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Abstract

The objective of a systemically administered cancer gene therapy is to achieve gene expression
that is isolated to the tumor tissue. Unfortunately, viral systems have strong affinity for the liver,
and delivery from non-viral cationic systems often results in high expression in the lungs. Non-
specific delivery to these organs must be overcome if tumors are to be aggressively treated with
genes such as IL-12 which activates a tumor immune response, and TNF-alpha which can induce
tumor cell apoptosis. Techniques which have led to specific expression in tumor tissue include
receptor targeting through ligand conjugation, utilization of tumor specific promoters and viral
mutation in order to take advantage of proteins overexpressed in tumor cells. This review analyzes
these techniques applied to liposomal, PEI, dendrimer, stem cell and viral gene delivery systems in
order to determine the techniques that are most effective in achieving tumor specific gene
expression after systemic administration.
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Introduction

The vast majority of reported viral and non-viral gene delivery systems do not preferentially
target tumor tissue. Viral systems including vaccinia virus, adenovirus, and lentivirus deliver
their payload primarily to the liver, while non-viral systems such as cationic liposomes and
polymers principally deliver to lung tissue [1-4]. Researchers take advantage of the innate
targeting of these systems, using viral and non-viral vectors to target hepatocellular
carcinomas and non-small cell lung carcinomas respectively [5-8]. However, when targeting
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other cancers or metastases not resident in the liver and lung, accumulation in these organs
hinders effective cancer therapy.

Methods for locally administering gene delivery systems include intracranial, intratumoral
and intravenous injection as well as inhalation. Localized delivery techniques have been
shown to be effective in treating primary tumors [9]. Intratumoral delivery of viral gene
delivery systems targets the tumor tissue and while there is some distribution of the virus
outside of the tumor, the toxicity and immunogenicity are tolerable. Inhalation of
nanoparticles results in the payload selectively reaching the lungs, while intracranial tumor
injection is effective for circumventing the blood brain barrier [10, 11]. Although some of
these localized methods of administration may be sufficient for primary tumor targeting,
undetected metastases will need to be targeted with an intravenous injection of a delivery
system that can home to tumor cells systemically. As primary tumors can often be removed
surgically, metastases should be the priority when developing a delivery system for treating
cancer. A tumor-specific, systemically-delivered vector would be able to capitalize on the
growing number of genes that have been shown to hinder the growth of metastatic cancer
cells.

Many of the genes that could be used to aggressively promote cancer cell apoptosis or
stimulate an immune response to a tumor will result in unacceptable toxicity if delivered
primarily to the lungs and liver [12, 13]. Two cytokines that have been shown to deter
metastasis and effectively treat already established metastases are 1L-12 and 1L-2 [14-16].
When delivered to the microenvironment of a metastatic tumor, IL-12 can polarize T helper
cells towards a TH1 phenotype, which produces IFN-gamma and activates a cytotoxic T-cell
response. IL-2 has been shown to illicit a response from natural killer and cytotoxic T-cells.
While both of these cytokines can prevent metastatic tumor growth when delivered locally,
systemic delivery that is non-specific has significant toxicity [12, 17]. It is largely because
of this dose-dependent toxicity that clinical trials using systemic delivery of IL-12 have had
limited success.

Other attractive genes for delivery encode ligands that target death receptors leading to
apoptosis, including tumor necrosis factor-alpha (TNF-alpha), CD95/FAS and tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) [13, 18, 19]. The appeal of a
suicide protein being delivered to tumor cells is undeniable, but as with immune-stimulating
cytokines, the non-specific systemic delivery of a suicide gene is not well tolerated [20].
Considering recent concerns of hepatotoxicity, even the relatively non-toxic TRAIL must be
dosed conservatively as it moves into the clinic [21]. Herpes simplex virus thymidine kinase
(HSV/tK) is another gene commonly chosen for delivery [22]. Accumulation of thymidine
kinase within a target cell is toxic upon administration of a pyrimidine or purine analog
drug, converting the drug to its active form in the cytoplasm [23]. As with the other genes
mentioned above, non-specific delivery of HSV/tk will result in death of bystander cells.
Whether specificity is incurred by targeting of tumor tissue, selective internalization into
tumor cells or use of tumor-specific promoters, selective gene expression must be achieved
if we are to aggressively target tumor metastases with genes that promote cell death.
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This review focuses on viral and non-viral systems that have been reported to achieve
specific gene expression in tumor tissue. Unless stated otherwise, the delivery system was
administered via tail vein injection. The type of delivery system is introduced in each section
with a description of its natural targets, followed by an analysis of studies that have
manipulated the system so that gene expression is greater in the tumor than in other major
organs. In addition, we discuss gene delivery using stem cells which have been reported to
naturally migrate to tumor tissue.

Non-Viral Systems

Lipoplex

Cationic lipoplexes are composed of a cationic lipid and a neutral lipid or cholesterol [2, 24].
The negatively-charged DNA is compacted and forms a complex with the positively-
charged lipid, resulting in the formation of a lipoplex. Lipoplexes interact with the cell
membrane and internalize into the cell through endocytosis. It is thought that the lipid
components, once internalized, lead to destabilization of the lipid complex, fusion with the
endosomal membrane, and cytoplasmic delivery of the DNA. DNA can reach the nucleus
when the nuclear membrane breaks down during cell division, and thus rapidly-dividing
cells are generally more easily transfected. When compared with viral delivery systems, the
non-viral cationic lipoplex is considered less immunogenic, and able to hold a larger
payload. The drawbacks include toxicity of cationic lipids and relatively inefficient and non-
specific delivery [25].

Cationic lipoplexes deliver genes primarily to the lungs and secondarily to the liver [26].
Luciferase expression is observed in the liver and lungs with relatively low expression in
flank tumors of a mouse model. Coating of the cationic lipoplex with polyethylene glycol
(PEG) can be employed to increase circulation time with the hope of enhancing delivery to
the leaky capillary bed of tumor tissue [1, 27]. However, several groups have reported that
increased levels of PEG do not improve distribution to the tumor tissue, and delivery is
predominantly to the lungs and liver [1, 28].

To increase the tumor specificity of systemically-delivered cationic lipoplexes, one group
used both PEG shielding and integrin targeting [27, 29, 30]. These cationic lipoplexes have a
short triethylene glycol coating and a peptide targeted to integrins, which are overexpressed
in many neuroblastoma cell lines. The PEG and integrin-targeting peptides are connected to
the liposome through linkages that are cleavable by endosomal furin, cathepsinB, or
esterases. After binding and internalization into tumor cells, the peptides and PEG are
cleaved from the liposome, allowing for destabilization and delivery of the nucleic acid.
This technique has resulted in highly specific tumor targeting upon systemic administration.
Tissue analysis showed that accumulation of luciferase DNA was at least two-fold greater in
the tumor tissue when compared to the lung, liver and spleen, but more importantly,
expression of the luciferase gene was 130-fold greater in the tumor tissue than in the other
organs. When this system was used to deliver 1L-2/IL-12 cytokines to subcutaneous
neuroblastoma tumors in a mouse model, 1/3 of the tumors were eradicated and 2/3 of the
tumors had markedly decreased growth. It is important to mention that the expression data
took into account the entire tumor and organ. When measuring expression, data is usually

J Control Release. Author manuscript; available in PMC 2014 December 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kullberg et al.

Page 4

presented as per organ, per mg protein, or per mg tissue. Since the liver certainly weighs
much more than the tumor in any realistic clinical scenario, presenting data as per organ is
often the least impressive and possibly the most relevant reporting method. However, data
reported as “per organ” can be misleading if tumors are allowed to achieve grotesque
proportions in animal models. Therefore, it is preferable to include both measurements to
allow comparison with published studies.

Wang et al. were able to achieve good tumor specificity using a cationic lipid system
consisting of DOTAP and cholesterol [31]. Messenger RNA for luciferase is condensed with
protamine which then associates with the cationic liposome. The resulting complex is
PEGylated, and anisamide is attached so that the particles will target cancer cells
overexpressing the sigma receptor. This system results in at least 10-fold greater expression
per mg of tumor tissue compared to liver tissue. When the suicide gene thymidine kinase
from Herpes simplex virus is delivered systemically using this system, the tumors show a
marked decrease in growth [31]. To assess if the delivery system was causing toxicity,
serum concentrations of liver enzymes, alanine transaminase and aspartate transaminase
were assayed along with blood urea nitrogen levels which can reveal kidney damage. After
repeated treatment with the liposomes, all of these toxicity indicators fell within their normal
range, suggesting that this therapy could be tolerable at clinical dosages.

To target prostate cancer, Ikegami et al. used a monoclonal antibody that binds to prostate-
specific membrane antigen (PSMA) [32]. This membrane protein is present in prostate
cancers and is not expressed in normal tissue. The antibody is coupled to polylysine, which
is then used to condense DNA. The targeted polylysine is mixed with cationic liposomes and
the resulting complex is used to deliver luciferase and HSV/tk to prostate tumors. With this
system, luciferase expression was at least 17-fold higher per mg prostate tumor than in lung,
liver and kidneys. When the HSV/tk gene was delivered to treat tumors, tumor mass was
reduced by approximately 50% [32].

Ligand targeting of lipoplexes seems to increase gene expression in the tumor, but besides
the examples cited above, there are limited papers showing specificity for the tumor over
lungs or liver tissue. Another strategy used to incur specificity takes advantage of promoters
specific to the tumor tissue. Although the lipoplexes may still deliver DNA to the lungs and
liver, gene expression only occurs in the tumor tissue where the promoter is active. Li et al.
searched the literature for genes often overexpressed in pancreatic cancer and found that
MRNA of cholecystokinin type A receptor (CCKAR) had a promoter that allowed gene
expression in pancreatic adenocarcinomas but not in normal pancreatic tissue. Incorporating
this promoter into a luciferase plasmid which was then delivered with a DOTAP/Chol
lipoplex, this group achieved gene expression in the tumor that was 20-fold greater per mg
protein than in the lung [33]. In contrast, using a standard CMV promoter, luciferase
expression was slightly greater in the lung than in the tumor.

All of the lipoplex examples described above use liposomes formulated with cationic lipids.
Heyes et al. achieved tumor-specific luciferase expression using anionic liposomes which
are thought to have less interaction with the lungs than cationic liposomes [34]. By first
condensing DNA with either polylysine or polyethylenimine (PEI) and then interacting this

J Control Release. Author manuscript; available in PMC 2014 December 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kullberg et al.

Page 5

with their neutral, anionic and PEG-conjugated lipids, the group was able to form a
liposome that encapsulated a single copy of luciferase plasmid. While cationic liposomes
distribute to the lungs, these anionic liposomes primarily accumulated in the liver and spleen
with 4-fold lower accumulation in the tumor. Although many of the particles distributed to
other organs, the expression level per gram tumor tissue was over 100-fold higher than in
the liver, spleen or lungs. Without ligand or antibody targeting, these liposomes produced
tumor-specific gene expression, relying only on the leaky vasculature of the tumor.
Although DNA is much harder to encapsulate in anionic liposomes, it may be worth the
effort if they can successfully circumvent the excessive lung delivery from cationic lipids.

Polyethylenimines (PEIs)

PEIs are branched or linear cationic polymers that have the ability to condense DNA,
internalize into cells and facilitate endosomal escape [35, 36]. PEI is attractive as a carrier
because of its ability to rupture cellular endosomes through the “proton sponge” mechanism
[36]. It is thought that the amine groups on the PEI act as a buffer, binding up protons and
causing the accumulation of ClI- during endosome acidification. This in turn leads to osmotic
swelling and rupture of the endosome. Considering this mechanism of action, it should not
be surprising that PEIs have been shown to have considerable non-specific cytotoxicity.
Although the toxicity decreases for smaller or linear PEIs, transfection efficiency also
suffers. Research focused on developing biodegradable PEIs that are less toxic has shown
some success [37]. When delivered in vivo, PEI tends to accumulate in the lung, similar to
cationic liposomes [36].

Using a highly branched low molecular weight PEI, Li et al. were able to achieve reasonable
tumor specificity by attaching a targeting peptide specific for fibroblast growth factor [35].
The particles were positively-charged with a diameter of 300 nm. Without the targeting
peptide, luciferase activity per mg protein was 2-fold greater in the lungs than the tumor.
After attachment of the peptide, luciferase signal was 2-fold greater in the tumor than in the
lungs and 4-fold greater than in the liver.

Kircheis et al. had success in getting tumor-specific delivery, also through the use of small
molecular weight PEIs conjugated to transferrin [37-40]. These researchers report that they
were able to shield non-specific charge interactions by increasing the density of transferrin
conjugated to PEI. The reduction in surface charge lowered luciferase expression in normal
tissue and resulted in tumor luciferase expression that was 100-fold greater than in the lung
on a per organ basis. Attaching PEG to the system improved delivery to the tumor tissue by
10-fold but decreased specificity slightly. When DNA encoding TNF-alpha was targeted to
mouse tumors using both the PEGylated and non-PEGylated transferrin receptor-targeted
PEI systems, tumors showed necrosis and considerably slower growth. Substituting EGF for
transferrin, this system was also specific against EGFR-overexpressing tumors [40]. The
group contributes their success to two factors: reduced surface charge and large particles.
While most researchers formulate particles in the 100-300 nm range, these PEI particles
were in the 800-1200 nm range which may allow extravasation into the leaky tumor
vasculature while limiting delivery to normal tissue. A drawback is that this large particle

J Control Release. Author manuscript; available in PMC 2014 December 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kullberg et al.

Dendrimers

Page 6

size could possibly restrict delivery to tumors that have a tighter vasculature, but the
specificity is compelling.

Since their creation in the late 1970s, dendrimers have been used for applications ranging
from gene and drug delivery to nano-engineering and diagnostic sensors [41]. Dendrimers
consist of a core molecule with functional branches that start from the core and branch
outwards. When formed by divergent methods, each layer is added by stepwise synthesis.
The generation number of a dendrimer refers to the number of synthesis steps or layers of
branches. Because their synthesis is tightly controlled, dendrimers have well-defined size
and chemical properties. There are many dendrimers, but the commercially available
cationic dendrimers used for gene delivery are polyamidoamine (PAMAM) and
polypropylenimine (PPI) dendrimers. PAMAM dendrimers consist of an ethylenediamine or
ammonia core, and are built by iterative addition of methylacrylate followed by
ethylenediamine which adds an amide group. PPI dendrimers are built upon a
butylenediamine core with polypropylenimine branches. Endosome escape is thought to be
mediated by the proton sponge mechanism mentioned above, similar to PEI. While it is
generally accepted that PAMAM dendrimers accumulate in the lungs, there is recent
evidence that PPI dendrimers have innate tumor specificity when delivered systemically
[42]. Furthermore, those PPI dendrimers that accumulate in the tumor tissue can induce
tumor-specific gene expression.

Russ et al. and Chisholm et al., have used generation 2 and 3 PP1 dendrimers and found that
gene expression is prevalent in the tumor tissues with up to100-fold lower expression in all
other organs including the liver, spleen, kidney, heart and lung on a per organ basis [42, 43].
Another group found that generation 3 PPI delivery resulted in slightly greater delivery to
the liver than to the tumor tissue, with little expression in lung and other tissues on a per
organ basis [41, 44]. To improve specificity, they conjugated transferrin to the dendrimers,
resulting in tumor tissue expression that was 4-fold greater than in liver tissue. When this
system was used to deliver TNF-alpha with a tumor-specific promoter, the treatment led to
complete regression of 90% of tumors in mice [45]. This impressive result used the innate
targeting of PPI dendrimers combined with ligand targeting and a tumor-specific promoter.
The synergy of these tumor-specific techniques allowed the researchers to aggressively treat
with a potent therapeutic gene, leading to tumor regression that is rarely seen in treatments.

An analysis of PPI dendrimer biodistribution showed that there was little particle
accumulation in the lung and, in all three of these studies, the dendrimer size was between
100 nm and 300 nm [42]. PPI dendrimers are perhaps the only system that appears to show
an inherent homing to tumor tissue with little delivery to normal tissue throughout the body.
This homing mechanism may involve precise control of particle size and/or recruitment of
specific serum proteins that promote preferential uptake by tumors. Although PAMAM
dendrimers do not have a tumor-specific biodistribution like PPI dendimers, Navarro et al.
demonstrated that the gene expression could still be specific to the tumor [46]. Both a
control PEI system and PAMAM denderimers were shown to gather primarily in the lung
tissue, but while PEI resulted in a strong luciferase signal from the lungs, PAMAM
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luciferase expression was isolated to the tumor (Figure 1). These initial studies achieving
tumor-specific gene expression certainly warrant the need for further investigation into
dendrimers for gene delivery.

Mesenchymal stem cells (MSCs) are nonhemapoetic stem cells that originate in the bone
marrow and in umbilical cord tissue. They are highly proliferative, easily isolated and can be
genetically modified in culture to express genes that potentially could produce therapeutic
effects. The excitement around MSCs as a gene delivery tool comes from the fact that they
have been observed to accumulate in tumor tissue in a manner similar to how they migrate
to any wound environment [47, 48]. The hope is that MSC's can be isolated, cultured,
transfected with a therapeutic gene and administered systemically, whereupon they would
migrate selectively to the tumor tissue and produce a therapeutic protein that would
eliminate the tumor. Cell-based therapies such as these have great appeal, since there is no
transfer of DNA into the patients' cells and, the protein will be expressed as long as the stem
cells remain viable. Some sources show stem cells producing protein for up to 21 days,
whereas other therapies seem to induce expression on the scale of 3 days [49].

Studies using stem cells have shown specific delivery to gliomas, lung tumors, melanomas
and breast tumors, delivering genes such as IL-12 and IFN-beta [50, 51]. While the
specificity of these therapies is impressive, it has been suggested that tumor targeting could
be an artifact of the tumor system [52]. In these studies, the mice bear a tumor from a human
cancer cell line and the stem cells being used are derived from humans [48, 50, 51]. It is
possible that the human derived MSCs are attracted to chemokines or surface markers from
the human tumor tissue and not from the normal mouse tissue. Indeed, when other groups
have performed studies using tumor cell lines derived from mouse tumors and MSCs
isolated from mice, they find that there is considerable accumulation and expression from
MSCs in the lungs, liver and spleen [53-55]. Not surprisingly, the specificity using mouse
derived MSCs and tumors is not as impressive as found with human-derived cells in a
mouse model. However, even though delivery from studies utilizing mouse MSCs is not
perfectly specific, systemic toxicity during treatment seems low and these MSC therapies
have effectively treated tumors in mice. Lung tumors treated with stem cells bearing the
gene for CX3CL1, an immunostimulatory cytokine, showed a marked decrease in metastasis
and an overall increase in survival time of the mouse [53]. Human-derived Ewing Sarcoma
tumors that were treated with murine-derived MSCs made to express IL-12 showed a
significant reduction in size compared to untreated tumors [54].

Viral Systems

Viral gene delivery attempts to hijack the gene delivery system of viruses in order to achieve
selective expression of a therapeutic protein in tumor cells. Although some viruses including
reovirus, autonomous parvoviruses and newcastle disease virus have been reported to be
tumor specific, there are limited data showing organ analysis of gene expression after
systemic administration [56]. Adenovirus is one of the best studied viral gene delivery
systems because of its simple and efficient binding and entry mechanism; however, its
natural affinity for liver cells has hindered specific delivery invivo [57]. Lentivirus, herpes
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virus, and vaccinia virus are not inherently tumor targeting but are capable of being
modified in order to achieve tumor specificity. Modifications can be made to the viral
membrane proteins either genetically or through direct protein insertion in an attempt to
target receptors and motifs overexpressed in the tumor. Another technique is to genetically
modify the viral particles so that genes will only be expressed in tumor cells that have the
proper protein signature [58]. These methods have been employed in a number of viral
systems with varying levels of success in avoiding non-specific organ delivery.

Vaccinia Virus

Vaccinia virus has a strong eukaryotic promoter and unlike most viruses, has genes
encoding for transcriptional proteins, allowing for very high gene expression that is not
dependent on the host cell undergoing replication [58]. Since live vaccinia virus has been
used extensively for small pox vaccination, its safety is well documented. To take advantage
of this virus for tumor targeting gene delivery, Puhlmann et al. have mutated the vaccinia
genome so that it no longer makes functional thymidine kinase, a protein essential for DNA
synthesis and viral replication [58]. Thymidine kinase is found in tumor cells and when this
modified vaccinia virus encoding luciferase DNA is injected systemically, tumor expression
of luciferase per mg protein is at least 250-fold higher than in any of the normal tissues. This
group thoroughly characterized their vaccinia gene delivery system and in at least 4 different
studies, found great specificity for the tumor tissue [18, 58-60]. In addition, they replaced
luciferase with genes that encode for various therapeutic genes and successfully treated
tumors in mice and rabbits. In one study, the delivered DNA coding for cytosine deaminase,
which converts non-toxic 5-fluorocytosine into a toxic form, allowed for selective killing of
liver metastases from a colorectal tumor cell line. The mice treated with this vaccinia virus
lived significantly longer and were cured in 14% of the cases [60]. In another study, the
thymidine kinase-negative vaccinia viral particles were loaded with DNA encoding
endothelial cell monocyte activating polypeptide I, which sensitizes cells to TNF-alpha
[18]. Using this system, TNF-alpha resistant melanoma cells were specifically targeted upon
subsequent systemic treatment with TNF-alpha, leading to tumor regression. The specificity
of this system has also been established in rabbits; however, the immune response to the
viral particles leads to rapid clearance [59]. Although the vaccinia virus is cleared quickly,
with this level of specificity it may be possible to treat aggressively and elicit a therapeutic
response.

Herpes Virus

Herpes simplex virus preferentially infects cancer cells over normal cells and has therefore
been investigated for tumor gene delivery [22]. However, most systems using Herpes rely on
intratumoral injection to avoid the non-specific delivery that occurs upon systemic
administration. One group has increased specificity by designing a mutant Herpes virus that
has both copies of the gamma-delta 34.5 gene deleted [61]. Deletion of this gene results in a
herpes virus that can only replicate in mitogen-activated protein kinase kinase (MEK)
expressing cells. MEK is a survival gene that allows cells to resist apoptosis, and is
overexpressed in many cancers. Administration of this modified virus via intraperitoneal
injection showed specific luciferase expression in tumor xenografts in nude mice.
Observation of the whole mouse with a luciferase imaging device, showed no detectable
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delivery to other organs. Following intravenous injection of the viral particles, they found
significant reduction in tumor growth simply from the virus infecting tumor cells. The viral
system has no therapeutic effect on cancer cells that lack MEK and they report that systemic
delivery is just as effective as intratumoral injection. This system demonstrates that ligand
and antibody targeting may not be necessary if gene expression in the organs can be
adequately limited using cellular proteins that are specifically expressed at high levels in
cancer cells. Although this system delivers DNA to other organs, expression of the DNA is
restricted to the tumor.

The retroviral lentivirus has the advantage of transfecting quiescent cells and can lead to
long-term stable gene expression due to integration of its DNA into the cell genome.
Lentiviruses are inherently not tumor specific, and when ligands and targeting molecules are
attached to the viral envelope, transfection efficiency is reduced [62]. To overcome this
hurdle, Morizono et al. used a lentivirus with a modified chimeric Sindbis virus envelope
[57]. The advantage of this chimeric viral system is that when antibodies were bound to the
virus, they resulted in specific binding in vitro and, importantly, allowed for efficient gene
delivery. Unfortunately, this system showed high transfection of liver and spleen cells in
vivo, but by mutating the E2 envelope protein, this natural tropism could be greatly reduced
[57]. Incorporating a P-glycoprotein antibody in the viral envelope allowed for targeting of
melanoma cells expressing P-glycoprotein. Mice with melanoma metastases in the lungs
showed high expression of the luciferase marker gene while mice that had not been injected
with cancer cells had no detectable gene expression in the lungs and very limited expression
in the liver and spleen. These data were obtained by ex-vivo imaging of tumors and organs
with a luciferase imaging device. Expression of the luciferase gene was dependent on
incorporation of the antibody for P-glycoprotein. The extensive manipulations of this system
demonstrate the difficulties of producing a viral system that results in tumor-specific gene
expression. Genetic modification and incorporation of antibodies can be complicated but, as
shown with the specificity of this system, the effort can produce a potentially powerful
vector.

SiRNA Delivery Systems

The discovery of siRNA in 1998 unveiled the ability of small double stranded DNA to
induce post-transcriptional gene silencing [63]. When the small RNAs are delivered to the
cytoplasm of target cells, they get taken up by the RNA-Induced Silencing Complex (RISC)
[64]. The RNA strands are separated and used to bind and guide cleavage of mMRNAs in a
sequence homology-dependent manner. The potential of SIRNA for cancer therapy was
quickly realized and delivery with the standard viral and non-viral techniques has been
thoroughly characterized. Genes that are often targeted by siRNA treatment are those
overexpressed in tumors, including cell cycle proteins involved with G2/M transition,
vasculature growth, cell migration, adaptation to hypoxia, cell survival and cell growth [64].
One advantage of using siRNA which downregulates the overexpressed proteins is that non-
specific delivery is often less toxic than the delivery of plasmid DNAs that encode genes
such as IL-12 and TNF-alpha. However, to limit the toxicity that does exist and to increase
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knockdown at the tumor site, many groups have added ligands to delivery systems to
increase tumor specificity [65].

Unlike delivery of plasmid, it is difficult to accurately measure knockdown of genes
systemically. Techniques for measuring knockdown include measuring the reduction of GFP
and luciferase in transfected tumor cell lines as well as comparing RT-PCR levels of the
target gene before and after delivery in the tumor tissue [66-68]. Biodistribution studies
most often involve observation of fluorescently tagged siRNA to determine if localization is
restricted to tumor tissue [68, 69]. While this accurately measures biodistribution of the
siRNA it does not directly measure gene silencing. Since there is not a common or practical
method for comparing knockdown of genes in the various tissues after systemic delivery of
siRNA we have not conducted a thorough investigation of systemically administered sSiRNA
delivery systems.

Comment on endosomal escape mechanism

We wish to point out that all of these synthetic delivery systems include some mechanism of
endosomal escape (e.g., proton sponge) in order to avoid lysosomal degradation and
facilitate cytoplasmic delivery. While entrapment in the endosomal/lysosomal pathway
ultimately prevents therapeutic gene expression, it should be recognized that the rupture of
intracellular organelles is not well-tolerated by cells, and may contribute to the significant
toxicities observed with these systems. For example, the formation of inflammasomes in
response to lysosomal rupture is well-documented, and cationic components used in many
delivery systems have been shown to trigger this pathway [70]. The inflammation that
results from rupturing endosomes and lysosomes might prove to be beneficial for eliciting
an immune response against tumors, especially if endosomal rupture can be limited to tumor
cells. Although pathogens utilize endosomal rupture to access the cytoplasm, these
organisms also possess molecules that inhibit inflammasome activation, thereby preventing
activation of an immune response at the site of infection [71]. It follows that the current
dependence on endosomolytic components while omitting other molecules (e.g., caspase
inhibitors) that prevent inflammasome formation and cytokine production will inevitably
trigger immune responses that may affect therapy.

Concluding Remarks

Developing a systemic gene delivery system that is tumor specific involves choosing a basic
delivery method and then overcoming the natural tropism of that system in order to achieve
tumor specificity. Once tumor specificity is realized, a therapeutic gene must be chosen that
will maximize treatment potential. Studying the systems that have been successful gives an
indication of which delivery strategy and techniques have the best chance of resulting in
effective cancer treatment.

Gene delivery from viral particles and cationic polymers to the liver and lungs results in
non-specificity that is almost impossible to overcome. Given the incredible amount of
resources that have gone into the two fields of liposomal and viral gene therapy, it is
surprising that so few systems exist that can be delivered systemically and result in tumor-
specific gene expression. Although gene delivery by polypropylenimine dendrimers is far
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less studied, three groups have already demonstrated tumor-specific delivery from the
particles. Given the limited research that has gone into PPI dendrimers and the level of
success that has been achieved by these groups, dendrimers show potential to be a potent
gene delivery tool.

Once a system has been chosen, modifications must be made to improve the specificity of
gene expression in tumor tissue. In this review, we described 15 systems that showed
specificity upon systemic administration. Although there may be other examples of tumor-
specific systems that we have not discussed here, this cross-section of papers should give an
indication of the techniques that are successful in achieving specificity. Of the systems that
were reviewed, 8 used ligand targeting, 5 used innate or passive accumulation in tumor
tissue (by stem cells, dendrimers and anionic liposomes), 2 used a tumor-specific promoter
and 2 used viral mutations that made gene expression specific to tumor cells. The two
systems that used viral mutations incurred specificity to thymidine- and MEK-expressing
cells, both effective techniques for overcoming the innate targeting to the liver. Requiring a
tumor-specific cellular protein for viral replication and gene expression is an elegant way of
obtaining specificity. Similarly, for non-viral systems, the incorporation of tumor-specific
promoters can be used to exploit cancer-specific cytoplasmic proteins for improving gene
expression specificity. However, since tumor cells are derived from normal cells, there are
few unique promoters that result in gene expression in tumor tissue and not normal tissue.

The bulk of the modifications that allowed for specific delivery to cancer cells involved
attaching targeting ligands to the delivery system. Whether conjugated to PEG or directly to
the delivery particle, antibodies and ligands targeting EGF, p-glycoprotein and transferrin
have shown to be effective for targeting tumor tissue. Using cell proteins present in the
nucleus or cytoplasm of tumor cells to incur specificity is elegant, but for now, the most
effective and common method for increasing selectivity is to target proteins overexpressed
on the tumor cell surface. Ultimately, the most impressive specificity will come from
combining multiple techniques, as demonstrated by Koppu et al. [45]. Their dendrimer
based therapy utilized the tumor-specific accumulation of PPl dendrimers combined with
ligand targeting and a tumor-specific promoter to deliver TNF-alpha. Treatment led to
complete regression in 90% of the tumors; the most successful systemic gene therapy
covered in this review.

After realizing tumor specificity, the most commonly chosen therapeutic genes are IL-12
which can activate a T-cell response or alternatively TNF-alpha which induces apoptosis.
Utilizing the natural killing ability of the immune system or hijacking the suicide pathways
that lead to cell death is a sophisticated way to target cancer if sufficient specificity can be
achieved. Given the limited access of systemically-administered chemotherapies to poorly
vascularized regions of the tumor and the ability of cancer to become resistant to
chemotherapy, activation of the immune system may be a more potent method for
eliminating metastatic cancer. An IL-12 gene therapy does not need to reach every cell in
the tumor in order to be effective. If enough cells are producing the immunostimulatory
cytokine, T-cell presence within the tumor could reach levels necessary for treating the
entire tumor.
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The advantages of gene therapy are clear. Compared to chemotherapy, gene delivery is a
more subtle treatment, turning cancer cells into factories that produce proteins leading to
their death and that of surrounding tumor cells. Chemotherapeutic agents and proteins
administered systemically are removed quickly from circulation and tumor cells that receive
chemotherapies begin clearing the drugs as soon as they are delivered. In contrast, gene
therapies can produce multiple days of continuous protein production, resulting in a
persistent therapeutic effect. Furthermore, if those genes are expressed specifically by the
tumor tissue, there will be limited damage to normal cells as protein production and
concentration will be maximal surrounding the cancer cells. With an increased ability to
achieve tumor specific gene expression, gene therapy will hopefully provide an effective
alternative to conventional chemotherapy and a tool for aggressively treating cancer.
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Luciferase expression from PEl versus dendrimer system

LPEI N/P 6 PAMAM G5 +/-2.9

15/-Wo/s/sucjoyd

Fig 1.

Ll?ciferase expression is shown after delivery of Luciferase plasmid from either PEI or
PAMAM dendrimers. Although both systems accumulate in the lungs, PEI results in
luciferase expression primarily in the lung while PAMAM dendrimers results in tumor-
specific luciferase expression. (G. Navarro et al., journal of controlled release, 146 (2010)
99-105.)
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