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1. Introduction

To date, traditional chemotherapy alone or in combination with immunotherapy and ionizing
radiation modalities have been used to obliterate dividing aberrant cells in various tumors,
while morbid statistics of cancer therapy show limited clinical successes.

Given the fact that malignant cells proliferate more rapidly than normal cells, damage to
the cancer cells is anticipated to be markedly greater than normal cells. However, cancer
cells generate chemoresistance mechanisms within the tumor microenvironment, while
undesired toxicity may occur in the normal cells. For example, in colorectal cancer (CRC),
there exist well-described sequences of mutational events that evince the shift of normal
colon epithelium to premalignant adenoma and malignant adenocarcinoma. These events
are 1) loss of the function of the adenomatous polyposis coli (APC) gene (encoding a protein
involved in cell adhesion and transcription) in up to 85% of all cases of CRC, 2) mutation
of KRAS (a GTP-ase that controls cell proliferation) in 50-60% of all cases of CRC, and 3)
downregulated expression of the cell-adhesion transmembrane glycoprotein E-cadherin in
almost 50-60% of all cases of CRC. Mutations in the mismatch-repair genes MLH1 and MSH2
contribute to genetic instability. Besides, there exist a number of genes alterations leading
cells toward remodeling that include: 1) SMAD4 involved in the transforming growth factor
signal transduction suppressing epithelial-cell growth, 2) INK4A involved in the retinoblas-
toma tumor-suppressor pathway, and 3) TP53 alterations increasing the resistance of cancer
cells to apoptosis [1]. Similar molecular/cellular alterations occur in various solid tumors,
highlighting the intricacy of biological events leading to initiation and progression of
malignancies. Therefore, necessity for development and advancement of more effective
modalities targeting such genetic changes is perceptible to achieve successful cancer
treatment and cure. After decades of disappointment, targeted therapy of cancer has been
advanced by integration of immunotherapy as well as gene and cell therapy. As proof-of-
concept, recent clinical trials (e.g., anti-CTLA4 antibody, ipilimumab) have shown signifi-

I NT E C H © 2013 Omidi et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited.



262

Novel Gene Therapy Approaches

cant increase in survival for patients with metastatic melanoma, for which conventional
therapies have failed [2].

Targeted therapy of cancer using mAbs has provided great outcomes [3], while cancer gene
therapy has not been as productive as immunotherapy from translational stand point. Efficient
gene transfer strategy, as a fundamental step, continues to be the major determining factor for
clinical successes of the gene therapy. In fact, there exist some hurdles that make gene therapy
a formidable task. There are problems with delivery of sufficient copies of a gene (e.g., short
interfering RNA (siRNA), antisense) to all tumor cells, whose biology appear to be very
complex and ideally all the cancer-related genes must be controlled. Another barrier is the lack
of proper gene delivery systems (GDSs) since the nonspecificity of GDSs makes gene therapy
strategy somewhat uncertain. Overall, the current gene therapy approaches are capable of
introducing genes into cells in vivo without discrimination within target and non-target cells.
However, such unselective approach can impact both normal and aberrant cells. Incorporation
of a homing device (e.g., monoclonal antibodies (mAb), antibody (Ab) fragments, or target
specific aptamers) with an appropriate delivery system may result in cell-specific targeting
and greater clinical outcomes [4].

The main gist of this chapter is to concisely provide information upon the specific gene therapy
strategies and gene targets. We will discuss impacts of oncogenes, tumor suppressor genes
and apoptosis-inducing genes on cancer gene therapy strategies as well as methods that
specifically reactivate pathways that render the mutated cells susceptible to antitumor agents
and immunotherapy. We will also remark on the cancer therapy opportunities through
exploiting targeted nanogenomedicines.

2. Trajectory of gene therapy

Of many cancer therapy endeavors, cancer gene therapy has granted great hopes even though
it is in its developmental trajectory. So far, more than 65% of the gene therapy trials have been
devoted to the cancer diseases using various vectors (retrovirus (20%), advenovirus (18%),
adeno-associated virusade (5%), lipofection (6%)) and naked/plasmid DNA (18.5%). Despite
conducting more than 1186 cancer gene therapy trials (out of 1843), 45 have reached to phase
III and only 1 is in phase IV [5]. At this stage, there exist 9 clinical trials of gene therapy that
have been conditionally approved [4]. Most of these trials are conducted as adjuvant therapies,
which clearly highlight needs for more effective gene therapy systems.

The foremost basis of gene therapy is to fix the genomic defects; nonetheless the gene therapy
concept is going to be revolutionized by illumination of epigenomics and targeted genome-
dicines. In tumor development, the origination of cancer is an intricate biological process, in
which molecular changes at genomic/epigenomic levels play a central role. These molecular
alterations can equip cancerous cells with unique molecular biostructures that play crucial
roles in survival, progression and invasion of cancer cells. Such genomic/epigenomic altera-
tions (e.g., changes in gene expression, mutations, gene deletion, DNA methylation/demethy-
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lation and histone acetylation/deacetylation) have directed scientists to devise genomedicines
to fix the genomic defects. It should be evoked that, unlike treatment strategies for genetic
defects that need permanent expression of the corrected genes, cancer gene therapy is based
on temporary and locally limited stimulation/suppression effects on desired gene(s). Further,
malignant cells display specific gene markers that are different in nature or magnitude
compared to the normal cells. These characteristics of cancer cells are deemed to provide a
robust platform for specific targeted gene therapy that provides major advantages over current
chemotherapy and immunotherapy modalities [6, 7].

Up until now, some domains of cancer gene therapy have been devoted greater attention,
including: a) suppression of cancer cells by introducing genes into tumor cells to lead cells
toward apoptosis (e.g., herpes simplex virus thymidine kinase, cytosine deaminase); b)
inhibition of growth of cancer cells; c) enhancement of cancer cells chemosensitivity (p53, Bax);
d) specific stimulation of the host’s immune response against the cancer cells (tumor antigen,
DNA vaccines, cytokine genes) by introducing the relevant genes into tumor cells or dendritic
cells. Although use of genomedicines (e.g., antisense RNA, siRNA, ribozymes, DNAzyme and
aptamers) have shown positive outcomes, their combination with other cancer therapy
modalities including chemotherapy and immunotherapy can open other avenues for cancer
therapy [8-10].

In addition, immune gene therapies (e.g., targeted DNA vaccine) exploit the lymphocytes
and dendritic cells potentials, activating the immune system defense mechanisms against
cancer cells. DNA vaccines possess intrinsic ability to activate multiple pathways of innate
immunity, that also provide a unique opportunity to guide defined antigens, accompanied
by specific activator molecules, through a patient’'s compromised immune system [11].
Further, suicide gene therapy tackles to deliver genes to the cancer cells, upon which cancer
cells convert nontoxic prodrugs into active chemotherapeuties. In this approach, cancerous
cells containing suicide genes are solely targeted through a systemic administration of
prodrug. The suicide gene therapy is deemed to provide maximal inhibitory effects in cancer
cells, but minimal toxic effects in normal cells [12]. Other than these strategies, antisense
oligodeoxynucleotides (AS-ODNs) as a new class of molecularly targeted agents are in
transitional trajectory from the laboratory into the clinic. A number of very important
transcriptomic elements (e.g.,, VEGF, Ang-1, MDM2, protein kinase C-a, c-myb, integrin
subunit b3, PKA-I, H-ras, bcl-2, c-raf, R1/R2 subunits of ribonucleotide reductase) have
successfully targeted by AS-ODNs [13].

In contrast to AS-ODNs technology, the mechanism of silencing an endogenous gene through
a homologous double-stranded RNA (dsRNA), which is termed post-transcriptional gene
silencing (PTGS) or RNA interference (RNAI), is a natural mechanism by which mammalian
cells can regulate expansion of genes. Accordingly, short interfering RNA (siRNA) can be used
for gene silencing. Itis currently the fastest growing sector for target validation and therapeutic
[14]. Further, considering cancer cells scape from immune system within the tumor microen-
vironment, immune targeted gene therapy appears to provide an effective tactic for activation
of the immune systems in such intricate microenvironment, whereby targeted gene therapy
of angiogenesis and lymphangiogenesis bestow robust treatment possibilities [15].
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3. Gene silencing as gene therapy modality

It is clear that the tumorigenesis results from clusters of several genetic and/or epigenetic
events. Therefore, identification of the involved genes provides new targets toward effective
treatment of malignancies. Of various gene therapy approaches, it is deemed that the silencing
of cancer-causing genes can control the biological consequences at its genetic root and thereby
cure the disease. Hence, development of agents capable of gene silencing is now considered
as a rational strategy for cancer therapy, which can be accomplished by genomedicines. We
will review gene silencing technologies in the following sections.

3.1. Antisense oligodeoxynucleotides for suppression of mRNA

During the last decade, we have witnessed emergence of synthetic AS-ODNs. They are
primarily designed to attach selectively to the target transcriptomes and to disrupt the
expression of a target gene. It should be evoked that the overall utility of AS-ODN as thera-
peutic agent is dependent upon 1) the expression level of the target mRNA, 2) the optimal
design of As-ODN, 3) the specificity of the AS-ODN to the target mRNA and 4) the availability
of safe and highly efficient delivery systems. For example, we have shown that most of cationic
polymers (CPs) and lipids used as GDSs to shuttle AS-ODNs specific to the epidermal growth
factor receptor (EGFR) can also induce intrinsic cytotoxicity and toxicogenomics [16-22].
Previous studies have demonstrated that the viral vectors (e.g., adenovirus, adeno-associated
virus (AAV), Epstein-Barr virus (EBV), herpes simplex virus type-1 (HSV-1), retrovirus,
lentivirus, poxvirus, baculovirus) vectors can function as efficient vehicles for AS-ODN
delivery. Of these, AAV vectors can be constructed to express short, distinct transcripts, a
property that is useful for RNA - mediated inhibition of gene expression and successful
delivery of the As-ODNis [23, 24]. Fig. 1 and Table 1 respectively represent the mechanism of
action of AS-ODNs and their applications.

(A)

No protein translation

Drug interaction with
diseased protein

| Py
RNase H

Figure 1. Mechanism of action of AS-ODN. A) Inhibition of proteins by small molecule drugs after translation. B) Sup-
pression of mRNA by AS-ODN before translation in the presence of RNase H. This figure was adapted with permission
from reference [4].

It is known that the oncogene E7 from high-risk human papillomavirus (HPV) strains has the
potential to immortalize epithelial cells and increase cellular transformation in culture. Hence,
to prevent the cervical cancer growth, the HPV16 E7 was inhibited by AS-ODN that was
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delivered by a recombinant AAV (rAAV). It was found that such genomedicines can inhibit
cell proliferation, induce apoptosis, reduce cell migration, and restrain in vivo proliferation of
the cervical cancer CaSki cells [24]. Table 1 shows selected oncogenes targeted by AS-ODNss.

Oncogene  Application Ref
HER2 c-erbB-2 AS-ODN Inhibit serum-induced cell spreading of ovarian cancer cells [27]
(c-erbB-2) Inhibitory effects of c-erbB-2 AS-ODN in uterine endometrial cancer Ishikawa cells [28]
BCL-2 BCL-2 AS-ODN inhibits sensitize small cell lung cancer cells (in vitro and in vivo) to radiation [29]

Phase I/1l study of G3139 (Bcl-2 AS-ODN) combined with doxorubicin and docetaxel in [30]

breast cancer

Induction of apoptosis and increased chemosensitivity in human prostate cancer cells by [31]
Bcl-2 AS-ODN
c-RAF-1 Phase | study of the c-raf-1 AS-ODN (ISIS 5132) combined with carboplatin and paclitaxel in [32]

patients with advanced non-small cell lung cancer

Phase | study of the c-raf-1 AS-ODN (ISIS 5132) in patients with advanced cancer [33]

c-FOS Tissue-targeted antisense c-fos retroviral vector inhibits established breast cancer [34]

xenografts in nude mice

c-fos AS-ODN control prostaglandin E2-induced upregulation of vascular endothelial [35]

growth factor in human liver cancer cells

c-MYC c¢-myc AS-ODN sensitize human colorectal cancer cells to chemotherapeutic drugs [36]

inhibition of c-MYC by antisense phosphorodiamidate morpholino oligomer in prostate [37]

cancer murine models and humans

Table 1. Selected oncogenes targeted by AS-ODNs.

The effectiveness of the AS-ODNs have so far been shown in both target cells/tissue as in vitro
models and animal in vivo models in particular for cancer therapy [13]. The mechanisms of
action of the AS-ODNss seem to vary in different systems. In the case of hybridization and
intramolecular and/or intermolecular interactions, their degradation pattern appears to be
different. Many investigations have shown the anti-oncogenic impacts of AS-ODNs through
targeting specific oncogenes. We have used AS-ODNss specific to EGFR and showed substantial
inhibition of EGFR in A431 cells [25] as well as A549 lung cancer cells [26] using non-viral
vectors as delivery system. The inhibitory impacts of AS-ODNs have been assessed through
alterations in growth rate, morphology and molecular analysis. Various oncogenes have been
targeted by AS-ODNs.

3.2. Small interfering RNA

The siRNA (also called as short interfering RNA or silencing RNA) is double-stranded RNA
(dsRNA) molecules of 20-25 nucleotides. The siRNA gene-silencing mechanism is induced by
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dsRNA and it is largely sequence-specific. RNA interference (RNAi) approach appears to be
an extremely powerful tool for silencing gene expression in vitro [38]. Accordingly, huge
researchers have been conducted to expand this technology toward in vivo applications [39].
Fig. 2 represents mechanism of siRNA in controlling the expression of a target mRNA.
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3- mRNA cleavage and degradation

Figure 2. Cleavage and degradation of mRNA expression by siRNA. Short interfering RNAs (siRNAs) basically consist of
two 21-25 single-stranded RNAs forming double stand RNA with overhangs at 3’ end. The antisense strand of the siR-
NA bound to RNA-induced silencing complex (RISC) can cleave the target mRNA. This figure was adapted with permis-
sion from reference [4].

Basically, investigation on RN Ai has highlighted two distinct methodologies for gene silencing
as: 1) cytoplasmic delivery of siRNA to target cells to imitate an endogenous RNAi mechanism
and 2) nuclear delivery of gene expression cassettes expressing a short hairpin RNA (shRNA)
that mimic the micro interfering RNA (miRNA) active intermediate of a different endogenous
RNAi mechanism [40]. Both these approaches need safe delivery of gene materials into the
target sites.

In fact, RNAi that was discovered initially in plants has been applied for various types of cancer
as well as other diseases. Besides, RNAi technology seems to be the right tool for delineation
of the functions and interactions of the thousands of human genes in high-throughput systems,
which can also be harnessed in target validation technology. It is deemed that delivery of
siRNAs as nanoformulations may resolve the inefficient delivery problem [41-43]. For
example, a micelleplex system based on an amphiphilic and cationic triblock copolymer has
been developed for delivery of siRNA specific to the acid ceramidase (AC) gene. In aqueous
solution, the triblock copolymer (consisting of monomethoxy poly(ethylene glycol), poly(ep-
silon-caprolactone) and poly(2-aminoethyl ethylene phosphate)) can self assembles into
positively charged (48 mV) micellar nanoparticles (MNPs) with an average diameter of 60 nm.
Once exposed to siRNA, it can result in micelleplex that was shown to effectively internalize
into the BT474 breast cancer cells and induce significant gene knockdown. Systemic delivery
of micelleplex targeting AC gene was shown to significantly inhibit the tumor growth in a
BT474 xenograft murine model without activation of the innate immune response [44].
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Some chemotherapy agents are substrate of the efflux transporters (e.g., P-glycoprotein (P-gp),
multidrug resistance proteins (MRPs)) that are often overexpressed on cancer cells developing
resistance, while no safe inhibitor of P-gp is available. Simultaneous delivery of P-gp targeted
siRNA and paclitaxel as poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles (NPs) decorated
with biotin has been shown to overcome tumor drug resistance in both in vitro and in vivo [42].

3.3. Ribozymes and DNAzyme

After being discovered in early 1980s, ribozymes as a class of RNA showing catalytic activity
to cleave RNA molecules in a sequence specific manner have been used for cancer therapy.
They have been shown to perform excellent catalytic reactions with great precision, which can
be encoded and transcribed from DNA. It was a decade later that DNAzymes have entered
the scene of nucleic acid-mediated catalysis [45]. They are special class of nucleic acid chains,
which usually consist of both double and single stranded regions that fold into a specific three-
dimensional structure performing catalytic functions. Various ribozyme formats (e.g.,
hammerhead, hairpin, axhead, group I intron, and RNAse P) can be used as trans-acting
catalysts. Of these, the hammerhead and hairpin ribozymes seem to be the most commonly
used. For example, the efficacy of an anti-KRAS hammerhead ribozyme targeting GUU-
mutated codon 12 of the KRAS gene was evaluated in a cell-free system and also in cultured
pancreatic carcinoma cells [46]. Fig. 3 schematically exemplifies a morphology and cleavage
mechanisms of Ribozyme (A) and DNAzyme (B).
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Ribozyme DNAzyme

Figure 3. Schematic representation of morphology and cleavage mechanism of Ribozyme (A) and DNAzyme (B). This
figure was adapted with permission from reference [4].

Tsuchidaet al. showed that, in the cell-free system, the anti-KRAS ribozyme specifically cleaved
KRAS RNA with GUU-mutation at codon 12. In the cell culture system, they showed that the
anti-KRAS ribozyme significantly reduced KRAS mRNA level (GUU-mutated codon 12) in
Capan-1 pancreatic carcinoma cells. Further, it has been proposed that trans-splicing ribozyme
capable of specifically reprograming the human telomerase reverse transcriptase (WTERT)
RNA can be harnessed as a useful tool for tumor-targeted gene therapy. Thus, a transcriptional
targeting with the RNA replacement approach was implemented to target liver cancer cells
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through combining a liver-selective promoter with an hTERT-mediated cancer-specific
ribozyme [47]. To this end, Song et al. validated it in vivo by constructing an adenovirus
encoding the hTERT-targeting trans-splicing ribozyme under the control of a liver-selective
phosphoenolpyruvate carboxy kinase promoter. They found that intratumoral injection of this
virus produced selective and efficient regression of tumors in mice [47].

It should be emphasized that the catalytic ribozyme core is basically attached to the specific
regions of the target transcript through flanking antisense sequences. They have been designed
to effectively cleave the targets transcript resulting in suppressed gene expression. For
inhibition of gene expression, it is deemed that ribozymes are more effective than AS-ODNs
because they cleave the target transcripts catalytically.

The DNAzyme (the so called deoxyribozyme) molecules consist of the 10-23 nucleotides,
which bind to mRNA in a highly sequence-specific manner and cleave the RNA independent
from RNase with the relatively stable chemistries used in oligodeoxynucleotide-based
antisense reagents. The major obstacle in the further development of these technologies is a
phenomenon that requires substantial development efforts invested in drugs of various
classes, the uphill battle to affect cellular delivery in a targeted manner. This challenge is being
met with a multidisciplinary approach with the hope that a greater understanding of each step
of this process will enhance DNAzyme pharmacodynamics [45].

Owing to DNA backbone, DNAzymes have the advantage of being highly stable and cost-
effective in compassion with RNAzymes and proteins. DNAzymes, similar to aptamers, can
be isolated through a combinatorial in vitro selection process. Hence, they can be literally
manipulated to meet the requirements and applied for engineering of targeted genoceuti-
cals. Such characteristics make them excellent choice for dynamic control of nanomaterials
assembly [48].

4. Target antigens and oncogenes

Tumor epithelial and endothelial cells as well as tumor associated cells represent unique
marker molecules that can be harnessed for targeted therapy of cancer. For example, tumor
vasculature varies significantly from its normal counterpart, representing unique cancer
marker molecules. This has been emphasized through recent technologies including: immu-
nohistochemistry laser-capture microdissection (immuno-LCM), genome-wide high-through-
put screening, and proteomics. It is deemed that the vast array of vascular bed-specific markers
may provide an exceptional platform for discovery of new therapeutics that target tumor
microvasculature in various malignancies [49]. It is the same for tumor epithelial cells and
tumor associated cells (TACs). Regarding the epithelial cells, EGFRs are the most studied
cancer marker molecules (CMMs), whose upregulation in cancer cells was shown to be
substantially down regulated with gene based medicines such as siRNA and AS-ODN.
Likewise, vascular EGF and EGF-receptors have been shown to be upregulated in tumor
endothelial cells and they can also be suppressed by genomedicines [50].
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Malignant brain tumors (high-grade glioma), pancreatic cancer and malignant melanoma are
among the most aggressive tumors known. Despites these facts, necessary translational steps
are needed to be fulfilled for their clinical applications. For example, Antisense Pharma has
recently taken an AS-ODN medication (Trabedersen or AP 12009) in several clinical trials.
Trabedersen is a DNA-oligonucleotide that inhibits the synthesis of the cytokine transforming
growth factor beta 2 (TGF-32) through specific binding to mRNA of TGF-32 that is overex-
pressed in many highly aggressive tumors suppressing the immune system activity [51-53].

4.1. Tumor antigen—specific vaccines and DNA vaccines

Cancerous cells of different types of tumors often display expression of aberrant genes such
as: 1) mutated genes (e.g., mutated P53, RAS, BCR-ABL), 2) unique genes resultant from viral
oncogenes (e.g., HPV E6 or E7), 3) overexpressed cancer specific genes (e.g., Her2, TGF-32,
carcinoembryonic antigen, mucin).

These aberrant genes could be recognized by the host immune system, resulting in elimination
of the cancerous cells expressing such oncogenes. However, cancer cells can circumvent from
the anticancer activity of immune system within the permissive tumor microenvironment.
Accordingly, the basis of the tumor antigen-specific vaccines is boosting the immune system
harnessing these aberrant antigens. Nevertheless, success of this approach depends on
identification and appropriate use of tumor specific genes [54-56]. In fact, vaccination against
tumors may provide a selective destruction of malignant cells by the host's immune system,
which can be applied as integrated system containing target gene(s) in recombinant vectors.
Of viral vectors use in cancer vaccination, the recombinant AAV vectors appear to grant better
clinical responses because of their low intrinsic immunogenicity, hence they have been
employed to generate immune responses against specific antigens. For example, the safety of
cytotoxic T lymphocytes (CTLs) infusion by transfected dendritic cells (DCs) with rAAV
carrying carcinoembryonic antigen (CEA) cDNA was investigated in advanced cancer
patients. For example, a total of 27 cancer patients with tumor tissue and/or sera-elevated level
of CEA were treated with the rAAV-DC immunovaccine, which was well-tolerated showing
no severe side effects in patients [57].

As the most potent antigen-presenting cells, DCs originate from the bone marrow and play a
key role in the generation of immune responses. Further, peptide-based vaccination in cancer
patients using DCs have resulted in promising outcomes. For example, to control the relapse
and succumb to progressive disease in patients with advanced ovarian cancer, an immuno-
therapy approach was applied using CDs loaded with Her2/neu, hTERT, and PADRE peptides
in a randomized open-label phase I/II trial. Despite showing modest immune responses, these
peptide-loaded DC vaccination showed promising survival rate [58]. Fig. 4 represents the radar
pattern of DNA vaccines in each phase of clinical trials.

It appears that we need to develop much more rational consolidative strategies for treatment of
solid tumor in advanced stages since the applied strategies exploiting DCs (e.g., peptide pulsing
with tumor antigens, transfection with DNA/RNA and transduction with tumor antigens
encoding viral vectors) have not substantially generated antitumor immune responses.
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Figure 4. Selected DNA vaccines in clinical trials. Only 4 trials have reached to the phase IV trial, in which 3 of them are
targeting human papillomavirus (HPV) and 1 targeting HPV and hepatitis B [59].

Ideally, for effective vaccination of any type of malignant disease, administered vaccine should
activate both innate immunity and specific immune effector responses. Basically, the success
of the vaccine therapy using immuno-stimulating genes depends on several parameters such
as appropriateness of vector, suitable transgene design, inclusion/deletion of specific sequen-
ces, and optimization of necessary elements to induce secretion of the transgene product from
the transduced cells. It also largely relies on the safe and efficient delivery of DNA into target
cells. Development of the most current clinical trials has been based upon cytotoxic agents,
immunotherapy and vaccination, while the mechanistic function of the DNA vaccines is
different from these medicaments. They have several advantages over conventional vaccina-
tion modalities, including no risk of infection, antigen presentation by both MHC class I and
class I molecules, polarizing T-cell helpers toward TH1/TH2 phenotypes, ease of preparation
and cost-effectiveness [11, 60].

To date, over 730 DNA vaccines clinical trials have been undertaken. Of these, 156 are
challenging different types of cancers [59]. A plasmid DNA encoding human tyrosinase
(huTyr) has been approved by the US Department of Agriculture to treat canine melanoma
[61]. The results supported the safety and efficacy of the huTyr DNA vaccine in dogs as
adjunctive treatment for oral malignant melanoma. To date, no DNA vaccine has been
approved by the U.S. Food and Drug Administration (FDA) for human, there exist more than
150 trials for different types of cancers. DNA-based vaccines have the advantage over con-
ventional vaccines because they are able to induce both cell-mediated and humoral immunity,
and to provide long-term responses with lower (in ng range) and fewer doses in a safer manner
in comparison with conventional live vaccines. Further, they are cost-effective because of easier
manufacturing process [56].

In 2010, sipuleucel-T (PROvenge®, Dendreon, USA) was approved by the FDA for treatment
of asymptomatic/minimally symptomatic metastatic hormone-refractory prostate cancer
(HRPC). PROvenge® is the first personalized medicine, which is a cellular immunotherapy
agent and its administration demands 3 steps, as follow: 1) extraction of patient’s antigen-
presenting cells (APCs) through a leukapheresis procedure, 2) incubation with a fusion protein
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PA2024 consisting of the antigen prostatic acid phosphatase (PAP) and an immune signaling
factor granulocyte-macrophage colony stimulating factor (GM-CSF) that helps the APCs to
mature, and 3) infusion of the activated blood product [62].

4.2. Tumor suppressor and apoptosis—inducing genes

It should be highlighted that the initiation of cancer is an intricate multi-cause process
involving sequential activation of oncogenes and inactivation of tumor suppressor genes
(TSGs) and apoptosis inducing genes (AIGs). Such genetic changes, subsequently, yield
concomitant phenotypic alterations in the tumor cells resulting in cancer cells survival and
progression. Thus, in addition to oncogenes, the tumor suppressor genes must be targeted by
a designated genomedicine [63].

The pivotal roles of the TSGs and AIGs should be considered for cancer gene therapy, while
little devotion has given to their biological impacts. The defects/mutated forms of these genes
should be corrected through transfecting the normal forms which can be fulfilled through
targeted systems; for more details on TSCs and AIGs, reader is directed to see reference [4].

4.3. Suicide gene therapy: A targeted genomedicine modality

Having harnessed suicide genes, a prodrug can be converted to a toxic metabolite. In fact,
suicide gene therapy (SGT) is a unique approach that allows selective targeting through
negative selection of malignant cells.

Using a designated prodrug, which can be activated only in aberrant cells producing the
metabolizing enzyme, cancer cells can be specifically targeted by a nontoxic prodrug that
metabolized into toxic metabolites. The herpes simplex virus thymidine kinase (HSV-TK) gene
is the prototype gene, which can be transferred into tumor cells either by viral vectors or
nonviral methods [64].

Suicide gene therapy using gene-directed enzyme/prodrug therapy (GEPT) was shown to
improve the therapeutic efficacy of conventional cancer radiotherapy and chemotherapy
without side-effects. Of the SGTs, the HSV- TK system gene therapy can sensitizes cells to the
cytotoxic effects of designated drugs such as ganciclovir (GCV) and acyclovir (ACV). The HSV-
TK-based SGT approach has resulted in promising outcomes in phase I/II study of glioblas-
toma, showing that brain injections of M11 retroviral vector-producing cells for glioblastoma
HSV-1 TK gene therapy were well tolerated and associated with significant therapeutic
responses [65]. Similar clinical outcomes have been reported for the treatment of melanoma
[66]. In this study, although patients showed disease progression on long-term follow-up,
retrovirus vector “M11”-mediated HSV-1 TK gene therapy was well tolerated over a wide dose
range. Despite limited tumor response possibly due to poor gene transfer efficiency, necrosis
following GCV administration in transduced tumors may indicate a potential for treatment
efficacy. The HSV-TK based SGT has been reported as an effective system for treating exper-
imental human pancreatic cancer [67].

In an interesting study, Aoi et al. capitalized on a physical method using ultrasound (US) and
nano/microbubbles (NBs/MBs) to deliver exogenous genomedicines noninvasively into the
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target cancer cells. They successfully harnessed a low-intensity pulsed ultrasound (1 MHz; 1.3
W/cm?) and NBs/MBs to transduce the HSV-TK system using an in vitro model. They showed
thataddition of GCV to the transduced cells canlead to HSV-TK/GCV-dependentapoptosis [68].

Other paradigms of this approach are cytosine deaminase/5-fluorocytosine (CD/5-FC) and
carboxyl esterase/irinotecan (CE/CPT-11). Further, genetically engineered stem cells (GES-
TECs) have also been applied for GEPT [69]. While chemotherapy of brain tumors is often
disrupted by the brain blood barrier (BBB) [70], GESTECs (consisting of neural stem cells
(NSCs) expressing cytosine deaminase (CD) gene) have been employed as a novel cell therapy
modality. The GESTECs were injected to xenograft mouse model of lung cancer metastasis to
the brain produced through implanting the 549 lung cancer cells in the right hemisphere of
the mouse brain. Two days after the injection of GESTECs, 5-fluorocytosine (5-FC) was
administered via intraperitoneal injection. Histological analysis of extracted brain confirmed
the therapeutic efficacy of GESTECs that converted the 5-FC into 5-fluorouracil resulting in
the decreased density and aggressiveness of lung cancer cells [71].

Likewise, in a study, the GESTECs expressing either cytosine deaminase (CD) or carboxyl
esterase (CE) showed profound inhibition of ovarian cancer cells SKOV-3 by converting
prodrug 5-FC into 5-FU [72]. Table 2 represents the clinical trials for suicide gene therapy of
cancer.

5. Inmunogene therapy approaches for cancer

Cancer immunotherapy as an effective alternative treatment modality to chemotherapy arose
from the notion that the immune system play a central role in prevention of the development/
progression of tumors, which is also called as immunosurveillance [73]. Perhaps the most
compelling evidence for such tumor immunosurveillance is immune system activity in
paraneoplastic diseases that are neurological disorders resultant from an anti-tumor immune
response [74]. For progression, invasion and metastasis, a solid tumor must develop several
critical abilities, including: 1) movement and migration potential, 2) capacity for degradation
of extracellular matrix (ECM), 3) survival ability inside and outside of the tumor microenvir-
onment escaping from immune system activity, and 4) propensity and quality of generation
and progression in the new environment [75]. In fact, migrating malignant cells have capabil-
ities to escape from immune system [76], invade and initiate a new life, perhaps through its
pleiotrophic abilities activating a number of unique transcription factors, transporters and
enzymes. Nevertheless, various solid tumors show some extend of immune system escape
capabilities within the tumor microenvironment [76], where the anti-tumor immunity induced
by T cells requires several mechanisms, including: a) recognition of an antigen by T cells
receptors, b) co-stimulation by appropriate accessory molecules, and c) initiation of an
inflammatory signal (the so called danger signal).

Inherently, based upon innate and adaptive responses of immune system, immunotherapy
modalities are performed as “passive therapy” (using antibodies (Abs)/cytokines), “adaptive
therapy” (in the form of the graft vs leukemia (GVL) reaction associated with the graft vs host



Cancer Gene Therapy: Targeted Genomedicines
http://dx.doi.org/10.5772/54739

Clinical trial US Trial ID Malignancy Intervention Phase Status
Randomized trial of suicide gene NCT00583492  Prostate cancer  Biological: Ad5-yCD/ /10 Rg
therapy and prostate cancer MutTKSR39rep-ADP;

Radiation

Combining suicide gene therapy NCT00415454  Pancreatic cancer Genetic: Ad5-yCD/ Td
with chemoradiotherapy in the MutTKSR39rep-ADP
treatment of non-metastatic
pancreatic adenocarcinoma
Suicide gene therapy for donor NCT01086735  Hematological Biological: donor /1 Rg
lymphocytes infusion after malignancy lymphocyte infusion
allogeneic hematopoietic stem cell
transplantation (ILD-TKO1)
TK-based suicide gene therapy for ~ NCT00844623  Carcinoma, Genetic: TK99UN cd
hepatocellular carcinoma hepatocellular
An infectivity enhanced suicide NCT00964756  Ovarian cancer Genetic: Ad5.SSTR/ Rg
gene expressing adenovirus for TK.RGD; Drug: GCV
ovarian cancer in patients with
recurrent ovarian and other
selected gynecologic cancers
CASPALLO: Allo-depleted T cells NCT00710892  Lymphoblastic Biological: Active
transduced with inducible caspase leukemia; Allodepleted T Cells
9 suicide gene lymphoma
Administration of donor T cells with  NCT01494103  Various types of ~ Biological: Rg
the caspase-9 suicide gene leukemia; non- Allodepleted T cells

Hodgkin’s transduced with

lymphoma caspase 9; Drug:

AP1903

Infusion of donor lymphocytes NCT00423124  Hematological Genetic: HSV-TK 1711 Active

transduced with the suicide gene
HSV-TK in patients with

haematological malignancies

malignancies

Table 2. Clinical trials for suicide gene therapy of cancer. Ad5-yCD/mutTKSR39rep-ADP: Replication-competent
adenovirus; Ad5: Adenovirus; yCD: Yeast cytosine deaminase; ADP: Adenovirus death protein; Td: terminated; Rg:
recruiting; Cd: completed; IMRT: Intensity-modulated radiation therapy; TK99UN: An adenoviral vector containing
herpes simplex virus's thymidine Kinase; GCV: Ganciclovir; AP1903: a lipid permeable, synthetic organic compound
used exclusively in conjunction with a chemical inducers of dimerization (CID) therapy; HSV-TK: herpes simplex virus's

thymidine Kinase. Data were adapted with permission from reference [4].

(GVH) reaction) or “active therapy” by stimulating the immune system [77]. Basically,

autologous antigen-specific T cells can be expanded ex vivo and then re-infused into patients

to boost T cells-based immune system activities. DCs, which play a central role in immune

273



274  Novel Gene Therapy Approaches

system activities due to their ability to control both immune tolerance and immunity, have
been extensively used as a cell-based immunotherapy modality [74]. While tumor cells
themselves are poor antigen-presenting cells (APCs), DCs are potent APCs. Fundamentally,
the aim of DCs based immunotherapy is to elicit tumor-specific effector T cells (CD4* T cells,
CD8* T cells and B cells) that can effectively reduce the tumor mass and can also induce
immunological memory to control tumor relapse [74]. The first step of DCs-based vaccination
is to provide DCs with tumor-specific antigens, which can be performed through ex vivo
cultivation of the patients-derived DCs with an adjuvant for DC maturation and the tumor-
specific antigen. The processed DCs can be then injected back into the patient. Alternatively,
DCs can be induced to take up the tumor-specific antigen in vivo [74]. This approach has been
harnessed as vaccina