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Abstract

The ultimate goal of anticancer therapies should be the elimination and/or
suppression of tumour cells. Lipid-based gene transfer systems have been employed in
promoting transgene expression of exogenous D N A whose products are capable of
performing these roles. Since improvements in antitumour efficacy may be obtained by
combining gene therapy with other therapeutic modalities such as chemotherapy, it is
pertinent to characterize the influence of conventional cytotoxic drugs upon transgene
expression, achieved following use of a lipoplex-mediated gene transfer system.
SKOV-3 human ovarian carcinoma and B16/BL6 murine melanoma cells were
used as in vitro models to evaluate levels of transgene expression. Lipoplexes,
[DODAC/DOPE (1:1 mol ratio) liposomes complexed with plasmid D N A containing the
luciferase or chloramphenicol acetyltransferase reporter gene] were added to cells that
had been pre-exposed for 24h to various cytotoxic drugs. Transgene expression levels
were established 48h post-transfection. Two in vivo models were also established to
evaluate whether chemotherapeutic agents would affect transgene expression following
lipoplex-mediated gene transfer. C57BL/6 mice bearing B16/BL6 tumours were injected
intraperitoneally with lipoplexes, three days after receiving an intravenous drug injection
equivalent to the maximum therapeutic dose. The second model analyzed transgene
expression in spleen and bone marrow samples from CD1 mice. Lipoplexes were
intravenously administered to mice 3,7, 14 or 21 days after they had received an
intravenous drug injection equivalent to the maximum therapeutic dose. In both models,
transgene expression was determined 24h post-transfection.

In vitro cytotoxicity data indicates that lipoplexes did not influence the sensitivity
of SKOV-3 or B16/BL6 cells to cisplatin, doxorubicin, vincristine or bleomycin.
Transgene expression levels increased, decreased or remained the same (relative to
lipoplex only controls), depending upon the drug, its concentration and the cell type.
Combining chemotherapy with an intraperitoneal model for lipoplex-mediated gene
transfer did not affect transgene expression levels evaluated in B16/BL6 tumours. The in
vivo intravenous model measuring spleen and bone marrow transfection levels showed
that all selected drugs caused some inhibition of transgene expression. These results
suggest that D N A damage is not a mechanism by which to increase gene transfer by
lipoplexes, rather drug-induced alterations in cellular uptake and processing of lipoplexes
are believed to be responsible for inducing changes (increases or decreases) in transgene
expression.
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Chapter 1
Introduction

1.1

C o m b i n a t i o n gene t h e r a p y : past p r e d i c t i o n s / f u t u r e prospects

Within the last decade, dramatic developments in genomic research have
emphasized the potential for gene therapy to provide the next generation of novel
therapeutics. Diverse strategies using gene therapy for in vivo human applications have
been proposed each with its own advantages and disadvantages (1-4). Great expectations
were placed on gene therapy to offer improved therapeutic products that retained the
advantages of conventional therapies. It was predicted that gene therapy could offer a
safe, cost-effective and versatile method for correcting the genetic defects responsible for
many diseases, including cancer. Although significant advances have been made in the
development of viable gene therapy strategies for the treatment of cancer, this technology
has yet to realize these expectations for replacing conventional therapies such as
chemotherapy, the use of radiation or surgery. Future research studies in the field of gene
therapy may not focus on the development of novel methodology per se, but on its use in
combination with other modalities to achieve improved patient response.

1.2

Hypothesis Statement

Working in synergy to benefit cancer treatment, gene therapy will be utilized
in combination with previously identified treatment modalities, such as

1

chemotherapy, radiation and surgery. It is proposed that the advantages of gene
therapy can be exploited and its effects enhanced with the use of selected
chemotherapeutic drugs as a combined therapeutic strategy. The drugs may enhance
transgene expression by inducing DNA

damage and its associated repair or by

synchronizing cells. Chemotherapeutic agents may also alter cellular processing of gene
transfer components, perhaps by limiting access to the degradative lysosomal pathway.
This restriction would thereby increase the potential for endosomal escape required by
lipid-based plasmid delivery systems.

It is reasonable to hypothesize that enhanced

transgene expression of a reporter gene can be achieved if lipoplex-mediated gene
transfer is used in combination with chemotherapeutic agents.
To examine the hypothesis that selected drugs can enhance lipoplex-mediated
gene transfer, experimental models have been established for the transfer of a marker
gene via a delivery vehicle capable of transfecting cells in vitro and in vivo. Lipoplexes,
cationic liposomes complexed with plasmid DNA containing a suitable reporter gene,
will mediate this gene transfer. Lipoplex-mediated gene transfer will be preceded by
exposure to a variety of chemotherapeutic agents that have potential to augment
transfection.

1.3

A d v a n c e s i n gene t h e r a p y

The effective management and treatment of inherited or acquired disease using
genetic material requires detailed knowledge of genetic and cellular processes, in addition
to the pathology of the disease. Genetic intervention involves alterations of either somatic
or germline target cells with the introduction of genetic material capable of repairing a
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defective gene or regulating production of a specific protein. Clinical advances in this
field include: transferring normal transmembrane conductance regulator cellular D N A
(cDNA) to the airway epithelium of cystic fibrosis patients (5), introducing antisense
oligonucleotide sequences to inhibit translation of human immunodeficiency virus
messenger RNA (6) and transferring the herpes simplex virus thymidine kinase suicide
gene into cells, thereby rendering them susceptible to ganciclovir (7). These are only a
few selected examples of the vast numbers of strategies that exist to treat various genetic
defects that can be linked to acquired and inherited disease.
Gene therapy strategies rely upon techniques that permit a cDNA sequence linked to
an appropriate promoter, to be introduced into a cell via a gene transfer agent (8). A
fundamental requirement of successful gene therapy is efficient delivery of genes to
target cells. This can be achieved by a variety of viral and non-viral techniques.

1.4

M e t h o d s o f gene transfer

The introduction and expression of a foreign gene in a host cell can be achieved
using viral (9-11) or non-viral (plasmid) (12-14) vectors. When assessing the merits of
each type of vector, several parameters should be considered. They include: transfection
efficiency, stability of gene product and longevity of its expression, ability to target
specific cells/organs for delivery, capacity to generate cell-specific gene expression,
toxicity, host immune response, ease of preparation/application and cost.

3

1.4.1

Viral vectors

D N A and R N A viruses have the ability to cause a transformation within a host
cell via transfer of their genetic material (15). It was speculated that this inherent ability
could be exploited for the purpose of transferring genes. There have been an extensive
number of viruses studied for gene transfer potential, including retroviruses (16, 17),
adenoviruses (18, 19) and herpesviruses (20, 21).

1.4.1.1 Retroviruses

By integrating genetic information directly into the genome of the host cell,
retroviruses confer an altered genotype that is maintained within target cell progeny (22,
23). The retroviral genome contains the gene of interest and sequences that permit
reverse transcription of R N A within the host cell and integration of the D N A into the host
genome. This infectious vector is replicative-deficient due to the engineered absence of
coding sequences required for viral genomic R N A production and packaging of the R N A
into a virion. Introduction of this retroviral vector to a complementary cell line that is
capable of replication and packaging but infectious-deficient, results in the assembly of a
virus particle. Within the cytoplasm, viral R N A is converted using reverse transcriptase
into viral D N A , which randomly integrates into the host cell genome. The altered gene is
transcribed into mRNA and translated to yield the protein of interest. Some
modifications may have to be performed during these processes to achieve a functional
protein product.
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These vectors are advantageous due to the large range of host cells that they may
target and the efficiency and stability associated with this transfection. However,
problems with retroviruses arise due to insertion gene size limitations and their capacity
to transfect only dividing cells. As with all viral-based therapies, retroviral use is limited
because of residual viral elements within the vector that may induce an immunogenic
response within the host (24). Additional problems exist by virtue of their random
integration within the host genome. This increases the potential for genetic
rearrangement, germline infection and recombination events that could convert a
replicative-defective vector to an infectious agent.

1.4.1.2 A d e n o v i r u s e s

Adenoviral vectors are capable of transferring genetic information into the nucleus
of the host cell but do not permit direct integration into the genome. As with retroviruses,
this is achieved using a complementary packaging cell line (18). The adenoviral genome
contains the gene of interest and structural sequences for assembling the genome into a
virion, but lacks the early (El) gene sequences necessary for replication. Introducing the
adenoviral genome into a packaging cell line containing these early sequences results in
assembly of an adenovirus vector. Entry of this large D N A vector via receptor-mediated
endocytosis positions the vector within a cytoplasmic endosome. Disruption of the
endosome allows adenoviral migration into the nucleus where the epichromosomal
adenovirus genome directs production of the protein of interest (25).
This technique infects post-mitotic cells, thus allowing gene transfer to occur in a
large number of replicative and non-replicative cells. Due to its epichromosomal nature,
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the risk of altering host cell genotype or creating unwanted changes due to insertional
mutagenesis is avoided. However, there remains a risk of recombination with wild type
viruses, which could restore replicative and infectious abilities to the adenoviral genome.
Due to the non-integrating, non-replicating nature of the adenoviruses, transgene
expression is limited in duration and may require subsequent administration of the virus
for sustained expression. This increases the potential for immunogenic viral coat proteins
to trigger non-specific inflammation and T lymphocyte-mediated cellular immunity (26).

1.4.1.3 Herpesviruses

This family includes several classes of viruses, of which only the herpes simplex
virus (HSV) has been utilized successfully as a gene therapy agent. Upon infection of
post-mitotic cells, HSV establishes latent infections, resulting in permanent residence of
the viral genome in host cells. HSV has a predisposition towards infecting neural cells in
a manner that does not interfere with the host cell genome or its metabolism. H S V
vectors can accept large gene inserts and can carry a unique promoter that enables gene
expression during the HSV latency period of its life cycle. Problems using this type of
vector for gene therapy occur as a result of the uncontrollable nature of this latent life
cycle, in addition to HSV eliciting an immune response (27, 28).

1.4.1.4 Other viral systems

Adeno-associated (29), vaccinia (30), polio (31) and R N A viruses (32) are among
the many other families of viruses that have been assessed for potential to transfer genes
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in an efficient and reliable manner. Each was found to have its own advantages and
disadvantages when employed as gene transfer agents. For example, adeno-associated
viruses accept only small gene inserts and require adenoviruses for propagation.
However, they can integrate into specific genomic regions of non-mitotic cells (18).

1.4.2

Plasmid expression vectors

Non-viral delivery systems attempt to incorporate many biological aspects of viral
systems, but are fundamentally different in their gene delivery and expression processes
(12-14). Plasmids are self-replicating molecules of D N A found in a variety of bacterial,
fungal, plant and other species. Free plasmids exist in linear, relaxed and supercoiled
configurations. Since rate of plasmid migration depends on degree of coiling, the
supercoiled (migrates the furthest), relaxed (migrates the least) and linear (migrates in
between) configurations can be resolved using gel electrophoresis (Figure 1). It is
generally thought that optimal transfection is attained using supercoiled plasmid D N A
(33). This is most likely due to relaxed and linearized plasmid D N A being more
accessible to endonuclease digestion.
Prokaryotic plasmid DNA, containing the origin of replication and any other
sequences necessary for transfecting eukaryotic host cells is isolated and purified by ionexchange chromatography or density gradient ultracentrifugation. In addition to any
promoter/enhancer sequences, a cDNA sequence vector that codes for production of the
protein of interest is inserted into the plasmid D N A construct. Due to the D N A
phosphate backbone, the resulting plasmid expression vector has a negative charge.
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A

1

B

2

linear
relaxed

CP

relaxed

linear
•
supercoiled—•

supercoiled

Figure I. (A) Schematic representation of linear, relaxed and supercoiled plasmid
DNA.

(B) Agarose gel electrophoresis for separation of plasmid D N A .

Lane 1,

plasmid D N A in relaxed, linear and supercoiled configurations; lane 2, molecular weight
marker (k phage D N A digested with Hindlll) (Figure derived from Harvie et al. (34)).

Upon addition of cationic peptides or other polyvalent cations, D N A is thought to
condense into small toroid or rod-like structures (35).

It has been suggested that

plasmid D N A condensation occurs when 90% of the negative D N A phosphate charge is
neutralized by counterions. Large aggregates have also been reported as a result of
condensation reactions. At this time, it is not yet clear which condensed D N A structure
is important for transfection. In fact, it has not yet been determined if D N A condensation
is always necessary for transfection using non-viral gene transfer systems. Novel
hydrophobic lipid-DNA complexes that transfect cells reasonably well have been recently
formed with D N A in an uncondensed state (36).
Plasmid expression vectors require a suitable delivery system, capable of
introducing the vector into a host cell where it is processed to yield the protein of interest.
Since they lack the infectious ability of viruses, plasmid vectors can be introduced into
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host cells by mechanical, chemical and carrier-based techniques such as electroporation,
microinjection, calcium phosphate precipitation, in addition to polymer-, lipid- and
composite vector-based delivery systems.

1.4.2.1 Polymer-based delivery systems

There has been a considerable amount of interest in the use of synthetic D N A
delivery systems, originating with studies of polylysine-based vectors (37). Their
numerous cytotoxic disadvantages drew attention to a class of non-linear vectors known
as dendrimers (38). These highly branched compounds possess a number of surface
amine groups that enable electrostatic charge interactions with plasmid vectors and cell
surface molecules. These interactions facilitate uptake of the dendrimer complex into
target cells. This method of gene delivery can be augmented by the addition of peptides
into the dendrimer to enhance endosomal release of the D N A into the cytoplasm (39). It
is thought that dendrimers transfect cells in a manner similar to polylysine vectors but
have improved efficiency due to their greater solubility and more defined architecture.

1.4.2.2 Lipid-based delivery systems

Upon hydration, lipids spontaneously form spherical structures that possess an
ideal surface to which D N A may bind. Liposomes that have been prepared from lipids
containing cationic headgroups are capable of binding plasmid DNA, forming a selfassembling "lipoplex" complex. Prepared easily as liposome-DNA aggregates (40) or
lipid-DNA particles (41), lipoplexes provide a safe, economical and simple vehicle for
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gene delivery. Lipid-based delivery systems are widely used for D N A transfer as they
offer low toxicity, the ability to transfer large gene sequences and a potential for cell-type
specific targeting. They also have no risk for self-replication and are typically nonimmunogenic due to the absence of immunogenic proteins (42).
For the studies outlined in this thesis, a lipid-based delivery system was used to
mediate delivery of plasmid expression vectors containing a reporter gene. Specifically,
the lipoplexes generated for use in this study incorporate liposomes and D N A in
aggregate form. Details of this delivery system will be discussed in greater depth in
section 1.5.

1.4.2.3 Composite "artificial" viral vectors
Genetically altering viral vectors to reduce some of their negative characteristics
has led to the synthesis of a new class of vectors. There have been a variety of composite
or "artificial" viral vectors produced, which combine viral vectors with other compounds
(43, 44). For example, one delivery system incorporates a targeted molecular conjugate
coupled to an adenovirus (45). Plasmid D N A can be linked to a polylysine-conjugated
antibody and this complex can be bound to an adenovirus vector. This method
incorporates the advantages of efficient adenoviral gene transfer with specific cell/organtype targeting, as mediated by the antibody conjugate.

1 0

1.5

L i p i d - b a s e d delivery systems

Many of the viral and non-viral delivery systems described in section 1.4 are
utilized in gene transfer studies and may benefit from the synergistic effects of
combination gene therapies. However, the work presented in this thesis focuses on the
characteristics of lipid-based delivery and in particular, liposomes prepared with cationic
and neutral lipids that are complexed with plasmid DNA

1.5.1

expression vectors.

Lipids

Lipids are an essential component of cellular and intracellular membranes, critical
for normal cell function. Composed primarily of phospholipids, cholesterol and small
quantities of glycolipids, lipids are essential for membrane formation, active transport
and some enzymatic activity (46). Most abundant are the polar phospholipids, which are
composed of a phosphate headgroup and fatty acids esterified to a glycerol backbone.
Cholesterol is the principal sterol of eukaryotic membranes. This neutral lipid is
comprised of a rigid sterol ring and polar 3-P-hydroxyl group.
Most membrane lipids typically arrange themselves as a bilayer, forming a natural
permeability barrier (47). This configuration can be attributed to the amphipathic
characteristics of the lipids. The hydrophilic headgroup and hydrophobic fatty acyl
chains serve to orient the lipid molecules, such that the headgroup interacts with the
aqueous environment and non-polar acyl chains face one another (Figure 2A).
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Figure 2A. Structure of phosphatidylcholine, a common bilayer-forming phospholipid.

The charge properties of the lipid headgroup greatly influence lipid behaviour and are
critical in mediating interactions between the lipid and other charged compounds.
Membrane lipids are categorized on the basis of these charge properties. Some of the
more common phospholipids are those comprised of anionic (e.g. phosphatidylserine,
phosphatidylglycerol, phosphatidic acid, phosphatidylinositol) and neutral (e.g.
phosphatidylethanolamine, phosphatidylcholine (Figure 2A)) headgroups (Figure 2B).
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Figure 2B. Common phospholipid headgroup components.

In addition to the characteristics imparted by the lipid headgroup, the composition of acyl
chains also plays an important role in lipid behaviour. Fatty acids are carboxylic acids
with long-chain hydrocarbon side groups that exist in saturated or unsaturated form. The
length and degree of saturation of hydrocarbon chains determines their efficiency in
packing to fill space.
As previously mentioned, most lipids typically adopt a bilayer structure. This
behaviour can be related to the generalized shape concept of lipids. Lipid shape depends
on area calculated at the hydrophobic and hydrophilic interfaces, volume of the lipid
molecule and its length (48). A cylindrical shape describes lipids whose hydrated
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headgroups are approximately the same width as their tails. The steric requirements of
packing cylindrical-shaped lipids together promote bilayer structures. However, this
phase behaviour may deviate in response to variations in lipid headgroup and acyl chains,
temperature or other extrinsic factors (48). Under specific conditions, some lipids prefer
non-bilayer structures and will adopt micellar or hexagonal ( H H ) morphology (Figure 3).

Lipid

Phase

Molecular
Shape

bilayer

cylindrical

hexagonal

cone

phosphatidylcholine *
phosphatidic acid
phosphatidylserine
phosphatidylglycerol
phosphatidylinositol

phosphatidylethanolamine

phosphatidic acid
(in the presence of
divalent cations, low pH)

phosphatidylserine
(in the presence of
divalent cations, low pH)

Figure 3. Polymorphic phases and corresponding molecular shape of various lipids.
* commonly used in lipid-based gene transfer delivery systems.
(Figure derived from Cullis et al. (1986) (48)).
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Hn structures arise due to a net cone shape in which the tail of the lipid is wider than the
hydrated headgroup. Headgroups are oriented inwards, encircling an aqueous core. The
acyl chains exclude themselves from the aqueous environment by interacting with the
acyl chains of neighbouring lipids.
The ability of lipids to adopt non-bilayer morphology suggests that these
structures play a functional role in membrane-mediated events such as membrane fusion
(40). This interbilayer event, in which two lipid bilayer membranes are fused together to
form a single lipid bilayer via an intermediary structure, is of particular interest to lipidbased delivery systems that may require lipid membrane fusion. Aggregation and
subsequent lipid mixing of membranes during the transfection process may lead to phase
separation of lipid components. Production of a non-bilayer intermediate as a result of
this separation is most likely precursory for membrane fusion.

1.5.2

Liposomes

Liposomes are spherical vesicles comprised of a bilayer lipid membrane
surrounding an aqueous region. Upon hydration of lipids, large (>1000nm) multilamellar
vesicles (MLVs) composed of numerous bilayers separated by aqueous channels will
spontaneously form. Small (SUVs, <50nm) or large (LUVs, 50-200nm) unilamellar
vesicles may be derived from M L V s , yielding single bilayer liposomes (Figure 4).
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Figure 4. Schematic representation of (A) multilamellar, (B) large unilamellar and
(C) small unilamellar vesicles. (49)

Initially, liposomes were used as models of biological membranes. This enabled
the study of lipid structure and function during such events as fusion (50), multidrug
resistance (51) and protein interaction (52). Liposomes have also been employed for the
purpose of delivering a variety of effectors such as chemotherapeutic (53) or radioactive
(54) agents, viruses (55), and oligonucleotide sequences (56). Another area of early
liposomal research focused upon lipid-based D N A delivery systems and their capacity for
gene transfer (57, 58). Investigators explored the use of liposomes as carriers of D N A
into cells and found that D N A encapsulated into liposomes remained intact and resistant
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to deoxyribonuclease digestion. They also determined that negatively charged liposomes,
as compared to neutral liposomes, were more efficient as D N A transfer agents (59). The
synthesis of cationic liposomes in 1987 by Feigner et al. (60) greatly aided gene therapy
research by providing a D N A delivery system that was versatile, simple to use and
maintained adequate transfection capabilities.

1.5.3

Cationic liposomes

Cationic liposomes are usually formulated as SUVs or LUVs and most often
contain a combination of cationic (Figure 5) and neutral lipids. Manipulation of basic
headgroups and fatty acyl chains resulted in the commercial synthesis of a vast selection
of cationic lipids, ideal for lipid-based gene transfer. Cationic lipids currently used in
gene transfer include: dioleoyldimethylammoniumchloride (DODAC),
dioleoyltrimethylammonium propane (DOTAP), dimethyldioctadecylammonium
bromide (DDAB), N[l-(2,3-dioleyloxy)propyl]-N,N,N-trimethyl-ammonium chloride
(DOTMA), 1,2-dimyris1yloxypropyl-3-dimethyl-hydroxyethyl-ammonium bromide
(DMRIE), dioctadecylamidoglycylspermidine (DOGS) and 3P-[N(dimethylaminoethane)-carbamoyl]-cholesterol (DC-chol). The protonated amine
group(s) of the cationic lipid attract negatively charged plasmid expression vectors via
ionic interaction (61). Membrane fusion or lipid mixing between liposomes occurs upon
D N A binding, resulting in reorganization of the lipid structure. During this process,
D N A also undergoes structural changes and may collapse into a condensed structure as
described in section 1.4.2.
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dioleoyldimethylammonium chloride
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O

dioleoyltrimethylammonium propane (DOTAP)
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1,2-dimyristyloxypropyl-3-dimethyl-hydroxyethylammonium bromide (DMRIE)

dioctadecylamidoglycylspermidine (DOGS)

3P-[N-(Dimethylaminoethane)-carbamoyl]cholesterol (DC-Choi)

>

J

Figure 5. Chemical structures of cationic lipids used in lipid-based gene transfer
delivery systems.
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Neutral lipids, such as dioleoylphosphatidylethanolamine (DOPE) and cholesterol
are often incorporated into the liposome formulation to serve as helper lipids. Some
helper lipids, in the absence of bilayer-forming lipid, will adopt an Hn configuration as
previously described in section 1.5.1. However, biological membranes composed of a
mixture of bilayer and non-bilayer lipids are usually constrained within bilayer
morphology. The non-bilayer lipids can be stabilized and an overall bilayer formation
can be maintained with the presence of 20-50 mol% bilayer lipids (48). Inclusion of a
helper lipid is thought to play a role in enhancing gene transfer, assisting during several
stages of gene delivery such as lipoplex destabilization and endosomal release of D N A
(62). Further consideration of this unique lipid group and in particular, the influence
DOPE imparts upon gene transfer is given in section 1.5.4.2.
Pre-formed cationic liposomes are capable of complexing with plasmids via ionic
interactions. Through simple mixing, positively charged lipids and negatively charged
D N A attract one another, triggering the lipoplex self-assembly process. The resulting
aggregated complex is competent at delivering plasmid DNA, facilitating transfection in
a variety of cellular systems.

1.5.3.1 Lipoplexes

It has been shown that efficiency of gene delivery is influenced in part by the
composition of the lipoplex (63). Specifically, the cationic group to anionic phosphate
group charge ratio of the lipoplex, the relative amount of lipids present in the liposome
and the absolute concentration of each component in the lipoplex are important factors
for optimal lipoplex-mediated transfection efficiency (40). A n excess of positive
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liposomal charge insures complete binding of DNA, while retaining a residual charge to
facilitate lipoplex binding to typically anionic cell plasma membranes. Assessment of
different lipoplex formulations with respect to their transfection ability is hampered by a
host of factors, including quantitative variations between cell types and the absence of
standardized measurement protocols.
For the purpose of this thesis, cationic liposomes were prepared using D O D A C
and DOPE in a 1:1 mol ratio as described in section 2.2.3. They were then complexed
with plasmid D N A in a 10:1 (nmol of lipid/ug of DNA) ratio (section 2.2.4). This
specific lipoplex formulation was optimized for maximum transfection efficiency within
this laboratory and is known to correspond with a 1.62:1.00 (positive cationic lipid to
negative D N A phosphate group) charge ratio (64).

1.5.3.2 Lipoplex structures

Lipoplexes have been observed using a variety of visualization techniques (e.g.
freeze-fracture electronmicroscopy, X-ray diffraction, optical microscopy) and are
typically described as a diverse mixture of heterogenous structures. Lipoplex
morphology has been reported as: lipid globules comprised of an alternating lipid
bilayer/intercalated D N A monolayer lattice array (65); D N A strands coated by either a
lipid bilayer (spaghetti-like structure) (66) or a lipid monolayer which complexes with
many other monolayer-coated D N A structures in an inverted hexagonal array
(honeycomb structure) (67) and other structures not yet understood (Figure 6). It has not
been determined which lipoplex structure is the "active" component that contributes to
lipoplex uptake and intracellular delivery of D N A to the nucleus.
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Tubular c o a t e d D N A

Figure 6. Models proposed for the structures of lipoplexes formed following addition of
DNA

to cationic lipids.

structures, rods of DNA

Liposome-DNA complexes are thought to resemble honeycomb

wrapped in lipid, or lamellar sheets (68).
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1.5.4 Mechanism of gene transfer

The ultimate goal of gene therapy is the expression of a transferred gene, resulting
in the production of a protein designed to elicit a therapeutic response. Utilizing
lipoplex-mediated gene transfer, these results can only be achieved upon successful
completion of the following events. Cationic lipids and plasmid D N A are complexed
together to form lipoplexes which are administered to cells and taken up by the endocytic
pathway. D N A released from the endosome is transported into the nucleus.
Transcription and translation of the foreign gene are necessary for production of a
functional protein (Figure 7).

1.5.4.1 Uptake of lipoplexes

Upon addition to either in vitro cultured cells or in vivo systems, it is thought that
lipoplexes gain access inside the host cell primarily by endocytosis (69) (Figure 7). The
excess of positive charge on the lipoplex surface facilitates adhesion, via ionic
interactions, between the lipoplex and negatively charged molecules within cell
membranes (41). The accumulation of lipoplexes on the cell surface triggers the
endocytic pathway, at which time, portions of the plasma membrane bud inwards, thus
engulfing lipoplexes within endosomal vesicles (70, 71).
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Figure 7. Lipoplex-mediated gene transfer. This process is initiated with the administration
and uptake of lipoplexes into host cells. Nuclear localization is followed by transcription of
plasmid DNA.

Translation of the resulting messenger RNA completes production of the protein

of interest (Figure provided by Ellen Wasan).
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1.5.4.2 Nuclear Localization

It is known that plasmid D N A must dissociate from cationic liposomes (69) and
be transported into the nucleus for expression (Figure 7). However, the mechanism of
dissociation is not fully understood. One theory postulates that the internalized complex
initiates endosomal membrane destabilization (72). This disruption causes the
cytoplasmic-facing monolayer of the endosome to undergo specific structural changes.
The anionic phospholipids predominantly located within this monolayer "flip-flop" and
diffuse into the lipoplex. Forming charge-neutralized ion pairs with the cationic lipids,
the D N A dissociates from the complex and is released into the cytoplasm.
A second theory suggests that the presence of helper lipids in the cationic
liposome may also induce fusion of the lipoplex with endosomal membranes, thereby
releasing D N A into the cytoplasm (73). For example, DOPE could act as a fusogen,
promoting fusion between lipoplexes and internal membranes of endosome. Upon
internalization, interactions between lipoplexes and endosome membranes induce
cationic lipid phase separation. This generates DOPE-enriched regions within the
lipoplexes, prompting formation of a liposome membrane Ho configuration. This
triggers membrane disruption or fusion between the liposome and endosome, thereby
releasing D N A from the lipoplex and into the cytoplasm.
Recent reports have further implicated DOPE as playing a role in facilitating
D N A release from cationic lipid complex (34). Just as the amine groups of
phosphatidylethanolamine may interact with non-esterified oxygen of lipid phosphate
groups to induce polymorphic phase transition, a similar event may occur with D N A
phosphate groups. These interactions are thought to weaken the binding interactions
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between cationic lipids and DNA,

thereby making them more susceptible to dissociation.

Perhaps the presence of DOPE in lipoplex formulations enhances DNA

release into the

cytoplasm by influencing the destabilization process in this manner.
Much of the original DNA

taken up by the host cell is degraded within lysosomes,

however a small portion may dissociate and escape into the cytoplasm. Only a fraction of
the DNA

will avoid enzymatic digestion within the cytoplasm and gain entry to the

nucleus via highly regulated localization signals. Upon entry into the host cell nucleus,
the structural genes on the foreign DNA
messenger RNA.

are transcribed onto complementary strands of

The resulting cytosolic messenger RNAs transiently associate with

ribosomes, which initiate the translation process. Ribosomes catalyze the formation of
peptide bonds between the amino acids specified by the messenger RNA

sequence. In

order to generate a functional protein, some polypeptides may require post-transcriptional
modifications such as capping, polyadenylation or exon splicing. Expression of a
functional protein completes the gene transfer process of exogenous

1.6

DNA.

E v a l u a t i n g gene transfer efficiency

Gene therapy involves the transfer of either marker or therapeutic genes for the
treatment of disease. Assessing efficiency of this transfer has traditionally relied upon
the empirical measurement of a transgene product (74, 75). Clinical trials monitoring
therapeutic genes include: Epstein-Barr virus-mediated delivery of therapeutic genes to
human B-lymphoblastoid cells (76); using the multidrug resistance-1 gene promoter for
chemotherapy-inducible expression of therapeutic genes in cancer gene therapy (77);
induction of apoptosis upon transgene expression of p53 (78) and increased cytotoxic
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activity of cytokine-induced killer cells transfected with the interleukin-7 gene (79).
Evaluating quantitative changes in transgene product for basis research can be simplified
with the use of a marker gene such as chloramphenicol acetyltransferase (CAT) (80),
luciferase (81), p-galactosidase (82), green fluorescent protein (83) or CD44 (84). Upon
transfection into host cells, a reporter gene will ideally produce a sufficiently stable
product that can be detected by means of a sensitive, inexpensive and rapid assay.
For the purpose of evaluating lipoplex-mediated gene transfer in this study, two
separate reporter genes were used. Transgene expression of C A T and luciferase genes
yielded products that were monitored using quantitative assays.

1.6.1

Chloramphenicol acetyltransferase

C A T is an enzyme typically found in Streptomyces and Corynebacterium, which
catalyzes the acetylation of chloramphenicol to yield chloramphenicol 3-acetate. A twophase extraction assay for C A T activity has been developed based on the enzymatic
acetylation of radiolabeled [ C]-chloramphenicol ( Cm) (80). In the presence of n14

14

butyryl Coenzyme A and C m , transfected C A T enzyme cleaves the n-butyryl
14

Coenzyme A and transfers a butyryl group to the C m . The greater hydrophobicity of
14

butyrylated C m allows for discrimination between the free and butyrylated C m . A
14

14

simple phase extraction of the upper organic layer enables butyrylated C m to be
I 4

quantified in a scintillation counter.
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1.6.2

Luciferase

A luciferase plasmid DNA

can be constructed to contain the gene that encodes for

firefly luciferase. This is a monomeric protein containing reactive sulfhydryl groups that
are responsible for catalytic activity (81). Upon translation, luciferase catalyzes the
oxidation of beetle luciferin to produce a photon. Under experimental conditions,
oxidation occurs via a luciferyl-AMP enzyme intermediate. The light intensity of this
photon emission is a measure of luciferase catalysis rate and is stable for several minutes.
Under ideal conditions, this assay may achieve 100-fold greater sensitivity than
quantification using the C A T assay.

1.7

P r o b l e m s w i t h l i p o p l e x - m e d i a t e d gene t h e r a p y

In order for lipoplex-mediated gene therapy to become a viable alternative to
conventional therapies, several problems need to be addressed. Efficient delivery plays a
crucial role in successful transfection, therefore it is important to establish the ratedetermining step and mechanistic details of this complicated process. These unknowns
have hampered the process of optimizing conditions for successful gene transfer systems
in vitro and in vivo (85). Another challenge impeding lipoplex-mediated gene therapy is
the lack of target specificity. This problem is currently being addressed by modifications
to the lipoplex, such as the addition of a targeting ligand (86).
The transient expression of most genes delivered by lipoplexes is of great
concern, as is the relatively low level of transgene expression. Although sufficient
transgene expression can be achieved using lipoplex-mediated gene transfer, levels are
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still greatly surpassed by viral vectors. All of these problems represent important aspects
of lipoplex-mediated gene transfer that must be resolved.
Although there are numerous hurdles to overcome, this technology is advancing
in the treatment of cancer (87, 88). For example, Phase I and Phase II studies have been
initiated for the treatment of metastatic tumours using an HLA-B7/beta2-microglobulin
gene (89) and major histocompatibility complex genes (90). Due to the limitations of this
technology, treatment strategies are currently focused upon regional administration of
lipoplexes. It has been postulated that pre-exposure of tumour cells in vitro to
chemotherapeutic agents may sensitize them to lipoplex-mediated gene transfer. This
approach would address one of the concerns of current lipoplex protocols, by potentially
enhancing transgene expression.

1.8

Chemotherapeutic Agents

There are several major classes of drugs, including the alkylating agents (91) (e.g.
cyclophosphamide, nitrogen mustard), antimetabolites (92) (e.g. methotrexate, 5fluorouracil) and natural products (93-95) (e.g. anthracyclines, vinca alkaloids, taxol). In
addition to these major classes, there are some drugs such as platinum-based agents (96)
that cannot be classified within any of these groups. Each class of drugs act by specific
mechanisms of action such as attaching alkyl groups to D N A bases (alkylators),
inhibiting production of D N A or R N A synthesis precursors (antimetabolites), damaging
or preventing D N A synthesis (doxorubicin), preventing microtubule formation and
subsequent cell division (vincristine), creating crosslinks between D N A strands
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(cisplatin) or generating free radicals capable of inducing D N A strand breaks
(bleomycin).
For the purpose of this study, chemotherapeutic drugs from several of these
groups were chosen on the basis of these varying cytotoxic mechanisms, in addition to
their potential to augment gene transfer through mechanisms briefly mentioned in section
1.2. The chemotherapeutic agents employed in this study include cisplatin, doxorubicin,
vincristine and bleomycin.

1.8.1

Combination therapy strategies

A clinical approach that combines several modalities of therapy is often the
manner by which human disease is managed. Cancer is one disease that demands
combination treatments to ensure maximal therapeutic effect (97, 98). Cancer patients
routinely undergo surgical treatment for localized tumour excision, followed by adjuvant
radiation and/or chemotherapy to combat metastases or residual disease at the site of
surgical resection. Early reports by Goldie and Coldman (1984) (99) suggested that
spontaneous genetic mutations were involved in tumour resistance to chemotherapeutic
cure and more effective treatment would be achieved with combinations of non-cross
resistant agents. This strategy of combining several chemotherapeutic agents that utilize
different cell kill mechanisms in order to avoid tumour resistance is routinely practiced in
cancer treatment (100, 101). As chemotherapy is capable of sensitizing a variety of cells,
this well-documented anticancer strategy is an ideal choice for augmenting gene transfer.
Preliminary reports support the notion that cytotoxic drugs could enhance
transgene expression. As an example, research performed by Son and Huang (102)
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revealed enhanced C A T reporter transgene expression when cisplatin exposure preceded
the liposome-mediated gene transfer of human ovarian carcinoma cells. Numerous
studies utilizing the techniques of gene therapy in combination with selected drugs or
radiation to enhance therapeutic response have been conducted. Strategies exemplifying
this diversified research include: osteocalcin promoter-based suicide gene therapy in
combination with methotrexate to treat an osteosarcoma model (103); wild-type p53 and
radiotherapy used to restore G l checkpoint and apoptotic pathway in squamous cell
carcinoma (104) and enhancement of DNA-mediated gene transfer efficiency in mutated
C H O cells by radiation (105).

1.8.2

Cisplatin

c/s-Diamminedichloroplatinum (II) (cisplatin) is a commonly used
chemotherapeutic agent for cancer treatment (106,107). It is a divalent inorganic
platinum compound (Figure 8A) that targets DNA, primarily forming 1,2-intrastrand
crosslinks that covalently link the platinum to the N position of adjacent purine bases
7

(Figure 8B). To a lesser extent, cisplatin may also induce 1,3- or longer intrastrand
crosslinks, in addition to interstrand or protein crosslinks (Figure 8C, D). These adducts
are known to interfere with normal replication and transcription (108). Consequently,
cisplatin-damaged cells have been shown to evoke the following reactions; cell cycle
arrest and induction of D N A repair and/or apoptosis (109), changes in intracellular
glutathione and metallothionein levels and fluctuations in other efflux pump mechanisms
(110, 111) and alterations to protein kinase and other enzyme levels (112).
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Figure 8. Structure of (A) cisplatin and (B-D) cisplatin-DNA adducts.
Cisplatin may form (B) intrastrand, (C) interstrand or (D) protein crosslinks with purine
bases o f D N A (107).

1.8.3

Doxorubicin
Another important group o f antineoplastic agents is the anthracycline antibiotics

that include doxorubicin. This hydrochloric salt o f a glycoside antibiotic produced by
Streptomyces peucetius (var. caesius) is an amphiphilic molecule comprised o f
tetracycline ring structures attached to an amino sugar moiety, v i a a glycosidic linkage
(113) (Figure 9).
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F i g u r e 9. S t r u c t u r e of d o x o r u b i c i n .

Its mechanism of cytotoxicity has been linked, in part to the D N A strand breakage
and resealing actions of topoisomerase II (Topo II) (114) (Figure 10A). Covalently
binding to duplex D N A , Topo II migrates along one of the strands until encountering a
region at which the two helices meet. Remaining associated with the first strand, Topo II
binds to and cleaves the second strand, thus producing a transient cleaved complex. This
allows the two strands to pass by one another, thereby unwinding the helix, as required
during D N A synthesis. In the presence of A T P , re-ligation of the D N A is completed,
allowing Topo II to dissociate from the helix. Protein-associated D N A breaks are caused
by doxorubicin effects upon Topo II. Doxorubicin is thought to intercalate into the D N A
double helix, thereby altering D N A conformation. Topo II activity is arrested at the point
of D N A cleavage, thus preventing the re-ligation of the cleaved D N A (114) (Figure 10B).
D N A strand breaks caused by the interaction of doxorubicin with the Topo II-DNA
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Figure 10. Schematic illustration of (A) Topo (II) involvement in D N A
strand breakage and resealing; (B) doxorubicin interference with Topo
I I - D N A interactions; (C) enzymatic activation of doxorubicin and
subsequent activation of superoxide anion, hydrogen peroxide and
hydroxyl radicals. (Figure derived from Piccinini et al. (115)).
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complex result in inhibition of nucleic acid synthesis and may lead to induction of the
apoptotic pathway.
Alternatively, doxorubicin may be converted to a free radical intermediate and
this leads to oxygen radical-mediated D N A damage (116) (Figure IOC). Reduction of
doxorubicin to a semiquinone free radical is mediated by oxidoreductases (e.g.
cytochrome P450). In the presence of free oxygen, this radical donates its electron,
thereby generating a superoxide anion (O2.*). While not toxic itself, superoxide can
undergo reactions leading to the generation of hydrogen peroxide. Hydroxyl radical
formation occurs by hydrogen peroxide reacting with ferrous iron or the semiquinone
radical. These radical oxygen species (hydrogen peroxide and hydroxyl radical) are
reactive and destructive, capable of D N A cleavage and peroxidation of membrane lipids.

1.8.4

Vincristine

The antineoplastic agent, vincristine is the sulfate salt of an alkaloid isolated from
Vinca rosea (periwinkle). As with all of the vinca alkaloids, vincristine is composed of a
dihydroindole nucleus (vindoline) that is linked to an indole nucleus (catharanthine) (94)
(Figure 11).
The cytotoxicity of this cell cycle-specific drug has been attributed to its high
binding affinity to microtubule proteins, thus inhibiting tubulin polymerization and
preventing formation of the spindle apparatus in mitosis. This induces an arrest of cells
at the G2/M phase, potentially leading to additional signal transduction phosphorylation
events capable of initiating apoptosis (117).
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Figure 11. Structure of vincristine.

It is also important to note that this microtubule inhibitor has the potential to
interfere with endosomal transport within the cytoplasm of affected cells. It has been
postulated that the breakdown of the nuclear membrane facilitates D N A delivery to the
nucleus (118). As this is a normal mitotic event, cell cycle arrest in the mitotic phase
may therefore alter transgene delivery.

1.8.5

Bleomycin

Consisting of a mixture of peptides isolated as fermented products of
Streptomyces verticillus, bleomycin is clinically administered as a mixture of the A2 and
B2 compounds, which differ only in their terminal amine (119) (Figure 12). The structure
of these peptides consist of a D N A binding fragment (boxed region) linked to an ironbinding structure.
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F i g u r e 12. S t r u c t u r e o f bleomycin.

Bleomycin toxicity is attributed to production of single- and double-strand breaks
in D N A , leading to an arrest primarily in the G2/M phase (120, 121). Ferrous iron binds
to nitrogen-containing components of bleomycin and undergoes spontaneous reduction to
yield an electron. Similar to the doxorubicin radical reaction described in section 1.8.3,
the liberated electron is accepted by free oxygen to generate a superoxide anion (O2.").
The superoxide can undergo reactions leading to the generation of hydrogen peroxide or
hydroxyl radicals. These radicals damage bleomycin-bound regions of D N A by attacking
the phosphodiester bonds between guanine and other bases. Oxidation of nucleic acid
moieties leads to their release from D N A , therefore causing strand breaks.
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1.9 Thesis Objectives
Since gene therapy will become more prevalent in patient care, it is an utmost
priority to ensure that combination strategies deliver beneficial results. The experiments
outlined in this thesis evaluate lipoplex-mediated gene transfer in combination with four
clinically relevant chemotherapeutic agents (cisplatin, doxorubicin, vincristine and
bleomycin). These chemotherapeutic agents were selected due to their fundamentally
different mechanisms of action. Three specific experimental objectives were defined:
(i)

to demonstrate that in vitro addition of lipoplexes did not alter the cytotoxic
activity of the selected drugs

(ii)

to determine in vitro whether exposure to these chemotherapeutic agents
enhanced/inhibited/did not affect transgene expression of a reporter gene

(iii)

to determine in vivo whether these agents enhanced/inhibited/did not affect
transgene expression of a reporter gene.
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Chapter 2
Materials and Methods
2.1

Materials

Dioleoyldimethylammoniumchloride (DODAC) was synthesized and supplied by
Dr. Steven Ansell of Inex Pharmaceuticals Corp. (Vancouver, BC, CAN).
Dioleoylphosphatidylethanolamine (DOPE) was purchased from Avanti Polar Lipids
(Alabaster, A L , USA). Radiolabeled [ H]-cholesteryl hexadecyl ether ( H-CHDE) was
3

3

obtained from Dupont NEN. Extrusion filters were purchased from Poretics Products
Corp. (Mississauga, ON, CAN) and Spectral/Por dialysis membrane tubing was from
Spectrum Medical Industries Inc. (Houston, T X , USA). Cisplatin was kindly donated by
Dr. Kirsten Skov (BC Cancer Research Centre, Vancouver, B C , CAN). Doxorubicin,
vincristine and bleomycin were purchased from the B C Cancer Agency (Vancouver, B C ,
CAN).
The 4.4 kilobase plasmid pINEXCatv2.0 contained the Escherichia coli
chloramphenicol acetyltransferase (CAT) cDNA under the control of the cytomegalovirus
promoter and alfalfa mosaic virus enhancer. The plasmid D N A was purified using a
Qiagen Plasmid Purification Kit (Qiagen, Chatsworth, C A , USA). The gene expression
plasmid vector, pINEX L018, contained the full coding region of the firefly P. Pyralis
luciferase cDNA driven by the human cytomegalovirus promoter. This 5.7 kilobase
plasmid also encoded a polyadenylation signal and enhancer, both which were simian
virus 40 related. It was purified by cesium chloride density gradient ultracentrifugation.
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Both of these plasmids were constructed and provided by Inex Pharmaceuticals Corp.
(Vancouver, B C , CAN).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
bicinchonic acid solution (BCA), copper (II) sulfate and bovine serum albumin (BSA)
protein standard were all obtained from Sigma (St. Louis, M O , USA).

A l l luciferase

assay components were supplied in a kit from Promega (Madison, WI, USA) except for
purified luciferase, which was purchased separately from Boehringer Mannheim Canada
(Laval, PQ, CAN).

All other chemicals were at least reagent grade and all solvents were

high performance liquid chromatography grade.

2.2

Methods

2.2.1

C e l l culture

The murine B16/BL6 melanoma cell line, obtained from NCI Tumour Repository
(Bethesda, M D , USA) was cultured in RPMI 1640 media (Stemcell Technology,
Vancouver, B C , CAN) and supplemented with 10% fetal bovine serum (FBS) (Hyclone,
Logan, UT, USA).

SKOV-3 cells (human ovarian tumour cells, A T C C #HTB-77) were

maintained in 10% FBS McCoy's media (Stemcell Technology, Vancouver, B C , CAN).
Both cell lines were maintained as monolayers in 75cm tissue culture flasks at 37°C (5%
CO2 atmosphere) with no antibiotics. Cells were washed twice with pre-warmed Hank's
Balanced Salt Solution (HBSS) (Stemcell Technology, Vancouver, B C , CAN) and
trypsinized with 0.25% trypsin-EDTA (Gibco/BRL, Grand Island, N Y , USA).

They were

seeded at approximately 6xl0 (B16/BL6) and l x l 0 (SKOV-3) cells per well in 96-well
3

4
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flat bottom microtiter plates (Costar, Cambridge, M A , USA) and incubated for 24h.
Cells were supplemented with 5% FBS media for the duration of the experimental period.

2.2.2

Chemotherapeutic agents

Stock solutions of doxorubicin, vincristine and bleomycin were prepared in 5%
FBS media at room temperature (RT), in the dark. Cisplatin powder was dissolved in
150mM NaCl and rotated in a 37°C environment for 30 minutes (min) before being
filtered using sterile 0.2um Millex-pf filters. Serial dilutions for all of the drugs were
made at RT using 5% FBS media to provide an appropriate dose range (cisplatin: 0.1lOuM, doxorubicin: 0.1-10uM, vincristine: 5x10" -lOnM and bleomycin: 5x10 lxl0 ng/ml).
5

Medium was aspirated from each of the wells containing plated cells, prior to
addition of a lOOul aliquot of drug solution. Control cells were treated with 100u.l 5%
FBS media. Plates were then returned to the incubator for 24h.

2.2.3

Liposome preparations

D O D A C / D O P E (1:1 mol ratio) liposomes were prepared according to the
extrusion method of Hope et. al (122). Briefly, lipids were dissolved in chloroform
(20mg/ml) and radiolabeled with a non-exchangeable liposomal lipid marker, H - C H D E
(1-2 uCurie/20mg specific activity). The lipid solution volume was reduced under a
stream of nitrogen gas and evenly dried as a thin layer film under vacuum at <76cm Hg
for a minimum of 4h. Multilamellar vesicles (MLVs) were formed by hydrating films at

RT with 300mM lactose (0.22uM filtered). The M L V s were then vortexed and cooled
until the solution became translucent. The hydrated lipid solution was passed ten times
through an extruder (Lipex Biomembranes, Vancouver, BC, CAN) that had been fitted
with three stacked (0.08um pore size) polycarbonate membranes. The resulting large
unilamellar vesicles (LUVs) were evaluated for liposomal specific activity as determined
by H - C H D E levels measured with a Canberra Packard 1900 TR Liquid Scintillation
3

Counter (Packard Instrument Company, Downes Grove, IL, USA). The [ H] radioactivity,
3

expressed as disintegrations per minute (dpm), of a known lipid amount was used to
calculate specific activity (dpm/nmol). This value was then used to calculate lipid
concentration of the liposomes. Liposome size (100-120nm) was measured by quasielectric light scattering using a Model 270 Nicomp Submission Particle Sizer (Pacific
Scientific, Santa Barbara, C A , USA) operating at 632.8nm. A l l liposomes were dialyzed
against distilled, demineralized water (ddtkO) overnight and diluted to 40mM stock
solutions with 300mM lactose.

2.2.4

Lipoplex preparations

All reagents and supplies were cooled to 4°C prior to preparation of liposomeD N A aggregates (lipoplexes). Liposomes and plasmid D N A (either pINEXCatv2.0 C A T
plasmid or pINEX L018 luciferase plasmid) were diluted in ddFLiO to a concentration of
200uM and 20ug/ml, respectively. In a sterile glass tube, 500ul of diluted liposomes
were mixed, dropwise, with 500ul of diluted plasmid D N A and incubated at 4°C for
30min. Free D N A was prepared in ddHbO at a concentration of 10p.g/ml plasmid D N A ,
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corresponding with the amount of plasmid D N A present in the lipoplexes. Lipoplexes
were sized to ensure a homogeneous preparation with a mean diameter of approximately
200-400nm.

The optimal ratio of D O D A C / D O P E liposomes to plasmid D N A for the

selected cell types had been determined in this laboratory (64) as lOOnmol/ml
lipid: lOug/ml DNA, which corresponds to a 1.62:1.00 (positive cationic lipid to negative
D N A phosphate group) charge ratio.

2.2.5

In vitro transfection analysis

Lipoplexes were added to each of the experimental sample wells and one group of
the control wells in 20ul aliquots using a glass SMI Micro/Pettors Model C capillary
pipettor (Dade International Inc., Miami, FL, USA). Free D N A or 5% FBS media was
added as a 20u.l aliquot to the remaining sets of control wells. Cells were incubated for
4h, prior to addition of 80ul 5% FBS media to all wells. Cells were incubated for 48h,
following which, they were subjected to cell viability assessment, transfection analysis
and protein quantification.

2.2.5.1

M T T cytotoxicity analysis

The number of viable cells was determined by the M T T assay (123). M T T
working solution was prepared by diluting the M T T stock solution (5mg MTT/ml
phosphate buffered saline (pH 7.2) 1:5 (vol ratio) with pre-warmed 10% FBS media.
Working solution (50ul) was added to each of the wells and incubated for 4h. All but
-15(0.1 supernatant was aspirated before 150ul dimethyl sulfoxide was added to each well

to solubilize the blue MTT-formazan crystals. The solutions were re-suspended to ensure
uniform colour and lOOul from each well was transferred to a new 96-well flat-bottomed
microtiter plate. Optical density values were determined using a M R X Microplate Reader
(Dynex Technologies Inc., Chantilly, V A , USA) at 570nm. Cell viability, recorded as
percent of drug-free control sample, was determined in triplicate at each drug
concentration.

2.2.5.2

In vitro luciferase expression analysis

Assays were performed using the Luciferase Assay System Kit in accordance with
the manufacturer's protocol. Culture medium was aspirated and cells were washed twice
with pre-warmed HBSS. Cells were lysed by incubation with 50ul IX cell culture lysis
reagent (125mM Tris (pH 7.8 with H3PO4), 10mM C D T A , lOmM DTT, 50% glyerol and
5% Triton X-100 diluted 1:4 (vol ratio) with ddH 0 from 5X stock solution) for 15min.
2

The cell lysates from each well were transferred to microcentrifuge tubes and spun briefly
in an IEC Micromax Microcentrifuge (Fischer Scientific Ltd., Nepean, ON, CAN) at a
relative centrifugal force of 6000 x g to pellet large debris. A portion of cell lysate (20ul)
was added to lOOul Luciferase Assay Reagent (lyophilized Luciferase Assay Substrate
was reconstituted with lOml/vial Luciferase Assay Buffer). Luciferase activity was
detected using a Tropix Luminometer (Bio/Can Scientific, Mississauga, ON, CAN) with
a 30 second measuring time. Background values obtained from non-transfected control
cells were -90 relative light units (RLU) and subtracted from all experimental values.
Purified luciferase was serially diluted with Luciferase Lysis Buffer (lmg purified
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luciferase ~ 10 arbitrary luciferase units) and used to establish a standard curve of R L U
produced from a known amount of luciferase. Luciferase expression for control and
experimental samples was determined using the slope from the linear portion of this
standard curve. These values were all normalized for cellular protein amount as
described next, and expressed as pg luciferase per mg of protein.
The cell lysates were assayed for protein content using the B C A colourimetric
method in accordance to the manufacturer's protocol (124). Stock B C A solution (200ul)
(Cu sulfate diluted 1:50 (vol ratio) with BCA) was added to each cell lysate sample (cell
2+

lysate diluted 1:60 (vol ratio) with ddLbO) and protein standard samples. Protein
standard samples were prepared from a 1 mg/ml B S A stock and diluted with ddLT.20 to an
appropriate protein concentration range (0-18u.g protein/well). After sufficient incubation
with the B C A solution, optical density values were read at 570nm. Cell lysate protein
concentration values were calculated using the slope of the protein standard curve.

2.2.5.3

In vitro C A T expression analysis

Upon completion of the 48h transfection period, medium was aspirated from each
well and cells were rinsed twice with HBSS. Lysis buffer was prepared by the addition of
20mM n-octyl beta-D-glucopyranoside to complete homogenization buffer [incomplete
homogenization buffer (15mM Tris-HCl (pH 8.0), 60mM KC1, 15mM NaCl, 5mM
E D T A (pH 8.0)) is combined with 0.15mM spermine, l.OmM DTT, 35ug/ml PMSF,
0.5ug/ml leupeptin, 0.5ug/ml aprotinin and 5uM paraoxon]. Lysis buffer (400ul) was
added to each well, which were scraped before transferring the cell lysates into
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microcentrifuge tubes. Samples were centrifuged at 6000 x g for lOmin at RT. Control
sample supernatants were pooled, diluted 1:50 (vol ratio) in BSA buffer (2mg/ml B S A
added to complete homogenization buffer) and used to establish a standard curve. Stock
C A T (lxl0 mU/u,l) was serially diluted using BSA buffer to establish an appropriate
4

concentration range (0-0.8mU/ul). A portion (lOul) from each diluted C A T solution was
added to a lOOul aliquot of diluted control sample. Experimental samples were also
diluted 1:50 (vol ratio) in BSA before 1 lOul was removed for further analysis.
Standard curve controls and experimental samples were heated at 65 °C for 15min
to inactivate deacetylase activity and then centrifuged at 6000 x g for lOmin at RT. A
portion of the supernatant (55ul) was removed and combined with 50ul radiolabeled
[ C]-chloramphenicol ( Cm) working solution (D-threo-[dichloroacetyl-l,2- Cm]
14

14

14

diluted 1:10 (vol ratio) in BSA buffer) and 25ul n-butyryl Coenzyme A (diluted to
5mg/ml in ddfbO) before being incubated for 2h in a 37°C water bath.
At RT, 300ul of mixed xylenes were added and each sample was vortexed for 30s
and centrifuged for 3min at 6000 x g. The upper phase was transferred to a new tube
containing 750ul incomplete homogenization buffer. Samples were vortexed and
centrifuged for 3min at 6000 x g before lOOul of the upper phase was removed and added
to a scintillation counter vial containing 5ml Picofluor scintillant (Packard Instrument
Co., Meridian, CT, USA). The [ C] radioactivity (expressed as dpm) was measured
14

using the Canberra Packard 1900 TR Liquid Scintillation Counter (Packard Instrument
Company, Downes Grove, IL, USA). Using the values obtained for the standard curve
controls, the amount of C A T activity was calculated for each of the experimental
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samples. One unit of enzyme activity can be defined as the amount of enzyme that
converts lnmole of substrate to product in lmin at 37°C. Using the B C A method for
determining protein content (described in section 2.2.5.2), experimental values were
converted and expressed as mU C A T activity per mg of protein.

2.2.6

In vivo analysis

2.2.6.1

Intraperitoneal model

C57BL/6J female mice were purchased at 7 weeks from Jackson Laboratories
(Bar Harbor, M A , USA). They were injected intraperitoneally (i.p.) as groups of four
with l x l 0 B16/BL6 cells. Seven days after tumour cell inoculation, all experimental
5

groups received a single intravenous (i.v.) injection of the selected cytotoxic agent. This
was administered at a maximum therapeutic dose designed to provide the greatest
therapeutic activity (cisplatin: lOmg/kg, doxorubicin: 20mg/kg, vincristine: 3mg/kg and
bleomycin: 0.4U/kg). Three days later, all experimental groups were i.p. injected with
plasmid as free D N A or formulated with D O D A C / D O P E liposomes. Lipoplexes were
prepared at 4°C by mixing pINEXCatv2.0 and DOD A C / D O P E liposomes (1:1 mol ratio)
in 300mM lactose at 1:10 (vol ratio), such that 35u.g plasmid D N A was injected in a
500ul lactose volume. The lipoplexes were kept on ice for 30min and warmed to R T
before i.p. administration. Free D N A was also prepared such that 35ug plasmid D N A
was injected in a 500ul lactose volume. B16/BL6 tumours in the peritoneal cavity were
harvested 24h after plasmid injection and C A T activity was measured. All of the mice
appeared to be healthy for the duration of experimental period in each in vivo study.
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2.2.6.2

Intravenous model

CD1 female mice were purchased at 5 weeks from Charles Paver Laboratory (St.
Contant, PQ, CAN) and served as control mice for an i.v. model. Lipoplexes were
prepared as described in section 2.2.6.1, except that 25ug plasmid D N A was injected in a
200ul lactose volume. Free D N A was also prepared such that 25p.g plasmid D N A was
injected in a 200ul lactose volume. Without any pre-exposure to chemotherapeutic
agents, mice were injected via the lateral tail vein. As groups of four, mice were injected
with free D N A or lipoplexes, or left untreated. Twenty-four hours post-transfection,
various tissues (spleen, heart, kidney, liver and bone marrow) were harvested.
CD1 mice in the experimental groups of the i.v. model were injected with a single
dose of chemotherapeutic agent at the maximum therapeutic dose (cisplatin: lOmg/kg,
doxorubicin: 20mg/kg, vincristine: 3mg/kg and bleomycin: 0.4U/kg) on days 0, 7, 14 or
18, to correspond with 21,14, 7 or 3 days drug exposure. On day 22, mice were injected
via the lateral tail vein with 25p.g plasmid as free D N A or formulated with
DOD A C / D O P E liposomes in a 200ul lactose volume. Only bone marrow and spleen
were harvested 24h later.

2.2.6.3

In vivo CAT expression analysis

Fresh tissues were weighed and placed on ice until homogenization in an
appropriate amount of complete homogenization buffer (20% homogenate for liver and
10%o homogenate for spleen, kidney, heart and tumour). Bone marrow samples were
flushed with 6ml PBS, centrifuged at 4°C for lOmin at 1000 x g using a Centronics S-
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103NAR Centrifuge (NCS Medical Inc., Delta, B C , CAN) and re-suspended in 500ul
complete homogenization buffer. Cells were lysed by three freeze/thaw cycles (frozen in
liquid nitrogen and thawed in a 37°C water bath) and cell lysates were centrifuged at R T
for lOmin at 6000 x g. A portion (1 lOul) of each experimental sample supernatant and
lOOul aliquots of the pooled control supernatant were transferred to new tubes. Diluted
C A T stock was made up in BSA buffer to an appropriate concentration range (0-0.8mU
stock CAT/uI). A portion (lOul) of the diluted C A T was added to each of the pooled
control supernatants. All samples were heat-inactivated and assayed for C A T activity
according to the protocol described in section 2.2.5.3.

2.2.7

Statistical analysis

In vitro assays were performed in triplicate and each experiment was repeated
independently at least three times. In vivo data were generated from four mice per
experimental group, with selected experiments repeated at least two times. All in vitro
and in vivo data shown are the mean ± standard error of the mean (SEM) for all
experiments. Quantitative data generated for cell viability, C A T and luciferase
expression and protein amount were statistically assessed using the Statistica computer
program (Statistica Software Inc., Tulsa, OK, USA). Significance, as determined by a
probability of less than 0.05 (p<0.05) was tested using post-hoc comparison of means
(Scheffe's test).
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Chapter 3
Results

3.1

E x a m i n a t i o n o fcytotoxicity

In order to determine the effects of combination therapy on transgene expression,
it was important to establish initially whether addition of lipoplexes changed the toxicity
of the chemotherapeutic agents selected. This was assessed using in vitro cytotoxicity
assays, where cell viability was determined by the M T T assay. The results of this
assessment, shown in Figure 13, clearly indicate for SKOV-3 cells that the concentration
of drug that caused toxicity or inhibition of cell proliferation was not affected by the
presence of lipoplexes. Cell viability for each drug dose was determined as a percentage
of control sample not exposed to chemotherapeutic agent. Treatment with increasing
concentrations of cisplatin (Figure 13 A), for example, indicated that the IC50
(concentration of drug causing 50% cell death or 50% inhibition of cell proliferation) for
cisplatin was approximately 8.0uM in the presence of lipoplexes and approximately
9.5uM in the absence of the transfecting agent. A similar dose-dependent decrease in cell
viability was observed for all selected drugs, and no significant differences were noted
between lipoplex-transfected and non-transfected cells. This experiment was repeated
using B16/BL6 cells in the presence of cisplatin and similar results were achieved (Table
1).

49

•
•

110100-

B

lipoplex-transfected
non-lransfected

•
•

110

I

lipoplex-transfected
non-transfected

100-J
90

90~
p_

80-

—
|

80

8

70-

§

70

•>
E

60 -

£

•5

50-

o

ta

o>
E

60

£
.Q

40.

T>

IT

T)

38

|

40-

<o

(0

'>

1

5

30 -

o

30 •

•3
o

20-

20

10-

10

0-

D

100-

I

j

90-

„

80-

I

70-

1

01

60 •

Io>

I
E

„

8
5

TJ

Tl

•S

50.

•B
&

I

40.

I

£1

ra
>
%
o

lipoplex-transfected
non-transfected

110-

10090-

1.0

0.5

[DOX] (uM)

lipolex-transfected
non-transfected

110-1

-fh —\—
10

1

0

10
[CDDP] (tiM)

30

80-

1

70605

0

.

CD
>

I

1

30
20

20
10
10
0

r

rrT

i—
0.1

T T

0
[VINC] (nM)

10

!

10

1

10"

10

s

[BLEO] (ng/ml)

Figure 13. SKOV-3 cytotoxicity of selected anticancer agents in the presence and absence of
added lipoplexes. S K O V - 3 c e l l s w e r e p l a t e d ( 1 x 1 0 c e l l s / w e l l ) a n d treated with v a r y i n g c o n c e n t r a t i o n s
4

of (A) c i s p l a t i n , ( B ) d o x o r u b i c i n , ( C ) vincristine o r (D) b l e o m y c i n in t h e p r e s e n c e (•) o r a b s e n c e (•) of
lipoplexes.
C e l l viability w a s d e t e r m i n e d a s d e s c r i b e d in s e c t i o n 2 . 2 . 5 . 1 .
T h e d a t a points w e r e
d e t e r m i n e d f r o m the m e a n ± S E M of triplicate v a l u e s o b t a i n e d f r o m at l e a s t 3 s e p a r a t e e x p e r i m e n t s .
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Table 1. IC50 for selected drugs and ce 1 lines in the presence and absence of lipoplexes.
Cytotoxic Drug
Cell Line
I C (uM)
b

50

- Lipoplexes
SKOV-3

B16/BL6

+ Lipoplexes

Cisplatin

9.5

8.0

Doxorubicin

0.4

0.5

Vincristine

3.0

1.0

Bleomycin

2.5xl0

Cisplatin

C

C

3d

10.0

2xl0

3d

10.0

"Lipoplexes were prepared as described in section 2.2.4 using DOD AC/DOPE liposomes and pINEXL018
at a ratio of lOnmole lipid/1 ug DNA.
l C is estimated as the concentration of drug causing 50% cell death or 50% inhibition of cell
proliferation.
units for vincristine are given as nM.
units for bleomycin are given as ng/ml.
b

5 0

0

d

3.2

In vitro l i p o p l e x - m e d i a t e d t r a n s f e c t i o n i n t h e p r e s e n c e o f s e l e c t e d
c h e m o t h e r a p e u t i c agents

A variety of parameters were considered when evaluating any influence that
chemotherapeutic agents may have on the ability of host cells to express exogenous
DNA.

Transgene expression of two separate reporter genes under the control of the same

eukaryotic promoter was assessed in both human SKOV-3 ovarian carcinoma and murine
B16/BL6 melanoma cells.

3.2.1

Luciferase transgene expression in S K O V - 3 cells

In order to test the effects of chemotherapeutic agent on lipoplex-mediated
transfection, luciferase transgene expression was evaluated in SKOV-3 cells following a
24h exposure to different concentrations of each selected chemotherapeutic agent (as
described in the Methods). Emphasis was placed upon use of drug concentrations that
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were not cytotoxic (i.e. less than the IC50 or concentrations at which less than 50% cell
toxicity or inhibition of cell proliferation was observed). However, at least one drug
concentration equivalent to a value that would result in significant cell toxicity (>50%)
was also evaluated. Results shown in Figure 14 indicate that transgene expression could
increase, decrease or remain the same relative to lipoplex only controls, depending upon
the drug and its concentration. Transgene expression, normalized to cellular protein
levels, was established following the application of free DNA, lipoplexes or a
combination of chemotherapeutic agent and lipoplexes. Free DNA (dashed line) and
lipoplex only (solid line) controls were averaged for all experiments and expressed as a
constant mean value ± SEM on each panel. There was a significant increase in luciferase
transgene expression for lipoplex only transfected cells (67 ± 8 pg luciferase/mg protein),
as compared to cells transfected with free DNA (0.04 ± 0.04 pg luciferase/mg protein).
Figure 14A shows that pre-exposure to cisplatin at all drug concentrations
evaluated, whether toxic (>8.0uM) or non-toxic (<8.0uM), resulted in a minimum 8.5fold increase in transgene expression, as compared to lipoplex only controls. These
differences were significant (p<0.05) at all concentrations except lOuM. Pre-treatment
with cytotoxic doses of doxorubicin (Figure 14B) caused a dose-dependent decrease in
transgene expression values. When SKOV-3 cells were exposed to doxorubicin
concentrations below the IC50, there was an apparent 2-3-fold increase in transgene
expression measured, but these increases were not significantly different than lipoplex
only controls. In comparison, when cells were pre-exposed to vincristine there appeared
to be a dose-dependent increase in transgene expression (Figure 14C). At vincristine
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Figure 14. Luciferase transgene expression in SKOV-3 cells following lipoplex-mediated
gene transfer. SKOV-3 cells were plated (lxlO cells/well), treated with varying concentrations
of (A) cisplatin, (B) doxorubicin, (C) vincristine or (D) bleomycin and transfected with
luciferase plasmid as free D N A or formulated with D O D A C / D O P E liposomes. Free D N A
(dashed line) and lipoplex only (solid line) controls were averaged and are depicted as a constant
mean value ± SEM. Data obtained in the presence of various drug concentrations were averaged
from triplicate samples performed at least 3 times and are also expressed as mean value ± SEM.
Statistical analysis of reporter gene activity was evaluated for all in vitro experiments using posthoc comparison of means (Scheffe's test) to show statistical difference.
* indicates significant (p<0.05) compared to lipoplex only transfected controls.
4
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concentrations greater than the IC50 there were significant 4-fold increases in luciferase
expression over lipoplex only transfected values. Exposure of SKOV-3 cells to varying
concentrations of bleomycin (Figure 14D) had no effect on transgene expression as
compared to controls.

3.2.2

Luciferase transgene expression in B16/BL6 cells
B16/BL6 cells were also evaluated following transfection with lipoplexes in the

presence of three different concentrations of each of the selected cytotoxic agents. This
study was conducted to assess whether transfection is dependent upon cell type. The data
from this study have been summarized in Figure 15. Similar to results obtained with the
SKOV-3 cells, the level of transgene expression increased significantly when the
luciferase expression vector was added as a DOD A C / D O P E liposome formulation (solid
line), compared to free D N A (dashed line). The transfection results obtained with
B16/BL6 cells exposed to the various drugs were not comparable to those obtained with
the SKOV-3 cells, suggesting that drug-induced effects on transgene expression may be
cell type-specific.
In the presence of cisplatin at non-toxic (<ICso) concentrations of 0.1 and l.OuM,
there was no significant change in luciferase expression. However, a significant 14-fold
suppression in luciferase expression was noted at the cytotoxic dose of lOuM cisplatin.
When B16/BL6 cells were pre-exposed to doxorubicin, there was a significant 135-fold
decrease in luciferase transgene expression at all drug concentrations tested. Comparable
to data obtained with SKOV-3 cells, a trend towards enhanced transgene expression was
observed when B16/BL6 cells were pre-treated with a range of vincristine concentrations.
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Figure 15. Luciferase transgene expression in B16/BL6 cells following lipoplex-mediated
gene transfer. B16/BL6 cells were plated (6xl0 cells/well), treated with the indicated
concentrations of cisplatin, doxorubicin, vincristine or bleomycin and transfected with luciferase
plasmid as free D N A or formulated with D O D A C / D O P E liposomes. Free D N A (dashed line)
and lipoplex only (solid line) controls were averaged and are depicted as a constant mean value ±
SEM.
Data obtained in the presence of various drug concentrations were averaged from
triplicate samples performed at least 3 times and are also expressed as mean value ± SEM.
Statistical analysis of reporter gene activity was evaluated for all in vitro experiments using posthoc comparison of means (Scheffe's test) to show statistical difference.
* indicates significant (p<0.05) compared to lipoplex only transfected controls.
3
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Also comparable to SKOV-3 cells, pre-treatment of B16/BL6 cells with bleomycin
caused no change or only slight increases in luciferase expression as compared to
lipoplex only controls.

3.2.3

C A T transgene expression in B16/BL6 cells

In order to establish whether the impact of selected chemotherapeutic agents was
transgene-specific, a limited study was conducted using B16/BL6 cells. They were preexposed to cisplatin and transfected using lipoplexes that had been formulated with a
C A T gene plasmid. There were three specific reasons for conducting this particular
study. Firstly, in vivo studies summarized in the following sections were restricted to
evaluations of C A T gene plasmid because in vivo measurements of luciferase proved to
be difficult and not very reproducible when compared to measurements of C A T .
Secondly, in vivo studies summarized in the following sections evaluated transfection of
B16/BL6 tumours following i.p. administration of lipoplexes. Transfection of B16/BL6
tumours in vivo has been well characterized in this laboratory (64). It has been
determined that this model is more convenient than one based upon in vivo transfection of
SKOV-3 tumours (60-80 days is required to establish SKOV-3 tumours in comparison to
7 days for the B16/BL6 tumours). Thirdly, a report published by Son and Huang (1994)
(102) suggested that pre-exposure to cisplatin enhanced C A T transgene expression
following lipoplex-mediated transfection.
Summarized in Table 2, transgene expression values were quantified by assessing
C A T activity that had been normalized for cellular protein. As expected, the levels of
C A T expression were significantly greater when cells were transfected with lipoplexes, in
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comparison to free DNA. Incubation of B16/BL6 cells with concentrations of cisplatin
below the IC50 (<10uM) caused no significant change in transgene expression levels.
When the cisplatin concentration was equivalent to the IC50, there was a significant 24fold reduction in expression.

These results are quite comparable to those obtained when

B16/BL6 cells were transfected with the luciferase plasmid (Figure 15).

Table 2. CAT transgene expression in B16/BL6 cells following transfection with
DOD AC/DOPE lipoplexes prepared using pINEXCatv2.0, in the presence and
absence of cisplatin .
8

Cisplatin
Concentration (uM)
0
0
0.2
2.0
10.0

Plasmid Formulation

Transgene Expression ± S E M
(mU C A T activity/mg cell protein)

b

Free D N A
Lipoplex
CC
CC
CC

0.40 ± 0.4
880 ± 50
780 ± 90
1540 ± 2 6 0
37 ± 10
c

Lipoplexes were prepared as described in section 2.2.4 using DODAC/DOPE liposomes and
pINEXCatv2.0 at a ratio of lOnmole lipid/1 jug DNA.
CAT expression was measured as described in section 2.2.5.3.
Significantly different (p<0.05)fromlipoplex only control.
a

c

3.3

In vivo l i p o p l e x - m e d i a t e d t r a n s f e c t i o n i n t h e p r e s e n c e o f s e l e c t e d
c h e m o t h e r a p e u t i c agents
To evaluate the influence of pre-treatment with chemotherapeutic agents on in

vivo transfection activity, two models were developed. The first model evaluated
transgene expression of C A T reporter gene in mice bearing B16/BL6 tumours, where
drug treatment was given i.v., prior to i.p. administration of free plasmid or plasmid
formulated with D O D A C / D O P E lipoplexes. The characteristics of this i.p. tumour model
and factors that influence lipoplex transfection have been evaluated previously in this
laboratory (125). The second model evaluated transgene expression of C A T reporter
gene in selected tissues isolated from mice administered lipoplexes via the lateral tail

vein. It is known that following i.v. administration, lipoplexes are rapidly eliminated
from the circulation with a concomitant delivery to tissues such as the spleen, liver and
lung (63). As shown in section 3.3.2, transfection is most consistently observed in the
spleen and the bone marrow following i.v. administration of lipoplexes.

3.3.1

Transfection of B16/BL6 tumours following intraperitoneal administration of
lipoplexes
Previous research in this laboratory has demonstrated that B16/BL6 tumours can

be reproducibly transfected when lipoplexes (35ug plasmid D N A in 500ul lactose
volume) are administered early in the development of the tumour (tumour weight
between 50 and 200mg) (125). A similar model was used in this study to assess how
chemotherapeutic drugs affected transfection following i.p. administration of
D O D A C / D O P E lipoplexes formulated with the pINEXCatv2.0 plasmid. Seven days after
tumour cell inoculation in C57BL/J6 mice, a single i.v. injection of the selected
chemotherapeutic agent was administered at a dose that should have provided maximum
therapeutic activity (maximum therapeutic dose). Three days later, the mice received a
single i.p. injection of the plasmid as free D N A or formulated with D O D A C / D O P E
liposomes. B16/BL6 tumours in the peritoneal cavity were harvested 24h after plasmid
injection and the level of C A T expression was measured. Figure 16 emphasizes two
important results from this study. Firstly, transgene expression levels in the isolated
B16/BL6 tumours showed a significant 48-fold elevation when mice were injected with
the lipoplex-formulated plasmid, in comparison to free plasmid. Secondly, pre-treatment
with the selected chemotherapeutic agents had no significant effect on the level of C A T
expression, achieved following lipoplex-mediated transfection. A 2-fold reduction in
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lipoplex only ± S E M
free D N A ± S E M

[CDDP]
(10mg/kg)

Figure 16.

[DOX]
(20mg/kg)

[VINC]

[BLEO]

(3mg/kg)

(0.4U/kg)

C A T transgene expression in intraperitoneal B16/BL6 tumours following

intraperitoneal administration of lipoplexes. C57BL/6J mice were injected i.p. with 1x10
B16/BL6 cells seven days prior to treatment with a single i.v. dose of cisplatin (lOmg/kg),
doxorubicin (20mg/kg), vincristine (3mg/kg) or bleomycin (0.4U/kg). Three days after drug
administration, C A T plasmid, as free D N A or formulated with D O D A C / D O P E liposomes was
injected i.p. Mice were killed 24h post-transfection and tumours were harvested. Cellular
extracts were assayed for C A T activity and normalized by tumour weight as described in section
2.2.6.3. Free D N A (dashed line) and lipoplex only (solid line) controls were averaged and are
depicted as a constant mean value ± SEM. Other data points are averaged from four mice and
expressed as mean value ± SEM. Statistical analysis of reporter gene activity was evaluated for
all in vivo experiments using post-hoc comparison of means (Scheffe's test) to show statistical
difference.
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expression was observed in tumours isolated from doxorubicin-treated animals, but this
difference was not significant.

3.3.2

Transfection following intravenous administration of DODAC/DOPE
lipoplexes
Following i.v. administration, lipoplexes are eliminated rapidly from the plasma

compartment and distributed to a number of organs. In this study, in order to assess
which organs expressed the transgene, CD1 mice were given a single i.v. injection of
C A T plasmid as free D N A or formulated with DOD A C / D O P E liposomes, via the lateral
tail vein. Various tissues were harvested 24h after administration and C A T activity was
measured. The results, shown in Figure 17, indicate that spleen, bone marrow, heart and
kidney from mice injected i.v. with lipoplexes all expressed C A T transgene at levels
significantly above that which was observed following injection of free DNA. The level
of C A T activity was highest in the spleen and bone marrow, where expression levels
relative to tissues isolated from free DNA-injected animals were 360-fold and 80-fold
greater, respectively. For this reason, studies assessing the influence of chemotherapy on
transgene expression following i.v. administration of lipoplexes focused upon these two
tissues.
The studies that assessed the influence of chemotherapy pre-treatment on
transgene expression in spleen and bone marrow following i.v. administration of
lipoplexes have been summarized in Figure 18. These experiments evaluated transgene
expression following drug exposure and plasmid injection of a 21 day time course. This
extensive time course was completed because it was known that significant suppression
of spleen and bone marrow cellularity would be observed at the selected drug doses.
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F i g u r e 17. C A T transgene expression i n various tissues following intravenous
a d m i n i s t r a t i o n of lipoplexes. CD1 mice were administered C A T plasmid as free D N A
or formulated with D O D A C / D O P E liposomes, via the lateral tail vein. After 24h, the
spleen, bone marrow, heart, kidney, lung and liver were harvested. Tissues were assayed
for C A T activity and normalized for tissue weight or cellular protein (bone marrow) as
described in section 2.2.6.3. Data points were averaged from four mice and shown as
mean value ± SEM. Statistical analysis of reporter gene activity was evaluated for all in
vivo experiments using post-hoc comparison of means (Scheffe's test) to show statistical
difference.
* indicates significant (p<0.05) compared to lipoplex only transfected animals.

Previous experience with doxorubicin, for example, has demonstrated significant
suppression, with a nadir in cell number occurring between 1 and 3 days after drug
administration (126). Recovery of the spleen weight and bone marrow cellularity to
control levels occurred over a 21 day time period. For this reason it was important to
evaluate expression levels at time points where marrow suppression was greatest (3 days)
and at time points during the recovery phase (7, 14 and 21 days). Mice were given a
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single i.v. injection of the indicated chemotherapeutic agent on either day 0, 7, 14 or 18,
corresponding to 21, 14, 7 or 3 day drug exposure. On day 22, free D N A or lipoplexes
containing the C A T gene were administered by i.v. injection. Twenty-four hours later,
spleen and bone marrow samples were harvested.
For simplicity the results for each drug will be described separately. In addition,
it is important to emphasize that expression levels were always determined 24h after
lipoplex administration (i.e. the time course is not measuring stability of expression
following plasmid injection). Expression levels in the spleen (Figure 18A) and bone
marrow (Figure 18B) were not significantly affected by pre-treatment with cisplatin,
regardless of the time-point after drug administration. Similar results were obtained
when the mice were pre-treated with bleomycin, where there was a 2-5-fold reduction in
spleen transfection and a less than 2-fold reduction in bone marrow transfection at time
points 3, 7, and 14 days after drug administration. These differences were not
statistically significant. A similar tendency towards decreased transgene expression
levels was also observed following administration of vincristine. For example, 3 days
after drug administration there was a 31-fold decrease in transgene expression in the bone
marrow, however this was not statistically significant due to the small experimental
sample number. Typically, a 2-5-fold decrease in expression level was observed in
spleen and bone marrow recovered from animals treated with vincristine, 7 and 14 days
before lipoplex injection. When animals were pre-treated with doxorubicin there was a
significant decrease in expression level observed in spleen tissue and a tendency to
reduced transfection in the bone marrow. This observation was greatest at days 3 and 7
after drug administration, after which, the suppression tended to diminish by days 7 and
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C A T transgene expression in spleen (A) and bone marrow (B) following

intravenous administration of lipoplexes. CD1 mice were injected i.v. with a single dose of
cisplatin (lOmg/kg), doxorubicin (20mg/kg), vincristine (3mg/kg) or bleomycin (0.4U/kg). At 3,
7, 14 or 21 days post-drug injection, mice were administered C A T plasmid as free D N A or
formulated with D O D A C / D O P E liposomes, via the lateral tail vein. After 24h, the spleen and
bone marrow were harvested. Tissues were assayed for C A T activity and normalized for tissue
weight or cellular protein (bone marrow) as described in section 2.2.6.3. Free D N A (dashed line)
and lipoplex only (solid line) controls were averaged and are depicted as a constant mean value ±
S E M . Other data points were averaged from four mice and shown as mean value ± S E M .
Statistical analysis of C A T activity was evaluated using post-hoc comparison of means
(Scheffe's test) to show statistical difference.
* indicates significant (p<0.05) compared to lipoplex only transfected animals.
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21. However, even 21 days after doxorubicin administration there was a significant 4fold reduction in transgene expression observed in spleen tissue and a 3-fold (but not
statistically significant) reduction in expression levels in bone marrow.

64

Chapter 4
Discussion

The studies described in this thesis concerning the influence of chemotherapy on
lipoplex-mediated gene transfer were conducted for two specific reasons. Firstly,
previous studies have suggested that transgene expression may be enhanced when viral or
non-viral transfecting agents are used in combination with cytotoxic drugs (102, 127) or
radiation (105, 128). Secondly, it is strongly believed that in the future, gene therapy
protocols for cancer treatment will be used in combination with other modalities. Due to
its complicated nature, cancer is currently treated by elaborate therapeutic strategies
involving a combination of surgery, radiation and chemotherapeutic agents. Typically,
the use of chemotherapeutic agents involves administration of a variety of drugs that act
via unique mechanisms to ensure maximal tumour cell kill while reducing the potential
for development of resistance mechanisms. It is anticipated that the "drugs" that arise
through the development of selected gene therapy protocols will add to the existing
armament of drugs already in use to treat cancer. The results summarized in this thesis
suggest that under specific conditions, pre-treatment of cells with a chemotherapeutic
agent can result in significant increases in transfection when using a lipid-based
formulation for the delivery of a plasmid expression vector. However, under other
defined conditions, significant suppression of transgene expression may occur. In this
discussion, common cellular mechanisms by which chemotherapeutic agents may
enhance or suppress transgene expression will be addressed.
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Transgene expression may be influenced by one or a combination of the following:
(i)

D N A damage and associated repair

(ii)

cell cycle effects

(iii)

altered intracellular processing

While each of these will be discussed in turn, evidence herein support the concept that
drug-induced changes in intracellular processing of lipoplexes are the most likely means
by which transgene expression can be altered.
Postulated as a mechanism capable of influencing transgene expression, damage
to the host cell D N A and its associated repair processes may be induced by a variety of
techniques, including some chemotherapeutic agents (129, 130) and radiation (131).
Damage to the D N A may present itself in the form of single- and double-strand breaks
and/or crosslinks between the strands. Lesions that are not lethal to the cell induce D N A
repair processes. Numerous complementary signaling pathways serve to prompt cell
cycle arrest and activation of D N A repair events. Previous studies reporting enhanced
transgene expression following lipoplex-mediated transfection, implicated D N A damage
and repair events as likely effectors of this change (102). It was stated that exposure of
cells to cisplatin prior to gene transfer increases their transfection ability and that
cisplatin-induced D N A damage may be responsible for this result. Similarly, Stevens et
al. (1996) (132) stated that DNA-damaging agents such as ionizing radiation enhance the
transfection efficiency of a transgene integrating into the host genome. The anticipated
repair processes that accompany D N A damage were thought to affect recombination
events, thereby improving integration of the transgene. However, this theory has recently
been disputed by Jain and Gewirtz (1999) (128). Their work irradiating cultured human
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breast tumour cells 24h before transfection with a liposomal complex containing the
luciferase gene, essentially ruled out direct effects of D N A damage as the contributing
factors to enhancement of transgene expression.
Three of the selected chemotherapeutic agents in this study, cisplatin, doxorubicin
and bleomycin are known DNA-damaging agents whose mechanisms of action are quite
different. Cisplatin forms platinum-DNA crosslinked adducts. Doxorubicin interacts
with Topo II-DNA complexes, preventing re-ligation of D N A and therefore, causing
strand breaks. Doxorubicin may also damage D N A via formation of reactive oxygen
species such as hydrogen peroxide and hydroxyl radical. Bleomycin is activated through
interactions with various metals to produce reactive oxygen species that are capable of
fragmenting D N A via double strand breaks. The most compelling evidence against D N A
damage and repair events contributing to alterations in transgene expression centered on
the use of bleomycin in combination with lipoplex-mediated gene transfer. Results from
in vitro and in vivo studies consistently reported no significant changes in transgene
expression levels when pre-treatment of bleomycin preceded gene transfer. Although
quantitative measurements of D N A damage were not performed during these
experiments, it can be reasonably stated that this cellular mechanism does not result in
conditions that favour transgene expression enhancement or suppression.
Another theory to account for changes in lipoplex-mediated transgene expression
is drug-induced cell cycle alterations. The sequence of events that occurs during the
lifetime of eukaryotic cells can be generally divided into four stages. Excluding the
variable quiescent stage, cells cycle through a lengthy G l (gap) phase into an S
(synthesis) phase, during which they undergo D N A replication. The G2 phase is
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followed by a brief M (mitosis) phase, which is responsible for mitotic activity and cell
division. It is during the latter stages of this M phase that the nuclear membrane is
disrupted, allowing for chromosome segregation into two daughter cells. A new cycle
commences with the transition from the M phase to the G l phase of the next cycle.
Doxorubicin is thought to inhibit normal cell cycling by interfering with events
associated with D N A synthesis and arresting cells during the S phase. In comparison,
vincristine exerts its influence during mitotic events and arrests cells in the M phase. By
temporarily interrupting normal cell cycling, these drugs may act to synchronize cells. If
intracellular events are cell cycle-specific, synchronization may alter transgene
expression levels. It has been observed that some cells undergoing mitosis experience
greater expression of lipoplex-mediated transgene than cells in any other stage (133).
These studies also showed that when lipoplex-treated cells arrested in G l were permitted
to resume cycling, transgene expression correlated to the transition period between G2/M
and the G l phase of the next cycle. The highest level of transgene expression was noted
when cells were exposed to lipoplexes during mitosis or just prior to this stage. These
results hinted at possible cell cycle-dependent mechanisms that might regulate lipoplex
delivery. Therefore, exposure to drugs such as doxorubicin or vincristine may serve to
synchronize cells, thus regulating the number of cells available for lipoplex processing.
In the case of vincristine, cell cycle arrest during M phase and the ensuing
synchronization upon resumption of normal cycling, may increase the number of cells
experiencing nuclear membrane disruption.
The observed enhancement of transgene expression following vincristine pretreatment in vitro may be a consequence of cell cycle synchronization and in particular, a

68

greater amount of D N A evading the nuclear envelope barrier. The results observed in
vitro with doxorubicin pre-treatment suggested that arresting cells in S phase could
prevent a large percentage of the plasmid from accessing the nucleus, due to an intact
membrane barrier. The conclusion of this study is that in vitro cell cycle synchronization
is possibly involved in altering transgene expression. However, this is not a likely
mechanism by which transgene expression of cells in vivo are influenced by
chemotherapeutic agents, as cell synchronization is extremely difficult to maintain
beyond a single cycle (134).
Alternatively, the effects of chemotherapy on transgene expression may be a
consequence of changes to the intracellular processing of lipoplexes. Lipoplexes taken
up by host cells must escape from endosomal vesicles if they are to escape degradation
via the lysosomal pathway. Plasmid D N A dissociates from liposomes and is released
from the endosome. It must then be transported from the cytosol into the nucleus and
processed to yield the protein of interest. Chemotherapeutic agents causing changes to
transgene expression may target any of these intracellular processing events. For
example, cisplatin-induced D N A damage activates repair events that are linked to
signaling pathways such as the protein kinase C cascade (135). Activation of this
enzyme in the presence of physiological concentrations of calcium and membrane
phospholipids causes cellular protein phosphorylation and feedback inhibition of some
growth factor receptors. This inhibition may culminate in the internalization of these
receptors via the endocytic pathway (136). As such, this could increase the number of
lipoplexes taken up into the cell. Therefore, cisplatin potentially affects transgene
expression via indirect activation of the endocytic process. Repair processes induced by
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cisplatin damage are also involved in other signaling pathways, whose downstream
effectors are coupled with transcription factors. For example, the mitogen-activated
protein kinase (112) and jun kinase/stress-activated protein kinase (137) pathways
activate transcription factors, c-jun and c-fos. Perhaps cisplatin affects transgene
expression by altering transcription or influencing the stability of plasmid message.
Vincristine is not categorized as a DNA-damaging agent as its mechanism of
action targets tubulin, thus blocking polymerization of tubulin into microtubules and
arresting cell division in metaphase. In the absence of an intact mitotic spindle,
chromosomes are not properly segregated to opposing poles and will abnormally clump
or remain dispersed in the nucleus. It has been postulated that the breakdown of the
nuclear envelope accompanying G2/M transition could facilitate D N A transport into the
nucleus (58). Therefore, a microtubule inhibitor such as vincristine could directly affect
transgene expression by arresting cells in a state of nuclear membrane disruption, thereby
facilitating access of the transgene to the nucleus.
The results generated with the use of vincristine in this study provide compelling
evidence that intracellular processing is a likely candidate for the mechanistic basis
behind altered transgene expression. The mitotic arrest induced by vincristine resulted in
elevated in vitro expression levels, most likely due to improved D N A transport into the
nucleus. However, cisplatin results also in vitro are more ambiguous as they display
changes in transgene expression levels that appear to be specific to cell type. These
results serve to highlight the complexities associated with drug-induced interference of
intracellular.processing. Chemotherapeutic agents may induce a multitude of events
related to intracellular events, each influencing transgene expression in a different
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manner. For example, drugs that have the ability to interfere with endosomal processing
or block lysosomal degradation would assist endosomal escape, potentially elevating
transgene expression through greater delivery of plasmid D N A to the cytoplasm.
Alternatively, these drugs could also inhibit intracellular processing by blocking
internalization of lipoplexes via the endocytic pathway, culminating in decreased
transgene expression levels.
The use of chemotherapeutic agents in combination with lipoplex-mediated gene
transfer had a varied response in vitro depending on the selected drug, its concentration
and the cell type. However, it was observed in vivo that pre-treatment with the selected
drug of B16/BL6 tumours or i.v. transfection of spleen and bone marrow cells, caused a
tendency towards suppression of transgene expression. Unlike the uniform population in
vitro, the population of cells transfected in vivo is not known. Long term suppression of
transgene expression in spleen and bone marrow following doxorubicin and vincristine
exposure suggests drug-induced cell death of a cell population capable of being
transfected.
This study has focused upon the effects of chemotherapy in combination with
plasmid-based expression vectors and the possible role of drug-induced cellular
processing events. Chemotherapeutic effects upon internalization and processing events
may differ when employing viral-based vectors. Drug-induced enhancement of a
dividing cell population would benefit gene transfer from viral-based vectors such as
retroviruses. Studies conducted by Szilvassy et al. (1989) (138) used 5-fluorouracil to
isolate a dividing progenitor marrow population from murine hematopoietic cells and
reported increases in retrovirus-mediated gene transfer.
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It can be concluded from this study that some chemotherapeutic agents are
capable of influencing the transgene expression achieved following lipoplex-mediated
gene transfer and that the presence of lipoplexes does not alter the toxicity of these drugs.
Several explanations as to how selected drugs enhance or suppress transgene expression
have been postulated in this thesis. The data generated in this study support the notion
that alterations to transgene expression are most likely due to changes in cellular
processing events, as a result of drug treatment.
Further research to strengthen this theory might include quantitive assays to
determine the actual concentration of drug taken up into the cell. In the case of D N A damaging agents, it would be beneficial to quantify the amount of damage the host cell
incurs. Additional research covering a broader range of chemotherapeutic agents might
also provide supportive evidence for this theory. Alternatively, a wider selection of drugs
may uncover additional mechanisms of drug action that impose some influence on gene
transfer. Focusing upon cellular processing events, it would be of interest to unravel the
finer mechanistic details of doxorubicin and vincristine and their effects upon lipoplexmediated gene transfer. In particular, if the suppression achieved in vivo was due to
elimination of a population of cells capable of transfection, what were those cells and
how can they be protected and induced to proliferate?
Combination therapy continues to advance in clinical use and so it is imperative
that basic research continues to seek combination therapies that will translate into
clinically therapeutic strategies. It is important to stress that suppression of transgene
expression was noted at cytotoxic doses of some drugs, which is the dosage at which
clinical treatments are conducted. As such, the results obtained in this study should serve
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as a critical reminder for the potentially hazardous effects of lipoplex-mediated gene
therapy in combination with chemotherapy. Cautionary mandates should be placed when
applying this combination strategy to clinical situations. Future efforts in basic research
should acknowledge the inhibitory potentials realized in this study and use this
information to develop strategies that enable drug-induced enhancement of gene transfer.
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