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The promise of stem cell therapy for various clinical applications seems getting realistic. An increasing number
of researchers, from virtually every discipline of natural sciences, are flocking into this new world. Only ten
years ago, gene therapy was the medicine for the 21st century. The possibility was endless. Although the
science itself underlying gene therapy was very young, the field was exploding under the optimism that this
new medicine would revolutionize both the basic and clinical sciences. For many reasons, the initial target was
cancer. Here, we will focus on the results of cancer gene therapy clinical trials using liposome or nonviral gene
carrier, hoping that the lesson from here will be a guideline for the new generation of cell-based therapies.
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Introduction

The idea of gene therapy is originated from 1970s when
techniques for genetic engineering were actively being
developed. Various methods, either using virus or nonviral-
based, have been developed to express transgene in cell and
tissue, initially for experimental purposes. From the first
gene therapy clinical trial in early 90’s, most gene therapy’s
clinical applications have been aimed at cancer, based on the
fact that many human cancers are the result of accumulated
genetic lesions that culminate in a transformed malignant
phenotype.' The gene therapy concept was quite elegant; by
replacing an aberrant gene to a normal counterpart in
specific cells, thus, the pathological cause of diseases could
be treated at the molecular level. The public expectation and
fame rose faster than growth of scientific information. Even
when the first clinical trial of gene therapy was performed
using adenovirus in 1990, the transduction/transfection
mechanism was not clearly identified, and its biological
consequence of transgene expression in vivo was overly
simplified. In 1999, unfortunately a genetic disease patent
treated with adenovirus-mediated gene therapy became the
first victim of gene therapy. However, there was cancer that
became a more attractive clinical target for gene therapy
mainly because of two reasons: 1) the limitation of effective
intervention methods which are still only surgery, radiation,
and chemotherapy and 2) the economic outlook from the
government and the pharmaceutical industry from the ever-
growing number of cancer patients (Note that there were 1.2
million new cases of cancer in the US in 2001.% It grew to
1.6 million in 2011). Indeed, in the first decade of the
twenty-first century, the largest number of the gene therapy
clinical trials have been focused on cancer by 64.6% out of
total 1714 clinical trials.?

Another important statistic fact is that most of the gene
therapy clinical trials chose viral vectors, such as retrovirus,

adenovirus, and adeno-associated virus, which may mediate
highly efficient gene transfer into cells. Accordingly, a great
majority of reviews and books on clinical gene therapy deal
with viral vectors,*!’ while only a few reports describe
nonviral vectors.'"!'> That also implies that, although there
have been great attempts to improve nonviral vectors since
Felgner and colleagues’ remarkable finding of cationic
liposome-mediated gene delivery,'® one might suspect that
nonviral strategies have their intrinsic limitations for human
application, which must be the poor efficiency of gene delivery,
cytotoxicity and lack of specific targeting. However, there
was more safety concerning of viral vectors after the death
of the patent by a severe immune response, and there were
great efforts to achieve a breakthrough in developing effi-
cient nonviral gene carriers. Although there were many
hurdles for nonviral vectors to face a clinical application for
cancer treatment, the advances in understanding the chemical
and biological principles in nonviral vector-mediated gene
delivery will allow liposome/DNA complex to be the most
promising tool for cancer gene therapy. The purpose of this
article is to review clinical applications, the strategies, and
advance of cationic liposomes and other nonviral carriers for
the cancer treatment. We would like to compare them with
the current development of stem cell therapy to understand
promise and limitation of latter, which will be a good
guideline for future stem cell therapy.

Clinical Trials

Although numerous liposome systems have been develop-
ed for gene therapy, the major type of liposomes used in
clinical trials are the complex mixture of a prototype cationic
lipid, 3B-[N-(N',N'-dimethylaminoethane)-carbamoyl]
cholesterol (DC-Chol) or dimyristyloxypropyl-3-dimethyl-
hydroxyethyl ammonium (DMRIE), and dioleoyl phospha-
tidylethanolamine (DOPE), a zwitterionic helper lipid that
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Figure 1. Structure of lipids used in cancer gene therapy clinical trials and related molecules.

increases fusogenic properties of lipid'* (Figure 1 and Table
11539 Tt was thought that the most medically applicable
non-viral vectors are cationic liposomes. Since the appearance
of these first-generation cationic lipids, enormous efforts to
find an optimal transfection condition both in vivo and in
vitro have been made; for examples, lipid/DNA ratio, trans-
gene expression time, and additional factors which may
influence the expression of introduced gene. However, the
generalization of transfection efficiency, depending on cell
type, chemical structure of lipid, charge ratio between lipo-
some and DNA, are still futile. Nonetheless, some biotech
companies have commercialized the prototype cationic
liposomes/therapeutic gene complexes such as Allovectin-7,
HLA-B7 gene with Br-microglobulin formulated with
DMRIE/DOPE; Leuvectin, human IL-2 gene formulated
with DMRIE/DOPE (Vical, San Diego, CA); and tgDCC-
E1A, pElA-K2 plasmid complexed to DC-Chol/DOPE
(Targeted Genetics, Seattle, WA), and these products have
applied to upper phase II and phase III clinical trials (Table
1). Allovectin-7 from Vical Incorporation has been studied
for metastatic melanoma in phase III clinical trials for 5
years. Its efficacy was compared with chemical therapy using
dacarbazine (DTIC) and temozolomide (TMZ). The phase
III study was initially expected to be finished in 2006, but
currently it is postponed to February 2012. Another pipeline
product of Vical, Leuvectin, uses interleukin-2 (IL-2) and
has been tested for the treatment of recurrent prostate cancer.
A multi-institutional phase II study showed relatively good
responses with minor toxicity when applied to head and
neck cancer and breast cancer. Despite their success and
failure stories in the clinical trials, it should be noted here
that cancer gene therapy using nonviral vector is still in its
early stage. Considering continuous invention and develop-

ment of liposomal gene delivery system,’'?* the authors

believe that there is greater possibility in its clinical appli-
cation in the near future.

Not much information is available on the interaction
between biological environment and cationic liposome/DNA
complex when they are injected intravenously. Therefore,
the general approach to cationic lipid-mediated gene delivery
system as well as viral vector system has been direct intra-
tumoral injection, intraprostatical, intrapleural and intraperi-
toneal injection, with or without using ultrasound- or CT-
guidance, or catheter (Table 1). Consequently, solid cancers,
such as metastatic melanoma, colorectal adenocarcinoma,
renal carcinoma, sarcoma, head and neck, breast, ovary and
prostate cancer, have been major target diseases. However,
local administration is not an attractive method to most
cancer therapy because the identification and physical
operation of tumor location is not always achievable and
tumorous cells often disperse throughout body due to its
metastatic nature. Many studies to improve gene delivery
efficiency via systemic administration will be discussed
later.

Following the choice of delivery system and vector to use,
another important factor is to decide therapeutic gene. It
might be true that, although the efficiency of cationic lipo-
some-mediated gene transfer is not usually as high as viral
vectors and the systemic administration into human is still in
safety concern, immunotherapy would be the most feasible
therapeutic strategy using cationic liposome-mediated gene
transfer. The local injection in this strategy can bypass a
major side effect of systemic administration, which is non-
selective recognition of host immune system. For example,
using IL-2 or HLA-B7 gene, which encodes human inter-
leukin (IL)-2, one of the most effective antitumor cytokine,*>*
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Table 1. Liposome-Mediated Cancer Gene Therapy Clinical Trials
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Major

Administration Phase

Cancer Carrier Gene Route (Start Year) Note

Stage IV melanoma DC-Chol HLA-B7 Intratumoral, Phase I (1993)
Intrapulmonaty
Head and Neck cancer DC-Chol EGFR antisense Intratumoral Phase I (1999)
Head and neck cancer, DC-Chol E1A Intratumoral with Phase I (1999)
Breast cancer catheter
Breast cancer, DC-Chol E1A Intrapleural, Phase I (1999)
Ovarian cancer Intraperitoneal
Ovarian cancer DC-chol E1A intraperitoneal Phase I/11 (2004) tgDCC-E1A in combination
with paclitaxel
Head and neck cancer DC-chol El1A intratumoral Phase II (2002)  tgDCC-E1A
Metastatic melanoma DMRIE HLA-B7/B,-microglobulin Intratumoral Phase I (1997)
Metastatic melanoma DMRIE HLA-B7/B,-microglobulin Intratumoral Phase I (2002)  Allovectin-7 alone
Stage 3 or Stage 4 melanoma DMRIE HLA-B7/B,-microglobulin Intratumoral Phase III (2006)  Allovectin-7 alone compared
with chemotherapy
Head and neck cancer DMRIE HLA-B7 Intratumoral Phase I (2001)
Phase 11 2002) Allovectin-7

Prostate cancer DMRIE 1L-2 Intraprostatiscal ~ Phase I/II (2000) Leuvectin
Leukemia DOTIM Noncoding plasmid DNA  Vaccination Phase I (2009) As an adjuvant (JVRS-100)
Advanced solid tumor, Cationic c-raf antisense Intravenous Phase I (2004) LErafAON-ETU
advanced malignancy cardiolipin
Refractory or Relapsed Acute Unknown L-Grb-2 antisense Intravenous Phase 1 (2010)

Myeloid Leukemia, Acute
Lymphoblastic Leukemia, and
Myelodysplastic Syndrome

and a foreign major histocompatibility complex (MHC)
protein,’’** respectively, cationic liposomal delivery has
been shown to enhance the response of the immune defense
against to cancers. Meanwhile, apart from the immuno-
therapic strategy, E1A gene has been used as another
important therapeutic gene in clinical trials for oncogene
inactivation.***! This gene is known to inhibit expression of
HER-2/neu oncogene. More strategies in the therapeutic
gene level will be discussed in the Strategy in Therapeutic
Gene Levels. The pioneering works were conducted by
Nabel and his colleagues at the University of Michigan and
Howard Hughes Medical Institute.'?*> They reported the
first and the second results of liposome-mediated gene therapy
clinical trials. HLA-B7 gene/lipid complex was administrat-
ed directly into timorous tissues of melanoma patients after
complexed with either DC-Chol or DMRIE. The transferred
gene was locally expressed and detected near the site of
injection, and no apparent toxicity or anti-DNA antibody
was associated with those treatments. Similar protocols were
performed by independent investigators to patients with
melanoma, hepatic metastasis from colorectal carcinoma,
renal carcinoma, and head and neck cancer.”>>>*”* These
early studies showed promising results on the use of HLA-
B7-mediated immunotherapy using DMRIE for cancer
therapy, which warranted phase II clinical trials.

Stopeck and her colleague at Arizona Cancer Center
conducted the first phase II clinical trial using DMRIE/
HLA-B7 gene complex to treat patient with metastatic
melanoma.?’ They concluded that this approach was safe,

accessible to tumor nodules, and well tolerated as well. The
treatment induced both local and overall disease responses in
melanoma. The regression of the injected lesion was
observed in 18% of patients. In another phase II trial using
DC-Chol/E1A complex, Villaret et al. reported 4.2% of
complete response, 8.3% of minor response, 29.2% tumor
stabilization in patients with head and neck cancer.'®

In summary, many phase I and phase II clinical trials have
addressed the safety, low toxicity, simplicity, and feasibility
of liposome-mediated gene transfer, which yields further
clinical trials. Since it gave no significant or meaningful
indication of antitumor activity, they may not be called a
success story. However, efficient and safe gene delivery
were became a not formidable challenge any more. The latter
portion of this article will review the strategies in therapeutic
gene level and vector system level for that purpose.

Strategies in Therapeutic Gene Level

Regardless of diverse causal factors of cancers that could
be chemical, physical (e.g. radiation), and infectious carcino-
gens, most carcinogenesis emanates from loss of expression
of tumor suppressor genes and/or aberrant expression of
oncogenes. Indeed current gene therapy strategies have been
focusing on replacing a defective tumor suppressor gene and
inactivating an oncogene expression. In addition to direct
restoration of a genetic disorder, indirect methods, including
delivering a drug sensitivity gene, inhibiting angiogenesis/
neovasculation, and increasing preexisting immune system,
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have been general approaches for cancer gene therapy as
well.

Tumor Suppressor Gene Therapy. p53, a tumor-sup-
pressor gene product, is one of key regulators of cell cycle,
signal transduction, and apoptosis. It is also the most
common mutation seen in various cancers.¥’ A rationale,
that insertion and expression of a normal copy of a tumor-
suppressor gene would induce either cell-cycle arrest or
apoptosis, makes it an important target for the treatment of
cancer resulted from genetic lesions. Despite the initial
skepticism that the expression of one gene can correct multi-
ple genetic abnormalities in cancer cell, the restoration of
one tumor suppressor gene, such as p53, has been shown to
exhibit sufficient anti-tumor effects because the “bystander
effect” to adjacent tumor cells induces cellular apoptosis and
arrests tumor growth, even if they are not directly trans-
fected.** Not confined in p53 gene replacement, this by-
stander effect can be applied to the use of herpes simplex
virus thymidine kinase (HSV-TK) and ganciclovir (GCV).
The underlying mechanism must be multifactorial, involving
simple transmembrane diffusion of toxic metabolites, direct
metabolic cooperation via gap junctions, immune cell re-
cruitment, and/or antiangiogenesis®.

Phase I clinical trials using viral vectors containing wild-
type p53 demonstrated significant transgene expression, low
toxicity, and indication of antitumor activity.**” In vivo
gene transfer efficiency varies but is usually between
<0.01% and 4% with retroviruses and between < 0.01 and
11% with adenoviruses.*® Not too surprisingly, p53 gene
replacement has its high potential when cooperated with
traditional treatments such as chemotherapy and radiation.
That is in part because various mutations that deactivates
p53 in tumor cells often confers resistance to chemotherapy
or radiation-induced apoptosis. Conversely, p53-induced
apoptosis may provide one of major mechanisms involving
therapeutic interventions. Related with this rationale, some
gene therapy approaches are to overcome acquired drug
resistance by restoring the p53 pathway. It has been shown
that reconstitution of p53 by gene transfer sensitized tumor
cells more to chemotherapy, leading to significant increase
in antitumor activity.*’

More than 20 tumor suppressors, including retinoblastoma
gene (Rb), anaphase promoting complex (APC), and Von
Hippel-Lindau (VHL) gene, function as potential anti-tumor
therapeutic genes for breast cancer, colorectal cancer, renal
cell carcinoma, and so on. Breast cancer type 1 susceptibility
protein (BRCA1) was also utilized in retrovirus-mediated
gene delivery. They were used in phase I and phase II
clinical trials resulting in no immune response, no disease
stabilization, and little or no vector stabilization.® The
selection of an appropriate tumor suppressor gene for cancer
therapy may depend on whether the specific gene is over-
expressed or inactivated in tumor cells. For example, p21
may be a more desirable target in tumor cells which over-
expresses MDM?2, an E3 ligase targeting p53 ubiquitination,
because they can bypass the inactivation of p53.” Some
attention has been given to the potential for a modified
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adenovirus, ONYX-015 from ONYX Pharmaceuticals, for
its selective replication in p53-deficient cancer cells. The
results of phase II clinical trial using ONYX-015 with
chemotherapeutic agents cisplatin and 5-fluorouracil report-
ed that 60% of patients with head and neck cancers ex-
perienced decrease in some degree of tumor size.’'>> How-
ever, the viral gene therapy method showed too limited
therapeutic windows to be clinically used.

Different from the replacement approach or expression of
intact gene, several investigators have developed direct gene
repair methods such as triplex-forming oligonucleotides
(TFOY**** and chimeric RNA/DNA oligonucleotides (RDO).>>’
TFOs are designed either to correct mutations or to induce
mutation for inhibiting overexpression of oncogenes. Although
only a few of these methods have been tested in animals,
they offer potential means to achieve the ultimate goal of
gene therapist.'”

Oncogene Inactivation. Oncogenes encoding oncoproteins
such as Ras have a key role in various key signal trans-
duction and transcription. For inhibiting the expression of
oncogene, antisense oligonucleotides and siRNA, which of
both can block downstream protein synthesis, have been
widely applied. Exogeneous antisense oligodeoxynucleotides,
which are single stranded DNA sequences specifically
designed to bind the promoter regions of oncogenes or their
mRNAs, can block transcription or translation of oncogenes.
It has also been shown that antisensing growth factor such as
insulin-like grow factor (IGF) can be applied to inhibit
growth and development of IGF-overexpressing tumor cells.”®
Ribozymes, having cleavage function for mRNA, also have
shown great promising applications for cancer therapy.
Endogeneous delivery of genes which encodes specifically
designed ribozymes to cleave only oncogenes such as Ras,
HER2/neu, c-raf, Grb-2, and Bcl2, enhances tumor regre-
ssion.’*%? Antibody with specificity against the oncoprotein
can prevent transportation of oncoprotein in the protein
level.

Another frequent approach for oncogene suppression is
the transfer of a gene that is known to block a specific acti-
vated oncogene. For example, Her-2/neu-mediated malignant
transformation, observed in many cancers, can be blocked
by E1A gene, leading to reduction of their metastatic
potentials and angiogenesis.'”'*3%% In phase I clinical trial
using E1A/DC-Chol complex, Yoo ef al. confirmed EI1A
expression and apoptosis induction.!” More interestingly,
E1A is known to increase Her-2/neu-overexpressing tumor
cell’s sensitivity to the chemotherapy such as Taxol and
irradiation.®*%* This could be another good instance to show
a possibility of combination of traditional treatment and
gene therapy.

Initially, this antisense technique was thought to have
many hurdles to overcome such as stability of oligonucleo-
tide, selective targeting, and cost of manufacturing.®® In
addition, because oncogene inactivation may not strong
enough to lead tumor cell death, sustaining transgene ex-
pression is more needed than other strategies for successful
clinical application. However, the synthesis of chimeric or



Cancer Gene Therapy Using Nonviral Vectors

mixed-backbone oligonucleotides (MBOs) has circumvent-
ed several problems of the first-generation antisense mole-
cules. The MBO structures are nuclease stable and well-
hybridized with target mRNA and maintain sensitivity to
cleavage by RNaseH, thereby improving bioavailability and
pharmacokinetic properties, with a reduction in the toxicity
profile.® Moreover, antisense technique can be applied not
only to oncogene inactivation, but also to anti-angiogenesis
for cancer gene therapy. So far, most anti-angiogenic gene
therapies have targeted on vascular endothelial growth factor
(VEGF), which plays a central role in tumor development.
Antisense mRNA, complementary to the target VEGEF,
theoretically prevents its translation, and inhibits vasculari-
zation, following suppression of tumor growth.

Immunotherapy. Recognition of tumor cells seldom
leads to enough immune response because they often secrete
immunosuppressive cytokine such as transforming growth
factor B (TGF-B). The aim of immunotherapy is either to
enhance or to augment the response of the immune system
of patients with cancer. Activating host T cell-mediated
immunity involving cytotoxic T lymphocytes and T-helper
cells may mediate tumor regression and antimetastatic
effects with the hypothesis that these molecules can act as
general immune adjuvants. Major advantage of this strategy
is that transient transgene expression is enough to stimulate
the immune response. Moreover, cytotoxic T-cell activation
can enhance the antitumor immunity in many tumor sites,
such that the immunological memory will be induced,
offering its possible use for cancer prevention as ‘cancer
vaccine’. These advantages allow immunotherapy to be the
major strategy for cancer gene therapy clinical trial, which is
more than 40% based on protocols by gene types.’

Studied have shown that genes encoding following
relevant cytokines, such as tumor necrosis factor-o. (TNF-
a), glanulocyte-macrophage colony stimulating factor (GM-
CSF), INF-y, IL-1, IL-2, IL-4, IL-6, IL-7, IL-12, and IL-18,
promote antitumor immune response. Although cytokine
activity varies depending on specific tumor types, IL-2 and
IL-12 have been studied among these cytokines mostly
because of their high possibility from their specific T cell-
mediated immunity.*** Genes encoding co-stimulatory
molecules, such as CD40, CD80, and CD86, and allogenic
MHC class 1 molecules, such as HLA-B7, are also inten-
sively studied for immunotherapeutic strategy. Current
noticeable subject of immunotherapy is to utilize dendritic
cells as tumor antigen-pulsed antigen presenting cells
(APCs),”""" different from initial trials to transfer cytokine
gene directly into tumor cell. Nonviral vectors can fix the
problems of low efficiency in delivering peptide form of
antigen to dendritic cells. As advances have occurred in
immunology and molecular biology, more effective and safe
strategies in immunotherapy have been devised. For ex-
ample, tagging cancer cells with specific genes that target a
selective tumor cell would allow systemic administration of
immunotherapy.

One thing to remember is that the efficiency of immuno-
therapy will vary depending on the severity of tumor
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developed. To date, patients enrolled in immunogenetherapy
clinical trials are mostly on the late stage of cancer. There-
fore, the real evaluation of immunotherapy should be made
only after accordingly designed clinical trials and optimal
immunization model.

Suicide Gene Therapy/Molecular Chemotherapy. Alter-
native strategy is to transfer gene encoding an enzyme which
can convert prodrugs into toxic metabolites. Therefore, it
also called molecular chemotherapy. Probably the most used
‘suicide’ gene is HSV-TK, which mediates phosphorylation
of the prodrug GCV, consequently inducing cell death.
Intratumoral injection of the suicide gene and following
systemic GCV administration is one of the firstly employed
methods for clinical trials. Many studies have shown that the
bystander effect on neighboring nontransfected tumor cells
increases the antitumor effect of molecular chemotherapy.
From the knowledge of the authors, nonviral clinical trial
using this strategy has not been published at the moment.
However, various suicide gene trials mediated by viral vectors
have shown their feasibility and safety for the treatment of
cancer patients.”>”* It seems still far from accomplishing for
significant clinical benefit. A recent phase III clinical trial
report showed no marked anti-tumor activity after retroviral
delivery of the HSV-TK gene as an adjuvant to patients with
glioblastoma.”® Other strategies include the transfection/
transduction of malignant cells with cytosine deaminase,
p450-2B1, and nitroreductase genes, followed by fluoro-
cytosine, cyclophosphamide, and CB1954 prodrugs, respec-
tively.

Major advantage of the suicide gene therapy, which is that
transient gene expression might be enough to lead tumor cell
death, could also be a disadvantage for medical applications
because of the possibility that normal cells can be collaterally
destroyed by the transfected/transduced suicide gene. To
overcome the limit of local administration, developing specific
targeting methods to tumor cells is an urgent question.

Strategies in Vector System Level

Although liposome and other nonviral gene carriers have
several advantages over viral vectors including simplicity of
use, less restriction on the amount of transferred DNA, ease
of large-scale production, and lack of specific immune
response,’'* there are still more hurdles to accomplish
effective cancer therapy. Among various levels of therapeutic
strategies based on nonviral gene delivery mechanism, many
scientists have tried to develop the liposome which is good
enough for successful cancer therapy.

Efficiency. The Achilles heel of nonviral vectors has been
their low transfection efficiency. Despite enormous effort,
not a single nonviral vector showed comparable transfection
efficiency with viral vectors. Electroporation has been
emerged as effective and promising nonviral technique with
2- to 4-log fold increase in transfection efficiency than other
nonviral methods. But it was still lower than viral vectors.”’
This comes from the intrinsically different mechanism of
nucleus uptake, not much from cellular uptake, and stable
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expression between viral vectors and nonviral vectors. Re-
cently, many approaches have been developed to overcome
these obstacles and achieve therapeutically effective gene
transfer.

Stability in Circulation System: In the situation that local
administration is not attractive for certain target organs, for
repetitive administration, or metastatic cancer, one of the
fundamental problems of existing nonviral vectors is their
limitation in systemic gene delivery. The efficiency of normal
cationic liposome-mediated gene expression often decreases
with the addition of serum.” It is thought that the positive
charge on the lipoplex are neutralized by negatively charged
components of serum, resulting in an immediate bound form
and hence shielding electrostatic interaction between lipo-
plex and cell surface.” Moreover, increased size of lipoplex
can be a major factor determining the tissue distribution and
endocytosis-mediated uptake into cytoplasm. One possible
and classical method for long circulation of liposome is to
modify the liposomal surface with hydrophilic and bio-
compatible polymers, such as polyethylene glycol (PEG).5*8!
Neutral liposome also can survive in the circulation system
relatively longer. However, it also decreases the ability of
liposome to bind the target cells, which results in the
reduction of the transfection activity. It has been reported
that cholesterol-based lipid formulation could be better to
maintain a small size than DOPE-based methods when they
are used in intravenous gene delivery.*> To achieve a high
level transfection efficiency in lung endothelial cells, a
higher charge ratio of cationic lipid and DNA appears to be
essential.*** Liu e al. and other researchers have suggested
a relationship between cationic liposome structures and their
in vivo transfection activities.> There must be the most
suitable transfection methods depending on target cells for
delivery, which yet has to be identified for the first place to
achieve the practical application of gene delivery.

Endosomal Release: Even though the number of DNA
molecules internalized per cell by endocytosis is approxi-
mately 19,000, most DNA in the endosome is destined to
be degraded or inactivated.®” The cellular uptake of plasmid
DNA can be augmented either by buffering capacity of
DNA delivery system or by the addition of other agents cap-
able of mediating endosomolysis. The endosome disruptive
function, also called “endosome buffering” or “proton sponge”
effect, of a tertiary amine is one of the main approaches for
effective DNA release into cytoplasm.®®% Amine functional
groups, which are in the form of free bases at physiological
pH, disrupt the endosomal membrane by osmotic swelling
after becoming protonated at the acidic pH in endosomes.
The endosomal release of DNA can also be achieved by
destabilizing the endosomal membrane. Several methods to
destabilize the endosomal membrane are the addition of a
helper lipid such as DOPE, a endosomolytic drug such as
chloroquine, and a fusogenic peptide® from a virus capable
of mediating endosomolysis. Anionic lipids on the cellular
membrane can be displaced by cationic liposome, thereby
releasing the DNA or DNA-lipid complexes into the cyto-
plasm.”!
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Transport to Nucleus: Dissociating DNA from the DNA/
liposome complex and importing it into the nucleus is
thought to be the major rate-determining step of the nonviral
gene transfer mechanism. That is simply because the process
of DNA transport into the nucleus is very inefficient. DNA
in the cytoplasm is easily degraded by cytoplasmic nuclease,”
and the direct injection of lipoplex into the nucleus cannot
achieve a significant gene expression.” It has been well-
known that proliferating cells such as cancer cells can be
transfected much more efficiently than normal cells, while
non-dividing or post-mitotic cells are particularly resistant to
transfection.® It has been proposed that plasmids can enter
the nucleus more efficiently when the nuclear membrane is
dissolved during the M phase of the cell cycle.

Modification of plasmid DNA to replicate itself in the
cytoplasmic space was an attempt to bypass this hurdle.”’
More directly and efficiently, covalent or noncovalent conju-
gates of nuclear localization signal (NLS) sequences to
liposome vector improved nuclear importation of plasmid
DNA and consequent effective gene expression.”*?” A synthetic
peptide with nuclear targeting signal can also facilitate the
transgene translocation to the nucleus and enhance the
liposome-mediated transfection.”® Polyethylenimine (PEI)/
plasmid DNA complex has been reported to show enhanced
nuclear uptake by condensing and protecting DNA.*’

Targeting. In principle, cellular uptake of a lipoplex is a
nonspecific process. A positively-charged complex binds to
a negatively charged cell membrane with electrostatic inter-
actions. Along with the effort for better transfection effici-
ency and for less cytotoxicity, various methods to target the
specific cells have been extensively studied to overcome this
nonspecific interaction. For viral vector targeting, peptide
sequences targeting specific receptors are often genetically
introduced and modified. For nonviral vector, binding a
ligand to liposome or polymer, usually in a covalent-bond
manner, is the most common method of delivery to a selec-
tive site. The delivery efficiency of exogenous DNA via
surface receptor is dependent on several factors, including
the presence and the number of specific receptors on the
target cell surface, the receptor-ligand interaction affinity,
the stability of the conjugate-DNA complex, and endocytosis
of the complex.'”

Various ligands such as proteins, peptides, carbohydrates,
vitamins, or antibodies have been used for receptor-targeting
gene transfer.'”! Transferrin, folate, and asialoglycoprotein
receptor have been demonstrated to be a promising target
receptor for each ligand in vitro. However, targeting after
systemic administration still requires substantial development.
For systemic gene delivery targeting tumor cells, angiogenic
endothelial cells could be a good target. A specific anti-
tumor therapy was attempted by blocking activation of many
receptors on endothelial cell related with neovasculature.'®
Tissue- or cell-specific targeting can be enhanced by modi-
fication of plasmid DNA itself. Several tissue-specific enhancer
or promoter elements have been isolated and used for both
viral and nonviral vectors.'”® Chimeric vectors have been
investigated to utilize both viral vector’s tissue-specific and
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nonviral vector’s receptor-mediated targeting ability.

Toxicity. Although nonimmunogenecity has been known
to be one of the major advantages of nonviral vectors, recent
reports have shown that systemic administration of lipoplex
can induce cytokines such as IFN-y, TNF-a, IL-1, and IL-
12, causing inflammations.'*!* These cytokines reduce the
expression of transgene as well as cause severe toxicity in
the treated animals.'® The main responsibility of this immune
response seems to be related with the DNA sequences
containing unmethylated CpG motifs, which resembles its
prokaryotic origin.'”!”” One thing to note is that cationic
liposome in the complexes has a role to amplify the immune
response stimulated by CpGs.'”® Consistent with this, reduc-
ing the number of CpG motifs of transfected plasmid DNA
or usage of short DNA fragment was proved to be a useful
method to reduce immune response.'”'” Li et al have
recently shown that the use of cytokine neutralizing
antibodies can significantly prolong high level cytokine
induction after tail vein injection of cationic lipid-protamine-
DNA, LPD."? Recently Tan ef al. showed sequential injec-
tion of cationic liposome and then naked DNA reduces
cytokine induction of lipoplex and increased transgene
expression.'!

Transient Gene Expression. Due to the intrinsic inability
for genomic integration, it has been thought to be inevitable
for nonviral vector’s short-term expression. The inactivation
mechanism of transgene expression has not been fully
understood. It is hypothesized that the transgene inactivation
involves histone deacetylation and chromatin condensation,
therefore, the use of whose inhibitors may induce longer-
lasting and higher gene expression.''> Several methods to
prolong transgene activity were reported, including the uses
of transposon'”® and linear DNA fragment."* Increasing
blood pressure called hydrodynamics can also get long-term
and relatively high gene expression either with!'>!'® or with-
out'"” clamping vessels.

Most transferred genes do not have their natural regulatory
elements including promoter, exon and intron. Consequent-
ly, regulating spatiotemporal gene expression in gene therapy
seems to be hardly possible. Perhaps more genetic infor-
mation from the Human Genome Project and subsequent
proteomic information can provide better understanding of
what sequences such as promoter, enhancer, intron, poly-
adenylation, and transcriptional termination have to be
delivered.

Naked DNA. Applying naked DNA without using any
vector has been not only the simplest and safest but also one
of the most successful methods for gene transfer. Intraven-
ous administration of plasmid DNA showed only limited
transfection efficiency. However, a notable exception is
hydrodynamic injection, which facilitates hydrostatic pre-
ssure or rapid injection in excess volume through systemic
administration.''” This protocol is more useful than initially
accepted to find candidates for therapeutic gene quickly.
Various modified applications of hydrodynamics have been
applied to clinical trials.'!>!1¢

Other efforts to improve naked DNA-mediated gene trans-
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fer are mainly based on the physical principle: gene gun and
electroporation. The general mechanism of electroporation
lies in an increase in membrane permeability following
treatment with electrical pulses and is then followed by
influx of DNA through the permeabilized membrane defect.''®
Recent reports have demonstrated optimized electroporation
conditions including voltage, pulse duration, number of
pulse, frequency, DNA concentration, and the amount of
injected reporter gene.””!"*!?° In particular, gene delivery to
skeletal muscle mediated by this technology is a promising
strategy for the systemic secretion of therapeutic proteins,
especially for genetic vaccination,'?!"1%

Summary and Perspectives

In this review, we extensively discuss historic progress of
human cancer gene therapy and its underlying mechanism.
While there have been significant development in the
nonviral gene delivery system during past several decades,
researchers are confronted with more technical limitations,
pathological complexity in diseases, and clinical regulations.
This nonviral gene delivery field is not in its infancy any
more. The use of DOTMA for gene delivery by Felgner and
his colleagues was in 1987'® and the first clinical trial using
DC-Chol by Nabel and his colleagues was in 1993.'° The
death of a patient with ornithine transcarbamylase (OTC)
deficiency treated by non-replicating OTC gene-containing
adenovirus in 1999 has attracted some negative outlook on
nonviral gene delivery methods. However, as mentioned
above, there is enormous flexibility in chemical and bio-
logical modifications for the improvement of nonviral vector
system. In addition, lower risk of toxicity and immunogeni-
city may possess great promise on a breakthrough in success-
ful cancer gene therapy.

Cancer and other disease treatments using therapeutic
stem cells are gaining attention. Besides their public inspi-
ration, there are many similarities between the approaches.
Both are pathotropic, i.e., rapidly proliferating cells for
nonviral gene delivery and tumoritropic properties of stem
cells, and more specificity and targeting can be achieved
through chemical modification and molecular biological
engineering. Since various stem cell reprogramming methods
are developed, the source problem, as relatively easy pro-
duction for nonviral vector, seems to be solved. However,
the safety issue still poses the most challenging problem to
both methods. A small chance of stem cells, which are able
to grow to tumor cells, after grafting should not be allowed
for their clinical application. Moreover, it will be very
difficult to turn-off the therapeutic gene expression from the
stem cells once they are incorporated with and differentiated
into the adult cells.

We have already observed a successful phase III gene
therapy clinical trial using adenovirus expressing p53. The
fact that restoring normal p53 is beneficial enough to stop or
to reverse tumorigenesis is substantial encouragement in the
field and, at the same time, a long-anticipating proof-of-
concept of gene therapy. In 21st century, cancer gene therapy
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will be more common treatment as combinatorial therapeutic
strategy with conventional methods such as chemotherapy
and radiation therapy. Recently, stem cell therapy is gaining
attention for its potential clinical application. Society
follows the hype of stem cell therapy and requires higher
level of bioethics, which is reminiscence of gene therapy.
Authors believe that still more biological understanding of
stem cells is needed. The clinical trial using stem cell should
be more cautious not to repeat the hasty gene therapy in
nineties. Fortunately, the history of success and failure of
gene therapy has left good lessons to stem cell therapists,
indeed which will be the impetus for successful clinical stem
cancer therapy.

Acknowledgments. This work was supported by Basic
Science Research Program and National Research Founda-
tion of Korea (NRF) Collaborative Research Program fund-
ed by the Ministry of Education, Science and Technology
(2011-0007990, 2011-003093 to M.J.L.). This work is also
supported by a grant of the Korea-UK Collaborative
Alzheimer’s Disease Research Project, Ministry of Health &
Welfare, Republic of Korea (A111227). We also appreciate
the generous support from American Health Assistance
Foundation (A2010646 to M.J.L.) for the development of
basic sciences around the world.

References

—

. Weinberg, R. A. Sci. Am. 1996, 275, 62.

2. Cancer facts & figures 2001; American Cancer Society: 2002.

3. Gene Therapy Clinical Trial Wordlwide. http://www.wiley.com/
legacy/wileychi/genmed/clinical/

4. Barnes, M. N.; Pustilnik, T. B. Curr. Opin. Obstet. Gynecol.
2001, /3, 47.

5. Galanis, E.; Russell, S. Br. J. Cancer 2001, 85, 1432.

6. Szlosarek, P. W.; Dalgleish, A. G. Drugs Aging 2000, 17, 121.

7. Lattime, E. C.; Gerson, S. L. Gene Therapy of Cancer: Trans-
lational Approaches from Preclinical Studies to Clinical Imple-
mentation; Academic Press: San Diego, 1999.

8. Walther, W.; Stein, U. Gene Therapy of Cancer: Methods and
Protocols; Humana Press: Totowa, N.J., 2000.

9. Habib, N. A. Cancer Gene Therapy: Past Achievements and
Future Challenges; Kluwer Academic/Plenum Publishers: New
York, 1999.

10. Huber, B. E.; Magrath, 1. Gene Therapy in the Treatment of
Cancer: Progress and Prospects; Cambridge University Press:
Cambridge, U.K.; New York, NY, 1998.

11. Schatzlein, A. G. Anti-Cancer Drugs 2001, 12, 275.

12. Ferber, D. Science 2001, 294, 1638.

13. Felgner, P. L.; Gadek, T. R.; Holm, M.; Roman, R.; Chan, H. W.;
Wenz, M.; Northrop, J. P.; Ringold, G. M.; Danielsen, M. Proc.
Natl. Acad. Sci. U.S.A. 1987, 84, 7413.

14. Hui, S. W.; Langner, M.; Zhao, Y. L.; Ross, P.; Hurley, E.; Chan,
K. Biophys. J. 1996, 71, 590.

15. Gao, X.; Huang, L. Biochem. Biophys. Res. Commun. 1991, 179,
280.

16. Nabel, G. J.; Nabel, E. G; Yang, Z. Y.; Fox, B. A.; Plautz, G. E.;
Gao, X.; Huang, L.; Shu, S.; Gordon, D.; Chang, A. E. Proc.
Natl. Acad. Sci. U.S.A. 1993, 90, 11307.

17. Yoo, G. H.; Hung, M. C.; Lopez-Berestein, G.; LaFollette, S.;
Ensley, J. E.; Carey, M.; Batson, E.; Reynolds, T. C.; Murray, J.
L. Clin. Cancer Res. 2001, 7, 1237.

18. Villaret, D.; Glisson, B.; Kenady, D.; Hanna, E.; Carey, M.;

i3]

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

37.

38.

39.

40.

41.
42.

43.

Jung Hoon Lee and Min Jae Lee

Gleich, L.; Yoo, G. H.; Futran, N.; Hung, M. C.; Anklesaria, P.;
Heald, A. E. Head Neck 2002, 24, 661.

Hortobagyi, G. N.; Ueno, N. T.; Xia, W.; Zhang, S.; Wolf, J. K.;
Putnam, J. B.; Weiden, P. L.; Willey, J. S.; Carey, M.; Branham,
D. L.; Payne, J. Y.; Tucker, S. D.; Bartholomeusz, C.; Kilbourn,
R. G; De Jager, R. L.; Sneige, N.; Katz, R. L.; Anklesaria, P.;
Ibrahim, N. K.; Murray, J. L.; Theriault, R. L.; Valero, V.,
Gershenson, D. M.; Bevers, M. W.; Huang, L.; Lopez-Berestein,
G.; Hung, M. C. J. Clin. Oncol. 2001, 19, 3422.

San, H.; Yang, Z. Y.; Pompili, V. J.; Jaffe, M. L.; Plautz, G. E.;
Xu, L.; Felgner, J. H.; Wheeler, C. J.; Felgner, P. L.; Gao, X.;
Huang, L.; Gordon, D., Nabel, G. J.; Nabel, E. G Hum. Gene
Ther. 1993, 4, 781.

Stopeck, A. T.; Jones, A.; Hersh, E. M.; Thompson, J. A.;
Finucane, D. M.; Gutheil, J. C.; Gonzalez, R. Clin. Cancer Res.
2001, 7, 2285.

Nabel, G. J.; Gordon, D.; Bishop, D. K.; Nickoloff, B. J.; Yang,
Z. Y.; Aruga, A.; Cameron, M. J.; Nabel, E. G; Chang, A. E.
Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 15388.

Rubin, J.; Galanis, E.; Pitot, H. C.; Richardson, R. L.; Burch, P.
A.; Charboneau, J. W.; Reading, C. C.; Lewis, B. D.; Stahl, S.;
Akporiaye, E. T.; Harris, D. T. Gene Ther. 1997, 4, 419.
Stopeck, A. T.; Hersh, E. M.; Akporiaye, E. T.; Harris, D. T.;
Grogan, T.; Unger, E.; Warneke, J.; Schluter, S. F.; Stahl, S. J.
Clin. Oncol. 1997, 15, 341.

Waddill, W., 3rd; Wright, W., Jr.; Unger, E.; Stopeck, A.; Akporiaye,
E.; Harris, D.; Grogan, T.; Schluter, S.; Hersh, E.; Stahl, S. 4JR
Am. J. Roentgenol. 1997, 169, 63.

Galanis, E.; Hersh, E. M.; Stopeck, A. T.; Gonzalez, R.; Burch,
P.; Spier, C.; Akporiaye, E. T.; Rinehart, J. J.; Edmonson, J.;
Sobol, R. E.; Forscher, C.; Sondak, V. K.; Lewis, B. D.; Unger,
E. C.; O'Driscoll, M.; Selk, L.; Rubin, J. J. Clin. Oncol. 1999, 17,
3313.

Rini, B. I; Selk, L. M.; Vogelzang, N. J. Clin. Cancer Res. 1999,
5,2766.

Belldegrun, A.; Tso, C. L.; Zisman, A.; Naitoh, J.; Said, J.; Pantuck,
A.J.; Hinkel, A.; deKernion, J.; Figlin, R. Hum. Gene Ther. 2001,
12, 883.

Gleich, L. L.; Gluckman, J. L.; Nemunaitis, J.; Suen, J. Y.;
Hanna, E.; Wolf, G. T.; Coltrera, M. D.; Villaret, D. B.; Wagman,
L.; Castro, D.; Gapany, M.; Carroll, W.; Gillespie, D.; Selk, L.
M. Arch Otolaryngol. Head Neck Surg. 2001, 127, 775.

. Daniels, G. A.; Galanis, E. Curr. Opin. Mol. Ther. 2001, 3, 70.
. Li, S.; Huang, L. Gene Ther 2000, 7, 31.
. Han, S.; Mahato, R. I.; Sung, Y. K.; Kim, S. W. Mol. Ther. 2000,

2,302.

. Nishikawa, M.; Huang, L. Hum. Gene Ther. 2001, 12, 861.
. Templeton, N. S.; Lasic, D. D. Mol. Biotechnol. 1999, 11, 175.
. Gitlitz, B. J.; Belldegrun, A.; Figlin, R. A. Semin. Urol. Oncol.

1996, 14,237.

. Kammula, U. S.; White, D. E.; Rosenberg, S. A. Cancer 1998,

83,797.

Nabel, E. G;; Gordon, D.; Yang, Z. Y.; Xu, L.; San, H.; Plautz, G.
E.; Wu, B. Y.; Gao, X.; Huang, L.; Nabel, G. J. Hum. Gene Ther.
1992, 3, 649.

Nabel, E. G; Plautz, G.; Nabel, G. J. Proc. Natl. Acad. Sci. U.S.A.
1992, 89, 5157.

Zang, R.Y.; Shi, D.R.; Lu, H. J.; Cai, S. M.; Lu, D. R.; Zhang, Y.
J.; Qin, H. L. Int. J. Gynecol. Cancer 2001, 11, 18.

Yu, D.; Suen, T. C.; Yan, D. H.; Chang, L. S.; Hung, M. C. Proc.
Natl. Acad. Sci. U.S.A. 1990, 87, 4499.

Yan, D. H.; Chang, L. S.; Hung, M. C. Oncogene 1991, 6, 343.
Nigro, J. M.; Baker, S. J.; Preisinger, A. C.; Jessup, J. M.; Hostetter,
R.; Cleary, K.; Bigner, S. H.; Davidson, N.; Baylin, S.; Devilee,
P.; Glover, T.; Collins, F. S.; Weslon, A.; Modali, R.; Harris, C.
C.; Vogelstein, B. Nature 1989, 342, 705.

Nishizaki, M., Fujiwara, T.; Tanida, T.; Hizuta, A.; Nishimori,
H.; Tokino, T.; Nakamura, Y.; Bouvet, M.; Roth, J. A.; Tanaka,



Cancer Gene Therapy Using Nonviral Vectors

44,
45,

46.
47.
48.

49.
. Tait, D. L.; Obermiller, P. S.; Hatmaker, A. R.; Redlin-Frazier, S.;

51

52.

53.
54.
55.

56.
57.

58.
59.
60.
61.
62.
63.
64.
65.

66.
. Stewart, A. K.; Lassam, N. J.; Quirt, I. C.; Bailey, D. J.; Rotstein,

68.

69.
70.
71.
72.
73.

74.
75.

N. Clin. Cancer Res. 1999, 5, 1015.

Roth, J. A. Hum. Gene Ther. 1996, 7, 1013.

Clayman, G. L.; el-Naggar, A. K.; Lippman, S. M.; Henderson,
Y. C.; Frederick, M.; Merritt, J. A.; Zumstein, L. A.; Timmons, T.
M.; Liu, T. J.; Ginsberg, L.; Roth, J. A.; Hong, W. K.; Bruso, P.;
Goepfert, H. J. Clin. Oncol. 1998, 16, 2221.

Swisher, S. G. et al. J. Natl. Cancer Inst. 1999, 91, 763.

Roth, J. A. Forum (Genova) 1998, 8, 368.

Puumalainen, A. M.; Vapalahti, M.; Agrawal, R. S.; Kossila, M.;
Laukkanen, J.; Lehtolainen, P.; Viita, H.; Paljarvi, L.; Vanninen,
R.; Yla-Herttuala, S. Hum. Gene Ther. 1998, 9, 1769.

Gijerset, R. A.; Mercola, D. Adv. Exp. Med. Biol. 2000, 465, 273.

Holt, J. T. Clin. Cancer Res. 1999, 5, 1708.

Khuri, F. R.; Nemunaitis, J.; Ganly, I.; Arseneau, J.; Tannock, I.
F.; Romel, L.; Gore, M.; Ironside, J.; MacDougall, R. H.; Heise,
C.; Randlev, B.; Gillenwater, A. M.; Bruso, P.; Kaye, S. B.;
Hong, W. K.; Kirn, D. H. Nat. Med. 2000, 6, 879.

Nemunaitis, J.; Khuri, F.; Ganly, 1.; Arseneau, J.; Posner, M.;
Vokes, E.; Kuhn, J.; McCarty, T.; Landers, S.; Blackburn, A.;
Romel, L.; Randlev, B.; Kaye, S.; Kirn, D. J. Clin. Oncol. 2001,
19, 289.

Casey, B. P.;; Glazer, P. M. Prog. Nucleic Acid Res. Mol. Biol.
2001, 67, 163.

Knauert, M. P.; Glazer, P. M. Hum. Mol. Genet. 2001, 10, 2243.
Alexeev, V.; Yoon, K. Nat. Biotechnol. 1998, 16, 1343.

Kmiec, E. B. Gene Ther. 1999, 6, 1.

Bartlett, R. J.; Stockinger, S.; Denis, M. M.; Bartlett, W. T,
Inverardi, L.; Le, T. T.; thi Man, N.; Morris, G. E.; Bogan, D. J.;
Metcalf-Bogan, J.; Kornegay, J. N. Nat. Biotechnol. 2000, 18,
615.

Resnicoff, M.; Tjuvajev, J.; Rotman, H. L.; Abraham, D.; Curtis,
M.; Aiken, R.; Baserga, R. J. Exp. Ther. Oncol. 1996, 1, 385.

Li, M.; Lonial, H.; Citarella, R.; Lindh, D.; Colina, L.; Kramer,
R. Cancer Gene Ther. 1996, 3, 221.

Czubayko, F.; Downing, S. G.; Hsieh, S. S.; Goldstein, D. J.; Lu,
P. Y,; Trapnell, B. C.; Wellstein, A. Gene Ther. 1997, 4, 943.
Perlman, H.; Sata, M.; Krasinski, K.; Dorai, T.; Buttyan, R;
Walsh, K. Cardiovasc. Res. 2000, 45, 570.

Irie, A.; Anderegg, B.; Kashani-Sabet, M.; Ohkawa, T.; Suzuki,
T.; Halks-Miller, M.; Curiel, D. T.; Scanlon, K. J. Antisense Nucleic
Acid Drug Dev. 1999, 9, 341.

Zang, R. Y. Oncogene 1995, 10, 1947.

Ueno, N. T.; Tu, D.; Hung, M.-C. Oncogene 1997, 15, 953.
Shao, R.; Karunagaran, D.; Zhou, B. P,; Li, K.; Lo, S. S.; Deng,
J.; Chiao, P.; Hung, M.-C. J. Biol. Chem. 1997, 272, 32739.

Ho, P. T.; Parkinson, D. R. Semin. Oncol. 1997, 24.

L. E.; Krajden, M.; Dessureault, S.; Gallinger, S.; Cappe, D.;
Wan, Y.; Addison, C. L.; Moen, R. C.; Gauldie, J.; Graham, F. L.
Gene Ther. 1999, 6, 350.

Rochlitz, C. F.; Jantscheff, P.; Bongartz, G; Dietrich, P. Y.; Quiquerez,
A. L.; Schatz, C.; Mehtali, M.; Courtney, M.; Tartour, E.; Dorval,
T.; Fridman, W. H.; Herrmann, R. Adv. Exp. Med. Biol. 1998,
451, 531.

Sun, Y.; Jurgovsky, K.; Moller, P.; Alijagic, S.; Dorbic, T.; Georgieva,
J.; Wittig, B.; Schadendorf, D. Gene Ther. 1998, 5, 481.
Szabolics, P.; Gallardo, H. F.; Ciocon, D. H.; Sadelain, M.;
Young, J. W. Blood 1997, 90, 2160.

Nestle, F. O.; Alijagic, S.; Gilliet, M., Sun, Y.; Grabbe, S.; Dummer,
R.; Burg, G; Schadendorf, D. Nat. Med. 1998, 4, 328.

Herman, J. R.; Adler, H. L.; Aguilar-Cordova, E.; Rojas-Martinez,
A.; Woo, S.; Timme, T. L.; Wheeler, T. M.; Thompson, T. C.;
Scardino, P. T. Hum. Gene Ther. 1999, 10, 1239.

Stockhammer, G. et al. J. Mol. Med. 1997, 75, 300.

Bordignon, C. et al. Hum. Gene Ther. 1995, 6, 813.

Bonini, C.; Ferrari, G,; Verzeletti, S.; Servida, P.; Zappone, E.;
Ruggieri, L.; Ponzoni, M.; Rossini, S.; Mavilio, F.; Traversari,

76.
. Mir, L. M,; Bureau, M. F.; Gehl, J.; Rangara, R.; Rouy, D.; Caillaud,

78.
79.
80.
81.

82.

90.
91.
. Lechardeur, D.; Sohn, K. J.; Haardt, M.; Joshi, P. B.; Monck, M.;
93.
94.
95.
96.
97.
98.
99,

100.

101.

102.
103.
104.

105.

106.
107.
108.
109.
110.

111.
112.

113.

Bull. Korean Chem. Soc. 2012, Vol. 33, No.2 441

C.; Bordignon, C. Science 1997, 276, 1719.
Rainov, N. G. Hum. Gene Ther. 2000, 11, 2389.

J. M.; Delaere, P.; Branellec, D.; Schwartz, B.; Scherman, D.
Proc. Natl. Acad. Sci. 1999, 96, 4262.

Yang, J. P.; Huang, L. Gene Ther. 1997, 4, 950.

Li, S.; Tseng, W. C.; Stolz, D. B.; Wu, S. P.; Watkins, S. C.; Huang,
L. Gene Ther. 1999, 6, 585.

Ogris, M.; Brunner, S.; Schuller, S.; Kircheis. R.; Wagner, E.
Gene Ther. 1999, 6, 595.

Collard, W. T.; Yang, Y.; Kwok, K. Y.; Park, Y.; Rice, K. G. J.
Pharm. Sci. 2000, 89, 499.

Hong, K.; Zheng, W.; Baker, A.; Papahadjopoulos, D. FEBS Lett.
1997, 400, 233.

. Song, Y. K.; Liu, F.; Chu, S.; Liu, D. Hum. Gene Ther. 1997, 8,

1585.

. Liu, F.; Qi, H.; Huang, L.; Liu, D. Gene Ther. 1997, 4, 517.

. Liu, D.; Ren., T.; Gao, X. Curr. Med Chem. 2003, 10, 1307

. Legendre, J. Y.; Szoka, F. C., Jr. Pharm. Res. 1992, 9, 1235.

. Zhou, X.; Huang, L. Biochim. Biophys. Acta 1994, 1189, 195.

. Boussif, O.; Lezoualc'h, F.; Zanta, M. A.; Mergny, M. D.;

Scherman, D.; Demeneix, B.; Behr, J. P. Proc. Natl. Acad. Sci.
US.A. 1995, 92,7297.

. Remy, J.-S.; Kichler, A.; Mordvinov, V.; Schuber, F.; Behr, J.-P.

Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 1744.
Plank, C.; Zauner, W.; Wagner, E. Adv. Drug Deliv. 1998, 34, 21.
Xu, Y.; Szoka, F. C., Jr. Biochemistry 1996, 35, 5616.

Graham, R. W.; Beatty, B.; Squire, J.; O'Brodovich, H.; Lukacs,
G. L. Gene Ther. 1999, 6, 482.

Zabner, J.; Fasbender, A. J.; Moninger, T.; Poellinger, K. A.;
Welsh, M. J. J. Biol. Chem. 1995, 270, 18997.

Anderson, W. Nature 1998, 392, 25.

Gao, X.; Hunag, L. Nucleic Acids Res. 1993, 21, 2867.

Kaneda, Y.; Iwai, K.; Uchida, T. Science. 1989, 243, 375.
Kalderon, D.; Roberts, B. L.; Richardson, W. D.; Smith, A. E.
Cell 1984, 39, 499.

Subramanian, A.; Ranganathan, P.; Diamond, S. L. Nat. Biotechnol.
1999, /7, 873.

Pollard, H.; Remy, J. S.; Loussouarn, G.; Demolombe, S.; Behr,
J. P.; Escande, D. J. Biol. Chem. 1998, 273.

Meager, A. Gene Therapy Technologies, Applications, and Re-
gulations: from Laboratory to Clinic; J. Wiley & Sons: Chichester;
New York, 1999.

Wagner, E. In Nonviral Vectors for Gene Therapy.; Huang, L.,
Hung, M.-C., Wagner, E., Eds.; Academic Press: San Diego.,
1999; p 212.

Folkman, J. Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 9064.

Roth, J. A.; Cristiano, R. J. J. Natl. Cancer Inst. 1997, 89, 21.
Li, S.; Wu, S. P.; Whitmore, M.; Loeffert, E. J.; Wang, L.; Watkins,
S. C.; Pitt, B. R.; Huang, L. Am. J. Physiol. 1999, 276, 1.796.
Tousignant, J. D.; Gates, A. L.; Ingram, L. A.; Johnson, C. L.;
Nietupski, J. B.; Cheng, S. H.; Eastman, S. J.; Scheule, R. K.
Hum. Gene Ther. 2000, 11.

Tan, Y.; Li, S.; Pitt, B. R.; Huang, L. Hum. Gene Ther. 1999, 10,
2153.

Yew, N. S.; Wang, K. X.; Przybylska, M.; Bagley, R. G;; Stedman,
M.; Marshall, J.; Scheule, R. K.; Cheng, S. H. Hum. Gene Ther
1999, /0, 223.

Tan, Y.; Liu, F.; Li, Z.; Li, S.; Huang, L. Mol. Ther. 2001, 3.
Yew, N. S.; Zhao, H.; Przybylska, M.; Wu, 1. H.; Tousignant, J.
D.; Scheule, R. K.; Cheng, S. H. Mol. Ther. 2002, 5, 731.

Li, S.; Wu, S. P.; Whitmore, M.; Loeffert, E. J.; Wang, L.; Watkins,
S. C.; Pitt, B. R.; Huang, L. Am. J. Physiol. 1999, 276, 1.796.
Tan, Y.; Liu, F.; Li, Z.; Huang, L. Mol. Ther. 2001, 3, 673.

Chen, W. Y.; Townes, T. M. Proc. Natl. Acad. Sci. U.S.A. 2000,
97,377.

Yant, S. R.; Meuse, L.; Chiu, W.; Ivics, Z.; Izsvak, Z.; Kay, M. A.



442

114.
115.
116.

117.
118.

Bull. Korean Chem. Soc. 2012, Vol. 33, No. 2

Nat. Genetics 2000, 25, 35.

Chen, Z.-Y.; Yant, S. R.; He, C.-Y.; Meuse, L.; Shen, S.; Kay, M.
A. Mol. Ther. 2001, 3, 403.

Zhang, G.; Budker, V.; Williams, P.; Subbotin, V.; Wolff, J. A.
Hum. Gene. Ther. 2001, 12, 427.

Liu, F.; Nishikawa, M.; Clemens, P. R.; Huang, L. Mol. Ther.
2001, 4, 45.

Liu, F.; Song, Y.; Liu, D. Gene Ther. 1999, 6, 1258.

Somiari, S.; Glasspool-Malone, J.; Drabick, J. J.; Gilbert, R. A.;
Heller, R.; Jaroszeski, M. I.; Malone, R. W. Mol. Ther. 2000, 2,

119.

120.
121.

122.

123.

Jung Hoon Lee and Min Jae Lee

178.

Muramatsu, T.; Nakamura, A.; Park, H. M. Int. J. Mol. Med.
1998, /, 55.

Lucas, M. L.; Heller, R. Mol. Ther. 2001, 3, 47.

Sasaki, S.; Xin, K. Q.; Okudela, K.; Okuda, K.; Ishii, N. Gene
Ther. 2002, 9, 828.

Benvenisti, L.; Rogel, A.; Kuznetzova, L.; Bujanover, S.; Becker,
Y.; Stram, Y. Vaccine 2001, 19, 3885.

Chen, C. H.; Ji, H.; Suh, K. W.; Choti, M. A.; Pardoll, D. M.;
Wu, T. C. Gene Ther. 1999, 6, 1972.




