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ABSTRACT - Interleukin-12 (I1-12) is a heterodimeric cytokine which has been proven to possess antitumor
effects in various animal models via stimulating the immune system. However, the main problem associated
with II-12 protein delivery is its instability as well as cytotoxicity subsequent to systemic administration in
rodents and in clinical trials. However, gene delivery can be used to deliver genes of interest to the tumor site.
Hence, a large number of studies have been undertaken to deliver genes of interest to the tumor site through
viral or non-viral vectors. Viral DNA delivery systems suffer from safety concern due to the toxicity of the
viruses and strong immune response, while non-viral gene delivery systems proffer lower transfection
efficiency. In contrast, nanometer-sized complexes of therapeutic DNA may prove to be more efficient for
administration of therapeutic genes to solid tumors compared to administration of naked plasmid DNA.
Nanoparticle-based gene delivery systems might be more pertinent, due to enhanced tissue penetrability, and
improved cellular uptake. 11-12 gene delivery has already been reported with different nanoparticles containing
DNA. This article provides a review on the in vivo and in vitro studies using various nanoparticles, for delivery
of the 1I-12 gene to neoplastic cells. The future of these promising approaches lies in the development of better
techniques for preparing I1-12 gene delivery systems with complete efficiency of viral vectors in addition to the
highest safety for cancer patients.

INTRODUCTION patients in order to attack the cancerous cells
directly. Active immunotherapy (tumor vaccines
Cancer gene therapy is the treatment of the disease and immunostimulatory cytokines) is planned to
by transferring DNA, RNA, small interfering RNA stimulate the immune system to cause efficient
or antisense oligonucleotides to the site of tumor antitumor immunity (3).
(1). In general, cancer gene therapy approaches It has been proven that the host immune system
consist of protective immune response stimulation, has a main role in recognition as well as destruction
mutated tumor suppressor gene substitution, of cancer cells (4, 5). Cytokines are regulatory
oncogene inactivation, suicide gene therapy, or proteins secreted by white blood cells and various
introduction of multidrug resistance genes in bone other cells in the body. The multiple actions of
marrow or peripheral blood stem cells (2). cytokines include numerous effects on cells of the
It has been at least a century that the immune immune system as well as modulation of
system has been utilized for tumor treatment, inflammatory responses (6). Cytokine genes
namely a treatment modality referred to as cancer delivery to cancerous cells as cancer gene
immunotherapy. Cancer immunotherapy can be immunotherapy alters the local tumor environment
used to  express cytokines or  other in order to induce an anti-tumor immune response
immunotherapeutic agents’ genes in patients in an to facilitate tumor eradication (7, 8).

attempt to augment the immune response to a
cancer. In general, cancer immunotherapy consists
of two functional methods: passive immunotherapy

and active immunotherapy. Passive immunotherapy Corresponding Author: Crispin R. Dass (PhD), School
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antitumor cytokines, or tumoricidal effector cells) to
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Gene  transfer of  cytokines or  other
immunotherapeutic agents for host immune
response enhancement, in comparison Wwith

therapeutic protein therapy avoids the need to
produce and purify large amounts of recombinant
proteins. Furthermore, genetic immunotherapy has
the ability to deliver immune mediators in a more
efficient and safe manner. In addition, transfer of
genes encoding therapeutic proteins can give rise to
more “natural” sustained protein levels in vivo, and
also decrease problems with immunotherapeutic
agents being toxic at high doses while
demonstrating short circulating half-lives (3).
Usually, the expression of the cytokine was only
necessary in a few cells relative to the tumor
challenge, suggesting that the cytokine not only had
the ability to target or kill the transfected cells
alone, but was able to activate the existing
antitumor immune cells in and around the tumor.
Nevertheless, the induction of an inflammatory
response at the site of the tumor is also possible
which may result in an influx and activation of
various types of cells at the tumor site (7). At the
present time, there are totally 993 (64.6%) clinical
trials for cancer gene therapy out of totally 1537
gene therapy clinical trials. Of these, cancer gene
therapy clinical trials which deliver cytokines
account for 18.7%
(http://www.wiley.co.uk/genetherapy/clinical/,
accessed November 2009).

The general vectors used in gene delivery
systems consist of viral and non-viral delivery
systems. Although viral gene delivery systems
possess high efficiency in various human tissues,
there are concerns in relation to immunogenicity,
toxicity and possible viral gene integration into the
human genome. On the other hand, non-viral
vectors have low toxicity and are easy to prepare. In
addition, non-viral delivery systems induce no
specific immune response and can carry higher
amounts of genetic material without limitation on
the size of the plasmid (9, 10). Nanoparticles (NPs)
as non-viral gene delivery systems consist of
polymeric NPs, liposomes, gold NPs and magnetic
NPs. In fact, NPs are able to interact with and cross
mucosal surfaces (11), cross blood-brain barrier,
escape endo-lysosomal compartments and release
genes continuously within the cell (12). In addition,
NPs may give rise to enhanced cellular uptake and
deeper tissue penetrability (12). According to the
Ostwald-Freundlich ~ equation, the saturation

solubility was enhanced with decreasing particle
size below approximately 1 pm. Hence NPs possess
improved saturation solubility in addition to
increased surface area which leads to a further
increase in dissolution rate based on the Noyes—
Whitney equation. In contrast, the solubility of
normally sized (above 1 micron) particles is a
compound-specific constant which depends only on
the temperature and the solvent (13, 14).

To date, cancer gene therapy via cytokine genes
encoding interleukin-12 (II-12) as one of the most
potent anti-tumor cytokines (15), has been
accomplished through viral vectors with adenovirus
(16), herpes simplex virus (17), non-viral vectors
including gene gun (15, 18, 19), liposomes (20-26)
and electroporation (27-29). As a novelty discussion
paper, this article provides a review on the recently
used nanostructured delivery systems for I1-12
cancer gene therapy.

INTERLEUKIN-12

IL-12 is a heterodimeric cytokine composed of two
subunits - a-chain (35 kD as p35) and B-chain (40
kD as p40) covalently linked by a disulfide bridge.
The two subunits of IL-12, p35 and p40, are coded
by genes that are located on different chromosomes
(30). The cells producing the biologically active IL-
12 heterodimer have the ability to produce the [-
chain in free form while the free a-chain is not
secreted. While no biological function has been
identified for the free P-chain, disulfide-linked
homodimers of B-chain (p40),, in contrast to the
free B-chain, can obstruct IL-12 functions in vitro
and in vivo (31, 32).

The main stimuli that can induce the production
of IL-12 include: 1) presence of microbes such as
bacteria, intracellular parasites, fungi and viruses, 2)
endogenous agents released by cells undergoing
stress-related cell death, 3) antigen presenting cell
(APC) interactions with activated T helper cells,
and 4) interactions between APCs and extracellular
matrix during inflammatory process (33). In
addition, it is reported that ligation of CD4 or MHC
class II molecules leads to production of IL-12 by
dendritic cells (DCs), and its production is
downregulated by IL-4 and IL-10 (34). Primarily
produced by activated macrophages, monocytes,
and dendritic cells (DCs) (35), IL-12 has a pivotal
role in proinflammatory and immunoregulatory
functions. The main biological activity of IL-12 is
on cytotoxic T lymphocytes and natural killer cells
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(NK cells) which are respectively two main
effectors of tumor lysis by the innate and adaptive
immune responses (36). Consequently, IL-12
induces the production of interferon-gamma (IFNy),
tumor necrosis factor [ (TNFa), IL-2, IL-3, IL-8,
IL-10, and colony-stimulating factors (CSFs) (37).
Decreasing the differentiation of TH2-type helper
lymphocytes and increasing the TH1-type helper
immune responses (36), IL-12 has also stimulatory
effects on hematopoietic precursor cells and on B
lymphocytes (37).

THE IMPORTANT ROLE

INTERLEUKIN-12 IN CANCER THERAPY
Investigations demonstrated that IL-12 possesses
superior antitumor activity in comparison to other
different cytokines. Furthermore, IL-12 has been
shown to have efficacy in preventing inhibition of
primary tumor growth induced by chemical
carcinogens (37-39). IL-12 was found to improve
vaccination with recombinant viruses in mice
bearing micrometastases (37, 40). Apart from the
above-mentioned comments for IL-12, this cytokine
possesses potent anti-angiogenic activity produced
by neutrophils, macrophages and dendritic cells (31,
41, 42). Taken together, all these privileges explain
the considerable efforts devoted to IL-12 cancer
therapy. Injection of recombinant IL-12 or IL-12
gene therapy lead to the development of anti-tumor
immune responses against malignant melanoma,
sarcomas and mammary carcinoma in murine
models (2). Since antitumor effect of IL-12 is
related to the inhibition of angiogenesis (43), and
the promotion of antitumor immunity, this cytokine
was found to have no direct effect on tumor cells in
vitro (44). Besides, exciting histological changes
including a high degree of keratinization and
apoptosis as well as a reduction in the proliferation
rate of human tumors and extensive necrosis are
found to be as other antitumor effects of IL-12 (43).
To date, different tumor models have been used to
investigate the anti-tumor effect of IL-12 including
the B16 melanoma and its variants, C26 colon
carcinoma, TSA mammary carcinoma, SCK
mammary carcinoma, K1735 melanoma models,
Renca renal-cell carcinoma, MC-38/colon 38
adenocarcinoma, Lewis lung carcinoma, MBT-2
bladder  carcinoma, @ MB49 transitional-cell
carcinoma, OV-HM ovarian carcinoma, M5076
reticulum-cell sarcoma, KA31 sarcoma, MCA-105
sarcoma, MCA-207 sarcoma, CSAl M

OF

fibrosarcoma, Meth A sarcoma, X5563 lymphoma,
and RAW117 lymphoma which have been reviewed
in detail in literature (31, 45). This review focuses
on cases where IL-12 gene delivery has been used
for neuroblastoma therapy.

Modification of tumor cells to make them more
immunogenic is a new treatment strategy. This
leads to recognition and destruction of both
modified and unmodified cancer cells by the
immune system which results in tumor eradication
(46). Tumor cells transduced in vitro with IL-12
cDNA, show induced antitumor immune responses
against MCA207 murine sarcoma cell line (47).
Besides, active immunization of the established
PI.HTR tumor setting by IL-12 exhibited co-
stimulation of sufficient B7 (T cell co-stimulator
molecule) from the host without any need for
exogenous administration (48). The strategy of
using immunogenic tumor cells has been also
utilized in clinical trials for immunotherapy of
neuroblastoma (49) and several improved
antitumour effect of IL-12, when expressed by
neuroblastoma cell lines has been reported.
Adenoviral-mediated IL-12 expression by tumor
cells has shown promise in murine models of
neuroblastoma. Cured animals showed protective
immunity and cytotoxic T lymphocytes activity
against the tumor (46).

Lode and colleagues showed that subcutaneous
vaccination with a single chain IL-12 fusion protein
could induce a T cell-mediated immunity which
resulted in a complete absence of liver and bone
marrow metastases in a novel poor immunogenic
model of neuroblastoma (50). They also showed
effective amplification of the initial T cell response
by tumor-specific targeting of IL-2 with an anti-
GD2 antibody-IL-2 fusion protein (ch14.18-IL-2)
after vaccination with neuroblastoma cells which
are genetically engineered to produce single chain
IL-12. This vaccination led to an absence of liver
and bone marrow metastases after a lethal challenge
with NXS2 cells only in mice vaccinated with scIL-
12-producing NXS2 cells and given a booster
injection of low-dose ch14.18-IL-2 fusion protein
(51). Siapati et al. demonstrated the improved
antitumour effect of IL-2 and IL-12, when
coexpressed by neuroblastoma cell lines. In vitro
results support that transfection of human and
mouse neuroblastoma cell lines could result in high
expression levels of biologically active IL-2 and IL-
12. In vivo experiment showed that in a syngeneic
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neuroblastoma model, IL-2 and IL-12 expressing by
transfected Neuro-2A cells could completely
abolish tumorigenicity of them (52). Interesting
results obtained by Croce et al. indicated that
sequential vaccination with IL-12- and IL-15-
engineered neuroblastoma cells showed no
synergistic effect but induced preventive and
therapeutic effects, possibly due to the Thl priming
effect of IL-12 subsequent to the increase of CD8+
T-cell responses and their maintenance mediated by
IL-15 (53).

Cytokine-modified tumor cells using primary
tumor cells from surgical biopsies are not easy to
culture and have potential disadvantages preventing
successful clinical application. One of the
alternative strategies is to exploit fibroblasts
genetically modified to secrete cytokines (54).
Autologous fibroblasts in comparison with
autologous tumour cells are easy to recover,
manipulate in culture, and transfect using gene
delivery vectors. A comparison of the antitumour
effect of fibroblasts and tumour cells transfected ex
vivo to coexpress IL-2 and IL-12 in a syngeneic
mouse model of neuroblastoma, showed that the
potency of transfected fibroblasts was equivalent to
that of tumour cells. Also, syngeneic fibroblasts
made therapeutic effects against established disease,
and were able to generate immunological memory.
Besides, coinjection of both types of cells
eliminated in vivo tumorigenicity (49). A phase |
dose-escalation  clinical trial of peritumoral
injections  of  IL-12-transduced  autologous
fibroblasts carried out in disseminated cancer
patients showed promising results. Following
transduction of primary dermal fibroblasts cultured
from the patients with retroviral vector carrying
human IL-12 genes as well as the neomycin
phosphotransferase gene (TFG-hIL-12-Neo), the
locoregional effects mediated by tumor necrosis
factor o and CD8+ T cells with tumor regression
devoid of clinically significant toxicities were
observed. Also, transient but clear tumor size
reduction at the injected sites was shown in four of
nine cases (54).

Miller and colleagues demonstrated that bone
marrow-derived DCs infected with adenoviral
vector expressing IL-12 are capable of activating
NK cells, as well as conferring NK-mediated tumor
protection in a hepatic metastasis model (55). In
another investigation, increased IL-12 production
by DCs expressing IL-12 showed a significant

antitumor response in a poorly immunogenic
murine neuroblastoma model (56). In another
interesting research, IL-12 has been used as
adjuvant to enhance the ability of dendritic cells
DCs/tumor fusion vaccine to evoke antitumor
immune responses against the liver metastasis
model of C1300 neuroblastoma cells (57). DCs are
potent antigen-presenting cells playing a main role
in the initiation and regulation of primary immune
responses. The fusion of DCs with tumor cells
represents a perfect strategy to deliver, process, and
present a broad array of tumor-associated antigens,
including unknown tumor antigens, in the context
of DCs-derived co-stimulatory molecules (58).
With the transduction of I[L-12 and IL-18 genes into
the fusion cells (fusion/IL-12/IL-18), five times
increase was observed in the level of IFN-y. Also, a
significant decrease in liver metastasis and a
significant increase in survival were found in mice
vaccinated  with  fusion/LacZ, fusion/IL-12,
fusion/IL-18, or fusion/IL-12/IL-18 compared with
mice given a mixture/LacZ, DCs/LacZ, or
C1300/LacZ (57).

THE PRIVILEGES OF INTERLEUKIN-12
GENE THERAPY VERSUS PROTEIN
THERAPY

Cancer immunotherapy via gene therapy perhaps
has considerable benefits compared to related
recombinant protein therapy. Administration of IL-
12 to animals gives rise to significant toxicity as a
result of inflammatory responses produced by this
cytokine (31, 59). In addition, severe toxicity has
been reported subsequent to recombinant
interleukin 12 preclinical and clinical studies (37,
60, 61). On the other hand, delivery of protein
necessitates frequent injections due to the instability
of IL-12 and short half-life subsequent to bolus
administration (62, 63). Preclinical toxicity
evaluations in several animal species have
documented adverse IL-12-induced hematopoietic,
intestinal, hepatic, and pulmonary effects. The
toxicology of IL-12 has been reviewed in detail
elsewhere (64). Overall, the application of
recombinant interleukin 12 to humans has been very
restricted. Thus, the local administration of genes
encoding IL-12 may be less toxic than systemic
delivery of this cytokine as recombinant protein.
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CANCER GENE THERAPY WITH
NANOPARTICLES CARRYING
INTERLEUKIN-12 GENE CONSTRUCTS
Despite higher transfection efficiency of viral-based
approaches, interest remains high in developing
non-viral systems owing to toxicity concerns related
to the viral vectors. Among the diverse non-viral
based techniques, use of NPs has received
increasing attention due to its unique properties
such as enhanced cellular uptake, deeper tissue
penetrability and escape from endolysosomal
compartments.

Maheshwari et al. investigated the ability of
poly [a-(4-aminobutyl)-L-glycolic acid] (PAGA), a
biodegradable soluble nontoxic polymer as gene
delivery vector (65). PAGA was developed by
melting condensation and used for complex
formation with plasmid encoding murine I[L-12
(pmlIL-12) in the presence of 5% (w/v) glucose for
murine interleukin-12 (mIL-12) gene delivery.
PAGA/pmIL-12 complexes, with mean particle size
of 100 nm were used for transfection into cultured
CT-26 colon adenocarcinoma cells along with CT-
26 tumor-bearing BALB/c mice via intratumoral
(IT) injection. In vitro transfection demonstrated
that the mlIL-12 levels for PAGA/pmIL-12
complexes with N/P mol ratio of 3:1 (3/1, £) were
considerably higher compared to those of naked
pmlL-12. Furthermore, at 48 h after intratumoral
injection of polylexes, tumors were harvested,
chopped, and recultured for 24 h and the culture
supernatants were studied by ELISA. According to
the results, higher levels of mIL-12 was produced
following injection of PAGA/pmlIL-12 complexes
(3/1, +) in comparison with naked pmIL-12. Also
due to IL-12 capability of mIFN-y induction, the
level of this cytokine was studied. Based on the
results PAGA/pmIL-12 complexes produced much
higher levels of mIFN-y compared to naked pmlL-
12. Besides, the persistence of mIL-12 expression
was investigated by RT-PCR at 1, 3, and 7 days
after IT injection of PAGA/pmIL-12 complexes
(3/1, £) to CT-26 tumor-bearing BALB/c mice. The
level of mIL-12 p35 expression on day 1 and day 3
showed significantly higher levels of mlIL-12
compared to days 3, 5, and is nearly negligible on
day 7. In addition, single-dose IT administration of
the polyplex over a period of 56 days showed
retardation of tumor progression with life span
compared to mice injected with pmIL-12 and 5%
glucose alone. Additionally, dimethylthiazolyl-

diphenyltetrazolium bromide (MTT) assay of
PAGA/pmIL-12 complexes for testing cytotoxicity
in CT-26 cells revealed that polyplexes were
nontoxic to the cells when formulated at a charge
ratio of 7/1 (+) and below. Taken together, the
authors envisaged that PAGA as nontoxic and
biodegradable polymer can be used for repeated
injections to maintain sustained gene expression for
cancer treatment.

In one study reported by Mahato et al., a water-
soluble lipopolymer (WSLP) was synthesized for
delivery of  the IL-12 gene (66).
WSLP/p2CMVmIL-12 complexes, with mean
particle size of 26 to 62 nm, were prepared using
branched polyethylenimine (PEI) of 1800 Da and
cholesteryl  chloroformate, and  constructed
p2CMVmIL-12, encoding the IL-12 subunits p35
and p40, each under the transcriptional control of a
separate  cytomegalovirus (CMV)  promoter.
Transfection efficiency of complexes of branched
PEIs of different molecular weights (1800, 10,000
and 25,000 Da) with p2CMVmIL-12 was studied in
vitro in CT-26 cells. Transfection efficiency of
formulations with PEI of 1800 was found to be very
low but increased with increasing molecular weight
of PEL The formulations prepared using 25,000 Da
PEI, was very toxic to the cells, while
demonstrating the highest transfection efficiency
among all the PEI-based formulations. Interestingly,
WSLP/p2CMVmIL-12 complexes showed higher
transfection in CT-26 cells in comparison with the
PEI based formulations. With an increase in N/P
ratios from 5 to 15, transfection efficiency of the
WSLP/p2CMVmIL-12 complexes enhanced, but
then there was no significant increase in
transfection up to the N/P ratio of 30/1. In addition,
the effect of plasmid construct design on IL-12
expression in CT-26 cells was studied comparing
the complexes prepared with p2CMVmIL-12 and
pIRESmIL-12. Both plasmids encoded for IL-12;
however, in p2CMVmIL-12, each of the p35 and
p40 subunits were encoded under the transcriptional
control of a separate cytomegalovirus (CMV)
promoter, while in pIRESmIL-12 the p35 and p40
subunits were linked to the internal ribosome entry
sites (IRES). The results revealed that free or
complexed p2CMVmIL-12 had higher IL-12
expression compared with free or complexed
pIRESmIL-12. Besides, the gene expression levels
of IL-12 and induced IFN-y after IT injection of
WSLP/p2CMVmIL-12 complexes into BALB/c
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mice bearing CT-26 subcutaneous tumors was
investigated. 48 hours subsequent to IT injection,
tumors were harvested, chopped, and recultured for
24 hours, and then culture supernatants were
analyzed by ELISA. Based on the results, the levels
of IL-12, IFN-y, and nitric oxide (which its
production is regulated by IL-12) was found to be
higher than those of naked p2CMVmIL-12, WSLP,
and 5% glucose. In addition, to study the
persistence of the gene expression after IT injection
of WSLP/p2CMVmIL-12 complex, tumors were
isolated, chopped, and cultured for IL-12 at days 1,
3, and 5 postinjection. At day 1, IL-12 levels were
highest decreasing slowly with time. At day 3, IL-
12 levels were higher for WSLP/p2CMVmIL-12
complex than those for the naked DNA.
Furthermore, survival rate and tumor growth
inhibition was significantly improved following a
single  injection of  WSLP/p2CMVmIL-12
complexes.

In another experiment, the same research group
synthesized WSLP/ p2CMVmIL-12 complexes
using branched PEI of 1800 Da and cholesteryl
chloroformate at N/P mol ratio of 20:1 in the
presence of 5% (w/v) glucose (62). The resultant
WSLP/ p2CMVmIL-12 complexes with mean
diameter of 61.8 nm, was examined to study the
organ distribution and anti-tumor response in vivo
in CT-26 subcutaneous tumor-bearing BALB/c
mice after repeated IT injection at 4- and 8- day
intervals. The most significant anti-tumor activity
was shown in mice receiving treatment at an
interval of 4 and 8 days compared to those received
a single dose. The mean tumor volume at 30 days
for mice receiving repeat injections at 4- and 8-day
intervals was less than 300000m, while it was
greater than 5000 for those receiving a single dose.
Also PEI 25K/p2CMVmIL-12 complexes as well as
naked p2CMVmIL-12 formulated in 5% (w/v)
glucose was investigated as controls. Lower anti-
tumor activity was reported in mice injected with
PEI 25K/p2CMVmIL-12 compared to
WSLP/p2CMVmIL-12 formulations. Furthermore,
relatively similar or more potent anti-tumor activity
was observed for mice treated with naked
p2CMVmIL-12. Organ distribution subsequent to
IT injection of WSLP/ p2CMVmIL-12 complexes
to CT-26 subcutaneous tumor-bearing BALB/c
mice was studied using different dyes with different
emission spectrum and minimal overlap to label
WSLP and p2CMVmIL-12 separately. Based on the

results, enhanced retention of either labeled WSLP
or p2CMVmIL-12 within the tumor for 24 h and
limited accumulation in other organs (lung, heart,
kidney, liver, spleen and blood) for a period of 96 h
was observed.

In 2005, Fewell et al. investigated the ability of
synthetic polymeric delivery vehicle (PPC) for
interleukin-12 gene (pmlL-12) delivery (67). PPC
was synthesized by covalently conjugating a low
molecular weight branched polyethylenimine (PEI)
with cholesterol (CHOL) and
methoxypolyethyleneglycol (PEG). PPC as a gene
delivery polymer was able to form stable
nanocomplexes with DNA as well as protect DNA
from degradation by DNase. The ratio of
PEG/PEI/CHOL was optimized for
physicochemical properties and gene delivery
efficiency of PPC polyplexes encoding for
luciferase following intratumoral injection into 4T-1
murine mammary tumors in vivo. Also In vitro
optimization of the ratio of nitrogen to phosphate
(N/P) between PPC polymer and DNA was done in
COS-1 cells. Dependent on the amount of DNA
used, in vitro administration of pmlL-12/PPC
polyplexes (N/P ratio of 11:1) showed high levels
of mIL-12 production in COS-1 cells. Following
administration of pmIL-12/PPC polyplexes in mice
bearing an established subcutaneous 4T-1 tumor
model led to significant inhibition of tumor growth

in combination  with  paclitaxel as a
chemotherapeutic  agents  (Genexol-PM; 2
treatments, every other week) and Plasmid

administrations (3 weekly injections) alone. In
addition, almost complete tumor inhibition was
observed when the treatments were combined.
Furthermore, pmIL-12/PPC administration against
the mouse bearing a murine squamous-cell
carcinoma model (SCCVII) in combination with
cyclophosphamide (Cytoxank; given either 1 day or
5 days prior to plasmid administration) revealed a
significant reduction in tumor growth compared to
pmlIL-12/PPC treatment alone. The group treated
with Cytoxan 5 days prior to treatment with pmIL-
12/PPC demonstrated significant tumor inhibition in
comparison with was the Cytoxan treatment alone
group; whereas the group received Cytoxan 1 day
prior to mIL12/PPC revealed slight difference from
the Cytoxan alone group. As a whole, the authors
concluded that pIL-12/PPC probably have a
potential utility as an adjuvant therapy for cancer
treatment.
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In another investigation, Fewell et al. studied
PPC via IP administration into a mouse model of
disseminated ovarian cancer (68). IP administration
of pmIL-12/PPC led to elevated protein levels of
both murine IL-12 (mIL-12) and interferon (IFN)-y
(mIFN-y) in ascites fluid, with little change
observed systemically. The mlIL-12 protein was
detectable for several days and could be re-
introduced by weekly injections. Moreover, ovarian
cancer is described by the rapid growth of solid IP
tumors and massive ascites. Vascular endothelial
growth factor (VEGF) enhances tumor growth by
inducing neovascularization and may develop
ascites formation by vascular leakage. (69, 70).
Fewell and coworkers reported that following
pmIL-12/PPC [P administration in tumor model,
expression of IL-12 led to a significant decrease in
VEGF protein which resulted in inhibition of ascites
accumulation. Also, there was not significant
evidence of systemic toxicity following a
comprehensive safety/toxicity analysis of four
weekly i.p. injections of pmIL-12/PPC in healthy
animals. Overall, pmIL-12/PPC via IP route may
give rise to limitation of gene expression in sites
where malignancies are located as well as reduction
of systemic toxicities (68).

Wang et al. prepared a biodegradable cationic
amphiphilic copolymer composed of a cationic
main chain, (poly N-methyldietheneamine sebacate,
(PMDS)), and cholesterol side chains (71). Cationic
core-shell NPs were prepared self-assembly form
the  copolymer, poly{(N-methyldietheneamine
sebacate)-co-[(cholesteryl oxocarbonylamido ethyl)
methyl  bis(ethylene) ammonium  bromide]
sebacate}, P(MDS-co-CES). Paclitaxel,
indomethacin and pyrene were encapsulated as
model drugs first in the core-shell NPs to
investigate the possibility of the copolymer to co-
deliver a drug and DNA. The polymer particle size
increased from 83 £ 1 to 119 £ 3, 17542, and 180 +
2 nm after loading with paclitaxel, indometbacin
and pyrene, correspondingly. The zeta potential of
the NPs decreased from 84+5 to 68 = 3, 63 + 2 and
65 £ ImV, respectively. Then plasmid DNA
encoding the 6.4 kb firefly luciferase (pCMV-
luciferase VR1255 C) bound to the blank core-shell
NPs and paclitaxel, indometbacin and pyrene-
loaded core-shell NPs. Owing to the lower zeta
potential of the drug-loaded core-shell NPs, DNA-
binding ability of them was a little lower than that
of the blank core-shell NPs. The structural integrity

of the drug-loaded core-shell NPs during the DNA
binding process was studied wusing the
microenvironment of the pyrene-loaded NPs with
luminescene spectrometer. The findings indicated
that pyrene-loaded NPs did not collapse during
DNA binding proving the ability of the core-shell
NPs to carry a drug and DNA simultaneously in a
stable colloid. Subsequently IL-12-encoded plasmid
DNA was bound to the cationic shell of the
paclitaxel-loaded NPs. The vivo transfection
experiments were carried out on female Balb/c mice
bearing subcutaneous 4T1 breast tumours which
share many characteristics with human breast
tumors. Paclitaxel-loaded NPs/ IL-12-encoded
plasmid complexes led to a significant inhibition of
tumor growth in combination with mice treated with
either paclitaxel-loaded NPs or NPs 1L-12 gene
complexes (P < (0.001), indicating a significant
synergistic combined effect of co-delivery of the
drug and the IL-12 gene.

Kim et al. presented mannosylated chitosan
(MC) NPs to induce mannose receptor—mediated
endocytosis of IL-12 gene directly into dendritic
cells which reside within the tumor (72). The MC/
DNA complex at charge ratios of 5 to 20 were
found to be stable enough to carry the DNA and
pmlIL-12  was effectively protected from
degradation by DNase I. The atomic force
microscopy image of MC/DNA polyplex (N/P: 5)
indicated spherical or ellipsoidal structure with
average particle sizes of 136.7 F 33.5 nm.
Moreover, MC exhibited less toxicity than chitosan
in NCTC 3749 macrophage cells over a wide range
of concentrations. To determine whether gene
delivery with MC is mannose receptor—mediated,
initial in vitro studies carried out on Raw 264.7
macrophage cells expressing moderate mannose
receptors. It was found that MC-mediated pGL3
DNA transfection was mannose receptor—dependent
since mannose could block the binding in a
concentration-dependent manner. Subsequently in
vitro studies in dendritic cells collected from mice
demonstrated that the level of mIL-12 p70 was
increased by MC/pmlIL-12 compared with
chitosan/pmIL-12 complexes and naked mIL-12. In
vivo studies showed that after IT injection of MC/
mlL-12 complex into BALB/c mice bearing CT-26
carcinoma cells at a dose of 50 pg of DNA per
mouse, at 3-day intervals for a total of four
treatments (on days 0, 3, 6,and 9) inhibited tumor
growth and angiogenesis, and significantly induced
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cell cycle arrest and apoptosis. Moreover,
MC/pmIL-12 complex facilitated apoptosis in
tumor tissues. In general, anticancer drugs could
lead to an apoptosis as a result of balanced
transcription of antiapoptotic genes such as Bcl-xL
and proapoptotic genes such as Bad and Bax. Based
on the Western blotting analysis, the expression
levels of proapoptotic Bad, Bax, and Apaf-1 in
treated groups were highly increased compared to
control groups whereas that of antiapoptotic Bel-xL
reduced significantly after MC/pmIL-12 gene
delivery. Also, administration of MC/pmlIL-12
complex demonstrated antiangiogenesis by losing
the activities of matrix metalloproteinase-2,
vascular endothelial growth factor (VEGF), and
fibroblast growth factor-2 (FGF-2) as the beginning
steps of tumor angiogenesis. Thus, mannosylated
chitosan (MC) NPs may be helpful as a new
cytokine gene delivery system for cancer immune-
gene-therapy.

Diez et al in 2009  developed
Asialoglycoprotein receptor-targeted cationic NPs
for IL-12 encapsulation (NP1) or adsorption (NP2)
by blending poly(D,L-lactic-co-glycolic) acid
(PLGA) (50 : 50) with the cationic lipid 1,2-
dioleoyl-3-(trimethylammonium) propane
(DOTAP) and the ligand asialofetuin (AF) (73).
Asialofetuin  (AF), a glycoprotein ligand with
triantennary galactose terminal sugar chains can
bind to the asialoglycoprotein receptor (ASGPr),
which is specifically and abundantly expressed on
the surface of normal hepatocytes and
overexpressed in hepatocarcinoma cells. Cationic
NPs were prepared via a modified solvent
evaporation process. In the NP1 particles, the
plasmid DNA was encapsulated into the cationic
PLGA DOTAP NPs, while in the NP2 particles, the
plasmid DNA was adsorbed on the cationic surface
of a mixture of anionic PLGA particles and cationic
DOTAP liposomes. NPs sizes were found to be in
the range 351 + 40 to 426 + 26 nm, with unimodal
size distribution and there were no significant
differences in the size of particles prepared with
encapsulated (NP1) or adsorbed DNA (NP2) in the
presence of pCMVLuc. The anti-tumor effect of the
prepared NPs was examined in vivo in BNL
(undifferentiated murine hepatocarcinoma)
subcutaneous tumor-bearing BALB/c mice after
single IT injection. Mice injected with plain-NP1 or
AF-NP1 showed significant BNL-derived tumor
growth inhibition (p < 0.01). Also, 75% (6/8) and

37.5% (3/8) of mice treated with AFNP1 and plain-
NP1 correspondingly, demonstrated complete tumor
regressions  without signs of  recurrence.
Furthermore, animal survival improved noticeably
by injection of AF-NP1 in the presence of the
therapeutic gene, with a survival rate of 75% and
37.5% in mice injected with AF- and plain-NP1,
correspondingly. High levels of IL-12 and
interferon-y were detected in the sera of Balb-c
mice bearing BNL tumors after injection of the
formulations. Hence, a targeted non-viral vector for
IL-12 gene transfer in hepatocellular carcinoma, via
non-toxic cationic PLGA/DOTAP/AF NPs was
developed.

In another investigation, the same research
group examined the AF-NPs carrying genes
encoding for IL-12 and luciferase in vitro in human
hepatocellular liver carcinoma cell line (HepG2)
cells in the absence or presence of serum (FBS)
(74). Plain and AF-NPs were investigated in the
presence of pCMVIL-12 to examine the effect of
AF on the transfection activity in HepG2 cells. NPs
containing the ligand demonstrated higher values of
expression compared to the plain (non-targeted)
ones. The IL-12 expression in the presence of
asialofetuin increased 2- fold for both NP1 and NP2
particles. A higher value of gene expression was
observed in the case of NP1 formulations compared
to NP2 particles. Also, the viability of the
transfected cells (80% ) was not changed in the
presence of the ligand. In addition, the loading
efficiencies of the PLGA-DOTAP NPI and NP2
were found to be respectively 95 £ 5% and 99 +
4%. Also, the formulations possessed a surface
positive charge owing to the inclusion of the
cationic lipid DOTAP in the preparation of the NPs;
the zeta potential of the NP2 particles was smaller
than that of NP1 (14 = 2 vs. 37 £ 2 mV before
lyophilization). Moreover, the PLGA-DOTAP NPs
protected the plasmid against degradation over a 30-
min of incubation with the enzyme time period
whereas naked DNA was degraded in the first 5
min. Furthermore, comparative cellular uptakes
were studied using two different cell lines, HepG2
(ASGPr+) and HelLa (ASGPr-, defective in
asialoglycoprotein receptors), to determine the
intracellular AF receptor-mediated specific delivery
of AF-NP. Based on the results, in HepG2 cells
there was an increase in gene expression, while no
increase in transfection efficiency of HeLa cells was
observed, confirming the targeted intracellular
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delivery of AF-NP via an AF-receptor-mediated
endocytosis mechanism. Since AF-particles can
interact with the cell surface receptors, resulting in
the association of asialofetuin which facilitate the
internalization of the complex owing to the ability
of the ligand to stimulate endocytosis. Thus,
asialoglycoprotein receptor targeting by PLGA-
DOTAP-DNA NPs carrying IL-12 can be used in
gene delivery to liver cancer cells.

Rodrigo-Garzon  and  coworkers (75)
investigated the antitumoral efficacy of the systemic
administration of PEI-DNA NPs carrying a plasmid
codifying for IL12 (PEI-IL12) for the treatment of
lung cancer and pulmonary metastases in a murine
model. Single dose of PEI-DNA NPs carrying
plasmids containing the IL12, or [(-galactosidase
genes under the control of the human
cytomegalovirus promoter were injected
intravenously to C57BL/6J mice with Lung cancer
induced by tail vein injection of LLC cells and
BALB/c with pulmonary metastases induced by tail
vein injection of CT26 cells in BALB/c mice. In
both models, survival rates and immune response
were evaluated. Based on the results, differences in
the response to the treatment depended on the
animal model. For instance, in a lung cancer model,
the survival was similar between PEI-LacZ and
PEI-IL12 complexes, and immunological memory
was not generated, since all mice that survived the
first injection died after a second LLC tumor cell
injection, that is they were not protected on re-
challenge. Conversely, in the model of pulmonary
metastasis with CT26, the survival rate was
noticeably higher in mice treated with PEI-IL12
than in mice received PEI-LacZ. Besides, in the
model of pulmonary metastasis with CT26,
immunological memory was generated, since the
survived mice rejected a second tumor cell
injection. Moreover, when the pulmonary
metastases were treated, only the administration of
PEI-IL12 protects against tumor development.
Hence, the characteristics of the immune response
after PEI-DNA injection were found to be different
between both models. As the immune response that
was generated in the model of lung cancer was
found to be non-specific by ELISPOT analysis, and
the survived mice were not protected on re-
challenge; whereas in the model of pulmonary
metastasis of colon cancer, specific cytotoxic T
lymphocytes and an immunological memory were
generated. Also, there were significant differences

between the number of I[FN-y-producing cells in the
groups treated with PEI-DNA NPs and the
untreated group.

Furthermore, as mentioned above, most of the
animals rejected a second injection of tumor cells.
The chief differences between both models are the
tumor cell line and the strain of mice. Indeed, CT26
is highly immunogenic while LLC is a poorly
immunogenic tumor cell line. More experiments
should be done on different tumor cell lines in the
same strain of mice in order to shed light on reasons
for this phenomenon. In addition, in the case of lung
cancer model, the analysis of cytokine explained the
issue for the strong antitumoral efficacy shown in
mice treated with PEI-LacZ. Similar levels of IL12
and IFN-y were reached in the serum of the mice
receiving PEI-LacZ and PEI-IL12 complexes.
Nevertheless, the duration of IL12 expression was
longer in the mice receiving PEI-IL12 complexes.
Activation of macrophages or dendritric cells
transduced by PEI-DNA complexes got activated
by the non-methylated CpG sequence present in
both plasmids and produce elevated amounts of
IL12 which in turn could induce IFN-y secretion by
NK and NKT cells and enhance their cytolitic
activity. Non-methylated CpG sequences are
frequently found in DNA of bacterial origin which
recognized as pathogen-associated molecular
patterns by the immune system of the mammals.
Thus, in the case of lung cancer model, the
antitumoral activity is due to the activation of the
innate immune system by the CpG motifs.

On the other hand, in CT26 model, the
antitumoral activity of local recombinant IL12
expression has a major roll. Since significant
differences were found between PEI-LacZ and
PEI-IL12 groups, as in PEI-IL12 group five out of
six mice express IL12 out to day 5, whereas in PEI-
LacZ group, IL12 was detected only in two out of
six mice. This difference in the duration of IL12
expression may explain the higher antitumoral
efficacy found in the PEI-IL12 group in the CT26
models. Taken together, the intravenous
administration of PEI-DNA NPs can inhibit lung
cancer and pulmonary metastases development via
strong innate immune response.

FUTURE DIRECTIONS

In general, non-viral delivery systems compared to
the viral vectors, induce no specific immune
response and can carry higher amounts of genetic
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material with no limitation on the size of the
plasmid. The ideal non-viral gene vector for cancer
therapy is supposed to be low toxic, biocompatible
and biodegradable, easily prepared and scaled-up at
low cost and stable in storage. It should also be
capable of particular gene expression in target cells
and have little, if any, interaction with plasma
proteins. Favorably, NPs are able to interact with
and cross mucosal surfaces, cross blood-brain
barrier, escape endo-lysosomal compartments and
release genes continuously within the cell. In
addition, NPs may induce enhanced cellular uptake
and deeper tissue penetrability. In view of the fact
that present cancer gene therapy using NPs is
lacking in both efficiency and specificity in
comparison with viral vectors, thus, much work
remains to be done in the future. Furthermore, since
in the case of disseminated and deep-seated tumors,
systemic application is considered as a required
administration route particularly (76), better
methods to prepare non toxic receptor- targeted NPs
are needed for improved systemic gene therapy for
IL-12 gene delivery. Generally, for systemic gene
delivery, IL-12 gene must be protected from
degradation in the biological environment,
extravasate and diffuse throughout the tissues to
achieve the target site as well as have an adequate
long circulation time in the blood. In addition, being
inert against non-specific interactions with
biological fluid, extracellular matrix and non-target
cells are required. In contrast, the genetic material
should have the ability of specific uptake into the
target cells (77). These will necessitate the
improvement of further effective and patient-
compliant techniques to increase the potency of NP-
based IL-12 gene delivery systems compared to that
of viral vectors.

The preferred non-viral gene vector for
preparation of NPs carrying a plasmid coding for
IL12 in cancer therapy can be managed by
optimization of existing gene delivery systems
which are considered to be more efficient and can
be safely used for gene therapy with no toxicity and

immunogenicity concerns. The other possibility is
to improve the chemical structure of the existing
polymers to synthesize more cationic vectors,
leading to more efficient interactions with anionic
nucleic acid sequences. Another option is to
engineer modified polymers so as to target the gene
to the cancerous cells and ensure that the plasmid
coding for IL12 is just expressed at the target cell,
for instance, by use of ligand complexes. The other
possibility is combination of the plasmid coding for
IL12 with conventional cancer therapy like
chemotherapy or radiotherapy. Finally, enough
experiments in various human cancerous cells, as
well as in animals are needed to assess the efficacy
and safety of NPs carrying a plasmid coding for
IL12 in cancer therapy.

SUMMARY

Satisfactorily, IL-12 possesses superior antitumor as
well as potent anti-angiogenic activities in
comparison with the different cytokines. All these
privileges have led to the considerable efforts
devoted to the IL-12 cancer therapy. Instability of
I1-12 protein as well as its cytotoxicity is considered
to be the main problem associated with Il-12 protein
delivery  following systemic  administration.
Nonetheless, gene delivery can be used to deliver
desired genes to the tumor site. Nanoparticle-based
gene delivery systems might be more pertinent,
since nanometer-size complex of therapeutic DNA
perhaps be more efficient for administration of
therapeutic genes to solid tumors compared to
administration of naked plasmid DNA. In this
article, we have reviewed the investigations that
have used NP-based IL-12 gene delivery systems in
vivo and in vitro, and have related them to cancer
gene therapy. A summary table (Table 1) is
provided to list the major studies in this area.
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Table 1. Major studies looking at nanoparticulate delivery of IL-12 gene vectors.

Gene type Vector Cancer type In vitro/in Ref.
vivo

mlL-12 poly[a-(4-aminobutyl)-L- CT-26 cells in vitro and in Intratumoral (65)
glycolic acid] (PAGA) vivo

p2CMVmIL-12  water-soluble lipopolymer CT-26 cells in vitro and in Intratumoral (66)
(WSLP) vivo

p2CMVmIL-12  Water soluble lipopolymers CT-26 cells in vivo Intratumoral (62)

using cholesteryl chloroformate
and PEI

mlL-12 polyethylenimine covalently 4T-1 cell lines were in vitro and in Intratumoral (67)

linked to cholesterol established from a vivo
(CHOL) and spontaneous,
methoxypolyethyleneglycol moderately
(PEG) molecules forming differentiated
PEG-PEI-CHOL (PPC). adenocarcinoma
growing in Balb/C mice
IL-12 plasmid  puly(N-Inethyldietheneamine 4T 1 mouse in vitro and in Intratumoral (71
sebacate) (PMDS) and breast cancer vivo
cholesterol
pmIL-12 Mannosylated chitosan CT-26 cells in vitro and in Intratumoral (72)
vivo
pmlL-12 covalently conjugated ovarian cancer in vitro and in Intratumoral (68)
polyethylenimine vivo
with cholesteryl Chloroformate
and
methoxypolyethyleneglycol
pCMV IL-12  poly(D,L-lactic-co-glycolic) BNL (undifferentiated in vivo Intratumoral (73)
acid (PLGA) (50 : 50) with murine
the cationic lipid 1,2-dioleoyl- hepatocarcinoma) cells
3-(trimethylammonium)
propane (DOTAP) and the
ligand asialofetuin (AF)
IL-12 plasmid  Polyethylenimine lung cancer treatment in vivo intravenous (75)
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