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INTRODUCTION

Recent developments in molecular and cell biology have not only contributed to our understanding of the
molecular basis of disease but have also provided potential technologies for manipulation of genes in vivo.
With the knowledge that many human diseases are caused by inherited or acquired abnormalities in gene
expression and regulation, gene therapy was developed as a means of reversing the pathogenic process at its
source: the hope was that functional genes, inserted into cells, would be able to augment cell function and
yield the required gene product, thus compensating for genetic defects and curing disease. Approved and
initiated in September 1990, the first gene therapy protocol, designed to treat adenosine deaminase (ADA)
deficiency (1), realized some of these early hopes. Ex vivo transfer of the ADA gene into peripheral blood
lymphocytes and bone marrow progenitor cells of patients with severe combined immunodeficiency
associated with adenosine deaminase deficiency (ADA-SCID) resulted in normalization of the immune
repertoire and restoration of cellular and humoral immunity in the treated patients (2,3).

The success of gene therapy for treatment of ADA-SCID, while an important accomplishment in itself, also
had wide-ranging implications for the treatment of other diseases. Researchers quickly seized upon the
potential for gene therapy in the treatment of cancer, a disease that has long been known to result from
abnormal gene expression and regulation. While chemotherapy and radiotherapy have prolonged survival
and, in some cases, provided cures, their disadvantages are well-known. Designed to target proliferating cells
rather than cancer cells specifically, cancer chemotherapy is plagued by its lack of selectivity: significant and
life-threatening side effects limit allowable dose and, thereby, therapeutic effect, resulting in high recurrence
rates for most solid tumors. Unlike conventional therapies, gene therapy for cancer promises specific
targeting of cancer cells and, hence, fewer toxic effects and greater potential for cure.

TRANSGENIC IMMUNOTHERAPY

Although tumor cells present tumor associated antigens (TAA) (4-7), tumors are nonetheless predominantly
poor immunogens (8.,9). Immunologists have long been attempting to induce anti-tumor immune responses
for cancer therapy, either by increasing tumor cell immunogenicity or enhancing the effector cell anti-tumor
immune responses. Recently, intense interest has developed in the introduction of genes into tumor or effector
cells with the aim of augmenting cellular function at the tumor site, helping the body to overcome immune
tolerance, and eliciting a local or systemic anti-tumor immune response (10). The major approaches in
transgenic immunotherapy include: i) tumor vaccines, ii) tumor infiltrating lymphocyte (TIL) adoptive
immunotherapy, iii) lymphocyte tumor homing, and iv) antibody-dependent cell-mediated cytotoxicity



(ADCC).
Tumor vaccine

Recombinant tumor vaccines are generated by transfecting genes into tumor cells to render the tumor more
immunogenic. The underlying hypothesis is that the expression of one or more of the transgenic products in
some of the tumor cells may promote recognition by and activation of cytotoxic T lymphocytes (CTLs). This
technique may not only elicit an immune response to the primary tumor but also generate a systemic anti-
tumor response with immune memory. The steps involved in recombinant tumor vaccination include: 1)
primary culture of the tumor cells from the surgical material; ii) ex vivo transduction of the cells with the
chosen gene; iii) UV irradiation the genetically modified cells; and iv) reinjection of these cells into the
patient's body. In accordance with the mechanism of cytotoxic immune response, three different types of
genes have been used for tumor vaccination.

Based on the concept of associated recognition, one strategy in tumor vaccines involves the use of genes
encoding proteins foreign to the host-allogenization, known as xenogenization. Xenogenization stems from
the idea that, while minor cell surface differences are insufficient for induction of an immune response,
additional antigen may induce immune recognition of the original TAA and elicit systemic protection against
tumor cells. Acquired through the cloning of genes and the identification of tumor antigens and tumor
rejection antigens, our understanding of the mechanisms of antigen presentation and immune recognition has
made active specific immunotherapy a potential treatment for certain cancers (11,12).

Genes coding for MHC (10,13), several virus antigens (14,15), carcinoembryonic antigens (CEA) (16), tumor
antigens, tumor rejection antigens, several normal tissue antigens (17), and p53 (18) have been used to
introduce a target for cancer rejection. The use of tumor antigen polymorphic epithelial mucin (PEM) (12)
CEA (16), and p53 (18) for cancer vaccines has been reported to generate good anti-tumor responses in
animal models. TA-HPV, a recombinant human papilloma virus involving types E16 and E18, has been
reported to provoke HPV-specific antibody response (15). Melanocyte differentiation antigens restricted by
HLA-A2 and HLA-A24, which cause vitiligo, have been implicated in antigen-associated cancer regression
of melanoma (17). CEA demonstrates specific T-cell responses against CEA-positive cancer cells (16) in
patients. Several clinical trials using tumor antigens and tumor rejection antigens are currently in progress
(11,12).

Another set of genes used in tumor vaccines includes genes encoding accessory proteins for costimulation of
T cell activation, such as B7, comprised of A family of costimulatory molecules expressed on the surface of
antigen presenting cells (APCs), such as monocytes, B7 is the natural ligand for the costimulatory molecules
CD28 and CTLA-4 on T lymphocytes. The T cell costimulatory ligand interactions between B7 and CD28

during the antigen recognition process generate a second signal required for CD8* CTL-dependent antigen
priming (19,20) and primary T lymphocyte activation (21-23). Without the signal, CTLs, which are known to
play the most important role in anti-tumor immunity, become anergic. Studies on naive mice showed that B7
molecules mediated MHC-antigen-induced anti-tumor immunity (24). Expression of B7 accessory protein
was found to be lacking in some tumor cells (25-28) and to be decreased in some APCs presenting tumor
epitopes (29). Furthermore, it has been suggested that oncoprotein may alter the binding of epitope by B7
peptide (30). These B7 deficiencies in the cancer patient have been postulated to be causal in immune
tolerance. On the other hand, included over-expression of B7 in tumor cells may permit direct priming of the
CTL, bypassing the APC.

Although the precise mechanism remains unknown, B7-based tumor vaccines have resulted in tumor
rejection and systemic anti-tumor immunity in many animal model systems (24,31-34). Animal experiments
have shown that injection of B7-transfected tumor cells led the normal animal to reject the tumor cells (31)
and resist subsequent challenge (31,32). It has also been observed that the injection of B7-transfected tumor



cells may elicit systemic anti-tumor responses, including: rejection of the B7-negative parental (31) or wild-
type (24) tumor; tumor regression (31) and eradication (31,32) from animals bearing the parental tumor;
decreased lung metastasis in the intravenous injection model (33), and prevention of spontaneous lung
metastasis in animals subcutaneously inoculated with B7-negative parental tumor cell, leading to prolonged
survival (33). B7-induced anti-tumor immunity has been demonstrated to be tumor-specific (33,34) and long-
lasting, even after single injection (32). Antibody-blocking studies have shown that these effects are CTL-
dependent (33) and are mediated by B7 (24,32,34) and CD28 (32).

More detailed studies have shown that B7 is required for primary T cell activation and priming (19), but that
once the CTL has been primed, memory T lymphocytes do not require B7 for their functioning (20,23,24).
Therefore, the injection of B7-transfected tumor cells can elicit systemic immune responses against the B7-
negative parental tumor. Thus, the B7-based tumor vaccine has the distinct advantage of eliciting systemic
anti-tumor response against both parental and metastatic tumors.

B7 transduction has been attempted in a variety of cancers. Transducing melanoma cells with the B7 gene
induces potent systemic anti-tumor response in both human melanoma patients (13) and animal models
(25,35,36). Seven clinical trials using B7-transfected tumor cells for different types of tumors are in progress
(Table 1) (38-46). Fifty percent or greater reduction in tumor size has been observed in melanoma patients
with large tumor burdens receiving intra-tumoral injection of B7 alloantigen cDNA (90). This observation is
encouraging, and suggests that B7-based tumor vaccines may represent a feasible approach for cancer
therapy, especially for patients with metastatic tumor.

Several reports suggest, however, that B7 alone is not sufficient to elicit a tumor rejection response (91,92).
Numerous cytokines interacting with B7 may be required for B7 function (91-93). It has been suggested that
IL-10 and IFN-gamma inhibit B7 expression (94), whereas GM-CSF and IL-1b increase B7 expression (95).
IL-12 may cooperate with B7 (96). A better understanding of these interactions will be crucial in directing
B7-based tumor vaccine development.

Genes encoding cytokines, the key modulators of host immune and inflammatory responses, have been a
third area of interest in tumor vaccine technology. The expression of cytokine genes by tumor cells generates
a high level of cytokines in paracrine fashion at the tumor site, inducing powerful local cytokine effects
without significant systemic toxicity. This approach is aimed at direct activation of CTLs to recognize the
tumor cells, thus aiding the host immune system to induce specific anti-tumor immune responses and
systemic protective effects.

Several cytokines have been explored in recent years, interleukin-2 (IL-2) having received the most attention.
Secreted by activated CD4* Th cells, IL-2 activates CD8* CTL cells, responsible for mounting an anti-tumor

response. Bypassing the function of the CD4* Th cell, which may be defective in tumor patients, genetically
modified tumor cells secreting

IL-2 at the tumor site provide the second signal required to activate tumor-specific CTLs directly. Increased
IL-2 may also activate NK cells and lymphokine-activated killer cells (LAKSs). Animal experiments have
shown that injection of IL-2-transduced tumor cells increases specific

anti-tumor activity, generates systemic responses to the parental tumor, augments the immune response
against autologous tumor, and causes rejection of rechallenged tumor cells (14,97). Clinical trials with IL-2-
transduced tumor cells are ongoing (28,52-54). To simplify the process of tumor vaccination, efforts have
also focused on generating allogeneic IL-2-transduced cell lines against autologous tumor.

Pre-clinical studies have shown that both B7 (25,36,98) and IL-2 (99) produce the most consistent anti-tumor
responses. They can also elicit systemic protection and generate immune memory against the parental tumor.
However, the anti-tumor effect of other tested cytokines is less clear. Dranoff reported that among the ten
tested murine cytokines, GM-CSF, when its gene was used to transduce B16 melanoma cells, produces the
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most potent, long-lasting, and specific anti-tumor immunity in syngeneic mice (100). McGary found that
highly metastatic 13762NF rat mammary adenocarcinoma clones demonstrate GM-CSF-like activity (101),
and Roncaroli reported that the GM-CSF receptor was expressed in metastatic breast carcinomas but not in
the corresponding primary tumors (102). These apparently conflicting results may be due to intrinsic
differences in model systems and/or tumor types. Therefore, careful characterization of each study system
and tumor, as well as judicious choice of an appropriate transgene, are likely to be crucial for success of
tumor vaccine.

Tumor Infiltrating Lymphocyte (TIL) Adoptive Immunotherapy

TILs, comprised mainly of CTLs and macrophages (103), are lymphocytes derived from a surgically-excised
tumor. The lymphocytes can proliferate to a large number when they grow in the presence of IL-2 and can
then be used for systemic adoptive immunotherapy when they are returned to patients (104). Administration

of In-labeled TILs has demonstrated localization to tumor sites in some patients (104). One third of
patients with advanced melanoma treated with TIL reinjection plus high-dose IL-2 showed objective response
to this treatment (105). TILs labeled with neomycin phosphotransferase (NeoR) were detected in the
circulation up to 189 days, and in tumor deposits up to 64 days, after infusion (104). Therefore, TILs may be
a useful tool for targeting cancer.

Based on these observations, strategies were designed to transfect TILs with genes encoding TNF or IL-2 in
order to deliver these cytokines to the tumor site.

Pre-clinical studies in mice have shown that

IL-2-transduced TILs produced significant reduction B16F10 lung metastasis, and led to longer survival time
in an intracerebral tumor model (106). The use of

TNF-alpha in adoptive immunotherapy has also proved promising. Systemic TNF-alpha treatment with a
minimum dose of 400 mg TNF-alpha/kg produced tumor regression in a murine model (104). However, the
maximum tolerated dose in humans is 8 mg/kg. Human studies have shown that one out of ten melanoma
patients treated with

TNF-alpha adoptive immunotherapy experienced an objective response (107). Unfortunately, the toxicity of
TNF-alpha has impeded its use in human cancer therapy. Although TIL adoptive immunotherapy alone may
not provide sufficiently high specificity and response rates, the combination of adoptive immunotherapy with
tumor vaccine for tumor therapy may yield more encouraging results (107).

Lymphocyte tumor homing

Another approach in transgenic immunotherapy raises the possibility of utilizing lymphocytes, with their
potential tumor-homing properties, as effector cells directed against the tumor. The technique involves
transducing a chimeric T cell receptor gene into an effector cell, such as a CTL. The chimeric gene may be
constructed by either one of two techniques: i) by joining the artificially constructed single chain of an anti-
tumor antibody (variable regions) to T cell receptor signaling chains (104), or ii) by substituting the T cell
receptor variable region with the variable regions of the anti-tumor immunoglobulin (Ig) light and heavy
chains (108). The recombinant T cell receptor thus reassigns a new anti-tumor specificity to the T cells, in the
same fashion as has been shown with bispecific antibodies. The expectation is that the chimeric receptor
appearing on the T cell surface will genetically redirect the effector cells to attack tumor cells specifically,
and will result in both activation of effector cells and killing of target cells not restricted by MHC (108).

Pre-clinical studies demonstrated that, when transduced by a construct consisting of anti-TNP (trinitrophenyl)
and anti-ovarian monoclonal antibody (mAb) variable regions, TILs were redirected to lyse TNP-labeled
Daudi cells and ovarian carcinoma cells, respectively. This lysis was specific, and the redirected TILs were
capable of secreting GM-CSF following stimulation by the appropriate antigen (104). These chimeric TcR-
mADb gene-modified lymphocytes potentially offer the advantage of producing a more homogeneous



population of effectors that contains a high percentage of tumor-reactive killer cells.

However, several significant challenges remain. For instance, this strategy requires development of a single-
stranded mAb or the isolation of a specific Ig gene, both arduous and time-consuming tasks. Although these
techniques may not be practical for treating the individual patient, they may be useful for targeting tumors
expressing known tumor associated antigens or certain viral antigens. Furthermore, it remains to be
demonstrated whether the transduction of a foreign gene into the TIL might have some effect on TIL
function.

Antibody-dependent cell-mediated cytotoxicity

Based on the concept that the effector functions of antibody molecules may involve unique
immunomodulating properties, the use of ADCC as a novel strategy in transgenic immunotherapy involves
transfection of tumor cells with mAb genes to initiate an anti-tumor cytotoxic reaction. One report describes
human colon carcinoma cells transfected with the light- and heavy-chain genes of a mAb reactive with a
membrane antigen found on the majority of human colon carcinomas (108). Transduced tumor cells, which
constitutively express tumor antigen on their surface, produce antibody reactive with the antigen both on the
cell surface and in the medium. This antibody production enhanced monocyte-mediated cytotoxicity and both
modified and non-modified tumor cell sensitivity to NK cells in vitro, and dramatically decreased the tumor
volume in vivo. As applied to transgenic immunotherapy, ADCC provides an autocrine and paracrine
mechanism for further activation of FcR-bearing killer cells, such as macrophages and NK cells, to destroy
targeted tumor cells. By interacting with cell surface tumor-associated antigens, a locally-produced antibody
that only exposes tumor cells to the cytotoxic action of these effector cells, but may also help to induce other
anti-tumor activity by facilitating antigen presentation and specific CTL response. Although ADCC could
complement or extend current extensive efforts involving other genes and cytokines, further investigation is
required to determine whether ADCC is capable of targeting metastatic tumor cells.

SUICIDE STRATEGIES

The suicide strategy involves introduction of a gene encoding a non-mammalian enzyme into tumor cells,
followed by systemic administration of high doses of a non-toxic prodrug. The enzyme selected for this
purpose catalyzes a reaction that does not occur in mammalian cells, through which the non-toxic prodrug is
selectively metabolized to its toxic form. Restriction of expression of the enzyme transgene to the tumor
theoretically allows conversion of the prodrug to its toxic form to occur only at the site of the tumor (Fig. 1).
In this way, a high concentration of chemotherapeutic drug is limited to the tumor site and kills tumor cells
selectively, without residual systemic toxicity. Early experiments in this area utilized a viral enzyme, resulting
in the use of Virus-Directed Enzyme/Prodrug Therapy (VDEPT) as an alternative terminology for such
suicide strategies.

The use of a non-mammalian enzyme to convert a nontoxic prodrug to a toxic anabolite was originally
documented in early reports illustrating the mechanisms of action of certain antiviral agents. The principle
was first adopted in oncology by Moolten in 1987 (109), when he created genetic mosaics that were
artificially induced with genes altering sensitivity to therapeutic agents (109). Moolten used ganciclovir
(GCV), a substrate of herpes simplex virus thymidine kinase (HSV-TK), to treat Abelson leukemia virus-
induced lymphoma in HSV-TK transgenic mice. This treatment led to tumor regression and extended survival
in the animals for more than 100 days (110). Since then, systems using varicella-zoster virus thymidine
kinase (VZV TK) (111) and Escherichia coli cytosine deaminase (CD) (112,113) have also been developed
(Table 2).

The goal of the VDEPT approach is to engineer sensitivity to tumors cells through DNA recombination and
gene transferring techniques (111-113). Tissue-specific gene transfer and regulation of expression are crucial


https://web.archive.org/web/20121012161236/http://www.medicine.mcgill.ca/mjm/issues/v02n02/cancergeneF1.html
https://web.archive.org/web/20121012161236/http://www.medicine.mcgill.ca/mjm/issues/v02n02/cancergeneT2.html

to creating artificial transcription differences between normal and neoplastic cells. Different levels of control
may be possible, through: local injection of the construct or genetically engineered cells (114), tumor specific
receptor-ligand interactions, and the introduction of tumor-marker gene promoters into the construct (Table
3). Through control of the tumor-specific promoter, the transgene may be expressed in tumor cells but not in
normal cells (112). Pre-clinical studies using HSV-TK (110,114,117) controlled by CEA showed considerable
tumor regression (110,112,114,117) and extended survival of animals (110,112,114). Since the VDEPT
strategy introduces a gene that will generate toxic agents, the safest approach may involve control by both
cell-specific targeting and tumor-specific gene expression.

The advantage and practicality of the suicide strategy lie in the ability of one transfected tumor cell to cause
the death of surrounding wild-type tumor cells. A variety of animal experiments have shown inhibition of
tumor growth (118), decrease in tumor volume (119,120), tumor regression (110,112,114,117,121,122),
decrease in tumor index (123), extended survival (123-127), and eradication of tumors (123,124,127,128) in a
wide range of tumor models. Several Phase I clinical trials are currently in progress (38, 58,70-80) and show
considerable promise.

Further studies have found that HSV-TK-positive cells exposed to GCV were lethal to HSV-TK-negative
cells both in vitro and in vivo (129, 130-136). This effect was found even when HSV-TK-positive cells
represented as few as 10% of the tumor cells (129) or 4% of the cytosine deaminase (CD)-carrying cells
(137). Termed the "bystander effect," the phenomenon depends on the presence of gap junctions and direct
contact between HSV-TK-positive and -negative cells (129,134,138). Phagocytosis of the apoptotic vesicles
generated from the dying gene-modified cells (129), metabolic cooperation between the gene-modified and
non-modified cells via gap junctions (133,138), and elicitation of systemic anti-tumor immunity (136,139)
have all been implicated. Because of the bystander effect, transfection of only some of the tumor cells will
cause killing of untransfected tumor cells in situ as well as some of the tumor cells distal to the primary
injection site. Thus, the "bystander effect" overcomes, to some extent, the technical difficulty involved in
obtaining high transfection efficiency and enhances the potential of VDEPT for cancer therapy.

GENETIC SUPPRESSION OF TUMOR PHENOTYPE

Because most or all human cancers result from the expression and/or failure of expression of specific genes--
1.e., loss of tumor-suppressor genes or expression of oncogenes--the restoration of tumor suppressor function
or suppression of oncogene function through gene transfer and expression may alter the phenotype of tumor
cells (140-153). This feature of tumor cells provides the opportunity for cancer therapy by correction of a
genetic lesion, made possible by modern techniques.

Approaches to correcting tumorigenic genetic lesions largely depend on whether the determinant genetic
changes result from gain-of-function or loss-of-function mutations, and the number of genes to be targeted
should be strictly limited. Usually, the targets are oncogenes or tumor suppressor genes.

Targeting of oncogenes

Proto-oncogenes participate in critical cell functions, including signal transduction and transcription. A single
mutant allele or oncogene is sufficient for malignant transformation. Transforming oncogenes arise by virtue
of dominantly-acting, also known as dominant-negative, mutations. Turning off such functions, either by
correcting the mutant genetic sequence itself or interfering with its expression--are likely to be necessary to
achieve genetic reversion of the tumorigenic phenotype. Genetic tools are not currently available for efficient
correction of dominantly-acting mutations. However, interference with genetic expression might be
accomplished with high level expression of antisense sequences or ribozymes targeted specifically to the
oncogenic messenger RNA (142,143). Antisense oligodeoxynucleotides against c-myb, c-muc, H-c-ras,
ber/abl, PCNA, CDC2, (142) and EGF-related growth factor (144) have been shown to inhibit cell growth
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and proliferation in a variety of cell types in vitro; some have been shown to induce apoptosis in T cell
hybridomas (142). An anti-fos ribozyme completely reversed the multi-drug-resistant phenotype of human
ovarian carcinomas (143), and an anti-ras ribozyme altered a human melanoma phenotype (146) in vitro. In
vivo study has shown that antisense c-fos vector transfection results in inhibition of tumor growth and
invasiveness, inhibition of production of c-fos protein, induction of cell differentiation, and prolonged
survival time (154). Ex vivo antisense c-fos, k-ras, and bcr-abl vector transfections are currently in clinical
trials (38, 84-87).

Another approach for targeting oncogenes is to transfect cells with an anti-oncoprotein single-chain antibody
gene construct to allow the cells to produce intracellular single-chain antibody, which may inactivate the
oncoprotein within the cell. Anti-ErbB-2 single-chain antibody (scFv) has been reported to mediate
intracellular retention of ErbB-2 by binding to the extracellular domain of newly synthesized ErbB-2,
preventing its transit through the endoplasmic reticulum to the cell surface. Expression of scFv in ErbB-2-
transformed NIH 3T3 fibroblasts resulted in functional inactivation of the receptor and complete reversion of
transformation (147). Since the artificially generated single-strand antibody may function simply by binding
the target protein in a dynamic manner, further study is needed to clarify the fate of the targeted protein.

Reconstitution of tumor suppressor genes

Expression of tumor-suppressor genes results in dominance of the normal phenotype over the tumor
phenotype due to the apparent supremacy of tumor-suppressor genes in regulating growth and replication
properties of cells (155). The restoration of a state of functional heterozygosity for the mutant gene might,
under ideal conditions, be expected to result in a reversion of the neoplastic cellular phenotype to normal.
The candidate genes for this purpose clearly must be those playing a key role in tumor suppression, such as
Retinoblastoma gene (Rb) and p53.

The first gene identified as having tumor-suppression function, Rb codes for a nuclear phosphoprotein,
p10O5SRb, that is crucial in the differentiation and replication of undifferentiated cells. Homozygous loss of
wild-type Rb gene causes retinoblastoma and osteosarcoma. Loss of Rb function is also associated with small
cell lung carcinoma, bladder and prostate carcinoma, and some breast cancers. Introduction of a normal allele
of the Rb gene into human retinoblastoma and osteosarcoma cells results in reversion of cell growth and
morphology to normal and suppresses tumorigenicity of these cells in nude mice (148).

pS53 is a multi-functional nuclear phosphoprotein that plays a central role in modulating gene transcription,
regulating the cell cycle, activating apoptosis, maintaining genomic stability, and responding to genetic
insults. The "guardian of the genome," it acts principally as a Rumor-suppression gene and plays a crucial
role in the maintenance of the nontumorigenic phenotype of cells. Mutation of the p53 gene confers the
greatest known predisposition to cancer formation.

The p53 mutation is present in a wide range of cancers (148,149,156), and typically constitutes one mutation
in a cascade of sequential mutations in a number of genes (148). Approximately 50% to 60% of human
cancers are associated with a mutated pS3 gene or lack of pS3 expression (149,157,158). p53-deficient
cancers are often unstable, aggressive, and resistant to therapy (157). In vitro studies involving restoration of
wild-type p53 expression in cultured tumor cells have demonstrated impressive inhibition of cell growth
(149,158-161), return to anchorage-dependent growth (161), morphologic change (161), decreased colony
formation (149-152,159,162), selectively induced apoptosis of cancer cells (163,164), and sensitization of
tumor cells to chemotherapy and radiation therapy (165,166) in a number of tumor systems. A variety of
animal models have revealed that wild-type p53 transfection leads to suppression of tumorigenicity
(148,167), prevention of tumor formation (87,168), decreased tumor growth (87,148,149,151-153,160),
induction of apoptosis (160), tumor regression (87,169), decreased metastasis (148,149,151-153,169), and
even long-term survival (148,149,151-153,158,168). This evidence suggests that pS3, is an excellent target



candidate for cancer gene therapy.

However, the conformation-dependent nature of p53 function renders the genetic aberration more complex
than a simple loss of function. In the "wild-type" conformation, pS3 is most often (but not always) a repressor
of cell growth (38), whereas p53 in the "mutant" conformation may not be equivalent to loss of p53 function
alone. Some of the mutated pS3 gene products may act as promoters of cell growth (149) and may manifest
as dominant-negative mutants. Still other p53 mutants may act through gain-of-function to enhance the
tumorigenic phenotype, in essence serving as oncogenes.

Based on a knowledge of the complexity of p53, several clinical trials targeting this gene have been initiated.
These protocols range from introducing wild-type p53 into tumor cells to using antisense p53 to eliminate
mutated p53 (38, 87-89). Both animal experiments (170) and clinical studies (87) suggest that these
approaches have limited toxicity, although efficacy has yet to be evaluated.

Additional Considerations

Theoretically, genetic suppression of the tumor phenotype may provide a more physiological approach to
cancer treatment. Animal and human studies with antisense oligonucleotides (86), antisense c-fos vector
(154), and recombinant wild-type pS3 adenovirus have shown no evidence of toxicity. However, cancer is a
disease with complex genetic changes. Between the two extremes--oncogenes and tumor-suppressor genes--
lie a number of additional mechanisms apparently involved in the development of neoplasms. Most human
cancers are likely to result from multiple interacting genetic defects, none of which alone is sufficient but all
of which are required for tumor development to occur. The phenomenon of suppression of tumorigenicity
with a foreign gene depends on the function encoded by the gene and the role that the gene plays in
determining replication and differentiation processes in the cell. In some cancer cells, suppressor functions
may be less important than other functions in determining the aberrant phenotype. Therefore, genetic transfer
of an individual suppressor gene might, in itself, be ineffective in altering the aberrant properties. The
complexity of the p53 gene and the failure of the Rb gene to revert prostate cancer cell growth and
morphologic change to normal (148) are both prime examples. Furthermore, there is no assurance that the
same techniques will be feasible for all oncogenes, all tumor-suppressor genes, or all types of cancer. Choice
of correction genes must be guided by detailed characterization of each genetic defect in an individual tumor.
However, for selected models (38), most notably Rb and p53 genetic transfer does seem to produce a
reversion of features of the cancer phenotype to normal.

FUTURE DIRECTIONS

Loss of growth control and metastasis are the two major features of malignant tumors. Whereas primary
tumors can be easily removed by surgery, metastatic tumors remain difficult to treat and are a major cause of
death. Theoretically, only a single cancer cell is necessary to generate a tumor. Therefore, the ability of a
therapeutic strategy to target metastatic tumor and to eliminate 100% of cancer cells is essential for
eradication of cancer and should be the goal of cancer therapeutic strategies.

Proper delivery of a therapeutic gene into cells is the first critical step for successful gene therapy. High
transfection efficiency as well as selective and specific cancer targeting in vivo are the two most important
technical tasks and remain under extensive research. The current technology does not yet permit 100%
transfection efficiency of cancer cells in vivo. However, the immunomodulatory and suicide strategies may
bypass this technical obstacle, as they are designed to be fully effective with only partial transfection of the
cancer cell. Furthermore, the strategies directed toward suppression of tumor phenotype may be used to
reduce tumor burden, even without 100% transfection efficiency.

Ex vivo gene transfer and local intra-tumor injection can effectively transfer the gene into a specific cell



group. However, systemic tumor-specific targeting, upon which metastatic tumor targeting may depend, is
likely to require different approaches. Researchers are currently attempting to accomplish this technical task
by targeting tumor cells through tumor-specific

ligand-cell-surface-receptor interactions and through control of transgene expression in tumor tissue by
tumor-specific promoters (118,171-176). Compared to other strategies, the immunomodulatory modalities,
designed to elicit systemic anti-tumor effects, have the advantage of targeting metastatic tumor.

CONCLUSION

Cancer gene therapy may provide a novel tool with considerable advantages over conventional cancer
therapy, particularly in the areas of efficacy and toxicity. Nevertheless, numerous limitations remain for gene
therapy, as for most cancer therapies. Cancer treatment is complicated by the fact that malignancy represents
a highly complex form of disease, especially in the case of the most advanced tumors, and it is becoming
increasingly clear that many cancers may not be curable by single-modality therapy. Carefully selected
combinations of strategies may prove more efficient, especially where synergism may be evident. For
example, transfer of wild-type p53 appears to sensitize tumor cells to chemotherapy or radiation therapy and
induce apoptosis of these cells (165). Furthermore, more detailed classification and diagnosis at the molecular
level are required to enable clinicians to make more informed choices regarding appropriate individualized
therapeutic strategies.

It is remarkable to note the strides made in the area of gene therapy in less than a decade. Cancer gene
therapy is truly a field born of the direct translation of basic research into clinical application. Although a
great deal of research is yet to be done and many technical problems to be solved, the intense interest and
vast number of ongoing studies in this area will soon provide the clinical data necessary for critical
evaluation of, and future advances in, cancer gene therapy.
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