a diameter just exceeding 2 millimetres 50 I-lg of

pVR1255/CEA or 50 ~g ofblank pVR1255 as negative control was injected ioto the

tumors followed by electroporation on every second day for a total of five injections.

Turnor volumes were monitored 1-3 times weekly over a one month period.

Chapter 7: Results

7.1: Assessing Optimal Electroporation Parameters for Tumor EGT Using a
Luciferase Assay

Turnor luciferase activity was measured on days 1.3, and 7 following luciferase

EGT into solid LLC tumors using ditTerent electroporation parameters. Regardless of the

parameters used. electroporation resulted in increased luciferase activity compared to

plasmid DN:\. injections without electrical pulses at every time-point tested (Figure 1).

:\.pplying 8 square-wave pulses. each with a strength of 300Vlem. a duration of 20msec.

and separated by 1 second. yielded the highest relative tumor luciferase activity resulting

in 103 limes greater activity than plasmid DNA injections alone on days 3 and 7.

Furthermore. luciferase expression was sustained over a one week period using the above

electrical parameters whereas luciferase activity dropped dramatically over the same time

period using the other parameters. Lastly. although the results reported in Figure 1 were

obtained using the LLC mouse tumor model. similar results were obtained with the

murine PSI5 mastocytoma model (results not sho\\n).

7.2 mEndostatin and me1IL-12 Le\"els from Conditioned Media of Transiently
T ransfected COS-7 CeUs

After subcloning mEndostatin and melIL-12 into the pVR1255 expression vector,

COS-7 ceUs were transiently transfected \\Iith the new vectors and the amount of
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mEndostatin and melIL-12 secreted into the media was quantified using commercial

ELISA kits. Comparing the levels of mEndostatin in the conditioned media of cells

transfected \vith pVR1255/mEndostatin \\'ith that of cells transfected with the commercial

pBLAST/mEndostatin. our expression vector produced more than four times the amount

of mEndostatin (600ng/ml vs. 140ng/ml) than Invivogen' s vector. Conditioned media

from cells transfected \\ith pVR1255/mellL-12 contained 500-600 ng/ml of the c)'lokine.

7.3 Systemic Le\'els of mEndostatin and me1lL..12 Following Intramuscular EGT

Adult CD-l mice were injected i.m. with a single 50 ~g injection of either

pVR 1255.:mEndostatin or with pVR 1255 'mellL-12 with or without electroporation.

Optimal electrical parameters for intramuscular EGT consisting of 8 pulses, each with a

strength of 200V/cm and length of 20 msec. have already been established by others

(Gehl and \-lir. 1999) and were used for our purposes. Serum samples were collected on

days 3. 7. and 14 following D~A injection and mEndostatin and melIL-12 levels were

quantitied using commercial ELISA kits, mEndostatin levels did not plateau over the

two-week period. but rather increased steadily al each lime point from 50 ng/ml al day 3.

to 100 ng/ml at day 7. to a maximum \'alue of 160ng:ml al day 14 (Figure 2).

Electroporation did not increase the systemic le\"els of mEndostatin in this particular

experiment. Finally. melIL-12 levels were bdow the ELISA kifs detection level at each

time point.
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7..& Amounts of meUL·12 and mEndostatin Protein Located at the Tumor Site
Following Intratumor EGT

C57Bl/6 mice bearing LLC tunlors were treated intratumorally with 50 J-lg of

pVRI255/melIL-12. pVRI255/mEndostatin. or blank vector followed with or \\ithout

electroporation. Tumors \Vere excised on days 1. 3. and 7 following DNA injections and

melIL-12 and mEndostatin amounts were quantified \\ith appropriate ELISA assays.

24 hrs. after DNA injections. there was no significant difference in mellL-12

amounts found at the tumor site between untreated tumors. mice treated \Vith blank vector

with pulse or mice treated with mellL-12 without e1ectroporation. However.

dectroporation significantly increased the amount of melIL-l:! le\'els to an average of

109.5 pg/mm3 compared to 10.8 pg/mm3 for mice receiving intratumor melIL-l:!

injections without pulse. On day 3 following DNA injections the difference between

mellL-12 tumor amounts between electroporated and non-electroporated groups were

even more striking. \Vhereas an a\'~rage of 6 1.4 pgimm3 of melIL-12 v.·as found at the

tumor site of the dectroporated group. only an a\"erage of7.1 pglmm3 was found in mice

treated with mellL-12 without electroporation. Finally. although the tumor concentration

ofmellL-12 was below the ELISA kifs detection level 7 days following mellL-12 DNA

injection without pulse in three samples studied. the tumor amounts in the electroporated

group remained elevated at the same time point at an average of 56.4 pglmm3
.

Results obtained from measuring tumor mEndostatin amounts were not as

promising. 24 hrs. follo\\ing pVR 1255'mEndostatin injections. protein amounts were

below the detection limit for both eIectroporated and non·electroporated groups. Three

days after DNA injections there was no significant difference between tumor amounts of

• mEndostatin between the t\\"o groups. On day 7. there was only a slight difference in
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mEndostatin levels between the !wo groups \\';th an average of 124 pglmm3 for the

electroporated group and an average tumor mEndostatin amount of 91.5 pg/mm3 for the

non-electroporated group.

7.5 S~'stemi~ :\ntiangiogeni~ Can~er Gene Tberap~' tbrough Intramus~ular EGT of
Three Different Angiostati~ Ve~tors

The pVR 1255 vectors mEndostatin. mAngiostatin. sFLT-1, and blank vector were

used to treat C57 mice bearing LLC tumors. Mice were treated \\';th 50 Jlg of plasmid

DNA i.m. injections followed by electroporation one week before tumor transplant and

once a week for three weeks upon tumor implantation. Results are shov.n in Figure 3.

Significant differences between treated groups and mice receiving blank pVR1255 vector

began to appear at day 9 follo\ving tumor transplantation. At that point. mice treated with

Angiostatin had tumors which \vere 25°/0 smaller than blank-treated mice (p=.03). By

day 10. Endostatin treatment inhibited tumor gro\\th by 21.3~/o (p=.03) and rnice treated

with Angiostatin resulted in tumors which were 24.8% smaller than the control group

(p=.009). Best results were obtained on day 14 when Angiostatin treated tumors resulted

in 30~/0 inhibition oftumor gro\\1h (p=.006) and Endostatin treatment inhibited tumor

gro\\th by 22°/~ (p=.03). On day 16. tumar gro\\1h was inhibited by 22.5% (p=.04).

21.2~/o. and 21.20
/0 (p=.03) for the Endostatin. Angiostatin. and sFLT-l treated groups,

respectively. By day 20. the tumors began to grow very rapidly in aIl groups, massive

ulcerations began fonning in the center of sorne of the tumors. mice began dying due to

tumor burden and thus. the experiment was terminated.
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7.6 Intramuscular and Intratumor EGT Witb pVR12SS/mEndostatin in Mice
Bearing Solid Subcutaneous LLC Tumors

Treatrnent \vas begun once tumors reached a diameter between 4-5 mm. Mice

received either 50 J.1g ofblank pVR1255 i.m. injections. 50 J.1g ofpVR1255/mEndostatin

i.m. or i.t.. or 50 J.1g ofpVR1155/mEndostatin Lm. plus 50 J.1g ofpVR1155.'mEndostatin

i.t.. followed by electroporation. Treatments were administered once a week over a

three-week period for a total of four DNA applications. Significant differences on1y

began to appear 14 days after the tirst DNA injections (Figure 4). At that point. two of

the mice in the i.t.-treated group bearing larger tumors had died off due to tumor burden.

resulting in an average inhibition of tumor gro\\th of 31 % (p=.02) compared to blank

\'ector-treated group. By day 18. with only six mice remaining in the Lt.-treated group

and seven mice in the blank-treated group. the average difference in turnor size was

37,5°'0 (p==.012). Ho\vever. although the difference in turnor size between the i.m. + Ï.t.-

treated group and the control group was only 16% (p=.03) all ten mice had survived to

that point.

7.7 Inbibiting Tumor Grol\,th b~' Combining mEndostatin and me1lL-12 Intratumor
EGT

Once LLC tumors reached a diameter between 2-3 mm. intratumor DNA injections

were begun. Mice received either 50 J.1g ofblank pVR1255. 50 J.1g ofpVRI255/mellL-

12. or 50 J.1g ofpVRI255/melIL-12 plus 50 ~g ofpVRI255/mEndostatin followed by

electroporation. A total ofthree DNA injections were given once a week for a two-week

period (Figure 5). By 9 days after the tirs! DNA injections. the tumors in the melIL-I2 +

mEndostatin group were 40~'o smaller (p=.025) than tumors in mice treated "'ith blank

57



•

•

•

vector. Tumors remained remarkably small in this group up until day 14 where the

average tumor size was 434.1 mm3
• which represented a 46.9% inhibition in tumor size

(p=.002) compared to control group. By the same time point~ tumors in the melIL-12

group alone had grO\\TI to an average size of 595 mm3 resulting in 27.20/0 (p=.03)

inhibition of tumor growth.

We repeated and modified the above experiment by including a group receiving

ooly 50 I-!g ofpVR1255/mEndostatin. increasing the dosage ofblank vector to 100 J.lg.

and beginning DNA injections when tumors had reached a size bet\veen 4-5 mm. In mice

receiving mEndostatin alone or in combination \\ith meIIL-12. turnors were significantly

smaller than tumors from control group on days 6. 9. and 13 (Figure 6). By day 9, tumors

were 26.5% (p< .05) and 30% (p< .05) smaller than control groups for the mEndostatin

and combination groups. respective!)". On day 13. tumor gro\\1h \\·as inhibited by 300/0

(p< .05) and 31 % (p< .05). respectively. for the mEndostatin group and combination

group. In this experiment. me1IL-12 administration alone did not result in significant

tumor gro\\1h inhibition at any time point. Furthermore. when tumors were injected \\ith

plasmid DNA without electroporation there was no difference in tumor sizes between any

of the groups and tumors injeeted with saline follo\\Oed by electroporation. Interestingly,

tumors treated \\Oith blank veetor and electroporation were significantly smaller than

tumors injeeted \\ith saline and eleetroporation at every time point. and were 28.5%

smaller at day 13. Finally. al the end of the experiment immunohistochemical analysis of

tumors in eaeh group was performed by staining for the blood vessel marker vWF. In

sorne of the treated groups_ Most notably those tumors treated with mEndostatin, positive

staining of the blood vessels was a success allo\\ing them to he easily identified and
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counted. Ho\\'ever, most of the tumors were highly necrotic and stained very poorly with

vWF preventing us from comparing the number ofhlood vessels from the different

treated groups.

In a final anempt ta improve the antitumor effects of combining melIL-12 and

mEndostatin plasmid DNA injections. the above experiment was repeated with the

exception that DNA administration was initiated as soon as the tumors were big enough

to inject into with an average diameter of approximately 2 mm. 14 days after the first

series of DNA injections and after a total of four administrations there was a 430/0

(p=.03). 32%. and 19% reduction in tumor size compared to blank pVR1255-treated mice

for the melIL-12. me1H-12 + mEndostatin. and mEndostatin groups respectively (Figure

7). Interestingly. one of the tumors l'rom the melIL-12 group regressed completely after

the second DNA injection when it measured 3 mm X 2 mm. The mouse has remained

tumar-free for a period of at least 17 days. In addition. another tumor in the me1IL-12

group remained the same size for a periad of 21 days. measuring 3.5 mm X 3.5 mm.

Eventually the tumar began growing normally and the mause was sacrificed due to tumor

burden. Lastly. another tumor in the mEndostatin group also regressed completely after

growing ta a size of 2.5 mm X 2.5 mm. and the mouse has remained tumor-free for a

period of at least 17 days.

7.8 DNA Vaccination witb CEA and bis1L-12 Protects Mice Against CEA+/LLC
Tumor Cell Challenge

One week after the last of five DNA injections. mice were challenged with

CEA-/LLC and tumor volume was measured bi-weekly for a period of 25 days. 1000/0 of

• mice immunized \\;th either blank vector alone, or \\ith pVR1255/CEA + blank vector
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developed tumors (Figure 8). However.5 out of8 mice (62.50/0) immunized \vith

pVR1255/CEA + pVR1255/bisIL-12 did not develop tumors and remained tumor-free

o'Ver the course of the experiment.

In a final study. follo\\ing the DNA immunization period mice were treated with

normal LLC cells, Once the tumors reached a diameter of approximately 2 mm.

pVR1255/CEA or blank pVR1255 (as negative control) intratumor injections followed by

IVEP \Vere performed in an attempt to transfect the tumor mass \\;th CEA in l'il'O.

However. as sho\\TI in figure 9. EGT of CEA did not inhibit turnor gro\\th in the various

immunized groups compared to immunized mice receiving i.t. injections ofblank

pVR 1255 followed by electroporation.
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• Figure 1 Assessing optimal electroporation parameters for turnor EGT using a

relative luciferase assay. 50 J.lg of pVR1255/1uciferase DNA was injected into solid.

subcutaneous LLC tumors followed by electroporation using different electrical

parameters. Turnor luciferase activity was measured at different time points following

DNA injections as described in Materials and Methods. Electrical pulses 300 V/cm \\'ith

a duration of20 msec resulted in highest luciferase activity. Each group represents the

mean :: one standard deviation of ten mice.
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Figure 2 Systernic mEndostatin protein levels follo\\ing intramuscular injection of

pVRl255/mEndostatin \vith or \\;thout electroporation. Adult CD-l mice were injected

i.m. with 50 ~g ofpVR1255/mEndostatin with or \\ithout electroporation. Blood \\tas

collected at different time points follo\\ing DNA injections and serum mEndostatin levels

were measured. Each group represents the Mean :t one standard de\'iation of 3-4 mice.
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Figure 3 Systemic electroporation-mediated gene transfer of different angiostatic

factors inhibits tumor growth. Mice were treated with 50 J...lg ofplasmid DNA i.m

injections followed by electroporation one week before subcutaneous tumor transplant

and once a week for three weeks starting on the day oftumor transplantation. Significant

differences in tumor size between treated groups and mice receiving blank pVR1255

vector began to appear al day 9 following (umor transplantation. Best results were

obtained on day 14 when Angiostatin treated tumors resulted in 30% inhibition of tumor

gro\\1h (p=.006) and Endostatin treatment inhibited tumor gro",1h by 220/0 (p=.03). By

day 16~ tumor gro\\1h was inhibited by 1:!.5~/O (p=.04). 21.20/0. and 21.2% (p=.03) for the

Endostatin. Angiostatin. and sFLT-1 treated groups. respectively. Results are the mean ±

one standard deviation of 10 mice per group and p values \Vere obtained using an

independent t-Test.
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Figure 4 Intramuscular and intratumor EGT with pVR1255/mEndostatin in mice

bearing solid. subcutaneous. LLC tumors. Once tumors reached a diameter of 4-5 mm

mice received either 50 flg ofblank pVR1155 i.m. injections. 50 flg of

pVR1155/mEndostatin Lm. or LL. or 50 flg ofpVRl155/mEndostatin i.m. plus 50 flg of

pVRl255/mEndostatin i.t.. followed by electroporation. Treatrnents were administered

once a week over a three-week period. By day 18. \Vith only 6 of 10 mice remaining in

the i.t.-treated group and seven of ten in the blank-treated group. the average difference in

tumor size \...·as 37.5% (p=.012). Although the difference in tumor size between the i.m.

~ i.t.-treated group and the control group at the same time point was only 26%) (p=.03).

aH ten mice had survived to that point.
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Figure S Inhibiting tumor gro\\1h through intratumor gene transfer of me1lL-12 and

mEndostatin combined using in vivo electroporation. Once LLC tumors reached a

diameter bet\\'een 2-3mm. rnice received either 50 Ilg ofblank pVR1255. 50 J.1g of

pVRI255/meIlL-12. or 50 flg ofpVRI255/meIlL-12 plus 50 J.1g of

pVR1255/mEndostatin intratumor injections followed by electroporation. A total of

three DNA injections were given over a two-week period. By 9 days after the first DNA

injections. tumors in the rnellL-12 T mEndostatin group \vere 40% smaller (p=.025) and

46.9% (p=.ÜÜ2) smaller than tumors in rnice treated with blank vector by day 14. Results

are the mean :: one standard deviation of ten rnice per group and p values were obtained

using an independent t-Test.
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Figure 6 Comparing the antitumour effects of mEndostatin and meUL-12

intratumor gene transfer into fairly large tumors. either alone or in combination. through

in \'ivo electroporation. Intratumor DNA injections were begun when tumors reached a

diameter bem'een 4-5 mm. Tumors were treated with 50 ~g ofpVR1255/mEndostatin.

50 ~g ofpVR1255/melIL-12. 50 J.1g ofpVR1255/mEndostatin plus 50 Jlg ofmelIL-12. or

100 Jlg ofblank pVR1255 vector as control group. A total ofthree injections were

administered over a two-week period. In mice receiving mEndostatin alone or in

combination with meUL-!2. tumors were signiticantly smaller than tumors from control

group on days 6. 9. and 13 fol1o\\ing the tirst DNA injection. me1lL-12 administration

alone did not result in significant tumor gro\\th inhibition al any time point. Results are

the Mean =one standard de\'iation of 8 mice per group.
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Figure 7 meUL-Il intratumor gene transfer into smaller tumors results in

significant tumor grO\\th inhibition. Mice were treated as described in Figure 6 except

that DNA injections were initiated when tumors reached a diameter of approximately 2

mm. 14 days after the first series of DNA injections and after a total of four

administrations there was a 43% (p=.03). 32%, and 190/0 reduction in tumor size

compared to blank pVRI255-treated mice for the meIlL-I2, me1lL-I2 + mEndostatin,

and mEndostatin groups. respectively. Complete tumor regression occurred in one

mouse in the me1lL-12 group and one mouse in the mEndostatin group after having

gro\\TI to a diameter of about 3 mm. Results are the mean :: one standard deviation of 8

rnice per group and p values were obtained using an independent t-Test.
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Figure 8 Using electroporation-mediated DNA vaccination with CEA and bislL-12

adjuvant to protect mice against LLC/CEA- tumor cell challenge. Mice were immunized

with pVR1255/CEA + pVRI255/bislL-l:!. \\lth pVR1255/CEA + blank pVR1255. or

\\-ith only blank pVR1255 as described in Materials and Methods and then challenged

\\ith LLC/CEA'" tumor cells. Only mice immunized \\-ith both CEA and bislL-12 were

protected from tumar challenge where 5 of 8 mice did not develop tumors and remained

tumor-free over the course of the experiment.
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Figure 9 Assessing the antitumour effects of electroporation-mediated intratumor

gene transfer of CEA into solid. subcutaneous LLC tumors following DNA vaccination

with CEA and IL-Il adjuvant. ~tice were immunized \\ith pVR1255/CEA +

pVR1255/bisIL-I2. \\ith pVR1255/CEA" pVR1255/melIL-12 or with blank PVRl255

vector alone as depicted above the graph of figure 9. Follo\\ing the DNA vaccination

protocoL mice were challenged \\ith LLC tumor cells. \\'ben tumors reached a diameter

ofapproximately 2 mm. 50 ~g ofpVR1255/CEA or 50 f.1g ofblank pVRl255 vector

(labelled as negative control) were injected into the tumors followed by electroporation.

DNA injections were repeated every second day for a total ofthree injections. There \\'as

no signiticant difference in tumar grO\\th bet\\'een tumors treated \\ith blank pVR1255

vector and aIl other groups.
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Cbapter 8: Discussion

We have used a luciferase assay to assess the intratumor gene transfer efficiency

of in vivo electroporation using parallel plate electrodes. Two very important

advantages of this assay are its sensitivity and the quantitative nature of the results.

Data from two different tumor models. LLC tumors and P815 mastocytomas. clearly

demonstrated that electroporation is an effective nonviral strategy for delivering genes

into tumors in vivo_ ln both studies. eight e1ectrical pulses each with a strength of 300

V/cm and duration of20 msec resulted in the greatest luciferase activity. Using these

optimal electrical parameters. relative luciferase activity was increased 103 times. on

the third day follo\\ing DNA injections. compared to tumors having received only

DNA injections withoul electroporation. Other papers have also reported

electroporation-mediated intratumor gene transfer but most have sho\vn this using

qualitative methods such as the expression of reporter genes like green fluorescent

protein (Goto et al.. 2000) or p-galactosidase expression (Rois et al.. 1998). In the

former case. the authors concluded that dectroporation resulted in numerous.

scanered bright green fluorescent signaIs thraughout the tumar whereas ~-gal staining

resulted in positive signaIs in 4°0 of th~ tumor eells. Due ta the quantitative nature of

the luciferase assay. our results pro\-ide a clearer indication of the intratumor gene

transfer efficiency of electroporation. ft must be noted that one other study has used a

Iuciferase assay to assess the efficiency of this nonviral gene transfer technique

(Helier et al.. 2000). but since they used an absolute assay, measuring the amount of

luciferase protein produced within rat hepatocellular carcinomas in vi\'o~ and we used

a relative assay which measured luciferase activity it is impossible to compare our

results. Moreover, using parallel plate electrodes to administer the electrical pulses

we have determined that the optimal parameters consist of low voltage pulses of300
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VIcm of long duration (20 msec). This is in contrast to another study which showed

that pulses of 800 VIcm and length of 4 msec resulted in most efficient gene transfer

into solid~ subcutaneous mouse melanomas using the same type of electrodes (Rois et

al.~ 1998). Although we obtained similar results using (Wo very different tumor

models~ namely LLC tumors and P8I5 mastocytomas, their results seem to suggest

that optimal electrical parameters \\ill vary depending on the tumor model studied.

Also. when we used a voltage of800 V/cm damage to the tumor was evident

immediately after pulsation in the form of darkening of the tumor surface. In

addition. another group using a six·needle array electrode reported efficient gene

transfer with voltages as lowas 66 VIcm (Goto et al.. 2000). Since we only began

obtaining enhanced gene transtèr at a voltage of 150 VIcm using our parallel plate

electrodes. the invasive needle array electrodes may he even more effective at

permeabilizing solid tumors for gene transfer. Finally. our results showed that

luciferase expression plateaus three days following gene transfer and then begins to

decline. This confirms one of the major disadvantages of nonviral vectors. which is

the very transient expression ofnonintegrated foreign DNA. However. one of the

greatest advantage of our technique is the ease of handling and the ability ta

readminister DNA injections as soon as expression begins ta drop.

lntramuscular delivery of the endostatin gene using electroporation resulted in

approximately a 20% inhibition in the gro\\th of solid. subcutaneous LLC tumors. ln

contrast. a recent paper has shown that intramuscular administration of the endostatin

gene complexed to a PVP polymer used ta condense the DNA partic1es resulted in up

to 400/0 gro\\th inhibition of primaI')' LLC tumors and significantly reduced the

number of lung Metastases (Blezinger et aL. 1999). Looking al the serum levels of

Endostatin following intramuscular DNA injections they reported that Endostatin
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levels peaked at day 7 at 8 ng/ml. Using electroporation we obtained drastically

different results. In our study ~ Endsotatin expression was sustained and had not yet

peaked by day 14 follo\\ing DNA injections where Endostatin leveis reached a value

of approximately 160 ng/ml. In facto similar results were obtained following naked

DNA injections without electroporation. This suggests that the pVR1255 vector is

especially adept at transfecting muscle in vivo and confirms the findings from another

study which showed that intrarnuscular injection of as linie as 10 J.1g of a similar

vector containing the erythropoietin gene was sufficient to signifieantly increase

hematoerit levels in immunocompetent adult mice (Tripathy et al.. 1996). Thus.

although \\Oe obtained serum Endostatin levels aimost twenty times greater than what

was reported in that paper. inhibition of tumor gro\\th. using the same LLC tumor

model. was less pronounced in our study. This leads to the assumption that our strain

of LLC tumor eells were more aggressive or less dependent on angiogenesis and that

the same treatment modality on a less malignant (umor model may have yielded more

encouraging results. Our initial studies \\Oith local. intratumor transfer of the

endostatin gene resulted in increased tumor gro\\th inhibition. attaining a gro~th

inhibition of nearly 40~/Ô.

Co-transfer of the mEndostatin and mellL-12 genes ioto tumors resulted in

enhanced antitumor effects. However. the tumor gro\\th inhibiting activity of melIL

12 was clearly dependent on the size of the tumors when the DNA was administered.

Intratumor transfer of the melIL-12 gene showed potent antitumor effects when

delivered to tumors \\ith a diarneter just exceeding 2 mm. resulting in greater than

40°1<. gro\\th inhibition compared to mice treated \\'ith blank pVR1255 vector and

resulted in the complete regression of a tumor which had gro\\n to a volume of 10

mm3
. Ho\\·ever. when administered to miee bearing tumors with an average volume
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of 55 mm3
• melIL-12 had no antitumor activity compared to control group. Thus

beyond a certain size. the immunostimulatory activity of mellL-12 is insufficient to

slow the gro\\th of the rapidly di\'iding tumor ceUs. A similar finding \Vas reported in

an earlier study which showed that the ability of IL-12 to eradicate tumors was

inversely proponional ta the tumor burden (Chen et al.. 1997). In contrast.

mEndostatin gene transtèr into larger tumors retained its antitumor effects. inhibiting

tumor gro\\1h by 30% compared to blank-treated mice. This was not surprising

considering that earlier studies have shown that systemic treatment with recombinant

Endostatin protein resulted in tumor eradication in mice carrying tumors 1% their

body weight (O' Reilly et al.. 1997).

:\nother interesting finding was that intratumor gene transfer ofblank pVR1255

showed tumor gro\\lh inhibiting activity" ln facto tumors treated with blank vector

followed by electroporation showed a 30~/o decrease in tumor gro\\lh compared to the

same tumors treated \vith saline and dectroporation. This is in accordance with the

vmous studies which have demonstrated that naked DNA alone can provoke immune

responses (K.rieg et al.. 2000: Barry et al.. 1999: Leclerc et al.. 1997: and Klinman et

al.. 1996). It is weil established that bacterial plasmid ONA contains CpG

dinucleotides which stimulate a Th 1 response resulting in the secretion of such

c\1okines as IL-I2 and IF!\·",. Thus. it is likelv that intratumor administration of. ,.

naked pVR1255 \,ector results in a Thl-type immune response which cao impact

tumor growth. Interestingly. this phenomenon did not occur when naked DNA was

injected \\"lthout dectroporation pro\"iding further evidence for the efficieney of

electrical pulses in promoting the uptake of foreign ONA by solid tumors.

Lastly. in \"ivo electroporation was used in a ONA vaccination study to proteet

miee against tumor challenge. Previous work in our lab had established that a DNA
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vaccination protocol consisting of five weekly injections of 50 J.1g of pCMV-CEA

vector plus 100 J.lg of pVR1255/bisIL-12 DNA protected mice from tumor challenge

\\ith CEA-/LLC tumor ceUs. Recently. a study has shown that electroporation can

increase DNA vaccine delivery and immunogenicity resulting in an enhanced Th1

response against a HIV gag antigen (Widera et al.. 2000). ln the previous study

performed in our labo mice were protected from tumor challenge only ifbislL-12 was

administered together with the CEA tumor antigen. In our study. we hypothesized

that by using electroporation we could increase the transfection efficiency ta a point

where protection could occur without bisIL-12 adjuvant. Funhennore~ the CEA

cDNA was transferred from the pCI vector into the pVR1255 vector which is thought

to yield a higher transfection rate into living muscle tissue. However. our findings

were consistent with the pre\'ious study. 50 that only mice receiving both CEA and

bisIL-l:2 \Vere protected from tumor challenge. An important difference was that in

our study mice received only 50 J.lg of bisIL-I:2 compared to 100 J.1g in the previous

study. Furthermore. a pre\'ious study has shown that following DNA vaccination with

the hepatitis B surface antigen. growing PSI5 mastoC)10ma tumors can be rejected in

mice through repeated intratumor injections of the viral antigen complexed with

liposomes (Bohm et al.. 1997). \Ve attempted a similar approach by immunizing mice

with CEA DNA vaccines followed by intratumor electroporation-mediated CEA gene

transfer into gro\'.ing LLC tumors. However. no antitumor effects \Vere obtained

using this approach cornpared to tumors treated \....ith blank pVRI255 vector. A likely

explanation for this is that the LLC tumor model is a more aggressive tumor than the

P8I5 model and that further studies using our approach on a less aggressive tumor

system should be pursued.
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ln conclusion. we have sho\\n IVEP to he a safe. convenient. and efficient

alternative to viral vectors in the field of gene therapy. Our approach resulted in

excellent gene transfer efficiency into murine. solid. subcutaneous tumors. Although

the duration of gene expression was sho\\n to be very transient. the ease of DNA

readministration without eliciting a host immune response is a favorable aspect of this

technique that cao be exploited to maintain elevated gene expression levels. With the

development of new electrodes designed to bener concentrate the electrical pulses to

the target tissues and to facilitate electroporation of internaI organs. any tissue type

could be targeted \\ith this technique. Moreover. the simplicity ofthis approach

makes it possible to administer any combination of genes encoding tumoricidal

factors directly into the tumor en\'ironment. Furthermore. electroporation May

enhance gene deli\'er"): to a point where DN:\. vaccination would finally become a

routine procedure used to immunize humans against viruses and possibly even

malignant cells. The potential applications of IVEP makes it absolutely necessary to

pursue basic research into the mechanisms by which electrical pulses create

permeation sites into living tissue in the hope that one day electroporation may be

routinely used to transfer genes into human somatic tissue.
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