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This review focuses on the use of synthetic (non-viral) delivery
systems for cancer gene therapy. Therapeutic strategies such
as gene replacement/mutation correction, immune modulation
and molecular therapy/‘suicide’ gene therapy type approaches
potentially offer unique and novel ways of fighting cancer,
some of which have already shown promise in early clinical
trials. However, the specific and efficient delivery of the genetic
material to remote tumors/metastases remains a challenge,
which is being addressed using a variety of viral and non-viral
systems. Each of these disparate systems has distinct
advantages and disadvantages, which need to be taken into
account when a specific therapeutic gene is being used. The
review concentrates on particulate gene delivery systems,
which are formed through non-covalent complexation of
cationic carrier molecules (e.g. lipids or polymers) and the
negatively charged plasmid DNA. Such systems tend to be
comparatively less efficient than viral systems, but have the
inherent advantage of flexibility and safety. The DNA-carrier
complex acts as a protective package, and needs to be inert
and stable while in circulation. Once the remote site has been
reached the complex needs to efficiently transfect the targeted
(tumor) cells. In order to improve overall transfection specifi-
city and efficiency it is necessary to optimize intracellular
trafficking of the DNA complex as well as the performance after
systemic administration. Common principles and specific
advantages or disadvantages of the individual synthetic gene
delivery systems are discussed, and their interaction with
tumor-specific and generic biological barriers are examined in
order to identify potential strategies to overcome them. [©
2001 Lippincott Williams & Wilkins.]
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Introduction

Although genomic research has opened up many new
avenues for therapeutic interventions based on genetic

Correspondence to AG Schatzlein, CRC Department of Medical
Oncology, Beatson Laboratories, University of Glasgow, Switch-
back Road, Glasgow G61 1BD, UK.

Tel: (+44) 141 330 4354; Fax: (+44) 141 330 4127;

E-mail: A.Schatzlein@beatson.gla.ac.uk

ISSN 0959-4973 (© 2001 Lippincott Williams & Wilkins

therapy, it will not be possible to realize the full
potential of these new therapies until the issue of gene
delivery has been resolved.! Cancer gene therapy
promises efficacy and specificity superior to traditional
approaches, and, furthermore, facilitates novel ther-
apeutic strategies. The choice of vector and delivery
strategy is, however, inseparable from the therapeutic
approach, as the shortcomings of the former will
inevitably affect the success of the latter. In this review
recent developments are summarized, specifically
with respect to the use of non-viral, DNA complexing
gene delivery systems for cancer therapy, but also with
a more general look at the biological barriers which
such systems need to overcome.

Non-viral and viral vectors have both been used with
some success in early clinical trials, demonstrating the
principle feasibility of various cancer gene therapy
approaches.> Improved genetic constructs have
helped to redefine the minimum levels of transfection
efficiency required for any given genetic strategy.
Furthermore, the exploitation of bystander effects,
‘multimode’ strategies (e.g. combining ‘suicide’ with
immune-mediated effects) and the combination of
genetic therapy with traditional pharmacological
intervention has helped to alleviate the gene delivery
bottleneck to some degree.

Nevertheless, the high initial expectations in cancer
gene therapy have been tempered—not least of all by
the realization that the issue of suitable vector/delivery
systems may ultimately jeopardize their clinical
success. There is currently no practical method
available that would allow safe and efficient gene
delivery in most clinical situations. While viral vectors
offer superior transfection efficiency they have been
plagued by safety concerns,® highlighted recently by
the death of a patient in clinical trials.*> This review is
concerned with ‘non-viral’ strategies as an important
alternative. The term ‘non-viral’ describes, rather
loosely, transfection strategies that range from the
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injection of naked DNA to the use of sophisticated
biolistic gene guns. (Alternative non-viral gene delivery
systems have been devised using a wide array of
techniques, many of which are based on physical
devices such as gene guns,6 jet injection,7 electrical
pulses® or even ultrasound.” In general their use is,
however, limited to easily accessible or superficial
sites. Bearing this in mind such systems can be quite
efficient and could prove useful for the treatment of
suitable tumors.® A more general overview including
such systems can be found in a recent review.'®

The focus of this review, however, will be on
particulate gene delivery systems based on non-
covalent complexes of the carrier molecules and the
plasmid DNA. Such gene delivery systems are poten-
tially useful in particular for the delivery of therapeutic
genes to a solid tumor or metastasis, i.e. after systemic
administration, but are currently fraught with a
number of serious problems. In order to successfully
transfect tumor cells at a remote site the system would
need to be inert and stable while in circulation, yet,
once the remote site has been reached, it should
release its cargo and effect an efficient and specific
transfection of all target cells. The development of a
carrier system which could fulfil this task represents a
formidable challenge, as a number of complex
biological barriers need to be overcome. While some
of these barriers are specific to gene therapy there are
also other, tumor-specific challenges, such as the issue
of genetic instability and heterogeneity of tumors, their
tendency to acquire resistance, the formation of
metastases or the induction of immune tolerance,
which also may need to be addressed.

In the last decade the focus of development has
been on non-viral gene delivery systems, which form
complexes with DNA, such as cationic lipids (lipoplex)
or polymers (polyplex).'! These systems have since
become invaluable research tools iz vitro but their in
vivo use has been dogged by a number of problems
which hamper their broader therapeutic use.

Therapeutic strategies and
clinical trials

Over the last decade a number of novel therapeutic
strategies have been developed that are based on the
therapeutic use of genes. Most therapeutic strategies
for cancer gene therapy can be loosely grouped into
three categories: molecular chemotherapy, mutation
compensation/gene replacement and immune modu-
lation approaches. The great initial expectation of
potential clinical benefits from any of these ap-
proaches has been toned down somewhat because
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of the realization that the issue of delivery is currently
holding back a wider application of these genetic
strategies. In any case, in order to bring these novel
approaches into the clinic it will be necessary to
design strategies in which therapeutic gene and the
capabilities of the chosen delivery system are matched
closely, as both form part of an integrated therapeutic
package.

For the synthetic gene delivery systems one of the
challenges lies in their relatively low transfection
efficiency, which makes it likely that their application
will require a significant ‘bystander effect’. This effect
is based on the ability of certain genetic therapies to
effect changes to, or destruction of, not only the
relatively low proportion of transgene-expressing cells,
but also in neighboring, untransfected cells. The
bystander effects, which form an integral part of any
therapeutic strategy and are potentially very important
for the clinical outcome can be induced on three main
levels:

e Local and direct, e.g. through toxin transfer to
adjacent cells.'*"?

e Regional, through the induction of downstream
events, e.g. by destruction or growth inhibition of
tumor vasculature.'*1°

e Systemically, e.g. through the induction of an
immune response.

Different gene therapy strategies exploit such
effects to a varying extent and sometimes the observed
therapeutic effect may actually be the result of a
combination of events on different levels.

While the possibility of harnessing a significant
therapeutic effect is important in bypassing the
shortcomings of current delivery systems we also
need to consider other elements, e.g. specificity and
safety, when selecting a therapeutic strategy because
the genetic therapy and the delivery system need to be
well matched.

Gene replacement/mutation compensation

The rationale behind this approach is the compensa-
tion of a genetic malfunction either by augmentation
of a deficient tumor suppressor gene or by inhibition
of a dominant oncogene.

In the case of overexpressed oncogenes the
compensation can occur on the transcriptional, the
translational or the protein level. Antisense strategies
have commonly been used for the inhibition of
oncogenes and some candidate drugs are currently
being tested in clinical trials (e.g. transforming growth
factor-f8, erbB-2, k-ras, C-myc).2’17 In addition, ribo-



zymes'®° and single-chain antibodies*"** have been

developed to modulate oncogene products on the
protein level. This strategy can also be used to
modulate the expression of proteins that are involved
in drug resistance.?

The reactivation of tumor suppressor genes or the
replacement of mutated genes with their wild-type
counterpart (e.g. p53 ,24—2(’ retinoblastoma,?” BRCA1%%)
aims to re-establish the balance between growth and
apoptosis, activate cell cycle controls and DNA repair
mechanisms so that the tumorigenic phenotype is
reverted. Apart from p53 there are some other
inducers of apoptosis such as Bax,* Bcl-X; or the
caspases, which have recently received more attention
(for a recent review, see Favrot et al.>®).

For this therapeutic strategy the combination with
chemo- or radiotherapy may show synergistic or at
least additive effects. The combination of radiotherapy
and p53 delivered i.v. led to complete regression of
established xenografts in nude mice.?® Issues such as
the involvement of multiple genes, tumor heterogen-
eity and the appearance of ‘tumor suppressor resis-
tance’, ie. the continued cancer growth despite
successful re-expression of the suppressor genes,
represent additional challenges for this approach.

To achieve complete ablation of the malignant
phenotype a very high rate of transfection, probably
close to 100%, would theoretically be required, as
even a minute fraction of unmodified cells would
suffice for re-growth of the tumor. Currently transfec-
tion rates of synthetic delivery systems are significantly
lower than required and only a fraction of the target
cells would express the transgene. On the other hand,
there is also evidence for a tumor suppressor-based
bystander effect, as the rate of tumor cell kill in some
experiments exceeds the number of transfected cells
significantly.>® Thus transfection efficiencies signifi-
cantly below 100% may be sufficient to be clinically
beneficial.

Immune-modulation strategies

This approach is based on the harnessing of a tumor-
specific host immune response to eliminate the tumor,
thus employing the host’s physiological immune
response cascade to amplify therapeutic effects.>'~>*
This amplification could prove critical in overcoming
the current lack of efficient vectors. Modulation of the
immune response can be achieved via stimulation and
modification of immune effector cells, in order to
enable them to recognize and reject cells that carry a
tumor antigen. Alternatively, tumor cells themselves
can be genetically modified to increase immunogeni-
city and trigger an immune response.

Nomn-viral vectors in cancer gene therapy

Harnessing the individual’s immune response
against the tumor is a very attractive therapeutic
strategy as therapy of a local tumor could potentially
also reach remote sites and (micro-)metastasis, thus
alleviating the problems encountered on systemic
administration of current synthetic vectors.

In the majority of cases viral vectors have been used
to administer the transgene. Recent reports suggest
that efficiency is probably less crucial for this
approach: in immunocompetent mice the immune
response seen after i.p. administration of a liposomal
complex was similar to that resulting from the use of a
retrovirus/liposome combination which transfected
100 times more efficiently.>>

A potential advantage of immune-based approaches
is a greater freedom of choice with regard to the
administration modalities. Local administration can be
a clinically important option, e.g. the intratumoral
injection of allogeneic and xenogeneic MHC in
cationic vesicles in a phase I/II trial resulted in some
complete and partial local responses in the treatment
of cutaneous metastasis.>® Often a primary tumor, in
contrast to the metastases, may be accessible to a
locoregional administration. This could potentially also
be useful for the treatment of remote sites because of
the ‘systemic bystander effect’ afforded through the
host’s immune response. Consequently this approach
would be interesting in avoiding the potential
problems that exist for the systemic administration of
synthetic gene delivery systems. In the future an
improved understanding of tumors’ escape of the
immune system and novel insights into modulation of
the tumor-directed immune response might help to
create superior combinations of delivery systems and
vector.

It should also be mentioned here that immune
modulation effects can be induced through DNA
alone, independent of any specific coding sequence.
In particular, plasmids from microbial sources can be
immunogenic due to differences in their methylation
pattern, i.e. their lack of methylation of so-called CpG
islands.>” These bacterial sequences can induce high
levels of cytokines, such as interferon-y and tumor
necrosis factor-z,>® in particular in the lung.*** The
methylation of plasmid DNA and co-administration of
dexamethasone significantly decreased the cytokine
levels, and led to significantly higher levels of
transgene expression on both first and second
inje(:tion.41 The immunogenicity of the plasmid alone
has been shown to be of potential clinical importance
as a mock plasmid inhibited tumor take in mice by
50%.%% 1t is important to bear this in mind when
designing experiments, as an immune response may
contribute to the effects observed in vivo. Likewise
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this should be considered for certain reporter genes
and suicide vectors where immune-mediated effects
may influence and extend the duration of gene
expression.

Molecular chemotherapy

The two main approaches in this category are the
modulation of drug resistance, i.e. chemo-/radio-
sensitization or protection, and gene-directed enzyme
prodrug therapies (GDEPT). Modulation of drug
resistance can be used either to make cancer cells
less resistant (chemo/radio-sensitization) or to make
sensitive healthy cells more resistant (chemo/radio-
protection).

Chemo/radio-sensitization can be achieved using
similar strategies as with oncogenes to increase the
sensitivity of drug-resistant cancer cells through down-
regulation/inhibition of drug resistance proteins. Anti-
sense oligonucleotides, ribozymes and single-chain
antibodies have been shown to modulate the resis-
tance phenotype of tumor cells.*® Sensitization can
also be achieved by modulation of the cellular
response to cytotoxic drugs, e.g. downstream events
in the apoptosis pathway—as has been shown for
radio-sensitization through induction of expression of
wild-type p5326—or by combination of an E1B-
attenuated adenovirus with a double-suicide gene
therapy approach.43 Another approach to sensitization
is based on concentrating radiation by expression of
the sodium/iodide symporter gene (rNIS), which
mimics the iodide transport of follicular cells of the
thyroid thus increasing the uptake of radionucleo-
tide,** or by using the noradrenaline transporter gene
to induce uptake and accumulation of [ TImeta-
iodobc:nzylguanidine.45

Chemo/radio-protection gives protective resistance
to sensitive cells through up-regulation/introduction of
drug-resistance proteins. Enabling sensitive cells to
tolerate higher doses of a cytotoxic drug would
potentially make a higher proportion of cancer
patients curable through reduction of dose-limiting
toxicities. Among the potentially vulnerable organs,
the bone marrow is frequently a site of manifestation
of severe, dose-limiting side effects and strategies have
been developed that would allow the incorporation of
drug-resistance genes into marrow progenitor cells ex
vivo. 47 Obviously one proviso for this type of
approach is that a potent and efficient chemo- or
radio-therapeutic strategy needs to be in place that will
allow killing of the tumor cells.

In some cases these approaches will probably
require a more permanent modification of the
phenotype, i.e. for the duration of a course of radio-
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or chemotherapy. Consequently integrating vectors,
i.e. retroviruses, have been used in most of these
experiments. As the extent of potential bystander
effects of, for example, using radionucleotides is
unclear, it is currently difficult to define the boundary
conditions for a suitable synthetic delivery system for
this type of approach.

GDEPT/suicide gene therapy. The concept is based
on the transfection of tumor cells with an enzyme,
which can convert a relatively non-toxic prodrug into
an active anti-cancer agent (¢f. Figure 1). With this
approach selectivity can be achieved on several levels
in order to maximize the drug exposure of the tumor
while minimizing side effects in healthy tissues:
targeted delivery of the gene, tumor-specific activation
of the transgene (e.g. tissue or disease specific
promotc:r)48’49 or the selection of an optimized
enzyme-prodrug combination.’*>!

One frequently used GDEPT combination is based
on herpes simplex virus thymidine kinase (HSV#&) and
gangciclovir (GCV). HSVtk phosphorylates the non-
toxic nucleoside analog, which becomes a potent
inhibitor of DNA polymerase and induces cell death.
The system has been used in various tumor models but
success was often limited to microscopic tumors. It
has been suggested that the involvement of immune
response may be part of the observed effects. There
also have been reports of TK/GCV resistance devel-
oping.>?

An important issue for this type of therapy is the
extent and nature of the bystander effect (for a recent
review, see Pope et al.'®). There is clear evidence that
gap junctional communication plays an important role
in the bystander effect'>'>5>>% and it has been
suggested that this could be exploited by pharmaco-
logical manipulation.>> When selecting enzyme-pro-
drug combinations the question of how permissive the
tumor is likely to be to the spreading of a particular
drug needs to be taken into consideration.”® Bystander
effects allow the successful therapy with only 10% of
the cells expressing the transgene in mouse models.””
The bystander effect can be improved through co-
application of drugs such as lovastatin, apigenin and
retinoic acid, which up-regulate gap junctional com-
munication.”>>’ However, a significant proportion of
human malignancies express only low levels of gap
junctional proteins (i.e. connexin) and, consequently,
are not amenable to this ‘amplification’.”®

An alternative, non-gap junction-based bystander
effect was recently reported for the HSV transport
protein VP22>® VP22 mediated transport of the
prodrug-cleaving enzyme itself, which was sufficient
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Figure 1. Suicide gene therapy (GDEPT) is one of the therapeutic strategies for cancer gene therapy. It is based on a two-
step protocol requiring an initial transfection of the tumor cells and a subsequent treatment with a suitable prodrug. The plasmid
codes for an enzyme, which is not normally expressed/active in the target cells and which specifically converts a non-toxic
prodrug into a highly active anti-cancer agent. In this example HSV/tk activates the nucleotide analog GCV. The active analog
interferes with DNA synthesis, which the leads to DNA chain termination and subsequent apoptosis. The activated drug can
redistribute between adjacent cells connected by gap junctions and thus also act on neighboring cells that do not express the

enzyme themselves, i.e. bystander effect.

to induce regression of tumors at a ratio or 50% wild-
type cells in the absence of gap junctions.

Bystander effects are not necessarily limited to
neighboring cells but can also exploit downstream
effects: targeting of tumor angiogenesis can potentiate
the bystander effect as cessation of blood supply
induces death of multiple dependent tumor cells. >0
If the anti-angiogenic factors are excreted efficiently
the transfected producer site can be remote from the
tumor."® Thus it is possible to circumvent the
problems of systemic administration in favor of a local
application.

Clinical trials
Current clinical trial protocols give a good indication

of the status quo of genetic therapy in general and for
cancer in particular. More than 3278 patients have so

far participated in clinical trials in gene therapy.’
Cancer gene therapy accounts for the majority of these
studies with 252 out of 396 reported trials and 69.2%
of all patients enrolled.” The predominance of cancer-
related gene therapy also becomes obvious from the
type of therapeutic gene used (cf. Figure 2).

Immune modulation approaches account for more
than half of the patients, with cytokines and antigen-
based approaches being of similar importance (24.1
and 27.2%, respectively). Suicide gene/GDEPT ap-
proaches account for another major proportion of the
patients treated so far (16.6%). The fact that more than
80% of the agents were delivered in locally or directly
into the tumor is not necessarily by choice, but rather
highlights the challenges/barriers that the targeted
systemic delivery of genes represents.” The vectors
used in these trials have been predominantly of viral
origin. Non-viral vectors, e.g. lipofection, are only
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Figure 2. Gene therapy clinical trials. The number of
patients and the respective percentage of the total number
of patients that have been entered into various gene therapy
trials by treatment category (a) and vector/gene delivery
strategy (b).

being used in about 20% of the protocols (cf. Figure
2).> However, the balance of safety versus efficiency
may have to be re-evaluated in the light of the recent
death of a patient undergoing adenovirus mediated
gene therapy.®!

Gene delivery systems

Naked DNA

The use of the plasmid on its own (so-called naked
DNA) represents the simplest possible delivery system,
and direct injection of DNA has been used quite
efficiently to transfect the skeletal muscle® and
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various organs, €.g. liver,63 but has also been used
successfully for direct intratumoral injections.64 Many
other reports have since demonstrated the use of
naked DNA for local and regional administration, in
particular the muscle, where it is currently the method
of choice for DNA-based vaccines. The low levels of
nuclease activity in muscle tissue compared to other
organs and the serum is probably one of the main
reasons for the relatively good success with intramus-
cular injection of naked DNA.®® The systemic admin-
istration of naked DNA, i.e. by iv. injection, is in
general much less efficient because serum nucleases
clear the various topoisoforms of plasmid DNA from
the plasma within minutes.®®”

Regional vascular administration to the liver can be
achieved by direct injection of naked DNA into
afferent liver vessels combined with occlusion of the
efferent vessels.®® A similar effect can be achieved
through the rapid injection of naked DNA in large
volumes, the so-called hydrodynamic transfection,
which allows efficient transfection of the liver by
naked DNA after i.v. administration.®>”° Using injec-
tion volumes equivalent to 8-12% of body mass
appears to temporarily reverse the direction of venous
flow between the heart/inferior vena cava and the
liver, effectively ‘backwashing’ the plasmid into the
organ.®® A positive correlation between intra-parench-
ymal pressure and the levels of gene expression after
direct injection into hepatic vessels exists, suggesting
pressure in the capillary bed may temporarily dilate
the fenestrae of the endothelial cells.®®”! The high
volume also causes effective exclusion of blood
components, i.e. nucleases, from the bolus or at least
a very significant dilution. The method poses the risk
though that the high pressure may impair the
sinusoidal sieving capability and damage the hepato-
cytes.”®”? Using a similar principle it is also possible to
transfect the hind limb muscles by direct injection into
the afferent blood vessels and occlusion of efferent
vessels.”> These results highlight the fact that it
imperative to protect DNA from degradation by
nucleases, in particular in the blood.

In order to protect DNA on systemic application it is
usually complexed through interaction with cationic
lipids, polymers or peptides. The resulting complex
not only protects the DNA from the attack of
nucleases, but also acts as a package that changes
the biological behavior of the complexed DNA: as long
as the association persists the physicochemical proper-
ties of the delivery system (co-)determine the biologi-
cal fate of the DNA. Consequently delivery systems can
potentially improve transfection efficiency and speci-
ficity on multiple levels through their interaction with
the various biological barriers.
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synthetic vectors.

Synthetic gene delivery systems

Synthetic gene delivery systems encapsulate or com-
plex the plasmid DNA to protect it and modulate its
interaction with the biological system. The vast
majority of these systems are based on the use of
cationic lipids or polymers (or combinations thereof),
which show a strong electrostatic interaction with the
anionic DNA. Due to this interaction the DNA is
condensed and becomes part of the carrier system.

Cationic lipids. Cationic lipids are amphiphiles that
self-assemble into macromolecular aggregates such as
vesicles (c¢f. Figure 3). Their interaction with each
other, with helper lipids and the DNA needs to be
regarded on a molecular as well as colloidal level to
appreciate the complexity of these systems. On the
molecular level the interaction of the cationic amphi-

philes with the DNA and with the various cellular
elements determines the intracellular fate of the
complex, but morphology and colloidal properties,
on the other hand, may be equally important, in
particular in vivo.

The membrane of cationic vesicles carries positive
charges, which are freely mobile within the respective
membrane layers. On contact with the negatively
charged DNA the attraction between the opposite
charges sets in motion a highly dynamic complexation
and aggregation process.”*

Initially DNA adsorbs to the oppositely charged
vesicle as helices with DNA strands running in parallel.
The DNA-covered vesicle can now in turn adsorb to
neighboring vesicle membranes, with subsequent
aggregation and flattening of unilamellar vesicles.”*
At higher lipid concentrations large multilamellar
complexes are formed, apparently by adsorption of a
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panel). Negatively charged plasmid DNA and positively charged lipid head groups interact. Plasmid initially adsorbs/binds to
the vesicle surface. This in turn allows adsorption of other cationic vesicles to the bound DNA. Increasingly tight binding of
adsorbing vesicles leads to flattening and eventually membrane rupture. The ruptured membrane forms an additional layer of
membranes deposited on the inner vesicle (as observed by electron microscopy, reprint with permission®®). The plasmid DNA
is tightly bound between those layers in a highly ordered lattice (reprint with permission;”® © 1997 American Association for

the Advancement of Science).

neighboring vesicle, followed by either its rupture and
subsequent ‘peeling over’ or by fusion of both
liposomes (cf. Figure 4).

The morphology of the specific aggregates is
determined by kinetic parameters (e.g. speed of mixing
and volumes) as well as stoichiometric constraints
(lipid:DNA ratio). The process is not easily controlled,
which may explain why nominally identical prepara-
tions may vyield different experimental results. Lipo-
plexes tend to contain more than one plasmid
molecule and the size of the complexes frequently
increases compared to the original size of the vesicles.
Lipoplexes can be formed over a relatively wide range
of ratios, ranging from aggregates, which contain
relatively more DNA, to those with a significant excess
of the cationic lipid. Around the point of charge
neutrality, i.e. an equal amount of phosphate ions and
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cations, complexes tend to aggregate very rapidly due
to the lack of electrostatic repulsion. Only complexes
formed at higher lipid:DNA ratios show reasonable
colloidal stability over extended periods of time, thus
making the positive charges of the complexes an
important issue for the interaction with cells in vitro
and also for the biodistribution of the complex in vivo.
Complexation of cationic lipid and DNA also leads to a
condensation of the DNA, whereby DNA strands and
multiple layers of vesicle membranes arrange them-
selves in a three-dimensional lattice (¢f. Figure 4); the
closeness of neighboring DNA strands depends on the
density of positive charges on the vesicle surface.”””"®

Initial reports on the use of cationic lipid to improve
transfection efficiencies in vitro sparked a new field of
research.””® Since then the research over the last
decade has focused to a great extent on the identifica-



tion of ‘better’ lipids. The work has been based on
empirical modification of cationic lipid structure and
subsequent in wvitro screening for reporter gene
expression. A plethora of compounds has been
screened and these systems have been reviewed by a
number of authors.®'"® In general it has been difficult
to identify clear structure-activity relationships that
would allow the rational design of the ‘ideal’ cationic
lipid. There is also evidence that the importance of a
particular parameter, e.g. lipid chain length and
asymmetry, may differ from cell type to cell type.86

As hopeful candidates were subjected to in vivo
experiments, however, it became clear that the
correlation between in vitro and in vivo transfection
was in general quite poor: lipoplexes that efficiently
mediate transgene expression of tumor cells in vitro
actually inhibited gene expression in a dose-dependent
way when given as direct intratumor injection.64 This
observation highlights one of the defining challenges
for the field: the discrepancies between in vivo and in
vitro experiments not only challenge our understand-
ing of the mechanism of non-viral transfection, but also
pose the question whether or not in vitro experi-
ments are valid and useful.

The disagreement of in vitro and in vivo data is not
something that is unique to lipoplexes, but also creates
problems with other synthetic delivery systems.
Initially this phenomenon cast some doubt on the
validity of in vitro transfection experiments in general,
but new insights into the interaction of DNA
complexes with biological systems has facilitated the
development of improved in vitro models, which take
some of these limitations into account. Specifically, it
has become clear that the biological interactions of
colloidally stable complexes, which in general carry an
excess of positive charge, are governed to large extent
by non-specific electrostatic forces. In (over-)simplified
in vitro experiments this does not pose a particular
problem, as the environment is largely devoid of
potential interaction partners—apart from the target
cells. In fact in this situation the electrostatic interac-
tion between complexes and cells surfaces is essential
for efficient uptake. The in vivo situation is quite
different as only a minute fraction of the potential
interactions are with the target cells. The systems’
promiscuity means that it is not the interaction with
those target cells but the sum of all the other non-
specific interactions, e.g. with components of the
vascular compartment, that is observed. The discre-
pancy between in vitro and in vivo results will hence
be greater for highly charged complexes but will be
less significant for complexes in which the non-
specific electrostatic interaction has been minimized
and replaced by specific interactions.

Nomn-viral vectors in cancer gene therapy

Polymers

Poly-r-ysine (PLL). PLL has arguably been the most
widely used poly-cationic polymer for gene delivery,
particularly for in vitro applications. As the limitations
of PLL emerged an array of modifications have been
introduced in order to overcome them, which have
frequently been adopted for other systems (cf. Figure 3).

PLL forms complexes with DNA at a broad range of
DNA-to-polymer ratios with the sizes of the resulting
particles ranging from 50 to 700 nm.?”®® The intensity
of binding between polymer and DNA determines the
degree of condensation and the efficiency of intracel-
lular release, and depends itself on the number of
available eamino groups. There is probably an
optimum for the strength of the coupling—strong
enough to give stability in biological fluids but still able
to dissociate within the cell. The binding requires
more than 8-20 units to yield sufficiently stable
transfection competent complexes,®*?° but also
has an upper limit for high molecular weight PLL.""
Likewise, PLL of increasing molecular weight tends to
improve DNA condensation but has also been found to
be more toxic.**? The toxicity of the PLL polyplexes
can be reduced by an order of magnitude without loss
of transfection efficiency through amphiphilic mod-
ification.”?

The colloidal stability of poly-amino acid-based
polyplexes in electrolyte solutions and biological
fluids is often problematic.®*** Furthermore, the
PLL polyplexes tend to be rapidly cleared from the
systemic circulation with a plasma halflife of 5 min.
A popular strategy to alleviate these problems is
based on the use of PEG chains to create a steric
barrier to minimize blood clearance and increase
plasma halflife.”>°"1°! Alternative strategies include
the reaction of pendant groups of a hydrophilic
HPMA polymer with PLL copolymer to create a
hydrophilic coating.'®*

The attachment of lipophilic elements has been
used in the past to modify properties of PLL.'*>1%%
This ‘lipopoylysine’ was based on a low molecular
weight PLL (MW 3000) to which an average of two PE
groups per molecule were conjugated. More recently
Kim et al. coupled stearyl fatty acid chains to PLL and
used this conjugate in conjunction with low-density
lipoprotein (LDL) to form complexes of 100 nm,
which were transfection competent.'®

We have recently combined lipophilic and hydro-
philic modifications of PLL through preparation of a
palmitoyl-PEG-PLL amphiphilic graft copolymer (cf.
Figure 3), which forms DNA complexing vesicles in
the presence of cholesterol.”® These complexes have a
neutral (-potential and are one to two orders of
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magnitude less cytotoxic than the parent polymers.
They improve gene transfer to human tumor cell lines
in comparison to the parent homopolymers despite
the absence of receptor-specific ligands and chloro-
quine. Chloroquine has been found to improve
transfection efficiency of unmodified PLL signifi-
cantlylo6 and has frequently been shown to actually
be mandatory for transfection.'®*'%71%8

In general, the PLL polyplex transfection efficiency
is greatly improved through the use of endosomolytic
peptides'® or ‘adenofection’ (inclusion of inactivated
adenovirus)."'®!"! The combination of both chloro-
quine and membrane active peptides has been found
to have a synergistic effect on endosomal lysis.''? A
novel strategy to improve endosomal escape of PLL is
based on the covalent modification of PLL with histidyl
residues, which then buffer the endosomal acidifica-
tion and thus produce the ‘proton sponge’ effect.''?

Another important strategy to improve PLL poly-
plexes is based on the use of targeting moieties to
improve uptake and specificity of delivery. Among the
earliest reports of targeting ligands coupled to PLL are
asialoorosomucoid/asialoglycoprotein receptors to tar-
get the liver,” 14115 4nd the transferrin and its receptor,
which is very active in rapidly growing cells.!'® These
ligands have since been the most frequently used
moieties but other modifications of PLL have included
the coupling of targeting residues such as monoclonal
antibodies,'® various sugars,''7!"'® peptides''® and
epidermal growth factor (EGF) to the polymer
chain to improve (specific) uptake of the complexes
(see Zauner et al.'** for a recent review). Interestingly
the combination of both strategies, the PEG chains and
the targeting moiety, may be necessary to maximize
the beneficial effects, as the steric cushion of long
hydrophilic chains often reduces non-specific binding
to cells'®”'?* which then needs to be replaced by an
alternative uptake mechanism.'%

The application of PLL-based gene delivery systems
has been limited to in wvitro use, by and large.
Recently, however, reporter gene expression in the
liver was reported after i.v. administration of galacto-
sylated PLL polyplexes with slightly negative (-
potential that were targeting hepatocytes via
the asialoglycoprotein receptor.124’125 A galactosyl-D-
lysine/D-serin  copolymer carrying a C-terminal
PEG5000 apparently also targets the liver in vivo
achieving expression levels of more then 10° RLU/mg
with other organs expressing more than 3 orders of
magnitude less transgene.'%®

120,121

Polyetbylenimine (PED). PEI polymers have recently
emerged as a new and promising polymer for non-viral
gene delivery.'”” Most PEIs are highly branched
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molecules where every third nitrogen is protonable,
hence making this molecule an efficient ‘proton
sponge’ with excellent buffering capacity. The buffer-
ing capacity actually increases from 20 to 45% with a
drop in pH from 7 to 5 (as it would occur during
processing in the endosome).'*® PEI thus appears to
act as an endosomolytic reagent in its own right. It has
been proposed that PEI, due to its high buffering
capacity, is buffering H* influx into the endosome.
Hence this ‘proton sponge’ effect would then reduce
acidification and DNA degradation, and ultimately
cause osmotic lysis of the endosome.'?’

Packaging of additional low molecular weight PEI
into polyplexes formed from high molecular weight
PEI exploits the principle successfully as the improved
transfection efficiency is apparently not due to
increased (charge-mediated) uptake of the complexes,
but their improved buffering capacity and subsequent
endosomal escape.'*’

As with other synthetic vectors, toxicity of the
polymer/complex is an important issue in vitro and in
vivo as the therapeutic index is in general quite low.
This is obviously related to the absolute amount of
polymer the cells are exposed to. In a recent report,
between 25 and 50% of cells treated lost their viability
at DNA:PEI ratios of 1:1 (w/w) and 100% of the cells
died at a ratio of 10:1 (w/w), respectively.BO

Toxicity has also been observed in vivo after PEI
doses greater than 40-100 ug per mouse'>'™'3% at N/P
ratios (polymer amines to DNA phosphor) of 6:1 and
greater. The acute nature of the reported symptoms
suggested lung infarction as the cause of death, but the
activation of complement by positively charged
polyplexes may also have been involved.'** The
central role of colloidal stability of the complexes in
the blood is also being highlighted by the fact that
polyplexes formed in higher ionic strength buffer
were dramatically more toxic (own observations and
132y

PEI has been conjugated to a number of different
groups in order to improve polyplex uptake and
targeting. Cell-specific targeting has been shown with
carbohydrate moieties,">> 37 integrin-binding pep-
tides,"*® transferrin and antibodies."*>'?® The specific
uptake as a result of receptor-mediated endocytosis is,
however, sensitive to interference from non-specific
interactions. For this reason lower ratios of polymer to
DNA, i.e. polyplexes with less excess positive charge,
are used with advantage for targeting. Another
potential source for interference stems from the
presence of other ligands, as can be seen through
the loss of specificity reported when higher amounts
of inactivated adenovirus are added to improve
endosomal escape.'*®



Locoregional administration of PEl-based carriers
to the brain,'?7140-142 kidney143 and lung'** demon-
strated early on that PEI also has potential for gene
delivery in vivo. For the local application in vivo
complexes close to charge neutrality were most
efficient, whereas highly positive complexes had a
tendency to be toxic. ¥4 This is in contrast to most
reports on systemic administration #z2 vivo where a
significant excess of PEI appears to be more efficient.

Most of the PEI formulations studied were prepared
using branched PEI of varying molecular weight (0.6-
800 kDa), but a linear PEI of 22 kDa has also been
examined. While higher molecular weight polyplexes
were found to be more efficient in vitro'*'*> the
smaller linear 22 kDa PEI complexes were more
efficient than either the branched 25 kDa PEI'#!-146
or the higher molecular weight PEI (50-
750 kDa)'¥*'%* on systemic administration in vivo.

As with other synthetic vectors, the systemic
administration of the complexes in vivo remains a
challenge: the biodistribution of reporter gene activity
after tail vein injection closely resembles that of
cationic lipoplexes and is dominated by the lung.
The highest expression levels in the lung have been
reported for the linear PEI (22 kDa) and levels in
other organs are routinely 2 orders of magnitude
10WCI'.131’155’146_148

A combination of covalent and non-covalent mod-
ification of PEI complexes with non-ionic polyoxy-
ethylene ethers showed some success in reducing the
preference of transfection in the lung resulting in a
rank order of expression of liver > spleen > lung.'* On
the other hand, transfection with PEI complexes can
actually be targeted to the lung to some extent
through the conjugation to antiPECAM antibody.'??
The targeted polyplex showed a 20-fold higher
expression than an untargeted PEI polyplex.

Peptide-based gene delivery systems

Peptides are the third group of compounds which
have been explored as synthetic gene delivery
systems.’>® These carriers take advantage of the
versatility of amino acids to create peptides which
carry one or more domains associated with specific
functions, i.e. DNA binding/condensation, targeting/
uptake, endosomal escape and possibly nuclear
targeting. The blueprint for the different functions is
frequently based on proven elements of other systems
or adapted from viral vectors.

The binding/condensation is, as in most other
synthetic systems, based on the electrostatic interac-
tion between the anionic plasmid and cationic amino
acid residues, frequently lysine. Thirteen lysine resi-
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dues were reported to be required for the efficient
complexation and condensation of plasmid DNA,
yielding particles which were smaller and more
transfection competent than those made from pep-
tides with only eight lysine repeats or low molecular
weight polylysine.”* Similar numbers of residues have
been reported from other peptide-based systems (12
amino acid peptide,'>! 16 lysine residues,'>* 12 amino-
ethyl side chains'>®). For lysine itself it has been
suggested that a slightly higher number of residues
(more than 8-20) is required for optimum activ-
ity,¥”%% but it is not clear whether the difference is
significant. As for the other complexing systems, an
excess of positive charges will stabilize the peptide-
based particulate carriers, and is thus likely to
contribute as a non-specific element to cell binding
and uptake. Targeting elements, such as integrin
targeting RGD peptides, have been included into such
systems to improve specificity and increase cellular
uptake.”*1>* Although some peptide-based complexes
show remarkable stability to serum when incubated 7
vitro,153’155’156 not much is yet known about their
behavior in vivo.

Systemic and cellular barriers to
gene delivery

The barriers to synthetic gene delivery systems exist
on a systemic as well as on a cellular level. While on
the cellular level the challenges lie in the efficient
transport of the plasmid DNA to the nucleus, the
systemic barriers hamper the specific transport of the
DNA carrier to the tumor, in particular after systemic
administration.

Systemic barriers and biological behavior

Systemic administration. Most therapeutic strate-
gies for cancer gene therapy require efficient and
specific delivery of the therapeutic cDNA to the
primary tumor, but also tumors/metastases at remote
sites. This represents a considerable challenge, as
there are a number of biological barriers which
seriously hamper the iz vivo application of synthetic
delivery systems, in particular after i.v. administration.

The blood compartment. Injection of naked DNA
into the systemic circulation leads to its rapid
clearance from the blood and degradation through
serum nucleases.**®” Cationic lipid- and polymer-
based formulations complex DNA through charge-
charge interactions and thus protect it efficiently from
degradation. To yield colloidally stable complexes the
complexing agent (polymer or lipid) is usually used in
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Figure 5. Systemic barriers encountered after i.v. administration of DNA complexes. In vitro complexes with an excess of
positive charges repulse one another and are thus colloidally stable. After i.v. administration such complexes interact intensely
with elements of the vascular compartment. This can lead to non-specific binding of various biological macromolecules and
proteins (e.g. opsonins), but also cellular elements such as erythrocytes or platelets. A combination of negatively and positively
charged elements can bind alternately (‘by proxy’) and thus modify the complex further. The binding events in combination with
the exchange of cationic elements can potential cause complex destabilization, dissociation and, ultimately, degradation.

excess and the resulting complex carries excess
positive charge. This charge facilitates complex
endocytosis in vitro,'> but also forms the basis for
extensive non-specific interaction with cells, proteins
or other molecules in vivo. As a result of such
interactions complexes are subject to modifications,
which can render them instable and frequently reduce
their transfection capacity (c¢f. Figure 5).

Serum proteins tend to interact intensely with
particulate drug carriers in general. In the case of the
charged DNA complexes it is mainly the negatively
charged proteins which adsorb to the DC-chol
lipoplexes."”® In some cases this adsorption can
eventually reverses the surface charge.'® The adsorp-
tion can be minimized through the removal or
neutralization of these plasma proteins,'”® or, in the
case of DOTAP lipoplexes, through the inclusion of
cholesterol,'® which has been shown to reduce
plasma protein binding161 and increase circulation
halflife of vesicles.'®?

Among the proteins that interact strongly with DNA
complexes are albumin, lipoproteins (HDL and LDL)
and macroglobulin.'®® Albumin has been shown to
release DNA from PLL polyplexes® (but not lipo-
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plexesl64) but also modulates complex binding and

adsorption,165 and nuclear uptake.m4 An indication of
complexity of potential complex-plasma interaction
comes from the observation of a transfection-enhan-
cing effect, which compensates for the loss of uptake
through increased intracellular efﬁciency.166 A positive
effect of serum on transfection efficiency was also
observed with complexes formed from a novel
cationic lipid DC-6-14, which were most efficient in
the presence of serum.'”” The nature of these
enhancing effects remains unclear.

Cellular elements such as erythrocytes and platelets
also interact with DNA complexes. PEI polyplexes give
rise to an extensive erythrocyte aggregation in vitro
and, when formed in high ionic strength medium, can
be highly toxic upon injection, presumably because of
lung embolism after complex aggregation.'>? Platelets
form part of the aggregates recovered shortly after i.v.
injection of various lipoplexes, and the injection also
causes a biphasic reduction of platelets (30% after
24 h) and leukocytes (73% after 24 h).'®®

In vitro studies can give some insight into the
interaction of charged complexes with blood compo-
nents; however, the in vivo situation is far more



complex. In addition to the blood components, the
vasculature has the potential to influence the proces-
sing and biodistribution of the complex. In addition to
a direct interaction with the endothelial cells, physical
parameters such as complex size also determine the
interaction with the vasculature.

Gene delivery systems used for systemic applica-
tions have a size distribution similar to other colloidal
carrier systems (0.05-1.0 um). Such particulate drug
carriers leave the vascular bed only in specialized
organs with increased fenestration of the vascular
endothelium, e.g. the liver, or in tumors where the
endothelial lining is highly irregular.]@’170 Conse-
quently access of DNA complexes to the parenchyma
of most organs is limited and endothelial cells take up
most of the complex material.'®*1717173 These barriers
are not necessarily absolute as other studies were able
to demonstrate gene expression not only in the
endothelium but also in the parenchyma of many
organs.'”*

In the tumor extravasation is potentially facilitated
by the irregularities and mosaic nature of the
endothelium.'”® Particulate drug carriers can extra-
vasate the ‘leaky’ tumor vasculature and accumulate in
perivascular clusters within the tumor. This so-called
‘enhanced penetration and retention’ (EPR) effect'’>
has in fact been employed successfully to target
vesicles and polymers to tumors'7*17® and may also
allow some limited tumor targeting with suitable
synthetic DNA vector systems. The endothelial size
exclusion barrier can potentially be lowered using
special administration modes®”? or pharmacological
intervention, such as low-dose vascular endothelial
growth factor treatment which increased average and
maximum size (from 400 to 800 nm) of endothellial
pores in human colon carcinoma xenografts.'”® In
addition to this mechanism, positively charged lipo-
plexes or cationic vesicles seem to accumulate in
regions with a high angiogenic activity such as the
tumor neovasculature probably because of their
charge.'® It is currently unclear whether a similar
mechanism exists for polymer-based complexes.

Biodistribution. While iv. administered naked
plasmid DNA tends to be found mainly in the lung,
liver and blood,"”? complexation of the DNA to
cationic lipids tends to increase accumulation in lung
and liver.°>'7? In most in vivo studies with lipo- and
polyplexes the lung has been shown to be the
predominant organ of accumulation over the first
few hours,'®'™'® with a possible later redistribution
phase, e.g. of the lipids to the liver.'* Unsurprisingly
the large extent of non-specific interaction of com-
plexes with the vascular compartment also determines
their biodistribution: within a few minutes after the i.v.

Nomn-viral vectors in cancer gene therapy

injection the charged particles coat the luminal surface
of the small blood vessels of most organs (with the
highest levels found in the lung, lymph nodes, Peyer’s
patches, ovary and the adrenal medulla). In the liver it
is mainly the phagocytotic Kupfer cells, and not the
hepatocytes, which take up the complexes. However,
with the exception of the spleen the lipoplexes are
retained by the vasculature. %180

The transgene expression coincides by and large
with the plasmid biodistribution, predominantly in the
lung. A direct comparison of in vivo efficiency of the
different non-viral systems is difficult because of
numerous differences in experimental design. How-
ever, taking the highest expression levels for luciferase
reporter systems driven by a cytomegalovirus (CMV)
promoter, expression levels are quite similar for
lipoplexes and polyplexes with peak expression of
about 107 RLU/mg protein (+1 order of magni-
tude), 13L1AOL47182183 e fcr that in  the lung
expression levels are often found to be at least 2
orders of magnitude higher than in other transfected
organs with a similar DNA uptake (such as lymph
nodes and ovaries)'®® suggests that this organ may
have a natural susceptibility for transfection/transgene
expression.

Cationic vesicles that accumulate in the lung in the
absence of DNA also promote (dose-dependent)
plasmid uptake and retention in the lung within the
first hour(s) after mjection.168’182’183’185"86 This could
be due to combination of different mechanisms (cf.
Figure 5).

The coating of complexes with plasma proteins
could lead to shielding of the surface charges, thus
abolishing the electrostatic inter-complex repulsion. In
addition, adsorbed cellular material could act as glue
linking neighboring complexes. These effects would
facilitate the formation of aggregates, which in turn
could accumulate in the lung through a size exclusion/
sieve effect. Alternatively it has been suggested that
(partially) unshielded complexes could adsorb to the
endothelial cells of the first major capillary bed that
they encounter, i.e. the lung, through non-specific
electrostatic interaction. It is also conceivable that the
complexes ‘piggy back’ into cells retargeted by a more
specific mechanism of receptor-mediated uptake
conferred by some of the adsorbed proteins.

There is, however, some evidence which suggests
that a different mechanism is involved in the binding
and uptake of lipoplexes and polyplexes. When two
doses of a DOTMA-based luciferase lipoplex were
administered within 15 min the expression increased
by 1-2 orders of magnitude compared with the
expression of a single dose."* A mock plasmid in
the first lipoplex was equally efficient, suggesting that
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the cationic lipid component of the complex may have
acted as a scavenger for serum proteins, in a similar
fashion as has been shown for liposomf:s,162 or that
the additional cationic lipid may have improved
endothelial binding and uptake of the second dose.
The sequential injection of a mock polyplex, and a
luciferase polyplex on the other hand, did not increase
levels of luciferase expression with the second dose.
Only when two doses of the luciferase polyplex were
given within 15 min did the transgene expression
increased by 1 order of magnitude.' %

The observations could potentially be explained by
an initial non-specific electrostatic interaction that
promotes adsorption of cationic complexes to the cell
and a subsequent step in which interaction with the
cell membrane and/or various receptors leads to
endocytosis of the complex. The non-specific compo-
nent would be common to all positively charged
complexes, while the actual uptake may be mediated
by a different mechanism.

There are indications that polymers may be able to
utilize an active mechanism for transport across the
endothelium. Linear PEI complexes that reach the
lung seem to be able to cross the lung endothelial
cell efficiently within a short period of time.'*® This
results in transgene expression in the lung paren-
chyma within 2 h after injection, while expression in
endothelial cells was rarely observed. The authors
suggest that a non-destructive process such as
transcytosis might be responsible for the rapid
transport across the endothelium. The lack of
apoptosis or inflammation is taken as evidence that
the extravasation is not caused by a hydrodynamic
effect related to the relatively large injection
volume.®*”° The luciferase expression reached peak
levels of nearly 10" RLU/mg of protein after 24 h but
drops quite rapidly at 48 h. The observed transport
mechanism may well be related to the tendency of
lung alveolar cells and endothelial cells to actively
accumulate natural polyamines.'®” "' More research
is needed to be able to judge the potential
applicability of this phenomenon to turn the lung
‘tropism’ of cationic carriers to an advantage for the
delivery of genetic material to the lung parenchyma.
The observations are also in contrast to reports of
transgene expression in the lung after the use of
lipoplexes, which reportedly tend to transfect mainly
the endothelial cells.'®®

Understanding the mechanism of accumulation in
the lung is important in order to either exploit this
accumulation so that a systemic delivery of genetic
material to the lung can be optimized or, alternatively,
to minimize these effects if gene delivery to remote
sites is required.
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Strategies for the minimization of non-specific
interactions have been based on the experiences
gained with other particulate drug delivery systems.
One promising approach has been based on the
creation of a steric barrier through incorporation of
hydrophilic polymers into a particulate drug carrier,
which minimizes protein adsorption.'”" In the case of
charged carriers this coating of the carrier surface also
masks electrostatic charges of polyplexes,”®'® lipo-
plexes'?® and hybrid systems.”> The coating of
complexes with this and similar hydrophilic polymers
has also been shown to reduce non-specific interaction
of PEI polyplexes in vivo, thus reducing accumulation
in the lung149 and increasing transgene expression in
the tumor in a mouse xenograft model.'>*

The reduction of non-specific electrostatic interac-
tions between DNA complexes and components of the
vascular compartment is a prerequisite for targeted
delivery of the genetic material to remote sites.
Reduction of non-specific interactions also decreases
overall complex uptake. Therefore, it is necessary to
replace the non-specific uptake with a more specific
mechanism. Both lipoplexes and polyplexes have
frequently been modified by the addition of receptor-
specific ligands to improve complex uptake. Only a
minority of these targeted complexes have, however,
been administered systemically. One reason for this
discrepancy may be the fact that many of these
targeted complexes still possess a considerable poten-
tial for non-specific interaction. When cells that
express the targeted receptor are being transfected
in vitro non-specific interactions frequently improve
efficiency, but invariably also reduce targeting speci-
ficity."*® On administration #n vivo the complexes are
exposed to an environment of dramatically increased
interaction potential and the non-specific interactions
prevail.

Transferrin (Tf) is one of the most frequently used
targeting ligands in vitro. The Tf receptor is expressed
in high numbers in rapidly growing cells and
potentially interesting for tumor targeting. Tf-modified
PEI polyplex (Tf-PED) when stabilized through PEG
chains showed significantly reduced uptake in the
lung and was able to transfect a s.c. xenograft after i.v.
injection in mice,'**'?? but there is also evidence for
an increased non-specific, non-receptor-mediated en-
docytotic uptake of Tf complexes.'*>194

Glycosylation (galactose, mannose) of carrier sys-
tems to target hepatocytes has mainly been used in
conjunction with polylysine-based syst(=,ms.”7’125’126
This strategy may also benefit from the default re-
distribution of complexes towards the liver, which has
previously been observed. The use of a galactosyl-D-
lysine/D-serine copolymer with C-terminal PEG5000



targets the liver in vivo with expression of more then
10° RLU/mg of protein. Expression levels in other
organs, including the lung, were more than 3 orders of
magnitude lower.'?® The targeting of specially for-
mulated DOTAP:Chol complexes to hepatic asialogly-
coprotein receptor also increased liver expression 7-
fold; the expression in the lung was nevertheless by far
the highest.'*”

In general, a higher dose of transfection agent will
give rise to higher levels of transfection, but the
considerable toxicity of cationic lipids and polymers
limits the total amount can be administered safely.
Frequently the onset of toxic symptoms is quite rapid,
suggesting the observed toxicity may be related to the
physicochemistry of the complexes, i.e. their lack of
colloidal stability upon i.v. injection, which may result
in aggregation and subsequent blockage of small
capillaries, most likely in the lung.'*"'3* There is,
however, also some evidence that links toxicity to the
total amount of either cationic lipid (1-2 mg/
mouse)>P172IB25  or polymer  (40-100 ug/
mouse)."?"'3? Other signs of toxicity have been linked
to inflammation induced by the unmethylated CpG
islands. 0%

Locoregional administration. One way to circum-
vent the problems of systemic administration is by
direct injection either via the afferent vasculature or by
direct injection into the parenchyma of the affected
organs or the tumor itself. This strategy is particularly
promising if a strong systemic bystander effect, such as
an immune response, is induced, which may then act
at remote sites, €.g. micro-metastases.

Locoregional administration can be divided into
vascular administration, the direct injection into the
parenchyma and injection into fluid filled cavities
within the organ. The delivery of plasmid DNA to
the lung, i.e. by inhalation or instillation, represents
a special case of local delivery to a body cavity,
which we will not cover in detail (for recent
reviews, see Eastman and Scheule'®® and Marshall et
al.”’).

Regional vascular administration, i.e. via afferent
blood vessels, reduces non-specific uptake in other
organs, i.e. the lung, and minimizes exposure to other
components of the vascular compartment. A recent
example of this administration modality is the intra-
coronary infusion of lipoplexes based on viral
envelope liposomes in a rat model, which led to
expression of f-galactosidase in 50% of the heart
myofibers.'”® Complex extravasation and access to the
parenchyma remain potential problems, depending on
the fenestration of the endothelium. In the case of
tumors, the irregular and leaky vasculature may lead to
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an accumulation of the carrier due to enhanced
penetration and retention.'”>

Injection into cavities within an organ, e.g. the brain
ventricles, completely avoids potential destabilization
of the DNA complex by the blood. Depending on the
specific cavity, however, the respective biological fluid
(e.g. cerebrospinal fluid) may nevertheless contain
destabilizing components. In addition the complexes
also need to be able to get across the epithelial lining
of those cavities to gain access to the parenchyma
itself. Examples are the intraventricular administration
of lipoplexes'®® and PEI polyplexes142 to the brain or
the intra-renal-pelvic injection of a lipoplex formula-
tion. In all cases the authors report some expression in
the parenchyma. A potentially important application
of this route of administration is the i.p. injection, e.g.
for the treatment of ovarian cancers. Recent examples
in animal models demonstrated regression of i.p.
tumors and induction of an extensive immune
response after i.p. administration of a lipoplex that
expresses mycobacterial heat shock protein
(hsp65).%%° In a similar experiment the i.p. injection
of lipoplex with a tumor necrosis factor-a-expressing
plasmid improved median survival of the treated group
in an animal model of disseminated i.p. cancer.””' In a
recent report different lipid formulations were com-
pared after i.p. administration in a peritoneal tumor
model.'®” The efficiencies of transfection of tumor
cells were reported as 1% for a novel cationic lipid DC-
6-141 and 0.23-0.62% for the commercially available
lipoplexes.

For direct injection into the tumor the specific
injection modalities can be quite important: hydro-
dynamic factors, i.e. total injection volume, number of
injection sites, speed of injection147 and complex
size'! need to be taken into consideration as they will
influence distribution and efficiency of transfection.
When naked DNA and PEI polyplexes were injected
directly into tumor xenografts at ‘normal’ speed the
luciferase expression from polyplexes was almost 10-
fold lower than that measured from naked DNA.'%’
When a slow injection regimen (5 min) was em-
ployed, however, the situation was reversed and linear
PEI polyplexes gave the highest expression. The
efficiency of complexes administered by direct injec-
tion can be improved further by using targeting, e.g.
Tf-targeted PEI polyplex gave rise to expression levels
10-100 times higher than from naked DNA after direct
injection into s.c. growing xenografts.'®? Thus injec-
tion of a formulation consisting of small particles given
in a high volume, administered on multiple injection
sites with a slow rate of injection would probably be
the best regimen for direct intratumor administration
of DNA complexes.

Anti-Cancer Drugs - Vol 12 - 2001 289



AG Schatzlein

The problem of spread within the tumor is
potentially less critical when the therapeutic strategy
is based on immune modulation: direct injection of
DNA in a lipoplex was reported to be significantly
more efficient than naked DNA in induction of
interferon-u2 expression in a model of human basal
cell carcinoma (BCC) in immune-deficient mice.2%?
Likewise, a high percentage of tumor rejection was
observed on the direct intratumor injection of IL-12
coding plasmid complexed to a non-condensing
polymer [polyvinyl pyrrolidon (PVP)] in a mouse
xenograft model.?”® In a direct comparison of
intratumor injection of reporter plasmids formulated
with a proprietary polymer, a lipoplex and a
recombinant adenoviral vector in a intracranial glioma
xenograft model the polyplex formulation was con-
sidered to be superior to the lipoplex and of equal
efficiency as the viral vector.’** The direct tumor
injection of an HLA/H-2K-based immunotherapeutic
lipoplex has also been successfully tested in phase I/1I
clinical trials, where many of the patients showed at
least a local response in a cutaneous nodule.>®

The three routes for local administration have been
compared directly for administration of a lipoplex
formulation, which was injected into mice intra-renal-
pelvic, intra-renal-arterial and intra-renal-parenchy-
mal.**® Interestingly the intra-renal-parenchymal ad-
ministration, theoretically the simplest route, was
found to be less efficient than both other routes.

It is difficult to generalize such results or to predict
the suitability of a formulation even for local admin-
istration from #n vitro experiments, especially as the
formulation of DNA as a complex does not in all cases
improve the efficiency of transgene expression.64

One of the expectations in the use of direct
injection is that the therapeutic genes would show
their effect in the immediate vicinity. This may in many
cases be a serious limitation but can also be seen to
increase safety and specificity of delivery. However,
after direct intramuscular injection of 2 um micro-
spheres into mice significant expression was reported
in the contralateral limb and several internal organs.”*®
These carriers gave rise to prolonged expression in the
injected muscle (more than 21 days) and also
distributed expression throughout the body, e.g. in
the brain and fetal tissues.?°® Thus it would appear that
local injection does not necessarily guarantee specific
expression in the target cells only, a fact that could
have potentially important safety implications.

Cellular barriers and intracellular trafficking

While the specific delivery of DNA complex to the
tumor has proven to be a challenge it has also become
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obvious that it will be necessary to optimize the
transfection process on a cellular level. Intracellular
trafficking of the DNA complex can be organized into
a series of steps that involve the initial binding,
internalization through endosomal uptake, trafficking
in the endosome/lysosome compartment, escape from
the endosome/lysosome compartment and transport
to the nucleus (¢f. Figure 6). It is important to
understand the specific interaction of a synthetic gene
delivery system with these potential barriers in order
to optimize its intracellular processing.

There is some evidence that suggests that the
delivery of plasmid DNA across the cell membrane is
not a major limitation for the overall transfection
efficiency of non-viral gene delivery systems.’?’ 2%
Routinely plasmid DNA is taken up in relatively large
quantities by cells in in vitro experiments. However,
only when cells take up more than 10° plasmids
molecules does their transgene expression approach
100%.2°° This is probably equivalent to 10-100
plasmid molecules having reached the nucleus,***'°
suggesting that there is significant potential for
optimization.

One limitation for the binding and uptake of plasmid
DNA lies in the targeting of specific cells or receptors.
For the majority of complexes studied to date the
nature of the initial binding to the cell is thought to be
ionic, based on the excess positive charge of
complexes and the negative charge of the cell surface,
i.e. the membrane-associated proteoglycans.'>”2%%2!1
In fact a positive correlation has been shown to exist
between the (-potential of complexes and their
cellular uptake.*'? The non-specific electrostatic inter-
actions of charged complexes tend to override
specific interaction, i.e. ligand-receptor binding, and
thus interfere with specific delivery not only in vivo
but also in vitro."** Once the complexes have been
taken up by the cell the intracellular processing of
DNA appears to follow a common route irrespective of
the mode of uptake, as for CaPOj precipitation,
lipofection or electroporation, the trafficking through
the endosomal and lysosomal compartment seems to
be mandatory.>®’

Endosome. The process of endosomal escape is one
of the main intracellular barriers encountered in non-
viral gene delivery. The escape of the plasmid DNA
from the endosome into the cytoplasm before
lysosomal degradation occurs is a prerequisite for the
subsequent transport to the nucleus. Here some
intriguing differences between polyplexes and lipo-
plexes become apparent: not only are different
mechanisms involved in the endosomal escape, but
also the subsequent processing shows differences.
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during mitosis.

Cytosolic or nuclear microinjection of plasmid DNA
still complexed to the cationic lipids prevents
transgene f:xpression213 and it seems to be essential
that the DNA is released from a lipoplex before it
reaches the cytosol.

This step has significant potential for improvement
of the overall transfection efficiency but the under-
lying mechanism is poorly understood. Anionic lipo-
somes with a composition similar to that of endosomal
membranes can—in contrast to most soluble ijonic
molecules found in the cell—mediate complex dis-
sociation.”'* A similar mechanism has been proposed
to destabilize the endosomal membrane and thus
induces flip-flop of anionic lipids from the cytoplas-
matic side of the endosomal membrane with subse-
quent release of the DNA.?"* The situation is different
for polyplexes where the release from the complex
does not seem to be a precondition for gene
exprf:ssion.213

In any case it is likely that there is only a limited
window of opportunity for DNA or complexed DNA
to escape from the endosome and maintain its
activity: in the lysosomal environment degradation
would probably occur quite rapidly. While some of
the DNA-complexing agents have a builtin escape
mechanism it remains unclear for most how the
escape occurs in detail. The escape mechanisms
probably all ultimately lead to the disruption of the
endosomal membrane in one form or another. In the
case of DOPE-containing lipoplexes the de-complexa-
tion process and the ability to escape from the
endosome can both be linked to the fusogenic
properties of the DOPE helper lipid.”*'%*?1> It is
less clear how the destabilization of the endosomal
membrane is induced in the case of other
lipoplexes, but their transfection efficiency fre-
quently correlates with their ability to escape the
endosome.*'®
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In contrast polyplexes formed from PEIl-based
polymers have a built-in mechanism for the induction
of endosomal escape based on the broad buffering
capacity of the polymer, the so-called ‘proton sponge’
effect, which induces osmotic lysis of the endo-
some.'?®?!'7 The effect can also be potentially in
operation with other polymers with inherent buffering
capacity*'® or harnessed through partial substitution of
a polymer such as PLL with buffering groups, e.g.
histidyl groups, to thus confer the buffering capacity at
low pH.'"?

Virus-enbanced transfection. Viruses possess the
ultimate machinery to overcome the cellular barriers,
and, consequently, various groups have tried to exploit
these properties using non-viral systems in order to
optimize intracellular trafficking and in particular
endosomal escape.

In one approach the whole virus, either replication
deficient or inactivated, with all its proteins is
combined with the non-viral delivery system. Varia-
tions of such systems, mainly based on adenovirus
(‘adenofection”), have been tested over the years with
polyplex and lipoplex systems. In general such
combinations have been found to be able to improve
transfection efficiencies by 1-2 orders of magni-
tude.' %1222 Although the improvements have fre-
quently been linked to the increased endosomal
escape additional effects related to other viral proteins
may contribute to the improved gene expression
further downstream of this event.”*' Use of the whole
virus, be it as a replication-deficient recombinant virus
or in an inactivated form, also means that the safety
concerns and issues of immunogenicity need to be
addressed in almost the same way as with viral delivery
systems. A strategy that attempts to avoid this problem
is based on the use of only the essential viral
components, which are required to trigger efficient
endosomal escape. A mixture of such proteins can be
incorporated into a vesicle-based carrier system to mix
properties of virus with non-viral carriers.’*>?* A
further reduction of viral elements is achieved through
the use of the pH-sensitive virus-derived endosomo-
Iytic peptides alone ***

Well-characterized are the influenza virus-derived
peptides based on the N-terminus of the hemaggluti-
nin subunit 2 (HA2). Hemagglutinin undergoes a pH-
dependent conformational change into a membrane-
active helical peptide, which mediates a membrane
fusion reaction and has also been used as part of non-
viral carriers.”**?%> Through sequence optimization
the induction of conformational changes and subse-
quent membrane lysis can be made pH sensitive.?%°
The effects of such peptides (e.g. the H. influenza/
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INF7) are, however, not necessarily limited to
endosomolytic activities, as some have also been
shown to increase gene expression when bound to a
polyplex and injected into the cytoplasm or nu-
cleus."'? This observation of multiple functions
combined in a relatively small peptide also demon-
strates just how well optimized viruses are for
‘transfection’.

Other substances with endosomolytic activity such
as chloroquine have frequently been used to enhance
gene expression in combination with less potent
transfection agents. PLL-based polyplexes normally
depend to some extent on such agents for efficient
transfection. The chloroquine-mediated enhancement
of polyplex transfection is significantly less efficient
than the endosomolytic peptides, typically less than
10-fold. Interestingly the endosomolytic peptides and
chloroquine have synergistic effects for the PLL
polyplex-mediated transfection, but actually inhibit
transfection with DOTAP lipoplexes.''? The reasons
for this difference are currently unclear, but serve to
demonstrate that distinct mechanisms maybe involved
in the intracellular trafficking of the various types of
gene delivery systems.

Cytoplasm. The endosome has long been seen as the
critical compartment in terms of plasmid stability, with
the cytoplasmatic environment representing a more or
less passive transition compartment en route to the
nucleus. However, recent reports have challenged this
view: depending on the time required for the transport
to the nucleus the plasmid stability in the cytoplasm
could in fact be a crucial factor in determining
transfection efficiencies, as it may limit the amount
of plasmid DNA that can actually be transported into
the nucleus. This becomes even more significant if the
plasmids’ access to the nucleus is linked to mitosis, i.e.
if there is a delay between the endosomal escape and
the entry to the nucleus during the next cell division.

Naked plasmid DNA, single and double stranded,
when microinjected directly into the cytosol has an
apparent halflife of 50-90 min, probably due to
nuclease-mediated degradation.””” In contrast the
plasmid DNA was found to be mostly intact 48 h after
transfection with a lipoplex.>® Lipoplexes tend to be
more stable than polyplexes and offer excellent
protection for nucleases, be it extracellular, endosomal
or cytoplasmatic. The wuse of specific nuclease
inhibitors that inhibit degradation of plasmid DNA in
the endosomes/lysosomes, for example, can improve
transfection efficiency of PLL polyplexes significantly
more than that of lipoplexes.??”-*%®

Although plasmid DNA seems to be protected quite
effectively from nucleases, this will probably not be



useful in improving cytoplasmatic stability of plasmid
DNA, as transgene expression from lipoplexes in-
volves an obligatory de-complexation step: while the
lipoplex appears still intact in intracellular structures,
the cationic lipids were not observed together with
DNA in nucleus® and, furthermore, lipoplexes when
injected directly into the cytoplasm or the nucleus do
not give rise to gene expression.zo&213

The situation is quite different for polyplexes (PLL
or PEI based), which apparently allow transgene
expression after microinjection into the nucleus®'?
and enhance gene expression when injected into the
cytoplasm.''>'13?2° Here the dissociation of polymer
and DNA does not necessarily occur in the endosome,
and PLL polyplex has been found intact in the
cytoplasm.>*°

The improvement of gene expression after cytoplas-
matic injection of polyplexes has been reported to be
better for higher molecular weight PLL''? and PEI was
found to be superior to PLL in this respect.?’® It has
been proposed that the complexation of the DNA to
the polymer may offer protection from cytosolic
nucleases, thus increasing the amount of intact DNA
that can reach the nucleus. A less likely explanation is
that the polymers may act as a nuclear homing

sequence.”!

Nucleus. To be efficiently expressed the exogenous
DNA has to gain access to the nuclear transcription
machinery. The efficiency of intracellular trafficking
into the nucleus is apparently quite low with probably
only one in 10*-10 plasmids that have been taken up
by the cell eventually being expressed.?2%*1°

A threshold value of 10° plasmid molecules/cell
has been reported for efficient expression of a
transgene after transfection with a lipoplex in
vitro*®® A subpopulation of 30% of these cells,
which showed relatively rapid intracellular trans-
port of the vector, was found to express the
transgene with an efficiency of almost 100%.%%
However, the maximal plasmid dose is limited: the
direct injection of plasmid into muscle fibers
showed a plateau for the transfection efficiency
(30%), which did not increase appreciably even
when a 200fold higher dose was used.”*? The
toxicity of the complexes will also prevent the use
of higher doses as strategy to increase transgene
expression. Thus the transport of the plasmid DNA
into the nucleus can in fact be a major barrier to
efficient transgene expression. There are two
alternative routes that would allow transport of
cytoplasmatic DNA to the nucleus: (i) the break-
down of the nuclear membrane during mitosis or
(i) transport through the nuclear pores.

Nomn-viral vectors in cancer gene therapy

Mitosis. The question whether or not mitosis is a
precondition for efficient transport of plasmid DNA to
the nucleus for all non-viral vectors has not been
answered conclusively to date. Microinjection into the
cytoplasm of post-mitotic myotubes suggests that
naked DNA does not depend on mitosis to reach the
nucleus.”®® While earlier reports suggested that
lipoplex access to the nucleus is independent of cell
cycle,* a number of recent studies demonstrate that
mitosis is probably required for efficient transfection
with  lipoplexes and other non-viral sys-
tems,32151:229.235.236

When comparing the transfection efficiencies of
lipoplex and polyplex preparations between growing
and confluent cell populations, the PLL polyplexes
showed less dependency on cell cycle.*”® However,
when subpopulations of cells with known cell cycle
status were transfected with non-viral vectors (TF-PLL,
Tf-PEI, Lipofectamine and an AV enhanced PLL
polyplex) and recombinant AV, both lipoplexes and
polyplexes were, in contrast to the viral system, highly
dependent on the phase of the cell cycle.”*” Cells in
G; phase were significantly more refractive to
transfection and also had expression levels 1-2 orders
of magnitude lower than cells closer to division, i.e.
late S/G,. This differential was found to be quite
similar for both lipoplexes and polyplexes, with the
PLL polyplex showing the highest differential. The
observation was not due to a difference in the uptake
of complexes, which was in fact slightly lower in G..
Even when G; cells had been cultured long enough so
that they would go through a cell division again,
expression did not improve, indicating that DNA
stability was not sufficient over this prolonged time
period (45 h).

These findings would suggest that mitosis is the
most important factor in determining access to the
nucleus. On the other hand, an inverse relationship of
plasmid size and transfection efficiency has been
observed using lipoplexes.>*®?*° As the nuclear pores
act as a size-exclusion barrier (see below) this would
suggest that plasmid access to the nucleus is not
exclusively dependent on mitosis, but may also occur
through interaction with the nuclear pore complex.

Transport through nuclear pores. This mechanism
of DNA entry into the nucleus exhibits a size
dependency. Small DNA fragments (ON/plasmids)
enter the nucleus by passive diffusion, whereas larger
fragments are transported through the nuclear pore
complex in an energy-dependent manner. The cut-off
of the nuclear pores (9-10 nm diameter) is in the
order of 50 kDa for proteins®®® and 300 bp for
nucleotides.?*! Depending on cell type and metabolic
activity the nuclear pore density varies between 3 and
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80 um ™~ ' with a distance of 0.1 to 0.6 um between

pores.242 Transport of larger molecules, and even
25 nm colloidal gold, is an active process, however.2%3

The transport efficiency of larger DNA molecules is
inversely proportional to the plasmid size. A significant
drop in the rate of nuclear transport has been reported
for linear DNA fragments bigger than 1-1.5 kb2 A
similar effect was observed with plasmids of various
sizes delivered as lipoplex.””® Depending on the
nature of the transfected cells, the smallest construct
(2.9 kb) was between 6 and 77 times more efficient
than the largest construct 52.6 kb). Furthermore, it has
been reported that a 50% size reduction of a plasmid,
i.e. removal of bacterial origin of replication and
antibiotic resistance gene through recombination, was
able to increase expression 2- to 10-fold or high-
CI'.238'244

On the other hand, plasmid vectors consisting of
concatemers of copies of a reporter gene with a size in
excess of 12 kb were able to increase expression
levels 14 times compared to the same copy number of
the smaller plasmids that contained only one gene
copy per plasmid.245

The observations are not necessarily contradictory
but in fact suggest that two access routes exist and
may work in parallel: the access during mitosis which
is independent of plasmid size and the access trough
nuclear pore complex with its intrinsic size restric-
tions. The importance of each route will depend on
the boundary conditions of the experiment (e.g. time,
dose, plasmid size, etc.), but will probably also depend
on biological variables, e.g. cell line. The mitotic
nuclear access could potentially be useful to improve
preferential transfection of rapidly dividing cells, i.e.
tumor cells. It may also be possible to optimize
transfection of target cells through modulation of their
cell cycle.

Two strategies have been proposed for the optimi-
zation of post-mitotic nuclear transport:

(i Direct—through the attachment of nuclear loca-
lization sequences (NLS) onto the plasmid DNA
so that such peptides/proteins tags may then
redirect intracellular protein transport to the
nucleus.

(i) Indirect—through binding or inclusion of nucleo-
tide sequences into the plasmid with affinity to
cellular proteins which then mediate the actual
nuclear transport.

Although numerous NLS have been identified,?*¢
many of the tested peptide sequences have been
derived from SV40 NLS. After non-covalent inclusion
of such NLS peptides into a lipoplex, a moderate 3-
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fold increase of expression levels was observed.?*’

Likewise the non-covalent attachment of NLS to the
plasmid (using the non-covalent sequences specific
binding of peptide nucleic acid tags) was able to
increase expression after PEI polyplex-mediated
transfection 8fold.>*® The covalent coupling of the
NLS peptides to PLL also increased the affinity for
the nuclear transport protein importin and resulted
in 50% improved transfection efficiency.”' However,
SV40-derived NLS peptides covalently linked to
plasmid DNA induced nuclear plasmid accumulation
only in digitonin-permeabilized cells, but not after
injection into the Cytoplasm.249 A corresponding
observation using two different techniques for
covalent attachment®° showed specific interaction
with the nuclear pore complex, but lack of nuclear
accumulation and progressive plasmid degradation in
the cytoplasm.

The attachment of a single NLS peptide resulted in a
10- to 1000-fold enhancement of transfection irrespec-
tive of the cationic vector or the cell type used.”>! The
authors suggest that multiple peptides per DNA could
lead to a threading of a individual DNA strand through
more then one of the nuclear pores, thus effectively
preventing the transfer to the nucleus that a single NLS
molecule could mediate.

PLL and PEI have been reported to promote nuclear
transport,>'® but for PLL this is not due to a specific
interaction with the nuclear pore complex.”*' The
temporary stabilization of plasmid DNA in the
cytoplasm may instead be responsible for the effect
by increasing the amount of intact plasmid available at
the time of the next mitosis. On the other hand, it has
been shown that PEI itself accumulates in the
nucleus®? and improved nuclear transport of asso-
ciated DNA has been reported specifically for
PEL 213231

Recently it has been demonstrated that the plasmid
DNA itself can gain post-mitotic access through the
nuclear pore complex.?>® This process is sequence
specific and requires the SV40 enhancer region,
which is known to bind to a number of general
transcription factors.?>*?>> The import through the
nuclear pore complex is a multi-step process, which
can be disrupted through transcription inhibitors.
Transcription factors that are translated in the
cytoplasm use the cell’s nuclear import machinery
for their import into the nucleus. Plasmid DNA with
sequences which promote binding of such transcrip-
tion factors can then virtually ‘piggy back’ across the
nuclear membrane as part of an importin complex.>>
Pre-incubation of plasmid DNA with transcription
factors/nuclear proteins also gave rise to higher
transfection levels.?>®



Transgene expression. As final step in the optimiza-
tion of the intracellular processing of a gene delivery
system the transgene expression needs to be con-
sidered. In general strong, non-specific promoters,
such as the cytomegalovirus immediate-early promo-
ter, are used to drive the gene expression from
reporter gene constructs. Such promotors will be
useful to gauge transfection efficiency when compar-
ing different synthetic delivery systems or administra-
tion modalities, but promoter specificity and
regulation of expression need to be selected with
the therapeutic strategy in mind. Disease- and tissue-
specific promoters may also be useful to add extra
levels of selectivity to synthetic gene delivery
systems.>>7*>®

The duration and time course of gene expression
reported in vivo vary from a few days in most cases to
over 19 months.**® Frequently the expression max-
imum after i.v. administration is reached within the
first 48 h and expression levels fall to background
levels within a week, e.g. 10% of maximum gene
expression after 72 h,'”? 0.1% of maximum after
96 h.'8?

Although it is currently not clear which factors limit
the duration of gene expression there is evidence that
processes are involved on a molecular and histological
level: for direct injection into the muscle the duration
of transgene expression depends largely on the
absence of a specific immune response, as myofibers
which express immune stimulatory proteins such as
hepatitis B virus surface antigen (HsBAg) are elimi-
nated within 10 days.26° Green fluorescent protein
(GFP) expression in murine muscle fibers, on the other
hand, was stable for more than 60 dalys,232 but when
produced by transplantable murine tumors provoked
an immune response that limited tumor growth.Z(’1
The issue is complicated further by the fact that DNA
by itself can induce an immune response to specific
methylated sequences, so called CpG islands. 4!

While the elimination of cells that express the
transgene occurs on a histological level there are also
indications that difference exists between cells in
terms of their capability to eliminate foreign DNA.
Apparently nuclear plasmid DNA is excluded/de-
graded much faster in primary cells (fibroblasts) than
in transformed cells (Hela).’®” Similar data were
reported for C2C12 myoblasts and myotubes derived
from primary cells.?? The degradation of plasmid in
the nucleus is thus one of the factors limiting the
duration of gene expression. The underlying mechan-
isms are currently unknown, but it is conceivable that
in transformed cells the DNA machinery may, as a
result of multiple mutations, be less efficient than in
primary cells.

Non-viral vectors in cancer gene therapy

Conclusions

The feasibility of genetic therapy using synthetic gene
delivery systems has been established in animal
experiments and clinical trials.

The main problem for the non-viral systems has so
far been the comparatively low efficiency of these
systems, especially in vivo. For successful use in
cancer therapy destruction, or at least reversal of the
transformed phenotype, of all the affected cells is
necessary. Hence the specific transfection of 100% of
the tumor cells would be desirable. This is, however,
unlikely to be possible with any gene delivery system.
To put the transfection rates of current systems into
perspective one needs to address the question of how
efficient the transfection process actually needs to be.
This will depend on many parameters but most
importantly on the chosen therapeutic strategy. Many
of the strategies for the genetic therapy of tumors
provide a biological amplification that will influence
not only the transfected cells but also, to a varying
degree through a bystander effect, the neighboring
tissue.

The specific advantages and limitations need to be
taken into account when a specific therapeutic
strategy is being devised, as the delivery strategy
forms an integral part of any approach to genetic
therapy. Suitable combinations of vector and thera-
peutic strategy will need to take into account
efficiency and specificity of the delivery as well as
the direct and indirect (bystander) therapeutic effects
of the therapeutic gene. Currently immune modulation
strategies and GDEPT approaches would appear to be
particularly suited because of their potential to induce
a considerable bystander effect. However, there is
evidence from other strategies for significant indirect
therapeutic effects and more research will be required
before the feasibility of specific genetic approaches to
cancer therapy can be assessed.

Current synthetic gene delivery systems are based
on three main groups of materials, i.e. cationic lipids,
polymers and peptides, which form complexes with
the therapeutic plasmid DNA. The formation of these
complexes with the cationic carriers is in general
based on the electrostatic interaction with the plasmid
DNA. The morphology and physicochemistry of the
complexes are difficult to control as they depend not
only on the stoichiometry of DNA and complexing
agent but also on kinetic parameters. Stable com-
plexes, which are able to protect the DNA from
nucleases and condense it efficiently, are usually
generated with excess of the cationic carrier com-
pound. The resulting particles are positively charged
and colloidally stable but have a high potential for non-
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specific interaction. The non-specific interaction
results in a tendency for promiscuous binding to
biological surfaces and molecules. In vitro this is
advantageous as it increases cellular uptake and
subsequent expression of the complex. In the more
complex in vivo environment these interactions
compromise targetability and stability of the com-
plexes. This is one of the causes for the discrepancies
between results obtained in experiments in vitro and
in vivo.

While some of these problems can be reduced
through the use of locoregional administration, this
route is not suitable for the direct therapy of remote
sites or disseminated disease. This phenomenon is
part of the ‘systemic barrier’ to gene delivery, which
makes the targeted delivery of genetic material to a
tumor a difficult challenge. Thus, in order to create
gene delivery systems that can target remote tumors
or metastases after systemic administration it is
essential to find means to overcome this systemic
barrier.

Current systems when injected systemically will
accumulate predominantly in the lung and expression
levels in other organs are 2-3 orders of magnitude
lower. To create delivery systems which give a more
even biodistribution it is first of all important to
minimize the non-specific electrostatic interactions.
Furthermore, to compensate for a lack of non-specific
binding and to allow targeted uptake, specific interac-
tions such as ligand-receptor binding will be required.
Various groups have introduced strategies which have
been able to alleviate some of the problems, but more
research is needed to find generally applicable
approaches.

While the transfection efficiencies of the different
systems vary over a broad range, depending on the
experimental conditions and exact formulation used,
the highest levels that have been achieved for either of
these synthetic gene delivery systems are quite
comparable. Although total transgene expression is a
valid measure of the transfection efficiency, it is
important to characterize the interaction of complexes
with the different biological barriers in more detail in
order to properly understand and optimize their
intracellular processing. This detailed characterization
is also important in order to be able to correlate the
physicochemistry of such complexes to their biologi-
cal behavior, in particular to their interaction with the
cellular barriers to gene delivery. These barriers limit
transgene expression of gene delivery systems once
they have reached the target cells. The major hurdles
for the complexes are the escape from endosome/
lysosome into the cytoplasm and the efficient trans-
port into the nucleus. Various strategies to enhance
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the efficiency of these steps have been discussed. The
basic trafficking of the different classes of gene
delivery appears to be the same; however, specifically
for intracellular stability, complex dissociation, endo-
somal escape and transport to the nucleus, significant
differences in their intracellular processing are emer-
ging. We may be able to exploit such differences, and
use current gene delivery systems as tools to gain a
better understanding of the cellular and molecular
processes involved in the transfection process.
Furthermore, it may possible to exploit their comple-
mentary properties to overcome current challenges
and create synthetic gene delivery systems, which
have been optimized for a particular therapeutic
strategy to maximize the clinical benefits of cancer
gene therapy. Given the complexity of the evolu-
tionary optimized viral systems it seems likely that
future non-viral systems might also be based on a
number of optimized modules rather than monomole-
cular systems.
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