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"The great tragedy o f Science - the slaying of a beautiful 

hypothesis by an ugly fact."

- T. H. Huxley (1825-95), British biologist.
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ABSTRACT

Several non-viral gene delivery systems are currently being investigated, including 

liposomes. The present studies attempt to characterise and assess the applicability of 

liposomes as DNA delivery systems in gene therapy and genetic immunisation.

The dehydration-rehydration technique was used to entrap plasmid DNA into liposomes 

(dehydration-rehydration vesicles; DRV) of varying compositions. Using this procedure, it 

was shown that plasmid DNA can be efficiently entrapped in DRV in the absence of any 

detrimental effect on the DNA. The use of cationic lipids as components of liposomes was 

beneficial but not essential, with vesicles devoid of cationic lipids or incorporating anionic 

lipids instead, exhibiting significant DNA entrapment values. Entrapped DNA was resistant 

to nuclease degradation to an extent which was dependent on the DRV lipid composition. 

The zeta potential and the z-average diameter of DRV vesicles was also dependent on the 

lipid composition of DRV and, in the case of cationic DRV, on the ratio of cationic lipid to 

anionic DNA. Microelectrophoresis studies of cationic DRV revealed DNA entrapment in- 

between the bilayers of DRV (similarly to when no electrostatic attractions are present) as 

well as binding of some of the DNA to the surface of DRV. Although systemic delivery of 

DNA-containing DRV did not produce detectable gene expression, the formulation 

employed was shown to offer significant protection to the incorporated plasmid DNA in the 

presence of plasma at 37°C. In terms of the ability of DNA-containing DRV to induce 

immune responses to antigens encoded by the DNA, results indicated that DRV with 

entrapped DNA induce IgG antibody responses against the antigens that are significantly 

higher than those of equivalent amounts obtained with naked DNA and that variations in the 

vesicle lipid composition influence the magnitude of such responses. These results suggest 

that DRV liposomes can act as a vehicle for the delivery of gene vaccines in genetic 

immunization.
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1 : Introduction

1.1 GENE DELIVERY SYSTEMS

Gene therapy has been described (Behr, 1993) as one of medicine*s greatest dreams: 

molecular surgery at the root of life. The aim of gene therapy is to introduce genetic material 

into a patient’s cells to cause these cells to produce the therapeutic protein. In this respect, 

gene therapy has the potential to be a new type of weapon in the fight against not only 

hereditary diseases but also against acquired diseases resulting fi*om multigenic disorders 

such as cancer, or those resulting fi"om foreign viral genes (Behr, 1993). However the 

administration of genetic material for therapeutic purposes has been recognised for some 

time. Some of the earliest experiments describing the transfer of DNA (deoxyribonucleic 

acid) into the cells of living animals were reported by Stasmey et al. (1950), and Ito et al. 

(1958), where crude preparations of DNA isolated fi*om tumours were injected into 

experimental animals and consequently induced the formation of tumours. These results 

were confirmed by Ortho et al. (1964) and Israel et al. (1979) using purified and 

recombinant viral DNA respectively. More recently, Hepatitis B proteins (Will et al, 1982), 

insulin (Nicolau et a l, 1983) and reporter molecules (Wolff et a l, 1990) were expressed in 

vivo after injection of plasmid DNA encoding for the corresponding genes.

Since these early studies, more current research on gene therapy has focussed on the 

development of viral approaches to deliver therapeutic genes to cells. However, non-viral 

vehicles for genes have emerged as a potentially safe and effective approach to gene therapy 

(Tomlinson and Rolland, 1996). The use of plasmid DNA (a closed circular form of DNA; 

Fig. 1.1) in non-viral delivery systems, which transfects cells epichromosomally, means the 

problem of integration into the patient’s genome is avoided. The use of viral vectors such
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as retroviruses, which result in integration of the delivered gene into the chromosome, has 

potentially drastic side effects if integration results in disruption of required genes or 

activation of oncogenes. Adenoviruses do not integrate into the host genome, but may trigger 

immune and inflammatory responses which could mean repeat administrations are not 

feasible. Furthermore, even although viral delivery systems are designed to be unable to 

replicate in the host, there is the potential risk of mutations >\iiich can result in an infectious, 

replication competent virus, either during production or in use for gene therapy (Varmus,

1988). The use of non-viral plasmid DNA delivery systems means that, essentially the size 

of the plasmid DNA that can be accommodated in such systems is unlimited, unlike viral 

vectors which have packaging constraints (eg.7-13 kb for adenovirus) (Jolly et a l, 1987; 

Varmus, 1982). With regard to the safety profile of plasmid DNA, high resolution techniques 

such as polymerase chain reaction have shown that the chance of plasmid DNA causing 

malignancy is less than 1 in 10̂  patients, and it has been estimated that 100 kg of plasmid 

DNA must be injected for the occurrence of one tumorigenic event (Moelling, 1997).

Plasmid DNA usually includes the gene encoding the required protein. Fig. 1.1 shows an 

example, the pGL2 plasmid DNA which encodes for the reporter protein luciferase, under 

the control of a promoter sequence (simian virus 40 (SV40) promoter) to drive the 

transcription of the protein gene insert and an mRNA stability polyadenylation region at the 

3' end of the insert to ensure translation. In addition, an origin of replication for the 

amplification of the plasmid in bacteria and a gene for antibiotic resistance to select the 

transformed bacteria are required (in the case of pGL2 this is ampicillin; Fig. 1.1).
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poly (A) signal 
(for/uc 
roporter)

Enhancer

pGL2-Control 
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(6046bp)
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(for background 
reduction)

S r rw l 3
Kpn\ 1 2
S k I 18
MIkjl 2 2
Nhet 2 8

7 Xhol 3 3
Bgt ■ 3 7
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22Z5Pm

855ECORI

Fig. 1.1. Luciferase reporter plasmid (pGL2-Control Vector; 6.046 kb) circle map. The 
simian virus 40 promoter and enhancer regions are shown in black and the luciferase coding 
region in magenta. Enzyme digestion sites are also marked. Amp" (shown in blue) denotes 
the ampicillin resistance coding region.

1.1.1 Requirements of a gene delivery system

Ideally, a gene delivery system should allow control over location and function of the 

administered gene, be administered by a convenient and conventional route, ensure 

controlled distribution, be non-toxic, efficient, and inexpensive. Both ex vivo and in vivo 

gene delivery methods are under development for gene therapy, however direct in vivo 

administration of genes to the patients to cause controlled production and distribution of 

therapeutic proteins within the body would represent an ideal approach for clinical practice 

(Tomlinson and Rolland, 1996).

Fig 1.2 shows a very basic schematic presentation of gene transfer into a eukaryotic cell 

using a non-viral delivery system. Even before arrival at a cell, for transfection to occur, a 

plasmid DNA delivery system must protect the plasmid DNA from deoxyribonuclease

4
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degradation in vivo allowing delivery of the intact plasmid to the target cell. Once it reaches 

the target cell, the DNA must enter the nucleus of the cell to allow transfection to occur (Fig. 

1.2). This may involve the plasmid DNA delivery system being taken up by endocytosis or 

phagocytosis, the plasmid DNA escaping the endosome and entering the nucleus (Szoka et 

al, 1996). For the synthesis of proteins to occur from a DNA template, the DNA must be 

transcribed into messenger ribonucleic acid (mRNA) which then leaves the nucleus and 

enters the cytoplasm. The mRNA becomes attached to a ribosome and tRNA (transfer RNA), 

codons of three bases which correspond to a particular amino acid, link with the

Chromosomal DNATarget cell

tRNA
LoW  effect

Ribosome

Intracellular 
effect ÀEndosome

Systemic
effectPlasmid DNA delivery system

Fig. 1.2: A schematic representation of gene transfer into a eukaryotic cell using a non-viral 
delivery system (Modified from Behr, 1993). The DNA must enter the cytoplasm and then 
the nucleus where it remains in the episomal state; at some stage, to allow the encoded gene 
to be translated to mRNA (messenger ribonucleic acid), the plasmid DNA must be released 
from the endosome if taken up by endocytosis or phagocytosis and also from the carrier 
system. The mRNA template then leaves the nucleus and enters the cytoplasm. The mRNA 
becomes attached to a ribosome and tRNA (transfer RNA) bearing a triplicate of bases which 
correspond to a particular amino acid, link with the complementary sequence of bases on the 
mRNA. Peptide bonds form between adjacent amino acids and the completed protein is 
released into the cytoplasm. The protein produced can either have an intracellular, local or 
systemic effect.
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complementary sequence of bases on the mRNA. Peptide bonds form between adjacent 

amino acids and the completed protein is released into the cytoplasm. The protein can then 

act intracellularly, locally or systemically. Ideally, elements of the delivery system should 

facilitate the passage of the plasmid DNA into the cell and into the nucleus, delivering the 

plasmid DNA in a form which allows transcription and hence translation to occur. This may 

involve properties of the delivery system that could enhance release of the plasmid DNA 

from the endosome after endocytosis. Several types of synthetic non-viral delivery systems 

have been developed to aid in the “running of the gauntlet" between the site of 

administration of the plasmid DNA and eventual cell transfection in vivo. These include 

particle bombardment or gene gun systems, polycations, as well as liposomes.

1.1.2 Gene gun delivery

This system employs a gene gun which uses an adjustable electric discharge to generate a 

shock wave which accelerates DNA-coated gold or tungsten particles (1-3 pm) directly into 

the cytosol of target tissue or skin cells. It is thought that during its transit in the tissue, DNA 

detaches itself from the gold particles to end up intracellularly. The advantages of this are 

that targeting is easy and is reported to be pain free, but on the negative side, responses are 

variable (Schofield and Caskey, 1995).

1.13 Polycations

These carry a positive charge which complexes and condenses the negatively charged DNA. 

Condensation of DNA protects against DNA degradation by deoxyribonucleases (DNases) 

and facilitates DNA entry into cells via endocytosis (Behr, 1993). Examples of polycations
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include protamine, polylysine and spermidine. Lipopolyamines have been developed (Behr, 

1996; Behr et al., 1989) including DOGS (dioctadecylamidoglycylspermine) and DPPES 

(dipalmitoyl phosphatidylethanolamido spermine). These compounds together will form 

miceUar structures. DOGS is commercially available as the transfection agent "Transfectam" 

(Promega, UK).

1.1.4 Liposomes

Liposomes were first observed and their semipermeable nature described by Bangham and 

colleagues (Bangham et ah, 1965; Papahadjopoulos and Bangham, 1966) in the mid 1960's 

and were originally studied to reveal insight into biomembrane properties (Chapman, 1994). 

However their potential usage as drug delivery systems was soon realised (Gregoriadis et al., 

1971; Gregoriadis and Ryman, 1972) . Mixing dry phospholipids with water gives rise to 

bilayers of phospholipid molecules which arrange themselves spontaneously to form closed 

multilayered spherules known as liposomes (Gregoriadis, 1984). (Fig. 1.3). As they form, 

liposomes entrap water and any water-soluble solutes (eg. drugs) that are present. Lipid- 

soluble compounds, on the other hand, will be incorporated into the liposomal membrane 

(Gregoriadis, 1984). The original procedure of making liposomes was modified in numerous 

ways (Deamer and Uster, 1983; Gregoriadis, 1984) to give updated versions of the system 

with high drug to lipid ratios.

1.2 BASIC ASPECTS OF LIPOSOMES

As already mentioned liposomes are closed vesicles, normally composed of phospholipids, 

consisting of a central aqueous core surrounded by one or more concentrically arranged
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lamellae in which the phospholipids are organised in a bilayer configuration (Fig. 1.3). 

Liposomes can range in size from 25 nm up to several micrometers. Water soluble 

(hydrophilic) molecules, including DNA are located in the aqueous core, and in the case of 

multilamellar vesicles (MLV) in the aqueous space between the bilayers. Liposomes are 

particularly versatile as drug delivery systems as their lipid compositions and properties can 

be widely varied. Liposomes, due to their sealed structure, can protect their entrapped 

material from the external environment. Traditionally, liposomes are made of 

phosphatidylcholine (Fig. 1.4 (a)), with or without cholesterol and supplemented with 

anionic lipids such phosphatidlyglycerol or phosphatidylserine (Fig. 1.4 (b) and (c) 

respectively) (Gregoriadis, 1984).

*  Phospholipid

Cho e s t e r o

I  Lipid soluble  
'  drug

W a t e r  so lub le

Fig. 1.3: A schematic representation of a multilamellar liposome with two phospholipid 
bilayers. The bilayers are composed of lipids (represented in red) which arrange themselves 
with the hydrophilic head groups facing the aqueous medium and the hydrophobic tails 
forming a hydrophobic region within the bilayer. Cholesterol can also be incorporated into 
the bilayers of liposomes. Hydrophilic drugs (represented in green) can be found in the 
aqueous core and in the aqueous space between the bilayers. Hydrophobic drugs (represented 
in blue) can be entrapped in the bilayer.

8
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With regard to the use of liposomes in DNA delivery, the possibility of employing liposomes 

to introduce segments of genetic material to defective cells was noted as early as 1972 

(Gregoriadis and Ryman, 1972). Liposomes were initially demonstrated to deliver 

encapsulated DNA to bacterial cells (Fraley et al. , 1979) using liposomes produced by the 

ether injection method (Deamer and Bangham, 1976) and composed of PC and PG. 

Liposome-mediated transformation of fungal cells was reported by Radford era/. (1981) in 

which chromosomal DNA was entrapped in liposomes composed of PS. Delivery of 

liposome encapsulated DNA and RNA was shown by Dimitriadis (1978) in vitro, again 

using anionic liposomes prepared by various methods. Transfection in all these experiments 

was very low (Lurguin, 1984).

1.2.1 Techniques employed for encapsulation of DNA

1.2.1.1 Lipid hydration

Lipids dissolved in chloroform, form a dry film after evaporation of the chloroform. This 

film can be rehydrated with water to form large MLV which are normally sonicated to 

reduce their size. By hydrating the lipid film with DNA dissolved in water, DNA can be 

entrapped in the aqueous core (Mukheijee et a l, 1978).

1.2.1.2 Sonication procedures

Many methods of liposome preparation involve a short sonication step to reduce the size of 

the liposomes, however even low power sonication has been reported to cause significant 

degradation of DNA within 25 s (Cudd and Nicolau, 1984).
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1.2.1.3 Reverse-phase evaporation

This phase involves first making an emulsion containing DNA, lipids dissolved in a nonpolar 

solvent and a buffered aqueous solution. The nonpolar solvent is then removed under partial 

vacuum to produce liposomes of 100 - 500 nm, with entrapment of DNA of up to 40 % 

(Fraley et aL, 1980). This procedure often involves sonication of the liposome preparations.

1.2.1.4 - EDTA chelation

SUV composed of PS are firstly prepared and incubated with calcium to form large 

multilamellar cochleates, DNA is then added to this solution and by the addition of EDTA 

the cochleates are transformed into large unilamellar vesicles (LUV) with DNA incorporated 

inside their lumen (Gould-Forgerite and Mannino, 1985; Itani et a i, 1987; Kondoro and 

Duda, 1982; Mannino et a l, 1979; Szelei and Duda, 1989). The major disadvantage of this 

is that the liposomes can only be formed with a negative charge (Gould-Forgerite et a l,

1989)

1.2.1.5 Ether injection

This technique was first proposed by Deamer and Bangham (1976). An ether solution of 

phospholipid and steroid or other lipids is slowly injected into an aqueous DNA solution 

heated at 60°C and the ether is evaporated off. This leads to the formation of liposomes 

encapsulating DNA with a relatively low efficiency (0.95 - 15% of initial amount of DNA 

used) (Fraley et al, 1979; Nicolau and Rottem, 1982; Nicolau and Sene, 1982).

10
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1.2.2 Cationic Upid based DNA-complexes

The use of preformed positiveljjchargedliposomes which can form complexes with DNA as 

novel gene delivery systems was first described by Feigner et a/. (1984) using a liposome 

formulation known as “Lipofectin”. The authors described a DNA-transfection protocol that 

made use of a synthetic cationic lipid A^-[l-(2,3-dioleyloxy)propyl]-A ,̂A ,̂iV- 

trimethylammonium chloride (DOTMA). SUV liposomes containing only DOTMA or 

combined with dioleoyl phosphatidylethanolamine (DOPE) (1:1 wt ratio) interacted 

spontaneously with DNA to form lipid-DNA complexes with 100% complexation of DNA 

(Feigner et a l, 1984). It was proposed that DOTMA facilitated fusion of the complex with 

the plasma membrane of culture cells, resulting in both uptake and expression of DNA. This 

provided a technique which was simple, highly reproducible and effective for both transient 

and stable expression of transfected DNA in vitro (Feigner et a l, 1984). DOTMA is 

characterised by one positively charged ammonium group linked to two oleoyl chains via 

ester linkages, and this cationic charge interacts with the anionic phosphate groups of the

DNA by simple mixing.
O
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Fig. 1.4 (continued)

CH2 o

C \  ,0 —P —O— (CH2)2NH3*
O CHz

\ j

(d) dioleoyl phosphatidylethanolamine (DOPE)

(e) l,2-dioleoyl-3-trimethylammonium propane (DOTA?)

O CH2 —NH (CH3)2

(f) l,2-dioleoyl-3-dimethylammonium propane (DODAP)

(CH3)2—NCH2 —NH—C—O

(g) 3((N-(N’,N’)-dimethylaminoethane)-carbamoyl)cholesterol (DC-Chol)

Fig. 1.4: Examples of some lipids used to prepare liposomes. R and R’ represent 
hydrocarbon chains of fatty acids.
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A variety of synthetic cationic lipids have now been developed and some of those are shown 

in Fig. 1.4. l,2-dioleoyl-3-trimethylammonium propane (DOTAP), a synthetic analogue of 

DOTMA was synthesised by Browne/a/. (1989), as was l,2-dioleoyl-3-dimethylammonium 

propane (DODAP) (Fig. 1.4 (e) and (f) respectively). The DOTMA/DOPE reagent is now 

commercially available from Gibco, and DOTAP is marked as a transfection system by 

Boeringer Mannheim. Other cationic lipids include cationic dérivâtes of cholesterol, for 

instance 2 (N, (N’, N’-dimethylamino-ethane)-carbamoyl) cholesterol (DC-chol) (Fig. 1.4

(g)) and cholesterol hemisuccinate choline ester (Brigham and Schreier, 1993; Friend et a l,

1990). Many quaternary ammonium-type compounds have also been synthesised, including 

cetyldimethylethyl ammonium bromide (CDAB) and dimethyldioctadecyl ammonium 

bromide (DDAB). All of these and other cationic lipids have been screened for transfection 

efficiency in cell culture and shown variable success.

In many of the cationic liposome transfection systems DOPE (Fig. 1.4 (d)) is a key 

component. DOPE is known to be a strong destabiliser of lipid bilayers (Litzinger and 

Huang, 1992) due to its ability to enter the hexagonal phase (Connor and Huang, 1986; 

Ellens et a l, 1984). The presence of DOPE in a liposomal formulation, in combination with 

a cationic lipid, is thought to enhance the intrinsic fusogenic properties (Bennett et al.,

1996).

1.2.2.1 Structural characteristics o f cationic liposome-DNA complexes

Cationic liposome-DNA complexes have been reported to display a variety of polymorphic

and metastable structures (Sternberg et al, 1998) which include aggregation/fusion products

13
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of the two oppositely charged components (Gershon et al, 1993; Lasic et al., 1997, Radier 

et a l, 1997); fibrillar structures, among them spaghetti-like tubules (Sternberg et a l, 1994) 

and map-pin structures (Sternberg et a l, 1998); and finally non-bilayer lipid arrangements 

(Sternberg et a l, 1994 and Mok et a l, 1996). Such polymorphic structures have also been 

reported (Sternberg et a l, 1998) to depend on the ratio of cationic lipid to anionic DNA.

1.2.2.2 Cationic liposome-DNA complexes: Potential disadvantages 

The aforementioned cationic lipid based DNA delivery systems are dependent on cationic 

lipids binding to DNA through electrostatic interactions, and the resultant structure having 

a net positive charge. The net positive charge allows the particles to bind to the surface of 

cells which have a net anionic charge, an event that is thought to be the first step of the 

mechanism of transfection. Indeed in the first report of cationic liposome mediated 

transfection (Feigner et a l, 1987 ), it was described how the presence of serum inhibited the 

ability of “Lipofectin” to promote transfection. It is known fi’om early studies (Black and 

Gregoriadis, 1976) that the positive surface charge of cationic liposomes is masked by 

plasma proteins which impose a net negative charge on the surface of vesicles. Such 

interactions between liposome-DNA complexes and anionic molecules in the serum 

neutralise the positive charge of the complex and decrease transfection efficiency (Li and 

Huang, 1996). When studying transfection mediated by cationic liposomes, many groups 

have observed little or no correlation between in vitro and in vivo transfection activity 

(Szoka et a l, 1996). These vectors are also said to be unsuitable for intravenous 

administration, and give poorly reproducible results (Li and Huang, 1996). Such poor results 

have been attributed to lipid vector destabilisation in the presence of serum which results in

14
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DNA release from the complex and subsequent degradation (Li et al, 1998).

1.23 Incorporation of DNA into dehydration-rehydration liposomes

A procedure which was recently used to incorporate plasmid DNA into liposomes 

(Gregoriadis et a l, 1996) is the dehydration-rehydration method. First described by Kirby 

and Gregoriadis (1984), this novel method of liposome preparation is simple to use, employs 

mild conditions and is capable of efficient entrapment of a wide range of materials including 

small drugs (Kirby and Gregoriadis, 1984), drug-cyclodextrin complexes (McCormack and 

Gregoriadis, 1996), peptides (Gregoriadis e ta l , 1993), interleukins (Gursel and Gregoriadis,

1997), antigens (Gregoriadis et a l , 1987) and other proteins (Skalko et a l , 1996). Using this 

method to incorporate DNA (or any other solute) in dehydration-rehydration vesicles (DRV) 

has the advantage that the DNA is not subjected to high temperatures, organic solvents 

and/or sonication. Additionally, the DRV can be prepared with anionic, cationic or neutral 

lipids. Briefly, to prepare DRV, a preparation of SUV of the desired lipid composition is 

mixed with DNA and freeze-dried to produce a dehydrated powdery material in which the 

flattened bilayers of liposomes are brought into intimate contact with the DNA. This 

dehydrated powder is rehydrated under controlled conditions (Kirby and Gregoriadis, 1984) 

to form multilamellar (Gregoriadis et a l, 1993; Skalko et al, 1998) DRV vesicles with 

incorporated DNA (for a more detailed outline of this procedure see section 2.2.5 and Fig.

4.1 showing a schematic representation of the procedure), ranging in size from 600 - 900 nm 

(Gregoriadis e/a/., 1996).

In recent work with DRV of various compositions incorporating a number of different
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plasmid DNAs (Gregoriadis et a l, 1996; Gregoriadis et al., 1997; Morrison-Perrie and 

Gregoriadis 1997; Gregoriadis et al, 1998; Ferrie and Gregoriadis, 1998), incorporation 

values of plasmid DNA (based on ̂ ^S-labelled plasmid DNA assay) were considerable with 

values o f44 - 55% for neutral and anionic DRV and 57 - 95% (of the initial amount of DNA 

used) for cationic DRV, with no apparent relationship between entrapment values and the 

amount of DNA used (10 - 500 pg) (Gregoriadis et a l, 1998). Significant amounts of 

incorporated DNA was shown (Gregoriadis et a l , 1996) to be resistant to deoxyribonuclease 

degradation whether entrapped in cationic (49 - 93%), anionic (38 - 69%) or neutral (41 - 

72% of initially incorporated DNA) liposomes. These results were confirmed by gel 

electrophoresis studies (Gregoriadis et a l, 1996; Morrison-Perrie and Gregoriadis, 1997).

1.2.3.1 Transfection with liposome incorporated DNA in vitro

In vitro studies with DRV incorporating pGL2 plasmid DNA (expressing the luciferase 

reporter gene; Fig. 1.1) revealed significant levels of luciferase activity with each of the 

formulations tested (Gregoriadis et a l, 1996). However, DRV composed of 

PC:DOPE:DOTMA (16:8:4 pmoles) and PC:DOPE:SA (16:8:4 pmoles) gave transfection 

results which were approximately 10-fold higher than those seen with DRV composed of 

PC:DOPE (16:8 pmoles) or PC:DOPE:PS (16:8:4 pmoles). In this study (Gregoriadis e ta l,

1996), DRV with entrapped DNA were also microfluidised to produce smaller vesicles (210 

- 380 nm) which, with the exception of uncharged ones, retained substantial proportions of 

the originally incorporated DNA, again in a form largely protected fi’om DNase degradation 

(Gregoriadis et a l, 1996). The microfluidised DRV with incorporated DNA 

(PC:DOPE:DOTMA; 16:8:4 pmoles) exhibited the highest values of transfection of all DRV
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formulations tested.

1.2.3.2 Transfection with liposome incorporated DNA in vivo

Plasmid DNA incorporated into DRV liposomes has also been shown to transfect cells in 

vivo in immunisation experiments and is discussed in section 1.3.4.

1.3 GENETIC VACCINATION

The goal of any vaccination is to induce immunity to protect the host from disease. Vaccines 

should generate long term protective immune responses which perform immune surveillance 

against specific antigens (Wang et al, 1998). Vaccination against pathogenic 

microorganisms represents one of the most important advances in the history of medicine 

with vaccines including those against polio, measles, mumps, rubella, hepatitis A, hepatitis 

B, pertussis and other diseases, having dramatically improved and protected more human 

lives than any other avenue of modem medicine (Koprowski and Weiner, 1998). It is widely 

believed that smallpox, which was responsible for more deaths in the twentieth century than 

World Wars I and II combined has been completely eradicated as a result of the vaccine 

against smallpox (Koprowski and Weiner, 1998).

1.3.1 Currently available vaccines

Traditionally, there are two categories of vaccines, ie. either live infectious material which 

was manufactured in a weakened or attenuated state, so as to prevent the vaccine from 

inducing disease, inactivated (killed) vaccines, or subunit preparations.
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1.3.1.1 Live attenuated vaccines

Live attenuated vaccines (eg. polio and smallpox), generate immune responses as they 

replicate in the host, however their ability to replicate in humans is limited so as to avoid 

induction of the disease in the inoculated individual. Since these live attenuated viruses 

replicate within the host cells, they can be customised by the host resulting in life-long 

immunity. The viral proteins produced within the host are leaked or shed into the 

extracellular space surrounding the infected cells and are then taken up and processed by 

antigen presenting cells (APC) (including macrophages, dendritic cells and B cells). These 

APC expand the immune response, a function which involves the recirculation of small 

fragments of the antigen to their surface, where they are attached to major histocompatibility 

complex (MHC) II antigens. The combination of MHC and the foreign peptide antigen forms 

part of the signal with which APC trigger the action of a central population of immune cells, 

the T helper lymphocyte cells (Koprowski and Weiner, 1998). APC also express co

stimulatory molecules which help to promote T cell expansion and activation. Activated T 

cells secrete soluble molecules such as cytokines which further activate immune cells. 

Production of viral proteins within cells also results in small fragments of viral proteins 

being drawn to the infected cell surface, combined with the host MHC I antigens. These 

complexes are recognised by killer cytotoxic T cells which, when combined with secondary 

stimulation provided by professional APC and cytokine production (from stimulated helper 

T cells), results in the destruction of infected cells.

1.3.1.2 Non-live vaccines

In contrast, killed vaccines composed of whole or fragments of viruses generally generate
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weaker immune responses and are unable to induce life-long immunity. Since they are not 

produced within host cells and generally end up in the extracellular space after 

administration, they can generate T helper and humoral immune responses but are usually 

devoid of inducing significant T cytotoxic responses (Koprowski and Weiner, 1998). 

However, from a practical view point they are generally easier to manipulate and produce 

than live vaccines and also do not carry the danger of reversion to a more pathogenic form, 

or the problem of inducing disease in persons with weak or compromised immune systems.

Recombinant subunit and synthetic peptide vaccines which can elicit specific immune 

responses have also been developed. Unfortunately, subunit and peptide vaccines are weak 

imunogens and are often unable to induce appropriate immune responses. A great variety of 

experimental immunological adjuvants (Gregoriadis eta l, 1993; Powel and Newton, 1995) 

can render such vaccines stronger and more efficient. However, about seventy years since 

the introduction of aluminium salts as an adjuvant, only one other adjuvant, liposomes 

(Gregoriadis, 1990) has been approved for human use (Gregoriadis, 1990).

The benefits of the non live vaccines over live attenuated vaccines have resulted in the 

former being the vaccine of choice, however as discussed they are far from ideal (Koprowski 

and Weiner, 1998).

1.3.2 Application of DNA in vaccine development

A new side line of gene therapy, DNA immunisation, arose from the unexpected observation 

that injection of naked plasmid DNA encoding a protein immunogen induced humoral and
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cell mediated immunity against the DNA encoding a protein (Ulmer et al., 1993). Thereafter 

came a succession of publications ft-om 1992 onwards showing the ability of plasmid DNA 

to induce an immune (antibody) response to the encoded foreign protein (human growth 

hormone) (Tang et al., 1992). Using DNA encoding influenza nucleoprotein, hnmunity was 

found to be both humoural and cell-mediated and to protect mice challenged with the virus 

(Fynan e ta l, 1993; Ulmer e ta l, 1993). Similarly, around the same time, humoural and cell 

mediated immunity against human immunodeficiency virus type 1 (HTV 1) using plasmids 

encoding the HTV rev and env proteins was reported (Wang et a l, 1993) and a short time 

later similar results were obtained with a gene for the hepatitis B surface antigen (HBsAg) 

(Davis et a l, 1994). Cancer immunotherapy also employed DNA immunisation with 

injections of plasmids encoding antigens resulting in the induction of immune responses 

(Bright et al, 1996; Corny et a l, 1995) which were protective in an animal model (Bright 

et al, 1996). Since these initial reports, an ever increasing number of plasmids encoding 

immunogens form bacterial, viral and parasitic pathogens and a variety of tumour cells have 

been adopted for studies in genetic immunisation. In a recent publication Gregoriadis (1998) 

tabulated over 40 different plasmid DNA-encoded immunogens which are currently under 

investigation in animal models ranging from mice (eg. Fu et al, 1997) to monkeys (eg. 

Yasutomi et a l, 1996). In many of these studies, genetic immunisation led to protection of 

animals fi*om infection (eg. Bright et al, 1996; Fooks et al, 1996; Fu et al, 1997; Gardner 

et al, 1996; Lai et al, 1997; Luke et al, 1997; Ulmer et al, 1993; Xu and Liew, 1995) or 

allergie reactions (eg. Hsu et al, 1996) (Gregoriadis, 1998). Progress in naked DNA 

immunisation has been rapid and already clinical trials for therapy or prophylaxis against 

HTV, herpes, influenza, carcinomas and hepatitis B are in progress (Chattergoon et al.
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1997). Since DNA vaccines are non-replicating and are produced within the host cells, they 

can be constructed to function with the safety advantages of a subunit non-live vaccine and 

yet mimic the immune potentiating aspects of a live attenuated vaccine (Koprowski and 

Weiner, 1998).

1.3.2.1 The plasmid vaccine construct

Plasmid DNA used in vaccine or gene therapy must be supercoiled (Makickan et al, 1997). 

Its components should consist of the gene encoding the antigen of interest (normally the 

section of the target pathogen which elicits protective immunity), a promoter sequence 

(usually derived for cytomegalovirus (CMV) or Rous sarcoma virus (RSV)) to drive the 

transcription of the antigen gene insert, an mRNA stability polyadenylation region at the 3' 

end of the insert to ensure translation, the plasminogen activator gene which controls the 

secretion of the recombinant product, and ancillary signals (Gregoriadis, 1998). In addition, 

an origin of replication for the amplification of the plasmid in bacteria and a gene for 

antibiotic resistance to select the transformed bacteria is required.

Originally, the extent of immune response elicited by the immunised host was thought to be 

proportional to the amount of antigens produced by the plasmid (Chattergoon et al, 1997), 

however it was observed (Sato et al, 1996) that plasmid vectors expressing large quantities 

of encoded protein did not necessarily promote immune responses against the protein and 

that the presence of short immunostimulatory DNA sequences (ISS) was required in the 

plasmid construct. Thus, the more effective promoters were those that included a six residue 

sequence incorporating an unmethylated cytosine motif adjacent to a guanine residue (CpG)
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(Sato et al., 1996). It is known that bacterial DNA is much richer in unmethylated CpG 

sequences than mammalian DNA, hence the immunostimulatory properties ofbacterial DNA 

(Satoe/fl/., 1996).

In recent work (Chow et a l, 1996) it has been shown that HBsAg DNA vaccines co

expressing interlukin 2 (IL-2) were not only much more effective than identical vaccines 

lacking the IL-2 gene but were also able to overcome MHC-linked nonresponsiveness to 

HBsAg. This suggests that a variety of ancillary signals appended to DNA could contribute 

further to a more effective vaccine including sequences encoding cytokines that could drive 

immune responses towards the desired modes (Gregoriadis, 1998).

1«3.2«2 Modes o f  genetic immunisation

Many genetic immunisation studies have opted for the intramuscular route and to a lesser 

extent the intraepidermal route, however other routes (oral, vaginal, intravenous, 

intraperitoneal and subcutaneous) have been used (Spier et a l, 1996). Other factors which 

vary in the way vaccines are administered include the amount of plasmid per dose (ranging 

between 1 - 200 pg), the number of doses (often 5 or more injections), the time intervals 

between doses and the number of sites over which one dose is distributed (Gregoriadis,

1998). In most situations where immunisation with naked plasmid DNA worked, protocols 

of three injections with three week intervals between injections have been applied (Spier et 

al, 1996).
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1.3.2.3 Possible mechanisms o f genetic immunisation

For an immune response to occur, the DNA encoded antigen must be produced, thus naked 

plasmid DNA must enter the cells and end up in the nucleus after injection. Hefeneider et 

al (1992) suggest that bacterial DNA enters cells by receptor mediated endocytosis. 

Normally this would then result in DNA degradation in the lysosome however, since 

transfection does occur, this cannot be the full story. It has been proposed (Gregoriadis,

1998) that some DNA may escape the lysosomorptropic pathway, either due to the 

endosomes carrying the DNA breaking up either spontaneously or because of DNA presence, 

releasing their contents in the cytosol, after which, possibly via internal receptors, can the 

DNA enter the nucleus. This would explain how DNA enters the cells and ends up in the 

nucleus. However, a further question which needs to be addressed refers to which cells are 

involved in DNA uptake and transfection.

Myocytes have been shown (Davis et a l, 1993) to take up plasmid DNA to a small extent 

and results (Chattergoon e ta l, 1997; Cohen and Steinman, 1997; Davis e ta l, 1993; Fynan 

et a l, 1993; Manickan et a l, 1997; Moelling, 1997; Svensson et a l, 1996; Ulmer et a l, 

1993) confirm that IM injection of DNA vaccines leads to such types of immunity as CTL. 

This is surprising since antigen presentation requires the function of professional APC 

(Matzinger, 1994) and myocytes are not professional APC (Gregoriadis, 1998). However, 

myocytes carry MHC class I molecules and can present endogenously produced viral 

peptides to the CD8^ cells to induce CTL, albeit inefficiently (Spier, 1996). Furthermore, 

myocytes apparently lack expression of MHC class II or co-stimulatory molecules (Kumar 

and Sercaz, 1996). However, Spier (1996) reported that CTL responses may be the result of
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the transfer of antigenic material between the muscle cells and professional APC. Kumar and 

Sercarz (1996) suggested the following mechanism: since muscle cells are unlikely to play 

a major role in the initial priming of T cells, it is more likely that residual professional APC 

such as macrophages or dendritic cells, capture the antigen released by myocytes and 

process/present appropriate peptides in the context of MHC class I and II molecules, 

resulting in the priming of both CD4^ and CD8^ cells upon their migration to the draining 

lymph node cells. Stimulation of CD4^ and CD8^ T helper cells results in an antibody and 

cytotoxic response. Gregoriadis (1998) further proposed that it could also be likely that 

plasmid is taken up as such directly by APC, such as dendritic cells infiltrating the injection 

site, which will express and present peptides to CD8^ cells following transport to the lymph 

nodes or spleen. Manickan et al (1997) recently reported that dendritic cells are the 

essential APC involved in immune responses elicited by IM injection of DNA vaccines and 

this may explain the high efficiency of DNA vaccination achieved after injection into the 

dendritic cell-rich epidermis reported by Nakano et a l (1997) (Gregoriadis, 1998). There 

are also several known examples where endogenous antigens enter presentation pathways 

relevant to CD8^ T cell induction (Manickan et a l, 1997). Alternatively, it has been 

proposed (Gregoriadis, 1998) that CD4^ cells may be activated by APC via MHC class II 

presentation of antigen secreted by the myocytes (or released from them after their 

destruction via a cytotoxic T cell response) and captured by the cells. Such an event would 

lead to both cellular and humoral immunity. Fig. 1.5 shows a schematic representation of the 

proposed (Gregoriadis, 1998; Kumar and Sercaz, 1996) mechanisms of DNA immunisation.

CD4^ T helper cells can be subdivided into T helper cells 1 (Th 1) and T helper cells 2 (Th

24



1 : Introduction

Liposomal
DNA

Endosome

M yo cy te

CTL RESPONSE

Plasmid DNA A N T I B O D Y  RESPONSE

Fig. 1.5: A schematic representation of proposed mechanisms of DNA immunisation 
(Modified from Kumar and Sercaz, 1996). Following vaccination with plasmid DNA the 
plasmid is taken up by the myocytes which are transfected, these myocytes then release the 
antigen which is captured by antigen presenting cells (APC) and B cells. Stimulation of 
CD4  ̂and CD8  ̂T cells by antigenic peptide induces cytotoxic T cells responses (CTL) and 
also induces B cells to produce antibodies. MHC class I (blue) expression may occur on the 
myocytes, and MHC class I and II (yellow) are expressed on APC; co-stimulatory molecules 
on the APC are shown as black circles. Liposomally entrapped plasmid DNA may be taken 
up directly by APC such as dendritic cells, after which by an unknown mechanism the DNA 
is released from the endosme and the liposomal carrier and results in transfection and MHC 
class I and II expression which stimulate the CD4  ̂and CD8^ T cells by antigenic peptide and 
induces cytotoxic T cells responses (CTL) and also induces B cells to produce antibodies.

2) with the former involving the formation of cytotoxic T-cells (CTL response).Th 1 

response is characterised by the release of cytokines such as IL-2, IL-12, INF-y, tumour 

necrosis factor a (TNF-a) and IgG2a subclass antibodies. Th 2 is characterised by the 

secretion of IL-4, IL-5 and IgG, antibodies (Matzinger, 1994). Genetic immunisation does 

not provide an all or nothing choice of Th 1 or Th 2 immunity but rather a dominant
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response profile that depends on the formulation, co-adjuvants used, the route of injection 

and other variables (Gregoriadis, 1998).

1.3.2.4 Possible advantages o f genetic immunisation

DNA-based immunisation compared to conventional subunit vaccines has a major advantage 

in that it mimics, at least to some extent, immune responses seen on viral infections (Whalen 

and Davis, 1995). For instance, antigen presentation can occur through the major 

histocompatibility complex (MHC) class I pathway, leading to the induction of cytotoxic T 

lymphocytes (Gregoriadis etal, 1998). Also, expression of the gene over a prolonged period 

of time eliminates the need for booster injections, avoids virulence associated with live or 

attenuated vaccines, and resistance to interference by any pre-existing immune response as 

might occur with protein or peptide immunogens. These are all advantageous features of 

DNA immunisation (Gregoriadis et a l, 1998). Furthermore, in the case of viruses such as 

HTV where high variability is a trade mark, ie. new mutations and even new strains of the 

virus are generated during the course of the infection both in one individual and in the 

population, DNA vaccines can be produced for the various different strains either as a 

mixture of plasmids or all present in the one plasmid construct (Lu, 1998). From the 

practical viewpoint, DNA vaccines are easy and inexpensive to produce as plasmid vectors 

which can be constructed and tested rapidly, and can be stored in the lyophilised form, with 

recent developments in genetic vaccination having led to a common set of operational 

procedures (Spier et a l, 1996). The downside to this approach is that DNA immunisation 

has been suggested (Komar and Sercaz, 1996) to rely on the uptake of DNA by muscle cells, 

which is not ideal since muscle cells are not likely to possess the accessory molecules that
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are responsible for T cell activation (Whalen and Davis, 1995), although muscle cells can 

express class I MHC molecules (Kumar and Sercarz, 1996). Moreover, only a minor fraction 

of muscle cells participate in DNA uptake, and the exposure of naked DNA to nucleases in 

the interstitial fluid requires the injection of relatively large quantities of material, typically 

up to 300 pg or more (Whalen and Davis, 1995) in order to enhance immunity. These 

disadvantages of naked DNA immunisation has lead to the use of carrier systems.

1.3.3 DNA vaccination mediated by delivery systems

Vaccination with naked DNA relies on the uptake of plasmid DNA by myocytes, or perhaps 

DNA endocytosis by antigen presenting cells infiltrating the site of injection or in the lymph 

nodes following its migration to the lymphatics. The protection of naked DNA from 

degradation by extracellular deoxyribonucleases in the biological milieu and more efficient 

transfection by employing DNA carriers systems provides the possibility for optimal genetic 

immunisation systems. Various carriers and delivery systems have been tested for application 

in genetic immunisation including:

• Microbes (Sizemore et a l, 1995): administration of attenuated Shingella bacteria 

previously transformed with plasmid DNA. The DNA is delivered and expressed in 

the mucosal surfaces resulting in induction of mucosal and systemic immunity 

(Sizemore er a/., 1995)

• Gene gun delivery (Fynan et a l, 1993): DNA-coated gold particles are “fired” 

directly into the cytosol of target cells. This results in transgene expression levels at
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least as high as those obtained with much higher amounts of naked DNA (Cohen and 

Steinman, 1997; Manickan et a l, 1997; Svensson et al., 1996). It is thought that 

during its transit in the tissue, DNA detaches itself from the gold particles to end up 

intracellularly. It is not known however, whether the DNA enters the cells as such 

or as a complex with the cationic agent used to link the DNA with the surface of the 

gold particles (Gregoriadis, 1998). Unlike naked DNA intramuscular immunisation, 

gene gun vaccines favour IgGi isotype antibody responses (Justewicz and Webster,

1996).

Cochleates (Gould-Forgerite and Mannino, 1996): DNA is enclosed in rigid, calcium 

induced structures consisting of rolled up solid sheet bilayers of anionic 

phospholipids which have a spiral form. These cochleates have no internal aqueous 

space and have calcium ion bridges between successive layers. DNA cochleates were 

reported (Mannino and Gould-Fogerite, 1997) to produce strong and long lasting 

CTL responses after parenteral or oral administration using plasmids encoding HTV- 

1, influenza and parainfluenza (3-5 pg). It was hypothesised (Mannino and Gould- 

Fogerite, 1997) that on contact with the cell membrane, the calcium-rich cochleates 

induce perturbation, reordering, and a fusion between the cochleates and membranes, 

resulting in the delivery of some of the DNA content into the cytosol.

Liposome formulations'. DNA can be complexed with preformed cationic liposomes 

(Sedegah et a l, 1994; Ishii et a l, 1997) or entrapped in liposomes of cationic or 

anionic charge or contain no charged lipids (Gregoriadis et a l, 1997; Gregoriadis,
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1998; Gregoriadis et a l, 1998; Ferrie and Gregoriadis 1998). These systems are 

discussed further below.

1.3.4 Liposome-mediated DNA vaccination

Genetic immunisation using cationic SUV-DNA complexes as carrier systems has not given 

promising results, with immune responses being either negative (Lasic & Tempelton, 1996; 

Lasic, 1997), similar (Sedegah et al, 1994; Wolff e ta l, 1992; Yokoyama eta l, 1997), or 

only modestly higher (Ishii eta l, 1997; Okadaeta/., 1997; Todaeta/., 1997) than those seen 

with naked DNA. The inability of cationic-liposome DNA complexes, such as Lipofectin, 

to generate significantly higher immune responses than naked DNA has been contributed 

(Wolff et a l, 1992) to the binding of anionic extracellular matrix components to the SUV- 

DNA complexes. The binding of negatively charged components found in the plasma has 

been previously shown (Feigner et a l, 1987) to inhibit the in vitro activity of Lipofectin. In 

contrast, studies from our laboratory (Gregoriadis et a l, 1997; Gregoriadis, 1998; 

Gregoriadis et a l , 1998; Ferrie and Gregoriadis, 1998) ascertain that the entrapment of DNA 

in vesicles using the DRV method (DRV(DNA)) (Kirby and Gregoriadis, 1984) produced 

immune responses (humoural and cell mediated) greater than those obtained with naked 

DNA and DNA complexed with similar preformed DRV (DRV-DNA) (Gregoriadis et a l, 

1997; Gregoriadis et a l , 1998). Mice (Balb/c) injected repeatedly by the intramuscular route 

with 5 or 10 pg plasmid DNA entrapped in cationic liposomes elicited at all times tested 

much greater (up to 100 - fold) antibody (IgGJ responses against the encoded antigen than 

animals immunised with naked DNA (Gregoriadis et a l, 1997). Responses from other 

subclasses (IgG2a and IgG2b) for DRVfDNA) were also greater, albeit to a lesser extent (up

29



1 : Introduction

to 10 - fold) (Gregoriadis et a l, 1997). A single injection of doses as low as 2 îg of DNA 

entrapped into cationic liposomes also gave pronounced IgG, responses (Gregoriadis et al,

1997), whereas responses for naked and DRV-DNA were barely detectable. A more recent 

study (Gregoriadis, 1998) examined both the humoral and cell-mediated immunity raised 

after pRc/CMV HBS plasmid injection by various routes, in Balb/c mice and an outbred 

strain (T.O.) of the same species. Comparing responses for DRV(DNA) and naked DNA 

indicated greater antibody (IgGi) responses for the former not only by the intramuscular 

route but also by the subcutaneous and intravenous routes. Interestingly, there was not much 

difference in the titres between the two strains of mice (Gregoriadis, 1998) suggesting that 

immunisation with liposomal pRc/CMV HBS was not MHC restricted. A similar pattern of 

results was obtained with TFN-y and EL-4 levels in the spleen (Gregoriadis, unpublished 

observations).

1.3.4.1 Mechanism o f  liposome-mediated vaccination

The way by which liposomal plasmid DNA promotes immunity to the encoded antigen is 

not likely to involve myocytes (Gregoriadis, 1998). It has long been established (Ryman et 

al, 1978; Segal eta l, 1975; Turner etal, 1983; Velinova et a l, 1996) that liposomes enter 

the lymphatic system and localise in the lymph nodes and this has been implicated in the 

ability of liposomes to act as immunological adjuvants (Gregoriadis, 1990). Cationic 

liposomes with entrapped DNA are unlikely to bind to negatively charged muscle cells 

surface, since the cationic surface charge of the liposomes will be neutralised by proteins in 

the interstitial fluid (Black and Gregoriadis, 1976). It is more likely that cationic (as well as 

neutral or anionic) liposomes are phagocytosed by residual or infiltrating APC, or by APC
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in the lymphatics (Gregoriadis et al., 1998). It has been suggested (Gregoriadis et al., 1998) 

that the key ingredient of the DNA(DRV) formulations that is responsible for enhancing 

immune responses (presumably through enhanced transfection) is the cationic lipid, the 

structural identity of which does not appear to contribute significantly to transfection 

efficiency (Gregoriadis et al., 1997). This could explain the reduced ability of neutral and 

anionic DRV(DNA) formulations to induce immune responses to the plasmid-encoded 

antigen over the cationic DRVfDNA) formulations (Gregoriadis et al., 1998). The presence 

of the cationic lipid in conjunction with DOPE in liposome formulations has been proposed 

(Legendre and Szoka, 1995) as previously discussed, to help the endocytosed cationic 

liposome formulations destabilise the endosomal membrane, whereupon, through a lateral 

diffusion of anionic lipids fi*om the cytoplasm-facing monolayer of endosomes, DNA is 

displaced from the liposome preparation and released into the cytoplasm. In the case of 

neutral and anionic DRV(DNA) following phagocytosis, some of the DNA may escape the 

endocytic valuoles prior to their fusion with lysosomes, to gain entry into the cytoplasm for 

eventual episomal transfection and presentation of the encoded antigen (Gregoriadis et al.,

1998).

1.4 SUMMARY

Many major causes of death and disease today are of genetic origin or have a major genetic 

component (Hug and Sleight, 1991). More than 4900 genetic diseases result firom a defect 

in a single gene (McKusick, 1990) and many more are probably caused by multiple defects. 

Current therapy for most genetic disease is symptomatic and not curative (Hug and Sleight,

1991). Gene transfer techniques are among the most powerful tools of cell biology research
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and also have profound economic implications (Behr, 1993). For gene delivery systems to 

be successful in vivo they are required to (i) condense plasmid DNA and protect it from 

nuclease degradation, (ii) promote cellular interaction and internalisation of condensed 

plasmid DNA, (iii) allow the plasmid to enter the cell nuclei in a form which can be 

transcribed and hence translated into the encoded protein (Mahato et a i, 1997). Cationic 

liposome based systems promise to be a viable alternative to the currently predominant viral 

vectors with their ability to promote transfection in vitro being well established (Dan, 1997). 

However it would appear that their performance in vivo is less impressive, and these vectors 

have been reported to be unsuitable for intravenous administration with only poorly 

reproducible results being obtained. Cationic liposomes as they stand at present are far from 

being ideal DNA delivery system (Li and Huang, 1996).

A spin-off of gene therapy, genetic immunisation, is a new and promising path of vaccine 

development (Kiprowski and Weiner, 1998). Conventional immunisation provides 

immunogenic proteins for activation of the immune response. Conventional immunisation 

procedures are capable of providing proteins to the exogenous antibody pathway for the 

activation of CD4^ T cells and eventual antibody production (Warner et al., 1998). However, 

intracellular synthesis of foreign proteins appears to favour optimal antigen 

processing/presentation events involved in the consistent activation of CD8^ cytotoxic T 

lymphocytes (CTL) (Braciale et a i, 1997; Germain and Margulies, 1993) which recognise 

antigen in the context of MHC class I. Gene delivery systems, such as liposomes, may thus 

provide a consistent way of delivering protein antigens to the endogenous antigen 

presentation pathway for activation of cellular immunity, particularly CTL activation
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(Warner era/., 1998).

The DRV method, with its ability to entrap DNA efficiently into neutral, anionic and 

cationic vesicles could be a beneficial development in DNA delivery systems and its ability 

in vitro has been shown already (Gregoriadis et a l, 1996). The ability of DRV with 

entrapped DNA to promote superior immune responses to DNA-encoded antigens than 

naked DNA has also been shown (Gregoriadis e ta l, 1997; Gregoriadis, 1998; Gregoriadis 

et a l , 1998). The proceeding work investigates the viability of DRV(DNA) as intravenously 

administrable gene delivery systems and further investigates the optimisation of the DRV 

formulation for use in genetic immunisation. These investigations include physicochemical 

characterisation of the DRV(DNA) system and its performance in vivo.
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2.1 MATERIALS

2.1.1 Chemicals

The following chemicals and reagents were purchased from Sigma Chemical Company (UK) 

Ltd: Luria Bertani (LB) agar, LB broth, deoxyribonuclease I (bovine pancreas, type U; 

specific activity : 2500 Kunitz units mg'^) (DNase I), E.coli DNA polymerase I 

(holoenzyme), ethidium bromide, cholesterol (CHOL), stearylamine (SA), bovine serum 

albumin (BS A), dithiothreitol (DTT), agarose, o-phenylenediamine (OPD) and bicinchoninic 

acid protein assay kit. Endotoxin-free plasmid purification kits were obtained from Qiagen 

(UK) Ltd. DNA molecular weight markers, restriction enzymes, deoxynucleotide 

triphosphates (dNTP’s), and the luciferase assay kit were products of Promega, UK. 

Sephadex G-50 and PROBEQUANT™ G-50 micro spin columns were products of 

Pharmacia Biotech., St. Albans, Herts, UK. Carrier-free *̂ Î(1 mCi) and ̂ ^S-deoxyadenosine 

5 -triphosphate (dATP) (1 mCi) were acquired from Amersham International, Amersham, 

Bucks, UK. Horseradish peroxidase-conjugated goat anti-mouse immunoglobulin IgGi, 

XgG2a, and IgG2b subclasses, and foetal calf serum were obtained from Sera-Lab, Crawly 

Down, Sussex, UK. Ninety-six well fiat-bottomed microtiter plates (Immunolon IB) were 

purchased from Dynatech Labs., Billingshurst, Sussex, UK. Synthetic hepatitis B surface 

antigen (HBsAg) (ayw subtype) was supplied by Genzyme diagnostics, Kingshill, Kent, UK. 

All other reagents were of analytical grade.

2.1.2 DNA Plasmids

Plasmid pRc/CMV HBS (5.6 kb), expressing the sequence coding for the S (small) region 

of HBsAg (subtype ayw) was cloned by Dr. R. Whalen, Ecole de France, Paris using
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pRc/CMV (Invitrogen) as a vector backbone. The plasmid pGL2 (6.0 kb) expressing firefly 

luciferase was firom Promega and RSVhGH plasmid (5.5 kb) expressing human growth 

hormone were provided by Dr S. Hart, Institute of Child Health, London. pCMV4.65 (9.5 

kb) (expressing the immunodominant 65 kilodalton antigen of mycobacterium leprae), and 

the original backbone vector of this plasmid (pCDNA3; 5.4 kb, Invitrogen) were supplied 

by Dr R.E. Tascon, National Institute for Medical Research, London. The plasmid pWS2m 

(3.9 kb) expressing interleukin 2 was supplied by Dr Ernest Wagner, Institute of 

Biochemistry, Vienna.

2.1.3 Lipids

Egg phosphatidylcholine (PC), distearoyl phosphatidylcholine (DSPC) and 

phosphatidylethanolamine (PE) were purchased firom Lipid Products, Nutfield, Surrey, UK. 

Dioleoyl phosphatidylethanolamine (DOPE) and phosphatidyl glycerol (PG) were purchased 

fi*om Sigma Chemical Co., UK 1,2-dioleoyl-3-(trimethylammonium) propane (DOTAP) and 

1,2-dioleoyl-3-(dimethylammonium) propane (DODAP) were purchased fi*om Avanti Polar 

Lipids, Alabama, USA. 3((N-(N’,N’)-dimethylaminoethane)-carbamoyl)cholesterol (DC- 

CHOL) was a generous gift fi*om Dr C. Kirby, Cortecs International, London.

2.2 METHODS

2.2.1 Extraction and purification of plasmid DNA

2.2.1.1 Amplification of plasmids

Plasmids were amplified in the host strain E.coli DH5a (Sambrook et al., 1989). A single 

bacterial colony of the E.coli DH5a containing the desired plasmid for purification, was
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picked from a freshly streaked selective LB agar plate (ampicillin 100 pg/ml) and from this 

colony a starter culture of 20 ml in LB broth containing selective antibiotic (ampicillin 100 

jxg/ml) was grown for 8 h at 37®C with vigorous shaking (approx. 300 rpm). After 8 h the 

starter culture was diluted 1:500 into 500 ml of selective LB broth and incubated at 37°C 

overnight.

2.2.1.2 Purification o f plasmids

Plasmids were isolated from the host E.coli strain and purified using the QIAGEN kit 

according to the alkaline lysis method of Bimboim and Doly (1979): In brief, after the 

bacteria were harvested from the cultures by centrifuging (6,000 g for 15 min, 4°C) and 

resuspension in Tris hydrochloride buffer (50 mM, pH 8.0) containing 

ethylenediaminetetraacetate (EDTA) (10 mM), bacteria were lysed in sodium hydroxide 

(200 mM) containing 1% sodium dodecyl sulphate (SDS) at room temperature in the 

presence of ribonuclease A (RNase A) which digests liberated RNA. (SDS solubilises the 

phospholipid and protein components of the cell membrane causing lysis of the cells; sodium 

hydroxide denatures the chromosomal and plasmid DNAs, as well as proteins). The lysate 

was neutralised by the addition of acidic potassium acetate (3.0 M, pH 5.5) which, because 

of high molarity causes the SDS to precipitate and form a salt/detergent complex entrapping 

the denatured proteins, chromosomal DNA and cellular debris. Plasmid DNA, being smaller 

and covalently closed, renatures correctly and remains in solution. The precipitated debris 

was removed by filter, and the clear lysate (treated with endotoxin removal buffer ™ to 

remove endotoxins) loaded onto the QIAGEN-tip ion exchange resin. The latter employs a 

diethylaminoethanol (DEAE) complex which binds plasmid DNA but not impurities such
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as RNA, protein, carbohydrates, and small metabolites which were washed away using a 

solution of sodium chloride (1.0 M) containig 3-[N-morpholino]propanesulphonic acid 

(MOPS) ( 50 mM pH 7.0); 15% isopropanol. The plasmid DNA was eluted from the ion 

exchange resin with NaCl (1.25 M, pH 8.5), mixed with 0.7 volumes of isopropanol and then 

centrifuged at 15,000 g for 30 min (4°C). The supernatant was removed and the DNA pellet 

resuspended in 70% ethanol and centrifuged at 15,000 g for 15 min (4°C). After the removal 

of ethanol, the plasmid DNA was air-dried for approximately 20 min and finally suspended 

in endotoxin-fi-ee TE (pH 8.0).

2.2.2 Spectrophotometric assay of DNA

The concentration of DNA was determined using the strong ultraviolet absorption of the 

nitrogenous bases at 260 nm. At this wavelength, the extinction coefficient of DNA (E26o=20, 

in a 1 cm cell) corresponds to a DNA concentration of 1 mg / 1 ml ( Roolnguez and Tait 

1983). This relationship between DNA concentration and absorbance at A260 is directly 

proportional and can be used to quantify DNA (e.g. A26o=l represents a concentration of 50 

pg /1 ml). The relationship applies to purified double stranded DNA with a guanine (G) and 

cytosine (C) combined content of 50%. The presence of RNA, proteins, detergents and 

organic solvents also contribute to absorption at this wavelength and since the absorption 

maximum for DNA and protein is 260 and 280 nm respectively an approximate measure of 

isolated DNA purity can be determined by using the A260 / A280 ratio. All plasmid DNA used 

in the present experiments had a A260 / A280 ratio of 1.85 or greater.
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2.2.3 Characterisation of plasmids using restriction enzyme digestion

Restriction enzymes can be used to recognise specific base sequences in double-helical DNA 

and cleave both strands of the duplex at specific sites. Restriction enzyme digestion was 

performed on the purified plasmids pRc/CMV HBS and PGL2 to confirm the plasmid 

structure, size, and purity. The restriction enzyme Hinà III was used to cut the pRc/CMV 

HBS plasmid, and either EcoR. I or Hinà. Ill were used to cut the PGL2 plasmid at a single 

site (see Fig. 1.1) and hence linearise the plasmid to give a single band upon electrophoresis. 

The digestion was performed by placing in a sterile tube 16.3 pi of sterile, deionised water 

(dH20), 2 pi of restriction buffer (Promega, UK), 0.2 pi acetylated bovine serum albumin 

(BSA) (10 pg / pi) and 1 pg plasmid DNA. After mixing by pipetting, 5 units of the 

restriction enzyme was added to a final volume of 20 pi. Controls in which the restriction 

enzyme was omitted from the reaction mixture were also used. The mixtures were incubated 

at 37°C for 1-4 hours after which the digested DNA was subjected to agarose gel 

electrophoresis for 2 h on a 0.7% agarose gel at 90V and stained using ethidium bromide 

(0.5 pg / ml) for 30 min at 20°C (Sambrook et al., 1989). A lambda DNA / EcoR I or a 1 

kb ladder marker was used to confirm the size of the linearised plasmid and a supercoiled 

DNA ladder (2-lOkb) was used to confirm the size of the undigested supercoiled plasmid 

DNA.

2.2.4 Radiolabelling of plasmid DNA

Most methods for the radiolabelling of DNA, such like nick translation (Rigby et al., 1977) 

produce a labelled DNA assortment comprising of a wide range of molecular weight 

breakdown molecules as a result of the DNase I used in the labelling procedure. However,
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to monitor the incorporation of plasmid DNA into liposomes the labelled plasmid must 

represent only the full size, intact DNA molecules. Thus, by adopting a non-destructive 

technique (Wheeler et al., 1995), plasmid DNA was labelled in the absence of DNase I. The 

labelling reaction relies on the exonuclease activity of DNA polymerase I which acts at the 

site of nicks in the plasmid, which occur during incubation in the nick-translation mixture 

and removes nucleotides in the 5-3' direction. At the same time, using the 3'-hydroxyl group 

of the terminal nucleotide at the site of the nick as the primer, the activity of polymerase I 

will replace the pre-existing, unlabelled nucleotides with labelled nucleotides, resulting in 

uniform labelling throughout the DNA plasmid. To radiolabel DNA, the following were 

added to 2 pCi of ̂ ^S-deoxyadenosine 5'-triphosphate (dATP):

(a) 2.5 pi of nick translation buffer, pH 7.5 composed of 0.5M Tris-HCl pH 7.5,0.1 M

magnesium chloride (MgClz), 500 pg / ml BSA and 10 mM dithiothreitol (DTT).

(b) 1 pi each of deoxyguanosine, deoxythymidine and deoxycytidine triphosphates

(dNTP’s) ( 200 mM)

(c) 5 pg of plasmid DNA to be labelled

(d) 2 units of E.coli DNA polymerase I

The mixture was incubated at 16°C and the reaction stopped with 50 pi of EDTA (100 mM) 

at various time intervals. The labelled plasmid DNA was separated from the free dNTP’s by 

applying the reaction mixture onto a 10 ml Sephadex G-50 column, washing with TE buffer 

composed of Tris hydrochloride (10 mM), pH 8.0 and EDTA (1 mM), and collecting 0.5 ml 

fractions. The ^^S-labelled plasmid was eluted from the column first, followed by the 

unincorporated dNTP’s. Alternatively, the reaction cocktail was diluted to 50 pi with TE 

buffer (pH 8.0) supplemented with 0.9% NaCl (STE buffer) and applied to a

40



2: Materials and Methods

PROBEQUANT™ G-50 micro spin column, in anEppendorf tube which was centrifuged 

at 735 g. Unincorporated dNTP’s were retained within the column and the labelled plasmid 

DNA eluted as above. The labelling efficiency (%) was estimated by measuring 

radioactivity in the aliquots of the initial reaction mixture and the eluted radiolabelled 

plasmid on a scintillation counter 1400 (Wallac), and then dividing the recorded 

disintegrations per minute (dpm) in the eluted radiolabelled plasmid by the dpm in the initial 

reaction mixture and multiplying by 100. Aliquots of the fractions collected from the 

S^hadex G-50 column and the PROBEQUANT™ G-50 micro spin columns were 

electrophoresed for 1.5 h on a 1% agarose gel at 90V, to confirm the presence and integrity 

of the radiolabelled DNA. Further, the fractions from the Sephadex G-50 column were 

spectrophotometrically assayed (A260 and A280) and the absorbence plotted against the 

radioactivilty values.

2.2.5 Preparation of Liposomes

2.2.5.1 Preparation o f multilamellar vesicles (MLVs)

Typically, the chosen lipids were dissolved at the required molar ratios in about 2-5 ml 

chloroform. SA, DODAP, DOTAP or DC-CHOL (cationic) or PG (anionic liposomes) were 

also incorporated into the mixture when charged liposomes were required. The vesicle 

surface charge was determined by the amount of charged lipid added, with a typical cationic 

liposome formulation consisting of PC (16 pmoles):DOPE(8 pmoles):DOTAP(4 pmoles). 

The chloroform solution of lipids was placed in a 50 ml round-bottomed spherical Quick-fit 

flask and the solvent evaporated in a rotary evaporator at about 37°C, resulting in a thin lipid 

film on the wall of the flask. The film was flushed for about 60 sec with oxygen-free
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nitrogen (N2) to ensure complete solvent removal and to replace air. 2 ml of dIÎ2 0  was added 

into the flask which was shaken vigorously until the lipid film was transformed into a milky 

suspension. This procedure was performed above the liquid-crystalline transition temperature 

of the lipids (TJ and the emulsion left to stand at >7  ̂for about 30 min. During this period, 

multilamellar liposomes of diverse sizes were formed.

2.2.5.2 Preparation o f small unilamellar vesicles (SUVs)

The suspension of MLVs was sonicated (MSE PGIOO probe sonicator) at >7  ̂(with frequent 

intervals of rest) using a titanium probe slightly immersed into the emulsion. This converted 

the milky suspension to a slightly opaque to clear suspension of small unilamellar vesicles 

(SUV) of around 100 nm in diameter. The time required to produce the SUV varied 

depending on the amount and type of lipids used. Sonication was performed such that the 

suspension was agitated vigorously. After sonication, the preparation was left to stand at the 

corresponding 7̂  for 30 min and then centrifiiged at 3,500 g for 10 min to remove titanium 

debris liberated from the tip of the probe during sonication.

2.2.5.3 Preparation o f dehydration-rehydration vesicles (DRVs)

The technique for the preparation of dehydration-rehydration vesicles (DRVs) was 

developed by Kirby and Gregoriadis (1984). In brief, the SUVs in dH20 (prepared as above) 

were mixed with various amounts of plasmid DNA (and ^^S-labelled tracer of the same 

plasmid), frozen at -20°C and freeze-dried in a Hetosicc Freeze Drier overnight under 

vacuum (<0.1 Torr) until the material was thoroughly dried. Alternatively, the SUVs were 

freeze-dried without the addition of the DNA to form “empty” DRVs. Rehydration was
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carried out in a controlled manner at a temperature above the by adding a minimum 

amount (0.1 ml for 16 pmoles lipid) of dH2 0  to the dried powder and the mixture swirled 

vigorously to ensure complete suspension of the powder. The samples were kept >7^ for 30 

min and the process was repeated with 0.1 ml dH20 and, 30 min later at >T„ with 0.8 ml of 

0.01M sodium phosphate containing 0.15 M NaCl (phosphate-buffered saline; PBS, pH 7.4) 

and allowed to stand for 30 min at >7^

2.2.6 Separation of incorporated from non-incorporated plasmid DNA

Incorporated and non-incorporated plasmid DNA was separated by diluting the suspension 

of DRV up to 7 ml with PBS and centrifuging on a Ultra Combi centrifuge (Sorvell, 

Stevenage, UK) at 40,000 g for 40 min (4°C). The pellet obtained was suspended a second 

time in 7 ml PBS and centrifuged again under the same conditions. The supernatants were 

combined and the pellet was suspended in PBS (pH 7.4) to the required volume.

2.2.7 Monitoring the extent of plasmid DNA incorporation

The extent of DNA incorporation was estimated on the basis of ^̂ S radioactivity. Using 

samples taken from the liposome/DNA mixture before freeze-drying, the combined 

supernatants and the resuspended pellet obtained after centrifugation of the DRV 

preparations, the amount of ̂ ^S-DNA was measured in each fraction. The total amount of 

plasmid DNA incorporated into liposomes was calculated by dividing the amount ̂ ^S-DNA 

in the suspended pellet by the initial amount of ^^S-DNA in the preparation before 

centrifugation, i.e:

% Incorporation = dpm in pellet x 100%
Total dpm in sample

43



2: Materials and Methods

All results were confirmed by measuring recovery of ̂ ^S-DNA according to the equation:

% Recovery = dpm in pellet + dpm in combined supernatants x 100%
Total dpm in sample

Recoveries in all preparations were in the range of 85 -115% of plasmid DNA initially 

added.

2.2.8 Plasmid DNA extraction from liposomes

DNA was extracted from the liposomal preparations to confirm its concentration and 

structural integrity using a modified method (Sambrook et al., 1989) for the extraction of 

protein from nucleic acid preparations. To that end, equal volumes of liposomal DNA 

suspension and a solution of phenol: chloroform: isoamyl alcohol (25:24:1 volume ratio) 

saturated with TE buffer (pH 8.0) were mixed and centrifuged at 12,000 g for 2 min. The 

top aqueous layer containing the extracted DNA was collected and combined with 0.1 

volume of sodium acetate (3.0 M) and 2 volumes of ethanol (96%) and stored at -20°C for 

2 h to precipitate the DNA. The solution was then centrifuged at 15,000 g for 30 min, the 

supernatant removed, the pelleted DNA resuspended in ethanol (70%) and the centrifugation 

repeated for 15 min. After removal of the ethanol, the pellet was air-dried for approximately 

10 min and then suspended in 20 pi of TE buffer (pH 8.0). The extracted plasmid DNA was 

subjected to gel electrophoresis for 1.5 h on a 1% agarose gel at 90V.

2.2.9 Determination of liposomal DNA protection from nucleases

To determine the extent of protection offered to liposomally incorporated plasmid DNA 

against nuclease degradation (Gregoriadis et al, 1996), samples of DRV incorporating 

plasmid DNA, “empty” preformed DRV mixed with plasmid DNA, and naked plasmid DNA
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were all incubated in the presence (100 units) or absence of deoxyribonuclease I at 37°C in 

the presence of MgCl2 . The reaction was stopped after 10 min with 100 pi of EDTA (0.1 

M; pH 8.0). Samples were washed twice by centrifuging at 40,000 g for 40 min and 

radioactivity in the pellet and supernatants measured for the calculation of DNA retention. 

The plasmid DNA was also extracted from the liposomal preparations with the phenol- 

chloroform-isoamyl alcohol mixture (See section 2.2.8) and then subjected to agarose gel 

electrophoresis (1%, 1.5 h, 90V) to determine plasmid DNA integrity.

2.2.10 Sizing of vesicles by photon correlation spectroscopy

SUV and SUV mixed with plasmid DNA were sized by photon correlation spectroscopy 

(PCS) on a Malvern Autosizer 2c, at 25°C by diluting 20 pi of the dispersion to 4 ml with 

doubly filtered (0.22 pm pore size) dH20. Results are expressed as nm z-average mean 

diameter.

2.2.11 Sizing of vesicles by laser diffraction

The z-average mean diameter of vesicles out with the range of the Autosizer 2c (ie. Z- 

average diameters greater than approximately 1000 nm) was measured using the laser 

diffraction method on a Malvern Mastersizer X at 20°C by diluting the vesicle suspensions 

to the required concentration (as measured by the Mastersizer) in doubly filtered dH20. 

Results are expressed as nm z-average mean diameter.

2.2.12 Characterisation of charged liposomes by microelectrophoresis

Zeta potential, which can be taken as an indirect measurement of surface charge, is measured
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by determinating the velocity of particles in an electric field (electrophoresis measurements) 

by laser Doppler spectroscopy. In laser Doppler spectroscopy particle mobility is measured 

by Doppler shifts of laser light (Schlieper et a l, 1981; Kraayenhof et a l, 1993). The laser 

Doppler electrophoresis has been successhilly applied for the characterization of the surface 

groups of cells and vesicles (Ware and Flygare, 1971; Uzgiris, 1974; Siegel and Ware, 

1980). The zeta potential of DRV in 0.001 MPBS, was measured using microelectrophoresis 

on a Malvern Zetasizer 3000 at 25°C.

2.2.13 Experimental Animals

6-8 week old female Balb/c mice (20-24 g body weight) were purchased from B & K 

Universal, Hull, UK. The mice were kept according to Home Office regulations in the 

School of Pharmacy, University of London and given standard mouse diet and water.

2.2.14 Immunisation schedules

Mice were immunised intramuscularly in groups of five with 50 pi of pRc/CMV HBS 

plasmid DNA incorporated in or complexed with DRV of various formulations in PBS, pH 

7.4, or free plasmid DNA in the same buffer. Injections were given into the thigh of the right 

hind leg of mice using 0.5 ml calibrated disposable plastic syringes with 25G x 5/8 needles. 

In some experiments mice were injected with HBsAg (S region; ayw subtype) emulsified 

in complete Freund’s Adjuvant (CFA) with an equal volume of PBS, pH 7.4. Mice were bled 

from the tail vein at time intervals, commencing 1-2 days prior to first injection and at time 

intervals thereafter. Blood samples were obtained by causing a small nick in the tail vein and 

50 pi of blood was collected into a capillary tube that had been previously coated with
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heparin. The blood sample was then diluted 10 - fold in 0.45 ml PBS and centrifuged at 

3,500 g for 10 min to separate the sera from blood cell components. The sera (diluted 20- 

fold, assuming a 50% haematocrit) for each mouse was transferred to an [Eppendorf tube and 

stored at -20°C until analysed.

2.2.15 Enzyme-linked immunosorbent assay (ELISA)

Sera samples obtained before and after immunisation were analysed for the presence of anti- 

HBsAg (S region; ayw subtype) IgGi, IgG2a and IgG2b antibodies by the enzyme-linked 

immunosorbent assay (ELISA) (Gregoriadis et a/., 1993).

Step 1: Antigen coating o f the plates

Immunoassay plates were coated with HBsAg, (S region subtype ayw) by placing into each 

well 60 pi of 2 pg antigen per ml coating buffer (0.318g NagCOg and 0.58g NaHCOg up to 

200 ml with dH20, pH 9.6). Plates were incubated overnight at 4“C whereby antigen 

absorption to the plates occurred.

Step 2: Addition o f blocking solution

Unbound antigen was aspirated and the plates washed three times with PBS (pH 7.4) 

containing 0.025% Tween-20 (washing buffer). To avoid non specific binding, plates were 

treated with 0.2 ml per well of 1% BSA in washing buffer for 2 h at 37°C and washed three 

times with washing buffer.

Step 3: Addition o f serum samples

After the plates were washed and 60 pi of washing buffer was added to each well, 60 pi 

duplicate serum samples added to the first well, were serially diluted. The plates were then 

incubated for 1 h at 37°C.

47



2: Materials and Methods

Step 4: Addition o f goat anti-mouse serum

After washing the plates as previously, 50 pi per well of horseradish peroxidase-conjugated 

goat anti-mouse immunoglobulins (IgGi, Ig02a or JgG2b subclasses) were added at 1:4,000 

dilutions in washing buffer containing 1% BSA and 5% foetal calf serum, and incubated at 

3TC  for 1 h.

Step 5: Substrate reaction

Plates were washed as above and 200 pi of freshly prepared OPD substrate solution added 

to each well. The reaction was allowed to proceed for 25 min and then stopped with 25 pi 

of 1.8 M sulphuric acid.

Step 6: Determination o f optical density

The colorimetric end point was measured spectrophotometrically at 492 nm on a Titerteck 

Multiskan ELISA Reader (Flow Laboratories, Herts, UK). A known positive serum and 

pooled normal mouse sera collected from mice prior to immunisation were employed as 

positive and negative controls respectively. Immune response was expressed as the logio of 

the reciprocal of serial (two-fold) serum dilution required for OD to reach a reading of about 

0.2 (end point dilution). Sera from untreated mice gave values of less than 0.2.

2.2.16 Statistical analysis

Antigen-specific antibody response was measured on the basis of absorbence readings, as 

determined by ELISA. The mean of the logio serial dilution end points and their standard 

deviation were calculated for each animal group. Significance levels were determined using 

the Student r-test for unpaired observations.
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2.2.17 Luciferase assay

Luciferase expression was assayed using the Promega luciferase assay system. This utilises 

the ability of luciferase to catalyse a chemiluminescent reaction (Luciferase + Luciferin + 

ATP react to give luciferase + CO2 + AMP + oxyluciferin + LIGHT) (Seliger and McElroy, 

1960) as a means to quantify the enzyme. Using this assay, 10 pi of supernatant (tissue 

extract) was reacted with 100 pi of luciferase assay reagent to produce luminescence 

(expressed as Relative Light Units; RLU) which was measured in a TD 20/20 luminometer 

(Turner Designs, Sunnyvale, CA, USA).

2.2.17.1 Construction o f a luciferase standard curve

Known amounts of luciferase (Boehringer Mannheim, UK) were diluted in homogenate 

buffer (supplemented with 1 mg / 1 ml BSA) to various concentrations and assayed for 

luminescence using the luciferase assay reagent. A standard curve was prepared by plotting 

the resultant luminescence in RLU against the known added luciferase standards (0 - 1000 

pg). This curve was used to determine the amount of luciferase extracted from the collected 

tissues and expressed as pg of luciferase per pg of total tissue protein (measured using the 

BCA assay - see section 2.2.20).

2.2.18 Intravenous injection of DRV incorporating plasmid DNA encoding luciferase

The 6.0 kb plasmid pGL2 expressing the gene encoding the firefly luciferase was used as a 

reporter gene for the study of gene expression. Male 4-6 week old Balb/c mice were injected 

intravenously into the tail vein with 100 pi PBS containing various cationic DRV 

preparations incorporating pGL2 plasmid (50 - 200 pg). Control mice received 100 pi PBS.
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At time intervals the mice were killed and their tissues harvested for analysis.

2.2.18.1 Assay o f luciferase activity in tissue extracts

Tissues collected from mice were placed into 2 ml ice chilled homogenate buffer (Tris- 

phosphate, 25 mM, pH 7.8; DTT, 2 mM; l,2-diaminocyclohexane-N,N,N’,N’-tetraacetic 

acid, 2 mM; glycerol, 10%; Triton X-100, 1%; (Promega, UK) supplemented with 1 mg / 

1 ml BSA, then chopped up into finely cut pieces using a scalpel blade and forceps and 

homogenised using a Polytron PT 3000 (Kinematic AG) until all large debris had been 

homogenised (approx. 1 min). The homogenate was centrifuged at 4,000 g for 10 min at 4°C 

and the supernatant collected. Control extractions of luciferase from tissue were performed 

by adding known amounts of luciferase to homogenate buffer and adding quantities of the 

tissue, homogenising and measuring the recovery of luciferase after extraction.

2.2.19 Radiolabelling of luciferase by the chloramine-T method

In alkaline conditions, chloramine-T is slowly converted to hypochlorous acid which acts 

as an oxidising agent. At pH < 8.0, the oxidation results in iodine incorporation into the 

tyrosine residues of proteins (MCConahey and Dixon, 1996). Using this method, luciferase 

was radiolabelled with To that end, carrier free (2 pCi), was mixed with 10 pi of 

phosphate buffer (0.25 M; pH 7.5) and 100 pi of luciferase (0.5 mg / ml) was added to the 

mixture. Iodine was incorporated into the tyrosine residues of luciferase by adding 10 pi of 

chloramine-T (5 mg / ml in phosphate buffer; pH 7.5) to the mixture which was left to stand 

on ice for 10 min. The reaction was stopped by the addition of 20 pi sodium metabisulphate 

(1.2 mg / ml in 0.05 M phosphate buffer; pH 7.5) and the final volume of solution made up
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to 0.5 ml with potassium iodide (1 mg / ml in 0.05 M, phosphate buffer, pH 7.5). The 

solution was then dialysed against 4 changes of sodium phosphate buffer (0.05 M; pH 7.5) 

in order to remove unbound The extent of protein-bound radioactivity was assessed by 

trichloroacetic acid (TCA) precipitation in which 5 pi of the radiolabelled protein was mixed 

with 100 pi BSA (10%) in anfeppendorf tube and 1.25 ml TCA (20%) added to the mixture. 

After incubation at 4°C for 1 h, centrifugation was carried out at 3,000 g for 10 min and the 

supernatant and pellet recovered. The pellet was dissolved in 1 ml 1.0 M sodium hydroxide. 

5 pi samples taken from the original mixture before centrifugation and the suspended pellet 

were transferred into gamma vials and counted for 60 s (1275 Mini gamma counter, Wallac). 

The percentage of bound to the protein was calculated as cpm in pellet / cpm in original 

mixture x 100%. Radiolabelled proteins giving >90% of bound were used.

2.2.20 Intravenous injection of ̂ ^I-luciferase

To measure the extent of luciferase recovery and its activity from mice after intravenous 

injection, male Balb/c mice as used in section 2.2.19.1, were injected with 250 ng luciferase 

mixed with approximately 5x10^ cpm of ^^^I-luciferase in 100 pi PBS, pH 7.4. The mice 

were killed at time intervals and blood and tissues collected for and luciferase assay.

2.2.20.1 Assay o f luciferase activity and radioactivity in tissue extracts 

Tissues collected from mice were placed into 2 ml ice chilled homogenate buffer and the 

luciferase extracted from the tissues as described in 2.2.18.1. The extracts were then tested 

for both luciferase activity and radioactivity content.

51



2: Materials and Methods

2.2.21: Luciferase stability in tissue extracts

To confirm that luciferase stability in different media and temperatures, luciferase (100 pi; 

1 mg / ml) was incubated in plasma, various tissue homogenates and homogenate buffer at 

37®C and 4°C. Samples from each solution were taken at time intervals and luciferase 

activity measured (see section 2.2.19.3)

2.2.22 Determination of protein content by the Bicinchoninic acid assay 

Proteins reduce alkaline copper (II) to copper (I) in a concentration dependent manner 

(Lowry et ah, 1951). Bicinchoninic acid (BCA) is a highly specific chromogenic reagent for 

Cu (I), forming a purple complex with an absorption maximum at 562 nm which is directly 

proportional to protein concentration. Because of this property, BCA can be used to assay 

for protein concentration as follows: duplicate 10 pi samples of the unknown protein sample 

are mixed with 200 pi of BCA reagent (one part of 4% copper (II) sulphate pentahydrate 

solution to 50 parts bicinchoninic acid solution), incubated at 20°C for 10 min and the 

mixture assayed at 562 nm. Known amounts of BSA dissolved in homogenate buffer used 

in the extraction procedure were assayed at the same time to produce a standard curve that 

was used to determine the total amount of protein in the tissue extracts.
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3.1 CHARACTERISATION STUDIES

As a necessary preliminary to any in vivo investigation, certain characteristics of a liposome 

formulation must be optimised. In general, to work as a synthetic gene-transfer system, 

DRV should condense DNA and mask its anionic nature (Behr, 1993). Further, synthetic 

gene-transfer systems must be capable of incorporating DNA efficiently and protecting it 

from degradation by nucleases thus allowing delivery of intact DNA. Efforts described in 

this chapter focus on physicochemical properties of various DRV formulations in terms of 

DNA incorporation efficiency, vesicle zeta potential and ability to protect DNA from 

degradation by nucleases.

3.2 PURIFICATION AND CHARACTERISATION OF PLASMID DNA

It is essential that plasmids made for in vivo use are highly homogeneous, sterile and free 

from contamination, particularly endotoxins, RNA, proteins and genomic DNA since 

molecules such as endotoxin may contribute to damage by non-viral gene delivery systems 

if plasmid DNA is not properly isolated (Al-Suwayeh et ah, 1996; Colton et al., 1994; 

Montbriand and Malone, 1996; Wicks et al., 1995). The QIAGEN procedure has been 

approved by European countries and the USA for the purification of plasmid DNA (Spier, 

1996) and this purification procedure has been employed for plasmids used throughout this 

work.

3.2.1 Plasmid Purification

Plasmids used in these studies were extracted and purified from the E.coli host strain DH5a 

according to the alkaline lysis method described in section 2.2.1.2 which incorporates a

54



3: Entrapment o f  Plasmid DNA in DRV: Initial Characterisation Studies 

procedure for the removal of endotoxins and other contaminants. Fig. 3.1 follows the

purification process of pGL2 plasmid in which samples from each stage of the purification

were saved and the nucleic acids precipitated with isopropanol before loading on a 0.7%

agarose gel.

M L  F W1 W2  E M

— 6 kb

Fig. 3.1 : Agarose gel electrophoresis of samples taken 
during the pGL2 plasmid purification process. Lane L: clear 
lysate; F: flowthrough fraction; W1 : first wash fraction; W2: 
second wash fraction and E: eluted pure plasmid DNA 
(pGL2).

Fig. 3.1 shows the clear lysate (L) obtained in the purification procedure after the removal 

of the cellular debris and chromosomal DNA. The lysate contains the supercoiled and open 

circular plasmid DNA as well as degraded E.Coli RNA (in amounts too small to be 

identified clearly from Fig. 3.1). After the clear lysate is applied to the ion-exchange column, 

the flowthrough fraction (F) contains a small amount of excess unbound plasmid DNA, with 

the majority of the plasmid DNA being bound to the column resin. The column was washed 

twice to remove remaining traces of RNA and other contaminants with W1 and W2 

representing the wash fractions which contain no plasmid DNA; the plasmid DNA remained 

bound to the column during the washing process. After elution from the column, the purified 

plasmid (E) in the supercoiled form exhibits an electrophoretic mobility that is similar to that
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of the 6 kb band of the supercoiled marker (Ml) as expected for the pGL2 plasmid which

is 6.046 kb in size. The purified plasmid appears to be free of contamination with other

nucleic acids.

3.2.2 Spectrophotometric assay of DNA concentration and purity

Based on the absorbence (A260 and A280) of triplicate 1:100 dilutions of 10 pi samples of 

purified plasmid DNA (1 ml) its concentration was calculated (section 2.2.2). A typical 

wavescan from spectrophotometric assay of purified pGL2 is shown in Fig. 3.2.
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Figure 3.2: Spectrophotometric assay of pGL2 (1:100 dilution) purified by the QIAGEN 
procedure.

The A260 of the above sample was 0.482 and the A280 was 0.264. The final concentration of 

the puried plasmid DNA solution is calculated by multiplying 50ug by the A260 and the 

dilution factor (in the above case 100), therefore the final concentration of the DNA solution
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is 2.46 mg / ml. Using the ratio of A260/A280, the purity of the plasmid DNA can be estimated 

(section 2.2.2). For all plasmids purified and used in this work a ratio of >1.85 was required 

and in the above assay the ratio is 1.87. The ratio of A260/A280 for DNA to protein has a 

theoretical maximum of 2:1 but values in excess of this will occur if the sample contains 

organic solvents such as phenol. A230 values greater than A260 indicate organic solvent (e.g. 

ethanol or isopropanol) or phenol contamination. A325 values greater than zero indicate 

particulate matter is present in the sample. In all plasmid preparations used in the following 

studies no contamination with organic solvents or particulate matter was observed.

3.2.3 Characterisation of plasmids using restriction enzyme digestion

Restriction enzymes were used to recognise specific base sequences in the plasmid DNA and 

cleave the plasmid at these sites. Purified plasmids were subjected to restriction enzyme 

digestion as described in section 2.2.3.1 using restriction enzymes known to cut plasmid at 

a single site thus linearising it to a plasmid monomer. The linearised plasmid is represented 

as a single band (upon electrophoresis) which runs slower than the closed circular plasmid 

DNA. Fig. 3.3 shows the undigested (?) and digested (with either EcoK I or Hin& III 

restriction enzymes; D1 and D2 respectively) plasmid pGL2. The undigested supercoiled 

plasmid (?) has, as expected for the 6.046 kb plasmid pGL2 an approximate size of 6  kb 

based on the supercoiled marker (Ml). After digestion with either of the restrictive enzymes 

the linear plasmid monomers, represented as single bands (D1 and D2), are again measured 

as 6  kb in size on the basis of the 1-10 kb ladder (M2). This is anticipated for pGL2 which 

contains a single restriction site for EcoK I and Hind. Ill (see pGL2 map, section 1.1). The 

absence of contaminant bacterial genomic DNA (displayed as a smear on a gel when present)
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in the plasmid solution is confirmed. Fig. 3.4 shows the pRc/CMV HBS incubated in the 

absence of Hinà. Ill restriction enzyme (P) and after exposure to Hinà III (D) which digests 

the plasmid at a single site. The undigested supercoiled pRc/CMV HBS plasmid (actual size 

5.618 kb) is estimated to be between 5 and 6 kb in size based on the supercoiled marker 

(M l). Also, as anticipated for pRc/CMV HBS which contains a single site for Hinà III, 

digestion with this enzyme results in a plasmid monomer of approximately 5.6 - 5.8 kb in 

size based on the Lambda DNA/ EcoK I marker (M2).

Fig. 3.3: Agarose gel electrophoresis of pGL2 before and 
after restriction enzyme digestion. Lane P shows undigested 
pGL2 and lanes D1 and D2 show pGL2 digested with either 
EcoK I or Hinà III restriction enzymes respectively. Lane 
Ml displays a supercoiled marker and M2 shows a 1 - 10 kb 
DNA ladder.

Fig. 3.4: Agarose gel electrophoresis of pRc/CMV HBS 
before and after restriction enzyme digestion. Lane P shows 
the pRc/CMV HBS incubated in the absence of Hinà III 
restriction enzyme and lane D shows pRC/CMV HBS after 
exposure to Hinà III. Lane Ml displays a supercoiled 
marker and M2 shows a 1 - 10 kb DNA ladder.
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The characterisation of plasmids described in section 3.1 was performed on all plasmids

purified in this laboratory so as to minimise batch variation between plasmid DNAs used in

experiments.

3.3 RADIOLABELLEVG OF PLASMID DNA

Plasmids used for entrapment studies were radiolabelled with using a non-destructive 

procedure (section 2.2.4) resulting in the ̂ ^S-labelledplasmid DNA representing the full size, 

intact plasmid. To achieve this, plasmids were incubated with ^^S-ATP in the presence of 

DNase polymerase I for 2 h at 16°C (section 2.2.4). The radiolabelled plasmid was separated 

fi*om unincorporated d-NTP’s (including ̂ ^S-ATP) by gel chromatography (Sephadex G-50, 

1 cm X 10 cm equilibrated with TE buffer). Fractions (0.5 ml) collected were 

spectrophotometrically (A260) analysed and content measured. These results were plotted

and typical data fi*om the radiolabelling of plasmid DNA (in this case pGL2) are shown in 

Fig. 3.5. In addition, fi*om each of the collected fractions 8 pi was taken and subjected to 

agarose gel (1%) electrophoresis (Fig. 3.6).

Two peaks for radioactivity and A260 absorbency values can be seen in Fig. 3.5, with both 

sets of peaks overlaying each other; the first at 3.5 to 5.0 ml and the second at 8.0 to 9.0 ml. 

When the collected fractions were subjected to gel electrophoresis (Fig. 3.6), intact plasmid 

DNA was observed in lanes 7 -1 0  (representing fractions 3.5 to 5.0 ml) which coincides 

with the first set of peaks (the largest radioactivity peak), confirming the presence of 

intact ^^S-radiolabelled plasmid DNA. The second set of overlaying peaks represents the 

unincorporated nucleotides (including ̂ ^S-ATP) which were undetectable on electrophoresis.
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Figure 3.5: Elution profile for ̂ ^S-labelling pGL2 plasmid DNA. Radiolabelled plasmid was 
separated from unincorporated d-NTP’s (including ^^S-ATP) by gel chromatography 
(Sephadex G-50, 1 cm x 10 cm equilibrated with TE buffer). Fractions (0.5 ml) were 
collected and spectrophotometrically (A260) analysed and content measured.

1 2 3 4 5 6 9 10 11 12 13 14 15

Fig. 3.6: Agarose gel electrophoresis of radiolabelled pGL2 separated from non-incorporated 
^^S-ATP by gel chromatography (Sephadex G-50, 1 cm x 10 cm equilibrated with TE 
buffer). Lanes 7 - 11  represent fractions 3.5 to 5.5 ml shown in Fig. 3.5.
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Alternatively, the ^^S-radiolabelled plasmid DNA was separated from unincorporated

nucleotides by applying the reaction cocktail to a PROBEQUANT™ G-50 micro spin

column (section 2.2.4) which eluted the radiolabelled plasmid DNA and retained the

unincorporated nucleotides.

The labelling reaction used for this protocol starts from single strand nicks using 5' 

exonuclease and polymerase activities of DNA polymerase I with strand displacement and 

incorporation of ^^S-dATP (instead of dATP) occurring (Wheeler & Coutelle, 1995). It 

follows that endogenous nicks are required for the labelling process to occur. When plasmid 

DNA was incubated in the nick translation buffer a continual decrease in closed circular 

plasmid DNA and an increase in the open circular form was observed over time by Wheeler 

& Coutelle, ( 1995). This suggests that the reaction efficiency maybe dependent on the initial 

number of nicks in the DNA used therefore, the incubation time required for optimum 

labelling would be different for each DNA preparation. In general, an incubation time of 2 

h was employed for the radiolabelling reactions and efficiency ranged between 25 - 53%.

3.4 INCORPORATION OF PLASMID DNA INTO LIPOSOMES

^^S-labelled plasmid DNA (50 - 600 pg) was incorporated into neutral DRV (PCiDOPE or 

PC:CHOL; 16:8 pmoles), anionic DRV (neutral formulations supplemented with 4 pmoles 

of the anionic lipids PG or PS), or cationic DRV (neutral formulations supplemented with 

4 pmoles of the cationic lipids DOTAP, DODAP, or DC-Chol). Table 3.1 shows 

incorporation values for the plasmid DNA used for each of the DRV formulations. Results 

for different amounts of DNA (50 - 600 pg) did not differ significantly and were therefore
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pooled (values shown are means ± standard deviations of values obtained from 3 or more

experiments).

Table 3.1: Incorporation of plasmid DNA into various DRV liposomes formulations

Incorporated plasmid DNA (% of total DNA used)

pWS2m pRc/CMV HBS pRSVhGH pGL2 pCMV4.65

Formulation (3.9 kb) (5.4 kb) (5.5 kb) ( 6.0 kb) (9.5 kb)

PC:DOPE 47.0 ± 5.7 53.8 ±6.7 51.4 ±4.0 49.5 ±2.1

PC:CHOL 57.1 ±5.3 64.0 ± 3.3

PC:DOPE:PG 50.0 ± 4.2 53.1 ±2.4 51.8 ±2.4

PC:DOPE:PS 46.0 ±2.1

PC:CHOL:PS 43.1 ±5.9

PC:DOPE:DOTAP 86.8 ± 5.0 85.8 ± 10.5 90.4 ± 6.5 90.1 ±5.6 75.5 ±9.7

PC:CHOL:DOTAP 87.9 ±3.9 83.5 ± 7.8

PC:DOPE:DODAP 52.9 ± 10.7 39.8 ±8.6

PC:DOPE:DC-CHOL 81.4 ±6.2 92.9 ± 6.2 80.0 ± 13.7

^^S-labelled plasmid DNA (pWS2m; pRc/CMV HBS; pRSVhGH, pGL2; pCMV4.65) of 
various size (3.9 - 9.5 kb) was incorporated into neutral (PCiDOPE or PCiCHOL; 16:8 
pmoles), anionic (PCiDOPEiPG; PC:DOPE:PS; PC:CHOL:PS; 16:8:4 pmoles) and cationic 
(PC:DOPE:DOTAP; PC:CHOL:DOTAP; PC:DOPE:DODAP; PC:DOPE:DC-CHOL; 16:8:4 
pmoles) DRV. Results for different amounts of DNA (50 - 600 pg) did not differ 
significantly and were therefore pooled (values shown are means ± standard deviations of 
values obtained from 3 or more experiments).

Incorporation values of the anionic DNA in neutral (47 - 54%) and anionic DRV (43 - 53% 

of the amount used) were considerable, but were considerably higher for cationic DRV 

(Table 3.1). Incorporation values of DNA in cationic DRV were 75 - 93%, except when the 

cationic lipid DODAP is employed in the formulation in which case lower incorporation
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values (40 -53%) were obtained. Charged vesicle bilayer surfaces are known (Bangham et

al., 1974) to contribute to larger aqueous spaces in between bilayers, thus giving greater

solute entrapment. In this case it appears that the incorporation of anionic lipids in the

bilayer causes no significant increase in plasmid DNA incorporation values, probably

because of the large size of the solute (DNA). However incorporation of cationic lipids in

the bilayer increases incorporation efficiency, presumably because of electrostatic interaction

with the anionic DNA and the cationic lipids. The plasmids used in Table 3.1 range in size

fi*om 3.9 kb for pWS2m to 9.5 kb for pCMV4.65 however, no difference in terms of

incorporation value of these different plasmids is apparent (Table 3.1). The results shown

in Table 3.1 are similar to those reported by Gregoriadis et al., (1996) in which pGL2

plasmid DNA was entrapped (by the DRV) method in neutral (PC:DOPE) DRV, anionic

DRV using PS anionic lipid and cationic DRV using either stearylamine (SA), 1,2-bis

(hexadecylcycloxy)-3-trimethylaminopropane (BisHOP) or DOTMA cationic lipids.

3.4.1 Confirmation of DNA integrity during and after the DRV process

The DRV method employs mild conditions (ie. in the absence of sonication, detergents or 

organic solvents) to quantitatively incorporate solutes (in this case plasmid DNA) which are 

however subjected to fi*eeze-drying and rehydration (Kirby & Gregoriadis, 1984). To 

confirm that the plasmid DNA remains intact during this process, plasmid DNA was 

extracted fi*om DRV liposomes composed of PCiCHOL (16:8 pmoles) and 

PC:CHOL:DOTAP (16:8:4 pmoles) (59.0 and 81.2 pg entrapped pGL2 respectively). The 

extraction was performed with a phenol-chloroform mixture (section 2.2.8), which was also
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applied to non-entrapped DNA as a control. The extracted DNA was analysed by gel

electrophoresis (Fig. 3.7).

Figure 3.7: Agarose gel electrophoresis of DNA extraction 
from neutral and cationic DRV. DNA was extracted from DRV 
using a phenol-chloroform mixture, precipitated with ethanol 
and dissolved in TE buffer. Lane C: Control pGL2 plasmid 
DNA; lane El : pGL2 extracted from PCiCHOL DRV and lane 
E2: pGL2 extracted from PC:CHOL:DOTAP DRV

Lane C corresponds to control pGL2 plasmid (1 pg), lane El to pGL2 plasmid (1 pg; based 

on assay) extracted from neutral DRV (PCiCHOL; 16:8 pmoles) and lane E2 to pGL2 

plasmid (1 pg; based on assay) after extraction from cationic DRV (PC:CHOL:DOTAP; 

16:8:4 pmoles). Fig. 3.7 suggests that the plasmid DNA remains intact during the DRV 

process. Based on fluorescence intensity of each of the bands in lanes C, El and E2 it can 

be seen that fluorescence of DNA extracted from both liposome preparations is of similar 

intensity to that o f the control DNA confirming that the assay estimates for DNA 

incorporation in liposomes is valid. The plasmids pWS2m, pRc/CMV HBS, pGL2 and 

pCMV4.65 DNA were entrapped separately in PC:DOPE:DOTAP (16:8:4 pmoles) DRV 

which were washed by ultracentrifugation. DNA was then extracted from 100 pi of each of 

the DRV with entrapped DNA (DRV(DNA)) preparations using phenol-chloroform mixture 

(section 2.2.8) and analysed by gel electrophoresis. Fig. 3.8 shows that the four plasmids of 

size 3.9, 5.6, 6.0 and 9.5 kb respectively are incorporated in DRV with equal efficiency, this
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being in agreement with the results based on assay (Table 3.1).

M  1 2  3 4  M

10 kb

Fig. 3.8 Agarose gel electrophoresis of DRV 
entrapped plasmid DNA ranging in size from 3.9 
to 9.5 kb. Plasmid DNA of various sizes were 
entrapped in DRV and then extracted with phenol- 
chloroform mixture, before being subjected to 
agarose gel electrophoresis. Lane M: supercoiled 
DNA marker; Lane 1: pWS2m (3.9 kb); lane 2: 
pRc/CMV HBS (5.6 kb); lane 3: pGL2 (6.0 kb) 
and lane 4: pCMV 4.65 (9.5 kb).

3.4.2 Co-entrapment of plasmid DNA with other plasmids in DRV vesicles

Work on genetic vaccination has shown (Lagging et al., 1995) that HBsAg DNA vaccines 

co-expressing interleukin 2 (IL-2) are more effective than the identical vaccines lacking the 

IL-2 gene. In the present work, it was thought that it may prove beneficial to co-entrap 

pRc/CMV HBS with a different plasmid encoding for IL-2 as liposomes would be expected 

to target the two plasmids to the same antigen presenting cell. To that end, pWS2m ( 100 pg) 

encoding the IL-2 gene and pRc/CMV HBS (100 pg) encoding the HBsAg (S region) gene 

were co-entrapped in cationic DRV liposomes (PC:DOPE:DOTAP; 16:8:4 pmoles). 

Entrapment values (based on ^̂ S assay) for the two plasmids were not significantly different 

from each other irrespective towhetherthey were entrapped individually or co-entrapped. Co

entrapment values (not shown) were 88 ± 4.6% (pWS2m) and 91 ± 3.5% (pRc/CMV HBS) 

(mean ± SD, n = 3) and were similar to those shown in Table 3.1 for the same plasmids
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entrapped individually. Co-entrapment results were obtained by having duplicate 

preparations, one containing ^^S-labelled pWS2 in the presence of 100 pg of each of the 

plasmids and the other containing ^^S-labelled pRc/CMV HBS in the presence of 100 pg of 

each of the plasmids. To verify these results, the plasmids were extracted from DRV in 

which they were co-entrapped (Fig. 3.9, lane 3) and from a mixture of DRV with entrapped 

pWS2m and DRV with entrapped pRc/CMV HBS (Fig. 3.9, lane 5). Equal amounts of lipid 

was present in the final DRV suspensions in both cases.

It can be seen from Fig. 3.9 that co-entrapment of plasmids in DRV or entrapment in 

separate DRV populations which were subsequently mixed, made no difference in terms of 

entrapment efficiency of either of the plasmids.

M 1 2 3 4 5 6 M Fig. 3.9 Agarose gel electrophoresis of co- 
entrapped DNA extracted from DRV. Lane M; 
supercoiled DNA marker; Lane 1: naked 
pWS2m (3.9 kb); lane 2: naked pRc/CMV HBS 
(5.6 kb); lane 3 and 4: extracted plasmid DNA 
from DRV containing co-entrapped pWS2m and 
pRc/CMV HBS; lane 5 and 6: extracted DNA 
from a mixture of DRV with entrapped pWS2m 
and DRV with entrapped pRc/CMV HBS.

66



_____________________________3: Entrapment o f Plasmid DNA in DRV: Initial Characterisation Studies

3.5 NUCLEASE DEGRADATION OF DNA: THE EXTENT OF PROTECTION

PROVIDED BY DRV ENTRAPMENT

Nucleases are found in the body and are responsible for breaking down foreign DNA. Thus, 

for a DNA delivery system to be successful it must have the ability to protect DNA from 

nuclease degradation allowing the delivery of intact DNA in vivo. DNase I is a digestive 

enzyme that degrades DNA rather non-specifically (Stryer, 1988). The DNase binds to DNA 

via electrostatic interactions with arginine and lysine side chains (cationic amino acid 

groups) of the enzyme binding to the phosphate groups of the DNA (Stryer, 1988). To study 

the ability of DRV to protect from DNase degradation, the plasmid RSVhGH (50 pg) was 

incorporated into liposomes composed of PC (16 pmoles) and DOPE (8 pmoles), also 

supplemented with either PG (4 pmoles) for anionic DRV or DOTAP, DODAP, or DC- 

CHOL (4 pmoles) for cationic DRV. “Empty” preformed DRV of the same compositions 

were prepared and, after rehydration, incubated for 20 min at 20°C with RSVhGH (50 pg) 

to form DRV-DNA complexes. The DRV(DNA) and the DRV complexed with DNA (DRV- 

DNA) were washed by ultracentrifugation and entrapped or complexed DNA was measured 

(Table 3.2) as mean ± SD from duplicate experiments. DRV(DNA) and DRV-DNA were 

then incubated with 100 units DNase I at 37°C for 10 min. The extent of DNA retention 

(Table 3.2) after DNase digestion of the various formulations was measured by assaying ̂ Ŝ 

radioactivity. DNA was also extracted using a phenol-chloroform mixture (section 2.2.8) and 

subjected to 1% agarose gel electrophoresis (Fig. 3.10).

Results in Table 3.2 show high yield (91 and 82% of amount used) entrapment of pRSVhGH 

in cationic DOTAP and DC-CHOL DRV respectively. However, entrapment of plasmid
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DNA in cationic DODAP was less efficient (55%). Entrapment of DNA in neutral (48%) 

and anionic (54%) DRV was lower but still considerable. Mixing of plasmid DNA with 

preformed cationic DRV led to 65 - 81% of the DNA used being complexed. However, 

values for neutral or anionic DRV were much lower (7 and 11% respectively) presumably 

due to the lack of electrostatic attraction between these non-cationic vesicles and anionic 

DNA. After incubation of the DRV(DNA) with DNase, 41 and 36% of the DNA entrapped 

in neutral and anionic DRV respectively was recovered intact. In contrast, little DNA was 

associated with the empty preformed neutral and anionic DRV after digestion (Table 3.2). 

This was confirmed by gel electrophoresis (Fig. 3.10) on the basis of intensity of staining 

before and after treatment with DNase (compare lanes 7 and 8 with lanes 9 and 10 for 

neutral DRV and lanes 11 and 12 with lanes 13 and 14 for anionic DRV). On the other hand, 

the DNA entrapped in cationic DRV (Fig. 3.10, e.g. lanes 17 and 25) and DRV-DNA (Fig. 

3.10, e.g. lanes 19 and 27) remained largely protected. The smear seen with the DNA 

extracted firom cationic liposomal DNA (Fig. 3.10) signifies partially degraded DNA that 

remains bound to cationic liposomes even after centrifugation. As a result the extent of DNA 

protection from degradation is difficult to measure as is the entrapment within cationic DRV 

(as opposed to DNA complexed with their surface) at the end of the entrapment procedure. 

The results of Table 3.2 and Fig. 3.10 are similar to those reported by Gregoriadis et a/., 

(1996) for neutral (PCiDOPE), anionic (PC:DOPE:PS), and cationic (PCiDOPE 

supplemented with either SA, BisHOP or DOTMA) DRV with entrapped and complexed 

pGL2 plasmid DNA. The protection of DNA from nuclease when complexed with cationic 

DRV can be attributed to the condensed state of DNA known to occur with cationic vesicles, 

and which renders DNA resistant to DNase (Legendre & Szoka, 1995). Also,
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aggregates/fusion products of cationic lipid/DNA mixtures have been reported (Gershon et

al, 1993; Lasic et al., 1997; Radier et al., 1997; Sternberg et al., 1994) to form resulting in

DNA condensation and coating of the DNA with a lipid bilayer which can protect against

nuclease degradation. Indeed, cationic lipids are not exclusively required for protection

against nucleases: A number of polycations condense DNA and protect against degradation

(Perales et a l, 1994). Fritz et a l, (1996) and Hagstrom et a/.,(1996) have shown that a

cationic recombinant histone protein is able to bind, condense and protect the DNA from

DNase degradation. Since DNase I binds electrostatically to the DNA (Stryer, 1988) it

follows that any substance that has the potential to bind to DNA and mask its anionic charge

could protect DNA from DNase attack.

3.6 THE EFFECT OF USING DOPE AS A “HELPER LIPID” IN DRV 

FORMULATIONS

Since the original report (Feigner et al., 1987) in which cationic liposomes composed of the 

cationic lipid DOTMA and the neutral lipid DOPE were shown to be effective transfection 

agents, many authors have reported improved transfection efficiency when DOPE (often 

referred to as a “helper lipid”) is incorporated in cationic lipid transfection systems compared 

to formulations omitting DOPE or replacing it with other lipids. Phosphatidlyethanolamines 

(PE) such as DOPE has a relatively small head group and two bulky fatty acyl chains which 

give the molecule an inverted cone shape (Israelachvili, 1991). Due to this molecular cone 

shape, DOPE or membranes enriched with DOPE have a strong tendency to form an inverted 

hexagonal phase (hexagonal Hn phase. Fig. 3.11), a structure seen in regions where 

membranes fuse with each other (Litzinger and Huang, 1992) and in membrane
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Table 3.2: Incorporation of plasmid DNA in DRV and its retention after exposure to

deoxyribonuclease

DRV DRV(DNA) DRV-DNA

composition Entrapped[%) Retained(%) ComplexedrU Retained(%)

PCiDOPE 47.5 ± 1.1 40.8 ±5.8 6.7 ±4.6 2.7 ± 1.9

PCiDOPEiDOTAP 91.3 ±5.4 93.2 ± 2.3 80.6 ± 4.0 96.1 ±5.1

PCiDOPEiDODAP 55.5 ±5.6 48.8 ± 6.6 64.8 ± 13.1 32.6 ±7.1

PCiDOPEiDC-CHOL 82.3 ± 3.3 82.2 ± 0.8 77.2 ± 5.4 91.0±3.7

PCiDOPEiPG 53.8 ±0.3 36.2 ±7.2 10.9 ±0.7 1.2 ±0.6

^^S-labelled plasmid DNA (pRSVhGH, pGL2; 50 pg) was either entrapped into 
(DRV(DNA)) or complexed with (DRV-DNA) into neutral (PCiDOPE; 16:8 pmoles), 
anionic (PCiDOPEiPG; 16:8:4 pmoles) and cationic (PCiDOPEiDOTAP; 
PCiDOPEiDODAP; PC:DOPE:DC-CHOL; 16:8:4 pmoles) DRV. Values shown are means 
± standard deviations of values obtained from 3 experiments).

1 2 3 4  5 6 7 8 9 10 11 12 13 14

15 16 17 18 19 20 21 22 23 24 25 26 27

Fig 3.10: Gel electrophoresis of pRSVhGH plasmid DNA after exposure to DNase. Lanes 
1 to 5: 0.25, 0.5, 1.0, 2.5, and 5.0pg naked DNA; lane 6: naked DNA exposed to DNase; 
lanes 7,8: PCiDOPE DRV(DNA); lanes 9,10: PCiDOPE DRV-DNA; lanes 11,12: 
PCiDOPEiPG DRV(DNA); lanes 13,14: PCiDOPEiPG DRV-DNA; lane 15: l.Opg naked 
DNA; lanes 16,17: PCiDOPEiDOTAP DRV(DNA); lanes 18,19: PC:DOPE:DOTAP DRV- 
DNA; lanes 20,21: PCiDOPEiDOMP DRV(DNA); lanes 22,23: PCiDOPEiDD^P DRV- 
DNA; lanes 24,25: PCiDOPEiDC-Chol DRV(DNA); lanes 26, 27: PC:DOPE:DC-Chol 
DRV-DNA; samples in lanes 6,8,10,12,14, 17,19,21,23,25,27 were previously incubated 
with DNase.
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destabilisation (Cullis et al, 1996). Studies on interaction between vesicles bearing opposite

charges also showed that mixing of lipid and aqueous contents between oppositely charged

liposomes was strongly promoted by the presence of high levels of PE in the vesicles

(Stamatatos et a l, 1988, Wrobel and Collins, 1995). It is thought (Burger and Verkleij,

1990; Cullis et a l, 1986) that after endocytosis of the cationic liposome-DNA complexes,

inclusion of unsaturated PE’s such as DOPE in cationic liposome-DNA complexes facilitates

the disruption of endosomes and the release of DNA into the cytoplasm. Indeed, reports

show that replacement of DOPE with dioleoylphosphatidyl choline (DOPC) in cationic

transfection agents dramatically decreased the transfection efficiency in vitro (Chu et al,

1990; Legendre & Szoka 1993).

To study the physical characteristics of DRV which contain DOPE in their formulation, 

preparations were made in which DOPE was either included, substituted with cholesterol or 

PE, or omitted firom the formulation. In a further formulation PC was replaced with DSPC. 

Table 3.3 shows incorporation values of pRc/CMV HBS plasmid DNA (100 pg) of these 

DRV formulations (n = 3) as well as their zeta potential (in 0.001 M PBS).

Based on ^̂ S assay, percentage entrapment of DNA (that is to say percentage of DNA 

incorporated in DRV after employing the DRV method) was in the range of 88 to 94 % of 

total DNA used for all five preparations regardless of the formulation. However it can be 

seen that the zeta potential of these formulations is increased considerably when DOPE is 

omitted or substituted with cholesterol. As “empty” DRV formulations containing 

cholesterol have a higher zeta potential (51.6 ± 1.0 mV) than “empty” DRV formulations
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Table 3.3 Incorporation of DNA and zeta potential of DRV formulations

Formulation

Entrapment 

(% ± SD  of 100 pg)

Zeta Potential 

(mV±SD)

PC:DOPE:DOTAP (16:8:4 pmoles) 94.0 ± 2.8 32.1 ±0.3

PC:DOPE:DOTAP (16:8:4 pmoles)* 33.5 ±0.3

PC:PE:DOTAP (16:8:4 pmoles) 92.3 ±4.1 32.9 ± 0.7

PC:CHOL:DOTAP (16:8:4 pmoles) 87.9 ±3.8 53.9 ±1.5

PC:CHOL:DOTAP (16:8:4 pmoles)* 51.6 ±1.0

PC:DOTAP (16:4 pmoles) 90.0 ± 4.6 50.6 ± 1.0

PC:DOPE:DC-CHOL (16:8:4 pmoles) 82.3 ± 3.3 30.9 ± 0.3

PC:DOPE:DODAP (16:8:4 pmoles) 53.8 ±0.3 3.2 ± 0.8

DSPC:DOPE:DOTAP (16:8:4 pmoles) 93.2 ± 3.3 36.6 ± 0.4

PC:DOPE (16.8 pmoles) 47.1 ±1.1 -12.6 ±1.7

^^S-labelled plasmid DNA (pRc/CMV HBS; 100 pg) was incorporated into DRV of various 
formulations and incorporation values (based on assay) measured. The zeta potential of 
the vesicles was measured in 0.001 M PBS at 25°C by a Zetasizer 3000. DRV denoted * 
represent “empty” DRV without incorporated DNA. Results represent mean ± SD, n = 3 or 
more.

containing DOPE (33.5 ± 0.3 mV) the difference in zeta potential can be attributed to the 

inclusion of DOPE in the formulation rather than the presence or absence of DNA (the 

difference between the zeta potentials of “empty” DRV with and without complexed DNA 

and DRV with entrapped DNA is discussed in chapter 4). Replacing PC with DSPC had no 

effect on the zeta potential.

DRV prepared using PC:DOPE:DC-CHOL (16:8:4 pmoles) with entrapped plasmid DNA 

and PC:DOPE:DODAP with entrapped plasmid DNA (Table 3.3) were also subjected to 

microelectrophoresis in 0.001 M PBS. The cationic DRV containing DC-CHOL had a zeta
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potential of 30.9 ± 0.3 mV, similar to that of DRV containing DOTAP. However, DRV

containing DODAP had a dramatically lower zeta potential of 3.2 ± 0.8 mV. This may

explain the lower DNA incorporation values (entrapped and complexed) for DRV prepared

using DODAP in Table 3.1 and 3.2 as these DRV formulations exhibit a reduced ability to

electrostatically bind DNA (see Table 3.1). When the cationic lipid was excluded from the

formulation, the resultant PCiDOPE (16:8 pmoles) liposomes had a zeta potential of -12.6

±1.7 mV. These “neutral” liposomes are not neutral when subjected to microelectrophoresis

as hydroxyl ions from the 0.001 M PBS are absorbed to the vesicle surface causing them to

acquire a net negative charge.

At present the way in which DOPE reduces the zeta potential of the vesicles is not clear. 

However inclusion of DOPE has been shown to give liposomes non-vesicles structures 

Sternberg et a/., ( 1996) using freeze fracture electron microscopy of SUV cationic liposomes 

reported that at molar ratio of DOPE to the cationic component of > 1.5, hexagonal lipid 

tubules are formed, especially in media containing high salt concentrations. Fig. 3.11 shows 

a diagrammatic representation of a section of inverted hexagonal phase formed by DOPE 

alone below pH 9.0, where the head group of DOPE is protonated (Ellens et a l , 1984) or in 

the case of cationic SUV, where the molar ratio of DOPE, to the cationic component is 

greater or equal to 1.5, especially in media containing high salt concentration in the presence 

and absence of DNA (Sternberg, 1996). Presumably at lower molar ratio’s of DOPE the 

amount of cationic lipid present is able to stabilise the bilayar due to the charged head groups 

which are well hydrated and compensate for the smaller hydrophobic head group of DOPE 

(Cullis et al., 1986).
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Fig. 3.11: The schematic representation of the inverted hexagonal phase formed by DOPE 
below pH 9.0, or in the case of cationic SUV, where the molar ratio of DOPE, to the cationic 
component is greater or equal to 1.5.

Although the presence of DOPE is seen as a prerequisite for many cationic lipid DNA 

vectors in vitro (Farhood et al., 1995; Feigner et at., \99A\ Wrobel and Collins, 1995) it has 

been shown that the use of DOPE as a helper lipid in DOTAP cationic liposomes 

dramatically decreases the in vivo activity (Li et al, 1998) of these cationic lipid-DNA 

systems when given intravenously compared to liposomes composed of DOTAP only. In 

contrast, the use of cholesterol as a helper lipid significantly increases the in vivo transfection 

efficiency compared to DOTAP only or DOPE:DOTAP formulations (Li et a l , 1998). Hong 

et al, (1997) and Liu et al, (1997) have reported the beneficial effect of replacing DOPE 

with cholesterol in terms of transfection activity in vivo. This was attributed to serum- 

induced disassembly of the lipidic vectors as a result of aggregation and binding of serum 

proteins, with the DOPE containing liposome-DNA complexes having a higher rate of 

disassembly compared to cholesterol containing liposome-DNA complexes (Li e ta l, 1998). 

The binding of serum proteins to cationic liposomes was first reported by Black &
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Gregoriadis, (1976) showing that cationic liposomes attain a net negative surface charge in

the presence of blood as a result of plasma proteins binding to their surface. It has also been

reported (Kirby et al, 1980; Kirby and Gregoriadis, 1981; Senior & Gregoriadis, 1983) that,

in vivo, among the most stable liposome preparations were those containing cholesterol

equimolar to phospholipid as well as those composed of phospholipids with saturated long

chain fatty acids (e.g. DSPC). Serum-induced disassembly appears to be a general

phenomenon for all cationic lipidic vectors, with the rate of disassembly varying with

different lipid compositions (Li et a l, 1998). Although the net cationic surface of cationic

liposomes has been shown to be masked in vivo (Black & Gregoriadis, 1976), it is apparent

from a number of studies with cationic vesicles-DNA complexes that transfection in vivo is

still greatly facilitated by the choice of cationic lipids ( Gregoriadis & McCormack, 1996;

Legendre & Szoka, 1995; Nabel et a l, 1993; Solodin et a l, 1995; Tierry et al 1995; Zhu

et al,\993).

The transfection activity of the formulations in Table 3.3 in terms of ability to induce 

immune response to a plasmid DNA encoded antigen is discussed in chapter 5.

3.7 ENTRAPMENT OF DNA IN DRV FORMULATIONS USING NON-IONIC 

SURFACTANTS

Preliminary studies on the ability of liposomes formed from non-ionic surfactants 

(niosomes), DRV were prepared using the non-ionic surfactants 1-monopalmitoyl glycerol 

(monopal) or sorbitan monosterate (span 60) combined with cholesterol and DOTAP at 

ratios of 16:8:4 pmoles. Formulations prepared with span 60 were supplemented with 2%
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solulan C24 (poly-24-oxyethylene ether). Attempts were also made to prepare with 

formulations containing DOPE instead of cholesterol, however these vesicles aggregated in 

the presence of salt solutions such as PBS and TE and were only stable in dH20. Entrapment 

of 100 pg pRc/CMV HBS was 82.8 ± 2.7% and 68.3 ± 6.4% for DRV formulations 

containing monopal and span 60 respectively. Further work from our laboratory (Obrenovic 

et a l, 1998) has shown high entrapment efficiency of plasmid DNA in DRV niosomes 

composed of monopal or span 60, combined with DOPE or cholesterol, and DC-Chol 

(16:8:4 pmoles). These DRV niosomes were able to protect DNA against DNase degradation 

in the same way as that observed with phospholipid DRV in Table 3.2.

3.8 CONCLUSIONS

Reports show that high yield incorporation of plasmid DNA into uncharged or charged 

liposomes of various formulations can be achieved using the DRV method described by 

Kirby & Gregoriadis (1984). Cationic DRV were seen to have the highest incorporation 

values, this being attributed to the additional binding onto the cationic (inner and outer) 

bilayers. No effect on entrapment efficiency was noted with increasing amount (50 - 600 pg) 

or size (3.9 - 9.5 kb) of plasmid DNA. Moreover, DRV were able to significantly protect 

their plasmid DNA content from DNase degradation.

Microelectrophoresis which was used to measure vesicle zeta potential, is an important 

technique for the characterisation of charged particles, and is especially applicable when 

formulating liposomes as gene delivery systems: reports show that cationic lipid-DNA 

complexes only work in vitro when they have a net positive charge (Behr et al, 1994)
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regardless of the cationic lipid used.

Results from the present studies show that cationic DRV with entrapped DNA have a 

positive zeta potential and thus satisfy the criteria for an efficient synthetic gene-transfer 

vector as outlined by Behr, (1993) and which include the need for a synthetic vector to not 

only condense DNA but also mask its anionic nature. The zeta potential of cationic 

liposome-DNA complexes has also been directly related to transfection efficiency in vitro 

(Takeuchi et al., 1996) with cationic lipid-DNA complexes with higher zeta potentials been 

shown to have higher transfection efficiency. The requirement for a net positive charge in 

vivo may not be, however as significant since experiments with plasmid DNA incorporated 

in neutral or anionic liposomes has been expressed in injected rodents (Alino et al., 1995; 

Baru et a l, 1995; Nicolau g/a/., 1983). Moreover the charge of cationic liposomes is known 

(Black & Gregoriadis, 1976) to be masked by the binding of serum proteins. On the other 

hand, transfection in vivo is greatly facilitated by the judicial choice of cationic lipids 

(Gregoriadis & McCormack, 1996; Legendre & Szoka, 1995; Nabel et a l, 1993; Solodin 

et a l, 1995; Tierry et a l  1995; Zhu et a/., 1993) and it may be that cationic lipids, even 

although masked by protein may be important in facilitating the transfer of DNA from 

endosomes (after the phagocytosis of liposomes) into the cytoplasm (Legendre and Szoka,

1995). The extent of cationic charge displayed by the DRV formulations (Table 3.3) appears 

to depend on the presence or absence of DOPE and the choice of cationic lipid. Presumably, 

the ratio of cationic lipid to anionic DNA will also effect the zeta potential of the 

formulation and this and other physicochemical properties of DRV containing charged lipids 

are discussed in chapter 4.
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4.1 THE USE OF CATIONIC LIPIDS IN DNA DELIVERY SYSTEMS 

Following the early reports describing the use of preformed cationic liposomes to facilitate 

the delivery of complexed DNA into cells (F elgner et al., 1997; F elgner and Ringold, 1989), 

it has been shown that the ratio of cationic lipid to DNA is critical to the transfection 

efficiency of the cationic lipid-DNA complexes. Moreover, a variety of optimum ratios for 

transfection have been proposed for the numerous cationic lipid formulations available and 

attempts have been made for their characterisation. This chapter investigates the 

physicochemical properties of DRV vesicles employing varying cationic lipid to DNA ratios.

4.2 THE INITIAL STAGE OF THE DRV PROCESS: CHARACTERISATION OF 

SUV DNA COMPLEXES

In the initial stage of preparing DRV(DNA), SUV are mixed with DNA before freeze drying 

(Fig. 4.1).

RehydrateMix Freeze-dry
DNA oo

Liposomes

Figure 4.1: A schematic diagram of the preparation of Dehydration-Rehydration Vesicles. 
Small unilamellar vesicles (SUV) are prepared and mixed with DNA. Subsequently, the 
mixture is ffeeze-dried. The insert shows intimate contact of flattened liposomal membrane 
structures and DNA in a dry environment. DRV(DNA) are formed upon controlled 
rehydration, containing much of the original DNA in the entrapped form.
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It was noted that, when cationic SUV are mixed with DNA, the resultant mixture becomes

more turbid. This increase in turbidity did not occur if the SUV were prepared in the absence

of a cationic lipid or if the cationic lipid was replaced with a negatively charged lipid such

as PG. These observations are investigated further in the following studies.

4.2.1 The z-average diameter of SUV before and after mixing with plasmid DNA

SUV were prepared as described in section 2.2.5.2 using PC (16 pmoles), DOPE (8 pmoles) 

and DOTAP (4 - 40%). Formulations were similarly prepared either without DOTAP or 

using the anionic lipid PG instead of DOTAP. The SUV were suspended in 2 ml of dH20 

then divided into two 1 ml portions with one portion of the SUV formulations being mixed 

with 50 pg pRc/CMV HBS plasmid DNA (supplemented with ̂ ^S-labelled tracer of the same 

plasmid DNA) and left to stand for 20 min at 20°C. The z-average diameter of the SUV 

prepared using varying quantities of DOTAP (0 - 40% of total lipid) with (SUV-DNA) and 

without the addition of pRc/CMV HBS plasmid DNA was measured using a Malvern 

Autosizer 2c (section 2.2.11), (Fig. 4.2).

The SUV before addition of the plasmid DNA have a z-average diameter of 100 - 150 nm. 

To generate SUV in this z-average diameter range, the vesicles obtained from the rehydrated 

films containing charged lipids required a total of 30 seconds probe sonication at 5 

Amplitude microns regardless of the type (anionic or cationic) or amount (4 - 40%) of 

charged lipid present. In contrast, preparations without charged lipids required a total of 90 

seconds sonication to obtain a z-average diameter range of 100 - 150 nm. Hauser et a/., 

(1984) hypothesised that structures formed upon hydration of charged phospholipid films
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in dH2 0  are unilamellar vesicles, whereas neutral isoelectric phospholipid films upon

hydration bilayers form multilamellar vesicles. Other workers have also described this

phenomenon including Atkinson et a/., (1974) for bilayers containing phoshatidylserine (an

anionic lipid) and Talsma et a l, (1992) for cholesterylhemisuccinate (a cationic lipid)-

containing bilayers. This may explain the shorter sonication time required to produce

vesicles of the size range required when charged lipids are present in the formulation.

The addition of the plasmid DNA to the cationic SUV preparations (SUV-DNA) results in 

an increase in z-average diameter. Preparations containing 4 and 8% DOTAP showed the 

greatest increase in size (to 298%; 105 to 418 nm and to 312%; 127 to 523 nm range 

respectively) after the addition of DNA. The size of formulations using 14% DOTAP 

increased by 217% (107 to 339 nm) and those with 25% DOTAP increased by 135% (120 

to 282 nm) after the addition of DNA. Formulations containing 33 or 40% DOTAP both 

show the least increase of 109% (117 to 244 nm and 106 to 221 nm range respectively). 

SUV composed solely of PC and DOPE exhibited no significant increase in z-average 

diameter with the addition of plasmid DNA, as was the case with anionic SUV composed 

of PCiDOPE (16:8 pmoles) and PG (4 - 40% of total lipid) (results not shown), with the z- 

average diameter remaining in the 100 - 150 nm range before and after the addition of the 

plasmid DNA.

Fig. 4.3 shows SUV suspensions prepared using varying amounts of DOTAP (0 - 40%) after 

mixing with 100 pg plasmid DNA. Before addition of the plasmid DNA all seven of the 

formulations had similar appearance in terms of turbidity. However, on addition of plasmid
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Figure 4.2: z-Average diameter of SUV before and after mixing with DNA. SUV composed 
of PCrDOPE (16:8 pmoles) and DOTAP (0 - 40% of total lipid content) and mixed with 100 
pg plasmid DNA. The z-average diameter wasmeasured in an Autosizer 2c at 20®C and 
results show mean ± SD of 3 experiments.

Figure 4.3: SUV (PC:DOPE; 16:8 pmoles and DOTAP; 0,4, 8, 14,25,33 and 40% of total 
lipid content, samples 1 to 7 respectively) mixed with plasmid DNA (100 pg).
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DNA it can be seen that preparations containing lower amounts of DOTAP (4 and 8%;

preparations 2 and 3 respectively) appear more “milky” and turbid than formulations which

have higher quantities of DOTAP. The SUV formulation containing no DOTAP (PCiDOPE,

16:8 pmoles; preparation 1) remains unchanged after the addition of the plasmid DNA, with

no increase in turbidity noted. The increase in both z-average diameter (Fig. 4.2) and

turbidity (Fig. 4.3) after the addition of DNA to cationic SUV can be attributed to complexes

forming between the cationic SUV and the anionic DNA to form larger SUV-DNA

aggregates, the size of which appears to be dependent on the ratio of cationic lipid to anionic

DNA ratio (Table 4.1).

4.2.2 The zeta potential of cationic SUV-DNA complexes

To investigate the effect of increasing DOTAP content in liposome-DNA complexes on 

surface charge, the zeta potential (which can be taken as an indirect measure of surface 

charge) was measured using microelectrophoresis (Fig. 4.4).

An increase in zeta potential resulting from increasing amounts of DOTAP content is 

demonstrated in Fig. 4.4, with the SUV-DNA complex containing 4% DOTAP having the

Table 4.1: Theoretical +/- charge ratio of cationic lipid to DNA

DOTAP content in formulation 
(% of total lipid content)

4% 8% 14% 25% 33% 40%

Theoretical +/- charge ratio 1.6:1 3.2:1 6.4:1 12.8:1 19.2:1 25.6:1

The theoretical +/- charge ratio is calculated based on liposomes incorporating 4 to 40% (of 
total lipid content) in their formulation and mixed with 100 pg of pRc/CMV HBS (5.618kb).
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lowest (and slightly negative) zeta potential (-2.7 mV), perhaps due to net excess of anionic

DNA compared to cationic lipid. The calculated theoretical +/- charge ratio of this

formulation is 1.6:1 (Table 4.1) which suggests the complex would have a near neutral or

a slight cationic charge. However, since the cationic lipid will be distributed both on the

inner and outer surface of liposome bilayers (Hausler et al, 1979) the slight anionic zeta

potential may be explained due to the fact that cationic lipid head groups on inner surface

of the bilayer will be available to complex with the DNA. SUV-DNA complexes with 8%

or more DOTAP in their formulation are cationic due to a net excess of cationic lipid with

theoretical +/- charge ratios (Table 4.1) for these formulations all suggesting an excess of

cationic charge. The complex containing 40% DOTAP having the highest zeta potential

(29.2 mV). The relationship between zeta potential and +/- charge ratio of SUV-DNA has

also been shown for SUV composed of DOPE and DOTMA (1:1) (Tolinson and Rolland,

1996). The SUV-DNA complexes with the larger z-average diameter and more turbid

appearance and containing lower amounts of DOTAP (4 and 8%) are shown to have lower

cationic surface charges, than formulations employing more DOTAP (Fig 4.4). These low

DOTAP content vesicles may form larger aggregates as more vesicles interact to neutralise

the anionic charge of plasmid DNA molecules than would be the case when the SUV carry

more cationic charge. Since more vesicles aggregate, larger structures will form. When non-

cationic vesicles and DNA are mixed, no electrostatic attraction will occur between the

vesicles and DNA, and hence no aggregation and no increase in z-average diameter or

turbidity occurs.

These results show that when cationic SUV are mixed with DNA, complexes form with the
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Figure 4.4: The zeta potential of SUV-DNA. SUV-DNA complexes were prepared as 
described in Fig. 4.3 legend. The zeta potential was measured using a Malvern Zetasizer 
3000 in 0.001 M PBS at 25®C. Results show mean ± SD of 3 experiments.

size and surface potential depending on the +/- charge ratio of the cationic lipid to nucleic 

acid mixture. This relationship between the size of complexes formed and cationic lipid to 

anionic nucleic acid ratio (ie. the +/- charge ratio) has been previously reported by Sternberg 

(1996) and Radier et al., (1997) for cationic liposomes-DNA interactions and by 

Jaaskelainen et al., (1994) for cationic liposome-oligonucleotide interactions. Cationic 

liposome-DNA complexes have been reported to display a variety of polymorphic and 

metastable structures (Sternberg et al, 1998), which include aggregation/fusion products of 

the two oppositely charged components (Gershon et al, 1993; Lasic et al., 1997; Radier et 

al., 1997); fibrillar structures, among them spaghetti-\\\iQ tubules (Sternberg et al., 1994) and 

map-pin structures (Sternberg et a l , 1998); and finally non-bilayer lipid arrangements (Mok 

et al, 1996; Sternberg et al, 1994). Such polymorphic structures often depend on the +/- 

ratio (Sternberg et al, 1998).
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In the initial stages of the DRV process using cationic lipid formulations to entrap DNA,

SUV-DNA complexes form with their structure and size depending on the +/- charge ratio

in which they are mixed. The significance of these observations in terms of physicochemical

properties of the resultant DRV formed by the dehydration-rehydration of the complexes,

is investigated in section 4.3.

4.3 PHYSICOCHEMICAL STUDIES OF DRV FORMULATIONS SUPPLEMENTED 

WITH CHARGED LIPIDS

To study the physicochemical properties of DRV formulations supplemented with charged 

lipids, DRV were prepared as described in section 2.2.5 using various amounts of either the 

cationic lipid DOTAP or the anionic lipid PG.

4.3.1 DRV formulations incorporating the cationic lipid DOTAP: DNA incorporation 

studies

Initially, the physicochemical properties of cationic DRV were studied. It has already been 

shown in chapter 3 that inclusion of 14% (of total lipid content) cationic lipid in DRV 

formulations enhances their incorporation of DNA. Further investigation of the relationship 

between DOTAP content of DRV and DNA incorporation follows.

Cationic SUV formulations of PCiDOPE (16:8 pmoles) and DOTAP (4 - 40% total lipid 

content) with and without complexed DNA were fi*eeze-dried overnight and rehydrated 

under controlled conditions to form DRV as described in section 2.2.5. The SUV without 

added DNA formed “empty”, water-containing DRV. These preformed DRV were then
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mixed with 50 fig pRc/CMV HBS plasmid DNA (supplemented with ^^S-labelled tracer of 

the same plasmid DNA) and left to stand for 20 min at 20°C to form DRV-DNA. Both the 

DRV-DNA formulations, and the DRV(DNA) formulations were washed by 

ultracentrifugation as described in section 2.2.6 and, based on assay, the extent of DNA

incorporation was estimated for each of the preparations (Table 4.2). Results were compared 

using the Student’s /-test for unpaired observations.

Incorporation values of DNA in liposomes (Table 4.2) employing the DRV method were 

high (96%) when amounts as low as 4% DOTAP were used in the liposome formulation. 

However when the preformed “empty” DRV containing 4% DOTAP were mixed with 

plasmid DNA as described, the extent of DNA association with the liposomes after 

ultracentrifugation was significantly less (73%) (p < 0.05). When the amount of DOTAP 

used in the liposome formulation was increased to 8% or more, no significant difference in 

terms of DNA incorporation could be seen between the DRV-DNA complexes and the 

DRV(DNA). It was previously noted (Chapter 3) that when no cationic lipid was included 

in the formulation, entrapment of plasmid DNA was still significant (48.3% of total DNA 

used) when the DRV method was employed. However when non-cationic preformed DRV 

were incubated with DNA little of the DNA was associated with the DRV after 

centrifugation (9.8% of the total DNA).

To confirm these results, DRV prepared using DOTAP (4 - 40%), with either entrapped or 

complexed DNA (before separation of incorporated from non-incorporated DNA by 

ultracentrifugation) were subjected to gel electrophoresis. From each of the DRV
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preparations 8 pi was taken (equivalent to 1.6 pg DNA) and mixed with gel loading buffer

(bromophenol blue, 0.05% w/v; sodium dilauryl sulphate, 0.5% w/v; sucrose, 40% w/v;

EDTA, 0.1 M; pH 8.0) and subjected to a 1% agarose gel for 1 h at 90 V (Fig. 4.5). It was

anticipated that, by subjecting the unwashed liposome-DNA preparations to gel

electrophoresis, any unincorporated or non-complexed DNA will migrate into the gel

towards the cathode, whilst DNA associated with the liposomes will remain trapped within

the wells.

Table 4.2: Incorporation of plasmid DNA into cationic DRV preparations

DOTAP content 

(% of total lipid used)

DNA Incorporation (% of amount used) (n = 3)

DRV-DNA complexes DRV with entrapped DNA

4 73.0 ±14.0 95.9 ± 0.5

8 95.0 ±0.6 95.7 ± 2.8

14 96.9 ± 0.6 94.0 ± 2.8

25 92.7 ± 6.3 96.3 ± 0.9

33 96.0 ± 3.5 96.6 ± 2.8

40 97.5 ±1.2 95.5 ± 4.9

^^S-labelled DNA (pRc/CMV HBS; 100 pg) was either complexed with (DRV-DNA) or, 
entrapped in (DRV(DNA)) DRV (PCiDOPE; 16:8 pmoles and DOTAP; 0 - 40% of total 
lipid used). Results show mean ± SD of 3 experiments.

Fig. 4.5 shows that large amounts of plasmid DNA has migrated from the wells containing 

DRV-DNA complexes containing 4,8,14 and 40% DOTAP (Lanes 2,4,6, 8 and 12). These 

results are not in agreement with those obtained from the ^̂ S assay, which suggest that 73, 

95, 94 and 96% of the DNA is associated with these formulations respectively. DNA from
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the DRV(DNA) formulations using 4 - 14% DOTAP (Lanes 1, 3 and 5) has also migrated 

into the gel although to a much lesser extent, but again not as predicted by the assay 

results which give entrapment values in the range of95 - 96%, with no significant difference 

between the formulations (4 - 40% DOTAP).

Fig. 4.6 shows the gel of Fig. 4.5 under visible light. The blue gel loading buffer which 

normally runs into the gel towards the cathode (e.g. Lane C, control DNA) appears to have 

been retained in the wells of Lanes 7 to 12 along with the liposomes. These lanes contain the 

DRV formulations using 25, 33 and 40% DOTAP with either complexed (Lanes 8, 10 and 

12) or entrapped DNA (Lanes 7,9 and 11). This may be the result of electrostatic interaction 

and complexing between the cationic liposomes which have higher amounts of DOTAP and 

the anionic molecules in the gel loading buffer, such as SDS or bromophenol blue dye - 

which is used as a tracer during the electrophoresis. To avoid these interactions preparation 

of the gel was repeated with 40% w/v sucrose replacing the gel loading buffer (Fig. 4.7). 

This gel shows a significant loss of DNA from DRV-DNA (4% DOTAP) complex 

preparation (Lane 2) and to a very small extent DNA loss from the DRV(DNA)(4% 

DOTAP) preparation (Lane 1). No loss of DNA is observed from the other preparations 

(Lanes 3 to 12).

By comparing Figs. 4.5 and 4.7 it can be seen that replacing the gel loading buffer with 40% 

w/v sucrose causes a reduction in the loss of DNA from the DRV(DNA)(4% DOTAP) 

formulation (Lane 2 of Fig. 4.5 and Fig. 4.7 respectively), and no loss of DNA from both 

the complexed and entrapped formulations which use 8% or more DOTAP (Fig. 4.7, Lanes
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3 to 12). However, significant DNA loss was still noted fi*om the DRV-DNA (4% DOTAP) 

formulation using 40% w/v sucrose as a loading agent (Fig. 4.7, Lane 2). The migration of 

plasmid DNA into agarose gels has also been studied by Fritz et a l, (1996) to evaluate the 

extent of DNA binding to recombinant histone. It was shown that increasing the +/- ratio 

reduced the quantity of DNA entering the agarose gel. Zelphati and Szoka, (1996) similarly 

demonstrated using acrylamide gel electrophoresis, physical separation of oligonucleotides 

fi-om cationic liposomes with the release of oligonucleotides depending on the +/- ratio. Both 

Figs. 4.5 and 4.7 show that increasing the quantity of DOTAP in the DRV entrapped DNA 

preparations (ie. increasing the +/- ratio) reduces the migration of plasmid DNA into the 

agarose gel. This was also true for DRV-DNA complexes when loaded into the gel with 40% 

w/v sucrose (Fig. 4.7) although less DOTAP appears to be required to retain DNA in 

DRV(DNA) as opposed to DNA complexed with DRV. However when gel loading buffer 

was used, even high amounts of DOTAP (40%) were not capable of preventing significant 

loss of DNA (Fig. 4.7, Lane 12).

The loss of DNA noted when the gel loading buffer is used may be due to negatively charged 

molecules present in the buffer, competing electrostatically with the DNA for the cationic 

charge of the liposomes thus resulting in a loss of DNA fi*om the liposomes into the gel. A 

greater loss of DNA occurs in the presence of gel loading buffer when DNA is complexed 

with preformed DRV compared to DNA which is entrapped in the DRV. This loss of DNA 

fi-om DRV-DNA complexes is in agreement with data by Szoka et a/., (1996) who found that 

water soluble molecules with a high negative charge density such as dextran sulphate and 

heparin sulphate can release nucleic acids (oligonucleotides) fi-om cationic lipid-nucleic acid
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Figs. 4.5 to 4.7: Gel electrophoresis of DRV(DNA) and DRV-DNA incorporating DOTAP 
(4 - 40% of total lipid used). Fig. 4.5 DRV loaded into gel using gel loading buffer; Fig. 4.6 
represents Fig. 4.5 under visual light; Fig. 4.7 DRV loaded into agarose gel using sucrose 
(40% w/v). Lane C: control DNA; lane 1 and 2: DRV incorporating 4% DOTAP; lanes 3 and 
4: DRV incorporating 8% DOTAP; lanes 5 and 6: DRV incorporating 14% DOTAP; lanes 
7 and 8: DRV incorporating 25% DOTAP; lanes 9 and 10: DRV incorporating 33% 
DOTAP; lanes 11 and 12 DRV incorporating 40% DOTAP; even numbered lanes represent 
DRV(DNA) and odd numbers represent DRV-DNA.
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complexes whereas cationic molecules caused no release. Also, liposomes containing anionic

lipids (eg. phosphatidylserine) that mimic the cytoplasm facing monolayer of the plasma

membrane are very potent at rapidly (<100 seconds) releasing oligonucleotides (Zelphati and

Szoka., 1996). It can be seen from Fig. 4.5 that DRV(DNA) are less susceptible to these

effects with less DNA loss compared to DRV-DNA. The discrepancy between the DNA

incorporation results in Table 4.2 (derived from the radiolabelled DNA assay) and the gel

electrophoresis results of Fig. 4.7 where 40% w/v sucrose is used may be due to only a few

interacting regions being necessary to keep DNA attached to the liposome during

centrifugation. In this respect, it has been shown that DNA can interact with liposomes

which have only 5% positive charge (Szoka et a/., 1996). The electrostatic attraction of the

DNA for the cathode during electrophoresis may overcome these weak interactions of DRV-

DNA complexes with low (4%) DOTAP content and hence DNA migrates into the gel

towards the cathode. The finding of reduced migration of DNA into the gel from the

DRV(DNA) (4% DOTAP) suggests that less weakly associated DNA is present in the

entrapped preparation.

It is generally accepted that efficient transfection with cationic lipid-DNA complexes relies 

on a slight excess of net positive charge which allows efficient binding of the complex with 

the anionic cell surfaces. It is also well known from early studies (Black and Gregoriadis, 

1976) that the positive surface charge of cationic liposomes is masked by plasma proteins 

which impose a net negative charge on the surface of vesicles. Cellular uptake in vitro of 

liposomes-DNA complexes has been shown to be proportional to the +/- ratio of cationic 

lipid to DNA (Li and Huang, 1996) and that interactions between liposome-DNA complexes
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and anionic molecules in the serum neutralise the positive charge of the complex and

decrease transfection efficiency. This was shown in the first reports using cationic liposome-

DNA complexes as transfection agents (Feigner et a l, 1987) with transfection being

inhibited by serum-containing growth medium. Transfection was enhanced by less than 5%

over control levels in the presence of serum in comparison to over 50% higher when serum

was not present (Feigner et a l, 1987; Feigner and Ringold, 1989). Since then, many groups

have observed little or no correlation between in vitro and in vivo transfection activity

(Szoka et a l, 1996). This loss of activity in vivo may not however, be solely due to

neutralisation by serum: the loss of DNA from liposomes complexes before reaching the cell,

that can be attributed to the binding of negative serum components may play a contributory

role. Observations (Szoka et a l, 1996) that heparin is a potent DNA releasing agent raises

the interesting possibility that endogenous glycoaminoglycans may interfere with

transfection in vivo by bringing about the release of DNA from the cationic lipid-DNA

complexes before they reach their target. It can be seen from Fig. 4.5 and 4.7 that

DRV(DNA) retain more of their DNA, both in the presence and absence of negative

components in the gel loading buffer when subjected to gel electrophoresis. Thus the DRV

method used to entrap DNA in cationic DRV may well overcome the problems of DNA

retention in vivo and it has recently been shown by Gregoriadis et a l (1997) that

immunisation with pRc/CMV HBS plasmid DNA gave significantly higher immune

responses - both humoral and cell mediated (up to 80-fold), for liposome entrapped DNA

compared to those obtained for DRV complexed with similar DNA.
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4.3.2 Zeta potential studies: Cationic DRV formulations

To investigate the surface properties of DRV(DNA) and DRV-DNA complexes the zeta 

potential of empty preformed DRV before and after complexing with plasmid DNA, and that 

of DRV(DNA) was measured for formulations containing 4 - 40% DOTAP (Fig. 4.8). As 

with the SUV formulations (Fig. 4.3) results (Fig. 4.8) display similar trends of increasing 

zeta potential with increasing DOTAP (4 - 40%) for all preparations, with absolute values 

(up to 33% DOTAP) being in the order “empty” DRV > DRV(DNA) > DRV-DNA 

complexes. Results for formulations of PC:CHOL (16:8 pmoles) supplemented with DOTAP 

(4 - 25%), similarly show increasing zeta potential with increasing DOTAP content in DRV 

formulations (Fig. 4.9). Again zeta potential values were in the order of “empty” DRV > 

DRV(DNA) > DRV-DNA complexes for PCiCHOL formulations supplemented with 8% 

DOTAP, with “empty” preformed DRV having a zeta potential of 44.2 ±3.0 mV (results not 

shown). This is significantly higher (p < 0.0002) than the DRV with entrapped DNA 

preparation (35.3 ± 1.0 mV) which is in turn significantly higher (p < 0.001) than the DRV- 

DNA complex preparation (31.0 ± 1.1 mV) (results not shown).

Formulations of DRV(DNA) (94 - 96 pg) in which DOPE has replaced cholesterol have 

higher zeta potentials than the equivalent formulations incorporating DOPE (Fig. 4.9). This 

was previously shown in chapter 3 and reported by Perrie & Gregoriadis, (1998) for 

formulations supplemented with 14% DOTAP and it can be seen here to apply to 

formulations containing 2 - 25% DOTAP. As discussed in chapter 3, this could be attributed 

to the presence of DOPE in the formulation which masks, by some means the cationic head 

group of DOTAP.
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Figure 4.8: Zeta potential of DRV liposomes. “Empty” DRV, DRV-DNA and DRV(DNA) 
composed of (PCiDOPE; 16:8 pmoles; DOTAP; 0 - 40% of total lipid content) were 
prepared and subjected to microelectrophoresis in 0.001 M PBS at 25°C. Results show mean 
± SD of 5 measurements.
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Figure 4.9: Zeta potential of DRV(DNA) incorporating DOPE or cholesterol in the 
formulation. DRV(DNA) were prepared using PC (16 pmoles), DOPE or Choi (8 pmoles) 
and DOTAP (2 - 40% of total lipid content). Zeta potential was measured as described in 
Fig. 4.7 legend and results show mean ± SD of 3 experiments.
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Since zeta potential can be taken as an indirect measurement of surface charge, it can be used

to characterise DRV preparations in relation to cationic lipid-DNA interactions. When DNA

interacts with DOTAP the opposite charges neutralise. As the above results (Fig. 4.8) reveal

that DRV-DNA complexes have a lower positive zeta potential than the DRV(DNA), this

implies that more surface neutralisation of the cationic charge is occurring in the former

case, with the DNA being complexed to the surface of the preformed DRV. However, when

DNA is entrapped in DRV it is not only bound on the surface of these multilamellar vesicles

but also in between the bilayers, therefore less DNA is present on the surface to neutralise

the cationic surface charge. This results in DRV(DNA) formulations (4 - 25% DOTAP)

having significantly higher zeta potential than DRV-DNA complexes. The presence of some

DNA on the surface of the DRV(DNA) is supported by the fact these formulations have a

significantly lower zeta potential than the preformed “empty” DRV. When high amounts of

DOTAP (25 - 40%) are used to prepare the DRV formulations with and without DNA, the

amount of negatively charged DNA added appears to be too small (in relation to the amount

of cationic charge) to cause a measurable change in the zeta potential and no significant

difference between the empty, complexed and entrapped formulations is found. Similar

results were also found for formulations of PCiCHOL (16:8 pmoles) with 14 and 25%

DOTAP present in the formulation with zeta potentials of the empty DRV, DRV(DNA) and

DRV-DNA being not significantly different (51.6 ± 1.0 mV for 14% DOTAP preparations

and 62.9 ±1.6 mV for 25% DOTAP preparations). The negative zeta potential of DRV-

DNA (PC, DOPE and 4% DOTAP) (-5.0 ± 0.2 mV) expresses the net excess of anionic

DNA charge to cationic lipid charge reiterating the results shown in Fig, 4.7 where excess

DNA migrated into the gel away from the cationic DRV, the DRV(DNA) of the same
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formulation had a less negative zeta potential (-1.1 ± 0.8 mV; Fig. 4.7) and less DNA

migrated into the cell from these vesicles presumably due to being less excess DNA

available.

4.3.3 Zeta potential and DNA entrapment studies: Anionic DRV formulations

Figure 4.10 shows the zeta potential and DNA entrapment of anionic DRV(DNA) 

formulations. It appears that both the PCiDOPE and PCiCHOL formulations, when 

supplemented with PG, have a negative zeta potential which is increasingly negative with 

increasing amounts of PG in the formulation. It also appears that when DOPE is replaced 

with cholesterol in the formulation, the zeta potential is more negative, again showing that 

the presence of DOPE masks the expression of the charged lipids in the formulation as was 

shown for cationic lipids in chapter 3 and section 4.3.

With respect to entrapment, replacement of DOPE with cholesterol and using increasing 

quantities of PG (4 - 25%) in the formulation has no significant effect on entrapment 

efficiency (Fig. 4.10) with values being 48 - 56% of total plasmid DNA used (100 pg). In 

relation to surface charge, when DRV were formulated using PG instead of DOTAP (Fig. 

4.10), no significant difference was seen between the zeta potentials of the “empty” 

preformed DRV and that of the DRV(DNA) values which are shown in Fig. 4.10. Similarly, 

PCiDOPE (with DOTAP excluded from the formulations) “empty” DRV have zeta 

potentials which are not significantly different from those of DRV(DNA) and in the range 

(-12.2 ± 0.7 mV and -12.6 ±1.7 mV respectively). In agreement with these results. Law et 

al., (1991), in their studies of charge interactions between mitoxantrone hydrochloride
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(which in the pH range used was positively charged) and cationic liposomes demonstrated

no significant difference in electrophoretic mobility, the latter being directly proportional

to zeta potential, for positively charged liposomes with or without incorporated

mitoxantrone. However, for negatively charged liposomes, a dramatic change in mobility

from negative to positive was shown after incorporation of mitoxantrone which they

reasoned was due to the electrostatic interaction of the mitoxantrone with the negatively

charged head groups of the liposomes.
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Figure 4.10: Zeta potential and entrapment efficiency of anionic DRV. DRV(DNA) were 
prepared with PC (16 pmoles), DOPE or Choi (8 pmoles) and PG (2 - 40% of total lipid 
content). Zeta potential was measured as described in Fig. 4.7 legend. Results show mean 
± SD (where shown) of 3 experiments.

The differences in zeta potential between cationic DRV with and without complexed DNA, 

and with DRV(DNA) provide evidence that the DRV method using cationic lipids results 

in DNA being entrapped between the lamellar bilayers of the vesicles and also complexed 

on the vesicle surface. As would be expected, DRV devoid of cationic lipids or containing
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anionic lipids exhibit zeta potential values compatible with no DNA complexed to their

surface. However entrapment of DNA in these non-cationic DRV is still significant (48 -

56% of total lipid used), with the DNA entrapped between the bilayers.

4.3.4 z-Average diameter of DRV vesicles: The effect of charged lipids

The size of the “empty” preformed DRV and DRV(DNA) in formulations prepared with PC 

(16 pmoles), DOPE (8 pmoles) and varying amounts of either DOTAP or PG (2 - 40% of 

total lipid content), was measured using photon correlation spectroscopy on a Malvern 

Autosizer 2c. Fig. 4.11 shows the z-average diameter of DRV prepared fi*om formulations 

containing 4 - 40% DOTAP with and without entrapped DNA. It can be seen that addition 

of small amounts of DOTAP causes decreases in the z-average diameter of the vesicles. 

“Empty” preformed DRV prepared with PC and DOPE have a z-average diameter outside 

the range of the Malvern Autosizer (z-average diameters greater than approximately 1000 

nm). The jv-medium diameter of PCiDOPE was determined as 3880 nm using laser 

diffraction on a Malvern Mastersizer (not shown on Fig. 4.11), however when 4% DOTAP 

is added to the formulation, the vesicle z-average diameter of the empty DRV is 1225 nm 

(Fig. 4.11). By supplementing the formulation with 8% DOTAP, the z-average diameter is 

reduced to 535 nm. Further addition of DOTAP (11 - 40%) to the formulation causes no 

further decrease in size, with the z-average diameter remaining in the range of 500 - 650 nm.

When pRc/CMV HBS plasmid DNA was entrapped into PCiDOPE DRV, the z-average 

diameter of the vesicles, determined by laser diffraction, was not significantly higher than 

that of “empty” PCiDOPE vesicles. However, when DNA was entrapped in DRV
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supplemented with 4% DOTAP, the vesicles appeared to be larger than their “empty” DRV

counterparts with z-average diameters outside the size range of the Malvern Autosizer.

Similarly, the z-average diameters of DRV(DNA) with formulations using 8 and 14%

DOTAP (1095 and 951 nm respectively) are significantly larger (p < 0.005) compared to

those of “empty” DRV of the same formulations (535 and 589 nm respectively). When 11-

40% DOTAP is used in the formulation there is no significant difference in z-average

diameter between vesicles with and without entrapped DNA, with all preparations being in

the size range o f500 - 650 nm. It can be seen fi-om Fig. 4.11 that both the “empty” DRV and

DRV(DNA) show a reduction in z-average diameter as the amount of cationic lipid in the

formulation increases. However, the graph of the DRV(DNA) appears to have translated to

the right along the x-axis ie. more cationic lipid is required to cause the vesicle size to reach

a z-average diameter o f500-650 nm when DNA is entrapped. Fig. 4.12 shows the z-average

diameter of DRV with and without entrapped DNA prepared fi-om formulations containing

2 - 40% PG. DRV vesicles prepared with PCiDOPE (16:8 pmoles) supplemented with 2%

PG have a z-average diameter of 1022 nm and which is reduced to 839 nm in the presence

of 4% PG. Formulations containing 8% PG have a z-average diameter of 591 nm. Further

increases in the amount of PG to the formulation has no further significant effect on the z-

average diameter of the vesicles, remaining in the range of approximately 500 - 600 nm.

Entrapment of DNA into anionic DRV does not cause a significant change in vesicle size

compared to the “empty” DRV of the same formulation (Fig. 4.12), showing that the

entrapment of DNA into anionic DRV does not influence the z-average diameter of the
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Figure 4.11: z-Average diameter of cationic “Empty” DRV and DRV(DNA). The DRV 
were prepared as in Fig. 4.8 and the vesicle z-average diameter determined by an Autosizer 
2c at 20°C. Results show mean ± SD (n =4).
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Figure 4.12: z-Average diameter of anionic “Empty” DRV, DRV(DNA) and 
DRV(polylysine) (PCiDOPE; 16:8 pmoles and PG; 0 - 40% of total lipid content). DRV 
were prepared as in Fig. 4.8 and the vesicle z-average diameter determined by An Autosizer 
2c at 20°C. Results show mean ± SD (n =4).
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vesicles, unlike when DNA is entrapped in cationic DRV.

Formulations were prepared substituting cholesterol for DOPE in both the cationic 

preparations containing DOTAP and the anionic preparations containing PG (Table 4.2). It 

can be seen that formulations containing cholesterol show a similar trend to those 

formulations DOPE, with the “empty DRV” preparations showing decreasing vesicle size 

with increasing content of either DOTAP or PG (8 - 25% of total lipid content). The 

“empty” DRV with 8% DOTAP have a z-average diameter of 1070 nm, but when DNA is 

entrapped in these vesicles the z-average is outside the range of the Malvern Autosizer. The 

z-average diameter of DRV(DNA) (14% DOTAP) is 1290 nm compared to the “empty” 

DRV vesicle size of 922 nm and DRV (25% DOTAP) measure 1154 nm with entrapped 

DNA and 731 nm without DNA. Again, it appears that cationic DRV(DNA) are significantly 

larger than the empty DRV of the same composition, and that a trend exists of decreasing 

size with increasing cationic lipid content for both the empty DRV and DRV(DNA). 

Similarly to the PC:DOPE:PG formulations, entrapment of DNA into the anionic 

formulations containing cholesterol (instead of DOPE) makes no significant difference in 

vesicle size compared to that of the “empty” preformed DRV of the same formulation. 

However, increasing the amount of PG in the formulation decreases the z-average diameter 

of both the empty and preformed DRV (Table 4.4). In general the results in Table 4.3 

suggest that DRV containing cholesterol instead of DOPE have a larger z-average diameter.

Since entrapment of DNA into DRV appears to only affect the size of cationic DRV and not 

that of anionic DRV, a cationic solute (polylysine) was entrapped into anionic DRV
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(PC:DOPE:PG, 2 - 40%; Fig. 4.12). Entrapment of polylysine causes an increase in vesicle

size with formulations (2 to 11% PG of total lipid content) when compared to “empty”

anionic DRV of the same composition. When 14% or more PG is present in the formulation

there is no significant difference in size between the “empty” DRV and DRV(polylysine)

preparations. The effect of charged lipids on decreasing the size of the vesicles is still present

when polylysine is entrapped but, as is the case with cationic DRV(DNA), the graph appears

to have translated along the x-axis to the right ie. more anionic lipid is required to cause the

vesicle size to reach the apparent minimum size of 500 - 650 nm.

Table 4.3: z-Average diameter (nm) of cholesterol containing DRV

DOTAP or PG 
Content 

(% of total lipid)

PC:CHOL:DOTAP PC:CHOL:PG

DRV DRV(DNA) DRV DRV(DNA)

8 1070 ± 122 Outside range 1181 ±287 1040 ±277

14 922 ± 90 1290 ± 25 821± 136 821± 136

25 732 db 123 1154± 147 705 ± 40 693 ± 18

Cationic and anionic “empty” DRV and DRV(DNA) were prepared from PCiCHOL (16:8 
pmoles) and 8, 14 or 25% (total lipid content) of either DOTAP (cationic DRV) or PG 
(anionic DRV). Z-average diameters were measured using an Autosizer 2c were possible. 
Results show mean ± SD (n = 4). Entrapment of DNA was estimated to be 90 - 95% of total 
DNA used in cationic DRV(DNA), and 50 - 60% of total DNA used in anionic DRV(DNA), 
based on assay of radiolabelled DNA.

Table 4.4 shows the formulation PCiDOPE (16i8 pmoles) with either 4% DOTAP or 4% PG 

and entrapped DNA or polylysine (100, 200 or 800 pg). It can be seen that increasing the 

amount of anionic DNA (200 and 800 pg) in cationic DRV(DNA) causes an increase in the 

size of the vesicles resulting in vesicle z-average diameters outside the Malvern Autosizer 

range. On the other hand, increasing the amount of cationic polylysine in cationic DRV has
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no effect on vesicle size. The reverse is true for anionic DRV, ie. increasing the amount of

entrapped anionic DNA has no effect on vesicle size whereas increasing the amount of the

cationic polylysine causes an increase in the size of the anionic DRV. Entrapment values

were estimated as 90 - 95% for solutes of a charge opposite to the DRV and 50 - 58% for

solutes of the same charge as that of the DRV.

Table 4,4: Size of DRV entrapping increasing amounts of DNA or Polylysine

Solute

PC:DOPE:DOTAP PC:DOPE:PG

DNA Polylysine DNA Polylysine

100 pg 1095 ± 247 560.6 ± 20.5 591.3 ±32.9 735.4 ± 114

200 pg 6450± 148* 558.4 ±57.1 605.6 ±60.6 4213.6 ±598*

800 pg 31330 ±1310* 536.7 ±32.7 N/D N/D

z-Average diameter of DRV entrapping increasing amounts of either DNA or polylysine. 
DRV were prepared from PCiDOPE (16:8 pmoles) and either DOTAP or PG (4% of total 
lipid content). * Denotes vesicle] v-medium diameters outside the Malvern Autosizer 2c 
range, results represent z-average diameter determined by laser diffraction using a Malvern 
Mastersizer. Entrapment in DRV was 90 - 95% solute of a charge opposite to that of the 
DRV and 50 -60 % in DRV of a charge similar to that of the DRV, based on assay of 
radiolabelled DNA.

DRV(DNA; 50pg RSVhGH) composed of PCiDOPE (16i8 pmoles) and 14% DC-CHOL 

(Section 3.2) had a vesicle z-average diameter of 745 ± 78.4 nm (results not shown) and 

“empty” DRV of the same formulation were similar at 638 ± 122 nm (results not shown), 

however similar DRV(DNA) with DC-CHOL substituted for 14% DODAP (Section 3.2) had 

a larger vesicle z-average diameter of (907 ±133 nm) than “empty” DRV of the same 

formulation (9710 ± 66 nm)(results not shown). Previously (Section 3.3) it was shown that
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the DRV formulated using DODAP have a dramatically lower (3.2 mV) zeta potential than

DRV formulated using DOTAP or DC-CHOL (32.1 and 30.9 mV respectively) suggesting

that more of this cationic lipid (due to its weaker cationic nature) is required to reduce the

size of the DRV(DNA) to a size similar to that of “empty” DRV.

In other experiments, complexes were formed between empty preformed cationic DRV 

(PC:DOPE:DOTAP) and DNA (100 pg) by incubating at 20°C for 20 min, and the z- 

average diameter of the complexes was determined by an Autosizer 2c where possible. Not 

until high amounts of DOTAP (33 and 40%) were present in the DRV-DNA complexes 

could z-average diameters be obtained with sizes of 1439 and 1021 nm respectively (results 

not shown). With complexes containing 4 - 25% DOTAP z-average diameters were outside 

the range of the Malvern Autosizer. These results suggest that cationic DRV are forming 

aggregates with the DNA, as was observed with cationic SUV and DNA. As with the SUV- 

DNA complexes, the size of the DRV-DNA aggregates seems to be dependent on the +/- 

ratio, with smaller aggregates forming when more DOTAP is present in the formulation. It 

can be seen that DRV-DNA complexes have far larger z-average diameters than those DRV 

of the same formulation but with entrapped DNA.

From these results it can be concluded that addition of a charged lipid to DRVs reduces their 

z-average diameter until a minimum size is reached. When the PCiDOPE formulation is 

supplemented with either DOTAP or PG, a minimum size of 500 - 650 nm is obtained. The 

amount of charged lipid required to obtain this size is dependent on the solute entrapped. 

When a solute of the same charge as that of the DRV is entrapped (e.g. anionic DNA into
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anionic DRV or cationic polylysine into cationic DRV), or if no solute is present, the

addition of 8% or more of either of the charged lipids DOTAP or PG to the formulation

results in DRV with a z-average diameter range of 500 - 650 nm. However if a solute of a

charge opposite to that of the DRV is entrapped (e.g. anionic DNA in cationic DRV or

cationic polylysine in anionic DRV), higher amounts of charged lipid are required (14%

DOTAP or 11% PG for cationic or anionic formulations respectively) to obtain vesicle sizes

of 500 - 650 nm.

It has been proposed by Deamer & Barchfield (1982) that during dehydration/rehydration, 

vesicles become more concentrated during dehydration, they flatten and fuse, forming 

multilamellar planes between which the solute is sandwiched. When charged lipids such as 

DOTAP or PG are present in these lipid bilayers, the extent of fusion may be inhibited due 

to electrostatic repulsion of like charges, resulting in smaller vesicles forming. If however 

a solute of a charge opposite to the lipid is present, the charges will neutralise each other thus 

leading to less electrostatic repulsion between the bilayers and to vesicles of larger sizes. The 

overall size of DRV vesicles incorporating charged lipids will depend on the extent of 

neutralisation of the charged lipid ie. the ratio of charge on the lipid to the charge on the 

solute. When the charged lipid is in excess it will exert electrostatic forces and inhibit the 

formation of larger vesicles. Hence, as was the case for the SUV preparation in section 4.1, 

the size of DRV vesicles formed appears dependent on the +/- ratio.

In summary, it would appear that incorporation of charged lipids (anionic or cationic) 

reduces the size of DRV. However this affect can be antagonised by the presence of solutes
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of a charge opposite to that of the lipid and that the overall size of DRV with entrapped

solute depends on the overall cationic to anionic charge ratio. The fact that DRV-DNA

complexes have larger z-average diameters than DRV(DNA) of the same formulation gives

further evidence that use of the DRV method to entrap DNA generates vesicles which are

different in physicochemical properties to those where DRV are complexed with DNA. This

suggests that the DRV method involves more than mere electrostatic interactions for the

incorporation of DNA.

4.4 CONCLUSIONS

The procedure of the DRV method, first developed by Kirby & Gregoriadis in 1984, has 

been shown to be successful as a gene delivery system in vitro (Gregoriadis et al., 1996) and 

in vivo for DNA vaccination (Gregoriadis et al., 1997), where it was shown to be more 

effective than cationic DRV-DNA complexes in generating immune responses. During the 

DRV method all of the lipid can be brought into contact with all of the solute in the 

anhydrous state. Reduced hydrophobic forces during dehydration will result in loss of vesicle 

stability and fusion may then occur, leading to the formation of larger vesicles during 

rehydration. According to electron-microscopy observations, DRV formulations, are mainly 

oligo- and multilamellar (Kirby & Gregoriadis 1984; Gregoriadis et al, 1993; Skalko et al, 

1998). The results shown here (DNA incorporation values of entrapped versus complexed 

DNA, microelectrophoresis, gel electrophoresis, and photon correlation spectroscopy) 

suggest that DNA entrapment in cationic DRV involves more that mere complexing of DNA 

to the surface of liposomes via electrostatic interactions, and supports DNA entrapment in 

between the bilayers of DRV (as is the case when no electrostatic attractions are present) as
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well as binding some of the DNA on the surface of the DRV. Further work is required to

elucidate the morphology of DRV with entrapped DNA.
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Chapter Five 
Liposome-Mediated DNA 
Immunisation: The Effect 
o f Vesicle Composition

110



5: Liposome-mediated Vaccination: The Effect o f  Composition

5.1 GENETIC IMMUNISATION

Vaccination with attenuated or killed microbes, purified or recombinant subunit proteins and 

synthetic peptides is often hampered by toxicity, the presence of infectious agents, weak 

immune responses and prohibiting costs, especially in the developing world. Such problems 

may be circumvented by genetic immunization which has recently emerged as an attractive 

alternative to conventional vaccines (Gregoriadis, 1998). Immunity, usually after 

intramuscular injection, follows DNA uptake by muscle fibres, leading to the expression and 

extracellular release of the antigen (Davis et a l, 1993; Xiang et al., 1994), with in situ 

hybridization results (Winegar et ah, 1996) showing plasmid within muscle fibres. Possible 

disadvantages with “naked” DNA vaccination include uptake of DNA by only a minor 

fraction of muscle cells (Davis et a l, 1993). Myocytes, although carry MHC class I 

molecules and can present endogenously produced viral peptides to the CDS^ cells to induce 

CTLs, they do so inefficiently (Spier, 1996) as they lack vital co-stimulatory molecules 

(Gregoriadis, 1998). This and exposure of naked DNA to nucleases in interstitial fluid 

necessitate the use of relatively large quantities of DNA (50 - 200 pg per mouse) 

(Gregoriadis, 1998). It was recently proposed (Gregoriadis et a l, 1997) that APC are a 

preferred alternative to muscle cells as targets for DNA vaccine uptake and expression, with 

liposomes being a suitable means of delivering entrapped DNA to such cells. Locally 

injected liposomes are known (Gregoriadis, 1990) to be taken up avidly by APC infiltrating 

the site of injection or in the lymphatics, an event that has been implicated (Gregoriadis, 

1990) in their immunoadjuvant activity. Liposomes also can protect (Chapter 3) their DNA 

content fi*om deoxyribonuclease attack. Recently, several reports have described the use of 

cationic SUVs complexed to DNA (SUV-DNA) to induce immune responses to the encoded
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antigen (Ishii et a l 1997; Klavinskis et al., 1997; Okada et al, 1997; Lasic & Tempelton, 

1996; Lasic, 1997; Sedegah et a l, 1994; Toda et al, 1997; Yokoyama et al, 1997). These 

reports of genetic immunization with SUV-DNA complexes have been rather disappointing 

(Gregoriadis, 1998) with results showing immune responses being either negative (Lasic & 

Tempelton, 1996; Lasic, 1997), similar ( Sedegah e/a/., 1994; Wolff a/., 1992; Yokoyama 

et a l, 1997), or only modestly higher (Ishii et a l, 1997; Okada et a/., 1997; Toda et 

al, 1997). Wolff et al. (1992) contributed the inability of Lipofectin (SUV-DNA complex) 

to enhance immune responses to DNA-encoded antigen to the binding of the complex to 

extracellular matrix components. Binding of plasma components to such complexes was 

previously shown (Feigner et a l, 1987) to inhibit the in vitro activity of Lipofectin. Studies 

from our laboratory (Gregoriadis et a l, 1997; Ferrie and Gregoriadis, 1998; Gregoriadis et 

a l, 1998) have indicated that the entrapment of DNA in vesicles using the DRV method 

(Kirby and Gregoriadis, 1984) produces immune responses (humoral and cell mediated) 

greater than those seen with naked DNA or DNA complexed with similar preformed DRV. 

Thus, mice (Balb/c) injected repeatedly by the intramuscular route with 5 or 10 pg plasmid 

DNA entrapped in cationic liposomes, elicited at all times tested much greater (up to 100 - 

fold) antibody (IgGJ responses against the encoded antigen than animals immunized with 

similar amounts of naked or complexed DNA (Gregoriadis et a l, 1997). Responses from 

other subclasses (IgG2a aiid IgG2b) were also greater for liposomal DNA albeit to a lesser 

extent (up to 10 - fold) (Gregoriadis et a l, 1997). A more recent study (Gregoriadis, 1998) 

examined both the humoral and cell-mediated immunity raised after pRc/CMV HBS plasmid 

injection by various routes, in Balb/c and outbred mice. Comparing responses to DRV(DNA) 

and naked DNA indicated greater antibody (IgGJ responses for the former not only by the
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intramuscular route but also by the subcutaneous and intravenous routes. Interestingly, there 

was not much difference in the titres between the two strains (Gregoriadis, 1998) suggesting 

that immunization with liposomal pRc/CMV HBS was not MHC restricted. A similar pattern 

of results was obtained with IFN-y and IL-4 in the spleen (Gregoriadis, unpublished 

observations). The ensuing studies consider the effect of liposome composition on 

DRV(DNA) mediated DNA vaccination.

5.1.1 The effect of dope presence in liposome-mediated DNA immunisation

It was proposed (Gregoriadis et a l, 1997) that after phagocytosis of the DRV(DNA) by the 

residual APC, APC infiltrating the site of injection, or by APC in the lymphatics, the 

fusogentic (Legendre & Szoka, 1995) DOPE component of the liposomes, in conjunction 

(Legendre & Szoka, 1995) with the cationic lipid, may mediate DNA entry into the 

cytoplasm for eventual episomal transfection and presentation of the encoded antigen. To 

investigate the significance of incorporating DOPE in DRV(DNA) formulations, pRc/CMV 

HBS plasmid DNA encoding the S region of HBsAg was entrapped into DRV (section 2.2.5) 

prepared with DOPE either included (PC:DOPE:DOTAP) (16:8:4 molar ratio), substituted 

with PE (PC:PE:DOTAP) (16:8:4 molar ratio) or cholesterol (PC:CHOL:DOTAP) (16:8:4 

molar ratio) or omitted from the formulation (PC:DOTAP) (16:4 molar ratio). In a further 

formulation, PC was replaced with DSPC (DSPC:DOPE:DOTAP) (16:8:4 molar ratio). 

These DRV(DNA) were tested for their ability to induce immune responses (IgGJ to the 

antigen (HBsAg S region; ayw subtype) encoded by the entrapped DNA.
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5.1.1.1 Immunisation protocol

Female Balb/c mice 6-8 weeks old were bled from the tail vein (Section 2.2.14) 1 -2  days 

before being given 3 intramuscular (hind leg) injections of the various DRV(DNA) 

(PC:DOPE:DOTAP; 16:8:4 pmoles, PC:PE:DOTAP: 16:8:4 ^imoles, PC:CHOL:DOTAP; 

16:8:4 jumoles, PC:DOTAP; 16:4 pmoles; DSPC:DOPE:DOTAP, 16:8:4 nmoles) with 

entrapped pRc/CMV HBS plasmid DNA (lOpg) or naked plasmid DNA (lOpg) over a 5 

week interval (days 0,14 and 35). The approximate dose of PC given per injection was equal 

to 1.6 pmoles or 1.27 mg. Animals were bled at time intervals after the final injection and 

sera were tested for anti-HBsAg (S region; ayw subtype) IgGi, by the enzyme-linked 

immunoadsorbent assay (ELISA) (Section 2.2.15). Immune response was expressed as the 

logio of the reciprocal of serial 2-fold serum dilution required for OD to reach a reading of 

about 0.200 (endpoint dilution). Sera from untreated mice gave logio values of less than 2.0.

Figures 5.1, 5.2 and 5.3 show the IgGi response of the mice 20, 31 and 56 days respectively 

after the final injection. At all time points tested, mice injected with the various DRV(DNA) 

formulations gave significantly higher (p < 0.05 - 0.0001) IgGi responses than those which 

received naked DNA. Twenty days after the final injection (Fig. 5.1) the PC:DOTAP 

DRV(DNA) formulation resulted in significantly lower (p < 0.04) IgGi responses than 

formulations which contained DOPE (PC:DOPE:DOTAP). Replacement of PC with DSPC 

also resulted in significantly lower (p < 0.02) IgGi responses at this time point. In addition, 

also for the same time point there was no significant difference between the IgGi responses 

of the groups which received PC:DOPE:DOTAP, PC:PE:DOTAP and PC:Chol:DOTAP. 

Thirty-one days after the final injection (Fig. 5.2) the IgGi response from mice injected with
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PC:DOPE:DOTAP
PCiPE.DOTAP
PC:Chol:DOTAP
PC:DOTAP
DSPC;DOPE:DOTAP
Naked DNA

Fig. 5.1 Comparison of IgGi immune responses in mice 20 days after the final injection. 
Balb/c mice in groups of 5 were injected intramuscularly on days 0, 14 and 35 with plasmid 
DNA (10 pg) as such (black bar) or entrapped in DRV composed of PC:DOPE:DOTAP; 
(16:8:4) (dark blue bar); PC:PE:DOTAP; (16:8:4) (red bar); PC:Chol:DOTAP; (16:8:4) 
(green bar); PC:DOTAP; (16:4) (yellow bar); DSPC:DOPE:DOTAP; (16:8:4 molar ratio) 
(light blue bar). Animals were bled and sera tested for IgG; responses against the encoded 
hepatitis B surface antigen (HBsAg; S region, ayw subtype). Data represent the mean ± SD 
of log, 0 of the reciprocal of serial 2-fold serum dilution required for OD to reach a reading 
of about 0.200 from 5 individually tested animals per group. *  denotes values significantly 
lower (p < 0.04 - 0.01) than those of the PC:DOPE:DOTAP DRV(DNA). A denotes values 
from the naked DNA group which were significantly lower (p < 0.5 - 0.0001) than those 
from all DRV(DNA) groups.
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PC:DOPE:DOTAP 
PC:PE:DOTAP 

H  PC:Chol;DOTAP 
C 3  PC:DOTAP 
M  DSPC:DOPE:DOTAP 
H  Naked DNA

T * *
X

Fig. 5.2 Comparison of IgG, immune responses in mice 31 days after the final injection. 
Mice were injected and serum collected and tested as described in Fig. 5.1. Data represent 
the mean ± SD of logio of the reciprocal of serial 2-fold serum dilution required for OD to 
reach a reading of about 0.200 from 5 individually tested animals per group. *  denotes 
values for DRV(DNA) groups significantly lower (p < 0.03 - 0.04) than those of the 
PC:DOPE:DOTAP group. A denotes values for the naked DNA group which were 
significantly lower (p < 0.04 - 0.0001) than those of the DRV(DNA) groups.
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Fig. 5.3 Comparison of IgG, immune responses in mice 56 days after the final injection. 
Mice were injected and serum collected and tested as described in Fig. 5.1. Data represent 
the mean ± SD of log,o of the reciprocal of serial 2-fold serum dilution required for OD to 
reach a reading of about 0.200 from 5 individually tested animals per group. *  denotes 
values for DRV(DNA) groups significantly lower (p < 0.02 - 0.0001) than those of the 
PC:DOPE:DOTAP group. ▲ denotes values for the naked DNA group which were 
significantly lower (p < 0.03 - 0.0001) than those of the DRV(DNA) groups.
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the PCiDOTAP and the DSPC:DOPE:DOTAP formulations remained significantly lower 

(p < 0.03 and 0.04 respectively), and, again the immune responses of groups injected with 

PC:PE:DOTAP and PC:Chol:DOTAP DRV(DNA) were not significantly different fi*om 

those obtained with PC:DOPE:DOTAP. Finally, fifty six days after the final injection, there 

was no significant difference between the immune responses (IgGi) of the groups injected 

with PC:DOPE:DOTAP and PC:PE:DOTAP DRV(DNA). However, the group immunized 

with PC:Chol:DOTAP DRV(DNA) had significantly lower IgGi responses (p < 0.02) than 

the group injected with PC:DOPE:DOTAP DRV(DNA). Values of immune responses in 

groups immunised with PC:DOTAP and DSPC:DOPE:DOTAP DRV(DNA) remained 

significantly lower (p < 0.004 - 0.0001) than those of the group immunised with 

PC:DOPE:DOTAP DRV(DNA).

These results indicate that DRV(DNA) gives higher IgGi responses than naked DNA, as has 

been previously shown by Gregoriadis et a l (1997); Gregoriadis, (1998) and Gregoriadis et 

ah (1998). Responses fi*om PC:DOTAP and the DSPC:DOPE:DOTAP formulations are 

significantly lower at all time points examined, and the PC:Chol:DOTAP formulation 

resulted in responses which dropped to significantly lower levels by day 56 compared with 

responses resulting fi’om injection of PC:DOPE:DOTAP DRV(DNA). DRV(DNA) 

containing DOPE or PE gave IgGi responses which were not significantly different 

throughout the study. Results fi*om Fig. 5.3 suggest that the presence of DOPE or PE in the 

DRV(DNA) formulations play a contributing factor in facilitating the immune (IgGi) 

response.
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In general, in vitro studies indicate that cationic lipids combined with unsaturated PE are 

more effective at supporting transfection than other neutral lipids (Farhood et al., 1995; 

Feigner et al., 1994; Wrobel and Collins, 1995). A possible exception is cholesterol for 

intravenously injected gene transfer systems. It has been reported for instance that 

cholesterol exhibits a higher transfection ability than DOPE (Hong et al., 1997; Li et al., 

1998; Liu et al., 1997; Song et a l, 1997). So far, all other reports of liposome-mediated 

genetic vaccination using SUV-DNA complexes have used DOPE in conjunction with 

cationic lipids such as DC-CHOL (Ishii et a l, 1997; Okada et al, 1997; Toda et al, 1997), 

N-(2-hydrooxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy)-1 propanamminium bromide 

(DMRIE) (Klavinskis et al,\991) or the commercially available liposome preparation 

Lipofectin (DOTMA and DOPE) (Lasic, 1997; Lasic & Tempelton, 1996 ; Wolff et a l, 

1992). However, these formulations have had variable success in terms of raising immune 

responses to the complexed antigen encoding DNA. This beneficial presence of DOPE or 

PE in the DRVfDNA) formulation highlighted in Figs. 5.1 - 5.3 fits with the suggested 

ability of DOPE to act as a fusogenic lipid and mediate DNA entry into the cytoplasm for 

eventual episomal transfection and presentation of the encoded antigen (Gregoriadis et al, 

1997).

It is thought that cationic lipid-based systems introduce the majority of their nucleic acid 

payload into the cell after endocytosis (Friend et a l, 1996; Legendre and Szoka, 1992; 

Wrobel and Collins, 1995; Zabner era/., 1995; Zelphati and Szoka, 1997; Zhou and Huang, 

1994), or phagocytosis rather than direct fusion with plasmid membranes. Phagocytosis 

applies to larger plasmid/lipid complexes in view of findings that since particles greater than
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200 nm in diameter are not efficiently taken up by endocytosis ( Li and Huang, 1996; Zhou 

and Huang, 1994). However, the exact mechanism of nucleic acid release fi*om the complex, 

DNA escape fi*om the endosome and its entry into the nucleus is unknown (Szoka et aL, 

1996). Results fi-om experiments where cationic lipid/DNA complexes were microinjected 

directly into the nucleus show low transfection efficiency (Zabner et a/., 1995) suggesting 

that DNA must dissociate fi-om the cationic lipid complex before entry into the nucleus. This 

implies that, unlike previous speculations by Remy et a l (1995), dissociation of plasmid 

DNA fi-om cationic lipids cannot be due to displacement by genomic DNA. It has been 

proposed (Szoka et a l, 1996) that in the course of cationic lipid mediated transfection, 

plasmid DNA is released from the complex prior to entry into the nucleus. This dissociation 

of nucleic acids fi-om cationic lipids has been shown in cells (Zabner et ah, 1995) with the 

fluorescence label of the nucleic acids being observed in the nucleus while lipid fluorescence 

label is observed in the cytoplasm.

Szoka et a l (1996) suggest a model for liposomes-mediated nucleic acid release during 

nucleic acid delivery to cells which involves destabilisation of the endosomal membrane. 

When cationic lipid/DNA complexes come into close contact with the negatively charged 

phospholipid membranes, membrane destabilisation and lipid mixing are initiated (Bailey 

and Cullis, 1994; Bentz 1992; Duzgunnes et a l, 1989; Koiv and Kinnunen, 1994; Leventis 

and Silvius, 1990; Stamatatos et a l, 1988). Such destabilisation is thought (Szoka et a l, 

1996) to entail the formation of charge neutralised ion-pairs between the anionic lipids which 

are known (Devaux, 1992; Hope and Cullis, 1979; Williamson and Schlegel, 1994) to be 

located on the cytoplasm facing monolayer of the endosomal membrane and the cationic
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lipids of the gene delivery system. This charge neutralisation displaces the nucleic acid from 

the complex and permits its entry into the cytoplasm (Szoka et al, 1996). Xu and Szoka 

(1996) have found that anionic liposomes of compositions that mimic the cytoplasm facing 

monolayer of the plasma membrane were very potent at releasing DNA from cationic 

liposome-DNA complexes. DOPE may contribute to this membrane destabilisation (Farhood 

et a l, 1995; Leventis and Silvius, 1990), and this has been related to its ability to form lipid 

structures with high curvature (hexagonal Hn phase) such as can be induced by 

phosphatidylethanolamine (Cullis et al., 1986). DOPE also promotes membrane mixing and 

fusion (Stamatatos et a l, 1988; Wrobel and Collins, 1995) and increasing the quantity of 

DOPE in cationic lipid-DNA complexes appears (Wong et a l , 1996) to increase dissociation 

of DNA from cationic liposomes. Hence, by applying the proposed mechanism of Szoka et 

al (1996) results of Figs. 5.1 to 5.3 showing that inclusion of PE or DOPE increase the 

ability of DRV(DNA) to facilitate immune responses to the encoded antigen can be 

explained on the basis of an increase in the amount of DNA that reaches the nucleus in a 

form that can be transcribed.

The use of lipids with high gel liquid crystalline transition temperature (eg. DSPC) in the 

DRV(DNA) formulation results in the formation of liposomes with more rigid bilayers due 

to the high transition temperature (56®C) of DSPC. Results from Figs. 5.1 to 5.3 suggest that 

rigid bilayers may not be as effective at interacting with the endosomal bilayer as described 

by Szoka et a l  (1996). Bilayer rigidity has also been reported by Duzgunes et a l, (1989) to 

interfere with this proposed step in the DNA delivery mechanism. In addition, direct 

correlation between cationic liposome-DNA complexes transfection activity and the lipid
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bilayer fluidity has been shown (Akao et a l, 1991) with the use of lipids which have 

transition temperatures of less than 37“C being beneficial so that the transfection lipid 

assumed a fluid-like state at temperatures used.

5.2 THE EFFECT OF DOTAP CONTENT IN LIPOSOME-MEDIATED DNA 

VACCINATION

The significance of the ratio of cationic lipid to DNA in liposome-based gene delivery is 

well documented in terms of in vitro (Fasbender et al, 1995; Feigner et a l, 1987; Feigner 

and Ringold, 1989; Li and Huang, 1996) and in vivo efficiency (Lui, 1997) as well as 

morphology (Gershon et al, 1993; Mok et a l, 1996; Lasic et a l, 1997; Radier et a l, 1997; 

Sternberg et a l, 1994; Sternberg et al, 1998) and is discussed in chapter 4. DRV 

incorporating varying amounts of charged lipids were shown (Chapter 4) to have varying 

physicochemical properties depending on the amount of lipid present. In the case of cationic 

DRV, these properties were also dependent on the +/- ratio of the cationic lipid to DNA ratio 

(Chapter 4). Here the efficiency with which cationic DRV(DNA) with different +/- ratios 

raise immune responses to plasmid encoded antigen is studied. DRV composed of PC:DOPE 

(16:8 pmoles) and DOTAP (4 - 40% of total phospholipid) with entrapped pRc/CMV HBS 

(90 - 95 pg) were prepared. Female (Balb/c) mice were given 4 intramuscular (hind leg) 

injections over a 5 week interval (days 0, 7, 14 and 35) of DRV(DNA)(4 - 40% DOTAP) 

(pRc/CMV HBS; lOpg) and bled at time intervals (Figs. 5.3 to 5.8).

Three days after the final injection (38 days from the first injection) of DRV(DNA) (Fig. 

5.4) immune responses for the formulations studied were low. However IgGj responses from
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mice injected with DRV(DNA)(25% DOTAP) which has a theoretical +/- charge ratio of 

3.2:1 (Table 4.1) were significantly higher (p < 0.035 - 0.003) than those seen in the 

remainder groups.There was no significant difference in IgG2a or IgG2b responses in mice 

injected with the various DRV(DNA) formulations. After 25 days (Fig. 5.5) IgGi aiid IgG2& 

levels increased for all groups: there is no significant difference in IgGi responses between 

the different groups, except for IgG2a levels which were significantly higher (p < 0.03 - 

0.001) in mice injected with DRV(DNA)(25% DOTAP; theoretical +/- charge ratio of 6.4:1) 

compared to those treated with the remainder formulations. Responses measured on day 34 

(Fig. 5.6) appeared to be the highest out of all the time points measured. Although there were 

no significant differences in IgGi responses among the groups, responses in groups injected
re-bpo.'ftê  -

with DRV(DNA) incorporating 14 and 25% DOTAP tended to give higherXHowever, 

significantly higher (p < 0.02 - 0.006) IgG2a responses were observed for the group injected 

with DRV(DNA)(25% DOTAP) compared to groups dosed with DRV(DNA) incorporating 

4, 8, 33 and 40% DOTAP. IgGi responses of all groups declined by 41 days (Fig. 5.7) after 

the final injection and no significant difference in IgGi response was found between the 

groups. However the IgG2a responses remained high at this time point with a trend of higher 

responses being noted for DRV(DNA) incorporating 14 and 25% DOTAP. At the last 

measured time point of day 56 (Fig. 5.8), there was no significant difference in IgGi 

responses and IgG2a responses have declined. The IgG2& response of the group treated with 

DRV(DNA)(40% DOTAP) was significantly lower (p < 0.025) than those groups treated 

with DRV(DNA) incorporating 14 and 25% DOTAP. There was no significant difference 

in the IgG2b responses in any of the groups at any of the time points tested.
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Fig. 5.4: The effect of DOTAP content (% of total lipid) in DRV(DNA) on IgG, (blue bars) 
Ig02a (red bars) and Ig02b (green bars) against the encoded hepatitis B surface antigen 
(HBsAg; S region, ayw subtype) 3 days after the final injection. Balb/c mice in groups of 
5 were injected intramuscularly on days 0, 7, 14 and 35 with plasmid DNA (10 pg) 
entrapped in DRV (PCiDOPE; 16:8 pmoles and 4 - 40% DOTAP content). Sera was tested 
for immune responses (IgG,, lgG2a and lgG2b). Data represents the mean ± SD of log,o of the 
reciprocal of serial end 2-fold serum dilution required for OD to reach a reading of about 
0.200 from 5 individually tested animals per group. *  denotes significantly higher (p < 0.03 
- 0.003) IgG, responses.
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Fig. 5.5: The effect of DOTAP content (% of total lipid) in DRV(DNA) on IgG, (blue bars) 
IgGza (red bars) and IgGsb (green bars) against the encoded hepatitis B surface antigen 
(HBsAg; S region, ayw subtype) 35 days after the final injection. Balb/c mice were injected 
and the serum tested as described in Fig. 5.4 legend. *  denotes significantly higher (p < 0.03 
- 0.001) IgGza responses.
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Fig. 5.6: The effect of DOTAP content (% of total lipid) in DRV(DNA) on IgG, (blue bars) 
IgGia (red bars) and IgGzb (green bars) against the encoded hepatitis B surface antigen 
(HBsAg; S region, ayw subtype) 34 days after the final injection. Balb/c mice were injected 
and their serum tested as described in Fig. 5.4 legend.* denotes IgG2a responses significantly 
lower (p < 0.02 - 0.006) than those of the DRV(DNA)(25% DOTAP) group.
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Fig. 5.7: The effect of DOTAP content (% of total lipid) in DRV(DNA) on IgG, (blue bars) 
Ig02a (red bars) and Ig02b (green bars) against the encoded antigen hepatitis B surface 
antigen (HBsAg; S region, ayw subtype) 41 days after the final injection. Balb/c mice were 
injected and their serum tested as described in Fig. 5.4 legend. *  denotes Ig02a responses 
significantly lower (p < 0.01) than DRV(DNA)(25% DOTAP).
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Fig. 5.8: The effect of DOTAP content (% of total lipid) in DRV(DNA) on IgG, (blue bars) 
IgOja (red bars) and IgGjb (green bars) against the encoded hepatitis B surface antigen 
(HBsAg; S region, ayw subtype) 56 days after the final injection. Balb/c mice were injected 
and their serum tested as described in Fig. 5.4 legend. *  denotes IgG2a responses 
significantly lower (p < 0.025) responses than those of DRV(DNA)(14 or 25% DOTAP).
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These results suggest that formulations DRV(DNA) containing 14 and 25% DOTAP give 

higher IgGi and Ig0 2 a immune responses, although larger groups may provide clearer 

indications. Other researchers have suggested optimum (in terms of gene expression) 

cationic lipid to DNA ratios both in vitro (Li and Huang, 1996) and in vivo (Lui, 1997). A 

low amount (^ 8% DOTAP; theoretical +/- charge ratio of 3.2:1) of cationic lipid may not 

efficiently condense and deliver the DNA to the target site intracellularly. Alternatively, high 

amounts (> 33% DOTAP; theoretical +/- charge ratio of 19.2:1) of cationic lipids may 

interfere with the release of DNA fi*om the cationic liposome if the mechanism proposed by 

Szoka et a/., (1996) is applied. Dissociation of lipids fi'om DNA was shown (Wong et al, 

1996) to be dependent on the type and amount of cationic lipid present in the system and 

since it is thought that complexed DNA is not in a form which can be transcribed in the cell 

nucleus (Zabner et a l, 1995), higher amounts of DOTAP in the DRV(DNA) may stop 

dissociation of the DNA from the cationic liposomes and thus reduce transfection efficiency.

Higher amounts of cationic lipid may also be detrimental due to toxicity. Brazeau et al 

(1998), when studying the myotoxicity of cationic macromolecules used in non-viral gene 

delivery systems suggested a relationship between the magnitude of the positive charge of 

the formulation and toxicity. Also, polycations which bind to the negatively charged surface 

of mammalian cell, can cause charge neutralisation, cell distortion, lysis and agglutination. 

(Curtis, 1967; Katchalsky, 1964). Some of the toxicities associated with transfection 

complexes (Feigner et a l, 1987; Feigner et a l, 1994; Legendre and Szoka, 1992) might be 

explained by the lipid mixing hypothesis described by Szoka et al (1996). The hypothesis, 

in addition to the mixing of cationic lipids with the endosome, also suggests intermixing of
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cationic lipids with the membranes other cell organelles which can result in toxicity (Szoka 

e ta l,  1996).

5.3 INDUCTION OF NEONATAL TOLERANCE IN MICE

Newborns and the very young are rarely if ever given vaccines, yet vaccinating this age 

group could provide a valuable means of breaking cycles of agent transmission (Manckan 

et al., 1997). Due to the immaturity of neonates immune system, newborns exposed to 

foreign antigens are at risk of developing tolerance rather than immunity (Silverstein and 

Segal, 1975). A number of factors influence the development of neonatal tolerance, 

including the nature, concentration and model of antigen presentation to the immune system, 

and the age of the host (Marodon and Rocha, 1995; Silverstein, 1977; Sarzotti et a i, 1996). 

Evidence suggests that recognition of foreign determinants is acquired at distinct stages in 

maturation, ranging from early gestation until days or weeks after birth ( Klinman et a i, 

1976; Klinman, 1972; Marodon and Rocha, 1995; Silverstein, 1977; Sterzl and Silverstein, 

1967). Since the protein encoded by a DNA vaccine is produced endogenously and 

expressed in the context of self MHC (Mor et al, 1996), the potential exists for the neonatal 

immune system to recognise it as “self’, resulting in tolerance rather than immunity (Mor 

et a/., 1996). Plasmid DNA vaccines encoding the circumsporozoite protein of the malaria 

parasite elicits protective immunity against live sporozoite challenge in adult Balb/c mice 

(Sedegah et al., 1994) but was shown to induce tolerance rather than immunity when 

administered to 2 - 5 day old mice (Mor et a/., 1996). Neonatally tolerised animals were 

unable to mount antibody, cytokine or cytotoxic responses when challenged with DNA 

vaccine (Mor et a/., 1996). However neonatal mice vaccinated with exogenous
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circumsporozoite protein were not tolerised (Mor et al, 1996). In contrast to this, Manckan 

et al, (1997) report results showing neonatal mice developed effective humoral (total IgG, 

IgGi and IgG2a) and T cell responses after immunisation with either DNA encoding for 

herpes simplex virus (HSV) protein or with inactivated vaccines. They also showed that 

whereas neonatal mice from HSV-naive mothers responded well to both DNA and 

inactivated vaccines, only DNA immunisation induced effective immunity in neonates bom 

to immune mothers.

5.3.1 DRV(DNA) immunisation of neonatal mice

DRV(DNA) and naked DNA (pRc/CMV HBS) were used to evaluate whether neonatal 

tolerance to the encoded antigen could be induced.

5.3.1.1 Vaccination protocol

Female Balb/c mice ( 2 - 5  days old) were each treated with 10 pg of pRc/CMV HBS 

entrapped in DRV (PC:DOPE:DOTAP; 16:8:4 pmoles) via intramuscular injection. Other 

groups received 10 pg of naked pRc/CMV HBS or 5 pg of HBsAg (S region, ayw subtype) 

in 0.01 M PBS; pH 7.4. Employing the same protocol as that of Mor etal. (1996) all animals 

were boosted with HBsAg (5 pg) emulsified in complete Freund’s adjuvant (HBsAg/CFA) 

four weeks after immunisation and a second booster injection of HBsAg/CFA was given 8 

weeks after the initial injection. The two booster injections were also given to mice not 

previously immunized as neonates. Mice were bled via the tail vein (Section 2.2.14) 3 weeks 

after each injection throughout the experiment. In other experiments, neonatal and adult (4 

weeks old) female Balb/c mice were injected with “empty” DRV with lipid doses equivalent
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to those given as DRV(DNA) formulations (an equivalent of 2.11 mg total lipid). Sera were 

tested for total IgG and IgOi antibody responses by ELISA (Section 2.2.15).

IgG (Fig. 5.9) and IgGi (Fig. 5.10) immune responses of mice 3 weeks after boosting with 

HBsAg in CFA (Adult 1°) mice that received naked DNA or DRV(DNA) as neonates 

(groups 1 and 2 respectively), showed no significant difference compared to each other or 

compared to mice which were not immunized as neonates (group 3). On the other hand, mice 

treated with HBsAg as neonates (group 4) mounted significantly higher ( p < 0.007 - 0.03) 

responses (IgG and IgGJ than mice injected with naked DNA or DRV(DNA) or mice not 

immunised as neonates (groups 1,2 and 3 respectively). Responses (IgG and IgGi; Figs. 5.9 

and 5.10 respectively) three weeks after the second booster (Adult 2°) were generally higher 

but exhibited a similar pattern as Adult 1° mice: there was no significant difference in mice 

dosed with DNA or DRV(DNA) as neonates (groups 5 and 6 respectively) and mice which 

were not dosed (group 7). Again, animals treated with HBsAg as neonates (group 8) had 

significantly higher (p < 0.005 - 0.04) immune responses than those treated with DNA or 

DRV(DNA) as neonates or those which were not immunised as neonates (groups 5, 6 and 

7 respectively). These results suggest that injection of naked or DRV entrapped pRc/CMV 

HBS (10 pg) does not induce neonatal tolerance to the encoded antigen or for that matter 

cause an immune response that is higher than in mice not immunised as neonates.

5.3.1.2 Effect o f  immunisation with **empty”DRV

As already mentioned (5.3.1.1.), mice were also injected with “empty” DRV to study their 

effect. Unexpectedly, neonatal mice treated with “empty” DRV all died within 24 h of being
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Fig. 5.9 Balb/c mice were immunized as neonates (2 -5 days), 4 weeks (Adults 1°) and 8 weeks 
(Adults 2®) with naked pRc/CMV HBS DNA, DRV(DNA) or HBsAg (S region, ayw subtype). 
Results show responses 3 weeks after the first ( 1 -4) and second (5-8) booster with HBsAg/CFA. Sera 
from these animals were assayed by ELISA for IgG antibodies against HBsAg (S region, ayw 
subtype). Data represent the mean ±  SD o f log,o o f the reciprocal o f serial end 2-fold serum dilution 
required for OD to reach a reading o f about 0.200 from 3 to 6 individually tested animals per group. 
*  denotes values significantly higher (p < 0.03 - 0.007) than other values within the Adult 1° and 
Adult 2° groups which received HBsAg (5 pg) as neonates.
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Fig. 5.10 Balb/c mice were immunized and sera tested for IgG, as described in Fig.5.9. *  denotes 
values significantly higher (p < 0.04 - 0.005) than other values within the Adult 1° and Adult 2 °  

groups.
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injected (3 groups of 5 mice each; each group was given a different batch of liposome 

preparation). In contrast, mice treated with DRV(DNA) appeared to be in good health 

throughout the study, similarly to control mice dosed with PBS only. Injection of “empty” 

DRV to adult mice appeared to have no obvious detrimental effect and no immune response 

against HBsAg was mounted in these mice. The toxicity of the DRV(DNA) to the neonatal 

mice and not adult mice may be due to the neonatal dose of cationic lipid per body weight 

given being approximately ten times higher than that received by the adult mice (122 mg/kg 

for neonates and 12 mg/kg for adult mice).

Brazeau et a l, (1997) recently investigated the in vitro myotoxicity of selected cationic 

macromolecules used in non-viral gene delivery, by comparing cationic liposomes 

(composed of DOTAP, DOPEiDOTAP (1:1), or DOPE:DC-Chol, (1:1)), polymers and 

dendrimers. Myotoxicity was assessed by the cumulative release of creatine kinase (CK) 

over 90 min from isolated rodent extensor digitorum longus muscle. Their results showed 

that cationic liposomes are less toxic compared to dendrimers and polylysines. Interestingly, 

addition of plasmid DNA to cationic liposomes, polylysines and dendrimers resulted in a 

statistically significant reduction in myotoxicity compared to liposomes devoid of plasmid 

DNA. A direct relationship between myotoxicity (in terms of CK release) and the calculated 

net charge of the complex was found. Possible mechanisms suggested (Brazeau et al, 1997) 

were the formation of complexes in which the overall positive)was reduced and/or changes 

in particle size. The significance (in terms of toxicity) of optimizing the +/- charge ratio of 

the cationic lipid to DNA is thus obvious. Further optimisation of the DRV(DNA) 

formulations may be required in order to obtain conclusive results from neonates immunised
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with DRV(DNA).

5.4 CONCLUSIONS

Results shown in Figs. 5.1 to 5.3 indicate that DRV(DNA) can induce antibody (IgGJ 

responses that are higher than those seen with an equivalent amount of naked DNA. 

Gregoriadis et a l, (1997) and Gregoriadis (1998) have shown that intramuscular 

immunisation with DRV(DNA) leads to improved humoral and cell mediated immunity 

compared to naked DNA. Anionic or neutral DRV(DNA) were less effective in augmenting 

humoral immunity (Gregoriadis et a l, 1997). Cationic DRV(DNA) appear also to be more 

effective (in terms of raising IgGi antibodies) than naked DNA when injected 

subcutaneously and intravenously (Gregoriadis, 1998). The present results suggest that 

inclusion of PE or DOPE (Figs. 5.1 to 5.3) and 14 or 25% DOTAP (Figs. 5.4 to 5.8) in 

DRV(DNA), with 100 pg DNA entrapped are beneficial in optimising immune responses 

to the DNA encoded antigens. As already discussed, liposomal DNA is thought to be taken 

up by phagocytosis ( Li and Huang, 1996; Zhou and Huang, 1994) into resident or 

infiltrating APC, or by APC in the lymphatics (Gregoriadis et al, 1998). This is followed 

by destabilisation of the endosomal membrane where upon, through lateral diffusion of 

anionic lipids from the cytoplasm-facing monolayer of the endosomes, DNA is displaced 

from the liposomes and released into the cytosol (Szoka et a l, 1996). DOPE is known to 

have membrane destabilising properties due to its ability to enter the hexagonal phase (Fig. 

3.11) (Farhood et al, 1995; Leventis and Silvius, 1990) and increasing its concentration in 

cationic lipid-DNA complexes increases dissociation of DNA from the complex whereas 

high amounts of cationic lipid inhibit such dissociation (Wong et a l, 1996). This may
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explain why higher amounts of cationic lipid in the DRV(DNA) (Figs. 5.4 - 5.8) or omission 

of DOPE (Figs. 5.1 to 5.3) resulted in lower immune (IgGi and IgGza) responses in most 

cases.

After being released from the liposomes into the cytoplasm, plasmid DNA is still too large 

to enter the nucleus by simple diffusion, as the aqueous channels of the nuclear pore allows 

free diffusion of only small molecules (< approximately 70 kDa) (Mahato et al., 1997). Yet 

some plasmids clearly reach the nucleus, since gene expression is detected and this step 

might be a key one in the transfection process (Legendre and Szoka, 1996). Cappechi, 

(1980) has shown that injecting plasmid into the cytoplasm of the cell results in less than 

0.1% transfection, but plasmid injection into the nucleus transfects 50% of the cells. The 

question as to whether, during the transfection process, DNA enters the nucleus on cell 

division or crosses the intact nuclear membrane remains unanswered (Legendre and Szoka, 

1996).

Various SUV-DNA complexes have been reported to give either no immune response 

(Lasic, 1997; Lasic & Tempelton, 1996), similar (Sedegah et al, 1994, Wolff et a l, 1992; 

Yokoyama et al, 1997) or only modestly higher (Ishii et a l, 1997; Okada et al, 1997; Toda 

et al, 1997) immune responses to the plasmid encoded antigen compared to those achieved 

with naked DNA. The reason for this is not clear. However, since transfection efficiency of 

cationic liposome-DNA complexes in vitro (Fasbender et a l, 1995) and in vivo (Liu et al, 

1997, Liu, 1997) depends on the +/- ratio, and since the optimal lipid to DNA charge ratios 

in vivo can be markedly different to those observed in vitro (Egilmez et a l,  1996), the
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cationic liposome-DNA complexes employed in the aforementioned experiments may 

require further optimisation. Other reports (Davis et al., 1997; McCluskie and Davis, 1997) 

suggest that antibodies (IgG) induced with cationic liposome-DNA complexes were due 

solely to the presence of free DNA since complexes where all the DNA was complexed with 

the lipid were not able to induce immune responses in mice. Free DNA is unlikely to be 

present in the DRV(DNA) used in the above experiments (Figs. 5.1 - 5.8) since in gel 

electrophoresis studies (section 4.3) in which the formulations were mixed with gel loading 

buffer and subjected to gel electrophoresis, only small amounts of DNA entered the gel from 

the DRV(DNA) which contained 4,8 and 15% DOTAP in their formulation. In contrast, 

large amounts of DNA from the DRV-DNA complexes entered the gel when subjected to 

gel electrophoresis, even when amounts as high as 40% DOTAP was present in the 

composition. These results were suggested to be due to competitive binding between the 

negative molecules in gel loading buffer and the DNA, for the cationic charge of DOTAP 

and that DRV(DNA) were better able to retain their DNA under such conditions. Similarly, 

DNA could be displaced in vivo by anionic plasma proteins found in the extracellular matrix. 

When the gel loading buffer was replaced with 40% (w/v) sucrose very little (4% DOTAP 

in the formulation) or no free DNA (8% or more DOTAP in the formulation) could not be 

detected in DRV(DNA) preparations. In contrast, large amounts of free DNA was detected 

in the DRV-DNA complexes containing 4% DOTAP in the formulation.

Unlike immunisation (mostly carried out by the intramuscular route) with naked plasmid 

DNA which involves uptake by muscle cells (Davis et al., 1993), the mechanism by which 

liposome entrapped plasmid DNA promotes immunity to the encoded antigen is not likely
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to involve muscle cells. Although cationic liposomes could theoretically bind to the 

negatively charged myocytes and be taken up by them, proteins in the interstitial fluid would 

neutralise (Black and Gregoriadis, 1976) the liposomal surface and thus be expected to 

interfere with such binding. Wolff et al, (1992) reasoned this binding of interstitial fluid 

proteins to account for the unimproved immune response to the antigen encoded by the 

plasmid DNA when injected intramuscularly in the form of a cationic liposome-DNA 

complex compared to naked plasmid DNA. In this respect, it is already known that plasma 

inhibits cationic liposome-mediated transfection in vitro (Feigner et a l, 1987) and in vivo 

(Li et a l, 1998). DRV entrapped in liposomes is also unlikely to be taken up by myocytes 

on account of their vesicle size: even DRV of the lower size range of 500 - 600 nm (section 

4.6) would find access to the cells difficult if not impossible (Gregoriadis, 1998). It is likely 

that cationic liposomes are endocytosed by APC as has been already been shown for anionic 

and neutral liposomes (Segal et a l , 1975) possibly including dendritic cells, which are then 

episomally transfected via the mechanism hypothesised by Szoka et al (1996) with the 

produced antigen presented by the cells (Fig. 1.4).
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6.1 Gene therapy

Many major causes of death and disease today are of genetic origan or have a major genetic 

component (Hug and Sleight, 1991). More than 4900 genetic diseases result from a defect 

in a single gene (McKusick, 1990) and many more are probably caused by multiple defects. 

Current therapy for most genetic diseases is symptomatic and not curative (Hug and Sleight, 

1991). Gene therapy i.e. the correction of a genetic disease by the administration to the 

patient of the cloned and functionally equivalent gene, is now becoming a reality (Legendre 

and Szoka, 1995) and several protocols for gene therapy which employ DNA carrier systems 

are under way in humans (Freeman et a l, 1993; Miller, 1992; Moseley and Caskey, 1993; 

Nabel et a l, 1993; Caplen et a l, 1995). For the use of delivery systems in gene therapy to 

be acceptable, the system should be administered by a convenient and conventional route and 

have the ability to introduce genetic material into a patients’s cells to cause these cells to 

produce a therapeutic protein. Non-viral systems have emerged as a promising technology 

for effecting gene transfer in vivo (Tomlinson and Rolland, 1996).

6.1.1 Lipid based plasmid DNA delivery systems

Liposomes have been well-studied for decades for the controlled and site-specific delivery 

of drugs, peptides and proteins (Gregoriadis, 1995). Liposomal drug encapsulation has been 

found to provide for the protection and control of the biodistribution of a drug within the 

body by administration via a variety of routes (Gregoriadis, 1993). As early as 1983 Nicolau 

and colleagues demonstrated the specific, but relatively inefficient delivery of preproinsulin 

gene to the liver of rats following intravenous (IV) injection of DNA plasmids encapsulated 

in lactosylceramide-based liposomes (Nicolau et a l, 1983). The intravenous injection of
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cationic liposome/DNA complexes has been adopted by several workers including Brigham 

et al. (1989) who intravenously injected into mice 15 to 30 pg of plasmid DNA complexed 

with Lipofectin. Expression of the plasmid was detected in the lungs for six weeks after 

administration. Likewise, Thou et at. (1993) demonstrated that cationic liposome-mediated 

IV gene delivery produced significant levels of reporter gene expression in all tissues 

examined. Successful gene expression of plasmid DNA complexed with various cationic 

liposome formulations has been reported by many others (Feigner et a/., 1995; Lesoon- 

Wood, et al., 1995; Li et a l, 1998; Liu et a l, 1995; Liu, 1997; Liu et a l, 1997; Nabel., 

1993; Rouget a l, 1997; Song and Liu, 1998; Stewart era/., 1992; Templeton gf a/., 1997; 

Thierry et al, 1995). From these reports the time at which peak expression of plasmid 

encoded gene is detected and the duration of expression after cationic lipid delivery varies 

widely. For instance maximal expression was detected between 4 and 24 h after injection and 

reduced to less than 1% of the peak level within a four day period (Liu, 1997) whilst others 

(Thierry et a l , 1995) observed peak expression after 6 to 15 days with expression in various 

mouse tissues being detectable for up to 3 months. Most authors ( Li et a l , 1998; Liu et a l , 

1995; Liu, 1997; Liu et a l, 1997; Nabel., 1993; Song et a l, 1998; Song and Liu, 1998; 

Stewart et al, 1992; Templeton et al, 1997; Thierry et al, 1995; Zhou et a l, 1993) have 

reported the lung as the most efficient organ transfected by IV injection of cationic 

liposome-DNA complexes with the presence of plasmid DNA in the lung confirmed by 

Southern blot analysis or the polymerase chain reaction (PCR) (Liu et a l , 1997; Nabel et a l , 

1993; Stewart et a l, 1992;Thierry et a l, 1995; Zhou et a l, 1993). In contrast, after IV 

injection of DNA entrapped in non-cationic liposomes. Southern blot analysis detected the 

injected DNA mainly in the liver and the spleen (Baru et al, 1995). The deposition of the
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cationic liposome/DNA complexes in the lung can be explained by the fact that, after 

intravenous administration, cationic liposomes aggregate with serum proteins and are 

subsequently cleared out by the lungs, the first organ in which particulates are distributed 

after intravenous injection. Li et al (1998) studied a novel liposome formulation containing 

DOTAP, protamine sulphate and DNA (LPD) which gave high level gene expression 

particularly in the lung following tail vein injection. A histochemical study suggested that 

the major cells transfected in the lung were endothelial cells (Li et al, 1998). The same 

authors noted, that the use of DOPE as a helper lipid in the LPD formulation dramatically 

reduced in vivo activity whilst the use of cholesterol significantly increased activity. 

Studying the physicochemical properties of the LPD Li et al (1998) observed that addition 

of LPD into serum resulted in immediate aggregation and change in the zeta potential of 

LPD fi*om positive to negative. This change in surface charge can be attributed to the binding 

of serum proteins previously demonstrated by Black and Gregoriadis (1976). Li et al (1998) 

proposed that the initial serum-induced aggregation plays an important role in the 

entrapment in lung capillaries and the subsequent transfection of lung endothelial cells and 

using turbidity measurements they showed that serum induced disassembly was higher in 

LPD formulations containing DOPE than in those containing cholesterol. This serum 

induced disassembly of the LPD was shown, using sucrose gradient analysis, to result in 

DNA release and degradation and hence may be responsible for the inactivation of the LPD 

(Li et a l, 1998). The incorporation of cholesterol in liposome formulations to increase 

vesicle stability is not a new approach. It was reported in the late 70's (Allen, 1981; Damen 

et a l, 1981; Finkelstein and Weissmann, 1977; Kirby et a l, 1980; Gregoriadis and Davis, 

1979; Guo et a l, 1980) that certain types liposomes, when formulated with equimolar (to
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phospholipid) cholesterol, exhibited a reduction in their bilayer permeability, and increased 

retention of the entrapped solute in the presence of blood.

It has also been reported that large percentage of the IV injected liposome-DNA complexes 

is taken up by the liver (Lew et a l, 1995; Mahato et a l, 1995b), however gene expression 

in this organ remained low (Mahato et a l , 1995a). This was ascribed to the liposome-DNA 

complexes being largely taken up by Kupffer cells via phagocytosis resulting in the 

degradation of DNA and inefficient gene expression (Mahato et a l, 1995a). Following IV 

injection of radiolabelled naked DNA and DNA/cationic liposomes complexes (containing 

DOPE), Mahato et al (1995b) observed that radiolabelled naked DNA was rapidly 

eliminated fi-om plasma with approximately 60% of the dose recovered in the liver within

1.5 min. Lew et al (1995) using PCR similarly found that intact plasmid DNA in the 

bloodstream had a short half-life (less than 5 min) and was undetectable at 1 h after IV 

injection. In the case of radiolabelled DNA cationic liposome complexes discussed above, 

elimination from the plasma was as rapid as that of naked plasmid DNA, but its 

accumulation was observed both in the lung and the liver (Mahato et a l, 1995b). However  ̂

gene expression, although , detected in the lung, heart, kidney and spleen, was absent

in the liver (Mahato et a l , 1995b) possibly because of rapid degradation in the Kupffer cells.

6.1.1.1 The use o f  reporter genes in the study o f gene expression 

In studying transfection efficiency reporter genes such as luciferase, P-galactosidase or 

chloramphenicol acyltransferase (CAT) are employed. The gene encoding firefly luciferase, 

unlike CAT and P-galactosidase, does not require post translational processing for enzymatic

143



6: Liposome-Mediated Intravenous Gene Delivery

activity and can act as a genetic reporter immediately upon translation. The luciferase gene 

is often used to study transfection activity in vivo (eg. Cheng et a l, 1993; Li et a l, 1998; 

Liu, 1997; Liu 1997; Thierry e/a/., 1995) and is the reporter gene in the commercially 

available pGL2 plasmid (Promega) where it is under the control of the simian virus 40 

(SV40) promoter. Luciferase, when reacted with luciferin and co-enzyme A (also 

commercially available fi*om Promega in the form of a luciferase assay kit) emits light which 

can be measured by a luminometer allowing direct quantification of the luciferase content 

in a sample. To study DRV(DNA) transfection after IV injection, the plasmid PGL2 was 

employed as a reporter gene. Preliminary studies required validation of the protocols which 

would be implemented to study in vivo transfection with pGL2 plasmid DNA.

6.1.1.2 Quantification o f luciferase content

According to the Promega Technical Bulletin (1993) the Luciferase Assay System 

(Promega) yields linearity over at least eight orders of magnitude, (Wood, 1991). Using the 

recommended protocol (Promega Technical Bulletin, 1993) described in section 2.2.17 a 

standard curve of luminescence measured in relative light units (RLU) against luciferase 

concentration (0 - 1000 pg) was constructed (Fig. 6.1). The Figure shows good linear 

correlation between RLU measured and luciferase amount in the range of 1 -1000 pg. It has 

been reported (Wood, 1991) that as little as 0.001 pg (10'^° moles) of luciferase could be 

detected under ideal conditions. However, in the conditions outlined above, the lowest 

amounts of luciferase that could be accurately quantified was 1 pg. Luciferase quantities 

higher than 1000 pg (1 ng) resulted in RLU readings off the scale of the luminometer. The 

correlation coefficient (r) calculated from the 17 data points of Fig. 6.1 (see legend) is equal
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Fig. 6.1 : Luciferase standard curve, (A) 1 -1000 pg, (B) Enlargement of the 1-100 pg results 
from Fig. 6.1(A). Known amounts of luciferase (1 - 1000 pg) were diluted in 
homogenization buffer (supplemented with 1 mg/ml BSA; see section 2.2.17) and assayed 
for luminescence (measured in Relative Light Units; RLU) which was measured by a TD 
20/20 luminometer at 25°C and the results plotted. The equation of the line was calculated 
at RLU being equivalent to the quantity of luciferase (measured in pg) multiplied by 10.1606 
(obtained from the equation representing the calibration curve of Fig. 6.1 (A) which 
incorporates the values from 6.1 (B); y=10.1606x), and the correlation coefficient (r) (a 
measure of the quality of fit of data to a straight line) was 0.9996, for a total of 9 luciferase 
quantities. Results represent mean ± SD of 3 or more measurements.
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to 0.9996, suggesting that a good linear relationship exists between luciferase concentration 

and RLU (the closer r is to 1 the more likely it is that the data can be represented as a straight 

line), thus it would appear that Fig. 6.1 can be taken as an accurate representation of RLU 

created from luciferase (1 - 1000 pg) when reacted with constant amounts of luciferin and 

co-enzyme A.

6.1.1.3 Luciferase stability during extraction from tissues

To measure the stability of luciferase in terms of activity after being subjected to the 

extraction processes, fresh tissues (liver, lung and spleen) were harvested and placed, 

individually into ice-chilled homogenization buffer (2 ml) and to this known amounts (1,3 

and 5 ng) of luciferase was added. The tissue was then finely chopped using a scalpel blade 

and forceps and homogenised using a Polytron PT 3000 (Kinematic AG) (Section 2.2.18.1) 

until all large debris had been homogenised (approximately 1 min). The homogenates were 

then centrifuged at 4,000 g for 10 min at 4°C and the supernatant collected. 20 pi samples 

of the supernatants were assayed for luciferase activity (section 2.2.17), and using the 

standard curve in Fig. 6.1, the activity was converted into amount of luciferase (pg). Table

6.1 shows the results (% of luciferase activity recovered) from lung, liver and spleen 

following extraction of the enzyme.

The results in Table 6.1 suggest that generally, the activity of the luciferase was retained 

throughout the process, of extraction and it would thus appear that the process would be 

applicable in experiments in vivo where luciferase levels are to be measured in the tissues.
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Table 6.1: Recovery of luciferase after the extraction process.

Luciferase added

Luciferase recovered (% of initial amount added)

Liver Lung Spleen

1 ng 59.4 ±23.4 97.5 ± 20.4 115.8 ±16.9

3ng 91.0 ±5.7 87.2 ± 8.4 85.8 ± 12.2

5 ng 89.6 ± 9.6 84.7 ± 7.5 81.8 ±10.0

Luciferase (1,3 and 5 ng) was added to 2 ml of homogenization buffer containing fi-eshly 
harvested liver, lung or spleen fi*om mice. The organs were homogenised using a Polytron 
PT 3000 (Kinematic AG) (Section 2.2.17.3) and centrifuged at 4,000 g for 10 min at 4°C. 
The supernatant was assayed for luciferase activity (section 2.2.17) converted to amount of 
luciferase (pg). Results are mean ± SD for 3 extraction procedures.

There is a reduced accuracy apparent with 1 ng of luciferase present in the tissue extract. 

Liver extract gave low recovery (59.4%) and the recoveries measure with lung and spleen 

extracts gave results with varied results with standard deviations of 20 and 17% respectively. 

However, the presence of 3 and 5 ng was accurately detected in the tissue extracts.

6.1.1.4 Luciferase activity after extraction from tissues o f mice injected with the enzyme 

Male balb/c mice in groups of four were injected IV with 25 ng luciferase mixed with 

approximately 5 x 10'̂  cpm of ^^^I-luciferase in 100 pi PBS, pH 7.4. Luciferase was 

radiolabelled using the chloramine-T method as described in section 2.2.22. The mice were 

killed at time intervals and blood and tissues collected for radioactivity and luciferase 

assay. Figs. 6.2 and 6.3 respectively show the plasma clearance of luciferase (as determined 

by and luciferase assay), and show the percentage of luciferase found in the mice liver 

tissue after extraction. It can be seen that results from the and the luciferase activity 

assays are markedly different in both the plasma (Fig. 6.2) and in the liver (Fig. 6.3) with
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Fig. 6.2: Plasma clearance of luciferase after IV injection. Male Balb/c mice in groups of 
four were injected with 25 ng luciferase mixed with approximately 5 x 10  ̂ cpm of 
luciferase in 100 pi PBS, pH 7.4. The mice (groups of four)were killed at time intervals (2 
,15 and 30 min) and the blood and tissues collected for '̂ 1̂ and luciferase assay.
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Fig. 6.3: Detection of luciferase in the liver after IV injection. Male Balb/c mice were 
injected and killed as described in the legend of Fig. 6.2 and luciferase was extracted from 
the liver as described in section 6.1.1.3. The liver extracts were assayed for '̂ 1̂ content and 
luciferase activity.
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Figure 6.4: Activity of luciferase after incubation under various conditions. Luciferase was incubated at either 4“C (closed symbols) or 37°C (open 
symbols) in cell lysis buffer (shown in black), lung homogenate; 0.5 mg /1  ml in cell lysis buffer (shown in green), liver homogenate; 0.5 mg / 1 ml 
in cell lysis buffer (shown in magenta) or plasma (shown in blue) at a final luciferase concentration of 1 ng/ 100 pi. Samples of 20 pi were taken at 
0.5, 6, 12, 32 and 60 min and the activity of luciferase measured as described in section 2.2.17. Result represent percentage of initial activity (mean 
± SD; n=3). Initial activity was taken from the activity of the equivalent amount of luciferase measured in Fig. 6.1.
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radioactivity values being substantially higher than those of enzyme activity. Such difference 

is much more pronounced in Fig. 6.3 where results from the luciferase activity suggest that 

only 2.5% of the initial dose is recovered in the liver 2 min after injection compared to a 

value of 32.1% in terms of radioactivity. Indeed luciferase activity levels were lower than 

those of radioactivity at all time points studied.

These results suggest that luciferase is rapidly inactivated in the plasma or in situ following 

uptake by tissues (an event that could explain the low levels of enzyme activity) and that 

radioactivity remains with the inactivated protein until its degradation. To test this 

hypothesis the activity of luciferase under various conditions was measured over time (Fig.

6.4). Luciferase ( 1 ng /100 pi final concentration) was incubated at either 4 or 37°C in cell 

lysis buffer (1 ml), lung homogenate (0.5 mg of tissue / 1 ml cell lysis buffer), liver 

homogenate (0.5 mg of tissue /1 ml cell lysis buffer) or plasma (1 ml). Samples (20 pi) were 

taken at various time points and the activity measured as described in section 2.2.17 (Fig.

6.4).

From Fig. 6.4 it can be seen that luciferase, when stored at 4°C in either cell lysis buffer, 

tissue (lung or liver) homogenate; ( 0.5 mg tissue /1 ml in cell lysis buffer) or plasma (1 ml) 

retains between 90 -105% of the initial activity (determined from Fig. 6.1) over an 

incubation time of 60 min. However when luciferase was incubated at 37°C in cell lysate, 

tissue homogenate or plasma, the activity decreased to 42% (lung homogenate) and 13% 

(plasma) of the initial activity (as determined from Fig. 6.1) after incubation for 6 min. At 

12 min at 37°C, the activity of luciferase had dropped to 11 % and 3% (lung homogenate and
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plasma respectively), and by 32 min activity was undetectable in all of the media.

The results in Figs. 6.2 to 6.4 support the hypothesis that luciferase activity is rapidly lost 

on incubation at 37°C. This could cause difficulties in detecting its presence in tissues in 

vivo. Moreover, the data also suggest that, the extent of in vivo transfection leading to 

luciferase expression over extended periods, as demonstrated by such authors as Thierry et 

a l, (1995) maybe grossly underestimated, since it could be inactivated rapidly at 37°C. On 

the other hand, whereas injected luciferase is almost certain to end up in the lysosomes 

where it is catabolized, luciferase produced from the encoding plasmid may be distributed 

in other cell compartments where catabolism could be slower. It is therefore not possible to 

ascertain whether levels of maximal gene expression and duration can ever be measured 

accurately.

6.2 Characterisation of DRV(DNA) after exposure to plasma

DRV(DNA) composed of PC:DOPE:DOTAP (16:8:4 pmoles) were prepared in the presence 

of pGL2 DNA as described in section 2.2.5. The preparation (containing 100 pg DNA) was 

divided into portions and incubated in PBS (pH 7.4) or in fresh mouse plasma at 37°C for 

24 h. Subsequently, samples were centrifiiged as described in section 2.2.6 and the entrapped 

plasmid DNA extracted from the DRV pellet using a phenohchloroform mixture (section 

2.2.8). The same procedure was applied to DRV(DNA) before incubation (time = 0). The 

extracted DNA was then subjected to 1% agarose gel electrophoresis (Fig. 6.5). In addition, 

the z-average diameter, zeta potential and the amount of protein associated with the DRV 

before and after incubation were measured and results are shown in Table 6.2.
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Table 6.2: z-Average vesicle diameter and zeta potential of DRV(DNA) before and after 

incubation in PBS (pH 7.4) or plasma.

Time
Size

(nm)

Zeta Potential 

(mV)

Associated protein 

(pg/mg of total lipid)

PBS Plasma PBS Plasma PBS Plasma

0 773.9 ±89.1 33.0 ± 1.6 0

3 min 803.4 ± 93.4 U/D 32.3 ±0.8 -18.6 ±3.2 0 2.77 ± 0.3

30 min 709.9 ± 109.1 U/D 29.0 ±3.9 -20.6 ± 4.6 0 2.44 ± 0.5

24 h 668.0 ±81.9 U/D 34.3 ± 1.4 -20.8 ± 8.3 0 4.67 ± 0.3

DRV(DNA) composed of PC:DOPE:DOTAP (16:8:4 pmoles) with 100 pg of entrapped 
pGL2 plasmid DNA were prepared and vesicle size and zeta potential were measure before 
and after incubation in PBS or plasma at 37®C. The results shown at time 0 represent the 
biophysical properties of the DRV(DNA) before incubation. The z-average diameter was 
measured by PCS in an Autosizer 2c (section 2.2.10) (U/D signifies z-average diameters 
which were undeterminable, ie. out of the range of the Autosizer 2c), the zeta potential 
measured by microelectrophoresis in an Zetasizer 3000 (section 2.2.12) and the amount of 
protein associated with the DRV(DNA) was measured by the bicinchonic acid assay (section
2.2.22) and is expressed as pg of protein associated per mg of total lipid. Results represent 
mean ± SO; n=2.

Fig. 6.5: Electrophoresis of pGL2 extracted from 
DRV(DNA) incubated in plasma at 37®C for 24 h. 
DRV(DNA) (PC:DOPE:DOTAP; 16:8:4 pmoles) 
with entrapped pGL2 was incubated in PBS (pH
7.4) (lane 1) for 24 h or plasma for 30 min or 24 h 
(lane 2 and 3 respectively) at 37°C. The DNA was 
extracted using a phenol:chloroform mixture 
(section 2.2.8) and subjected to 1% agarose gel 
electrophoresis.
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Table 6.2 presents results from experiments investigating the interactions of 

DRV(DNA)(16:8:4 pmoles) with 100 pg entrapped pRc/CMV HBS incubated with mouse 

plasma and its effects on their biophysical properties. Addition of the DRV(DNA) into 

plasma resulted in immediate aggregation and a dramatic change in surface charge from 33 

mV to -18 mV (Table 6.2). The resulting aggregates were visible to the naked eye and out 

of the range of the Autosizer 2c (denoted as U/D in Table 6.2). The DRV(DNA) also 

recruited some of the plasma proteins (determined by bicinchoninic acid assay; section

2.2.22) which were measured as 2.77 pg per mg of lipid in the DRV formulation after 3 min. 

This was increased to 4.67 pg per my lipid after 24 h. No further changes with regard to the 

extent of DRV(DNA) aggregation and zeta potential occurred after 30 min (for up to 24 h) 

incubation in plasma (Table 6.2). In contrast, there were no significant changes in the 

measured characteristics for the DRV(DNA) incubated in PBS at 37°C for up to 24 h.

The changes in the biophysical properties of the DRV(DNA) on incubation with plasma 

were similar to those reported for LPD by Li et al (1998). Although incubation of LPD in 

plasma resulted in substantial vector disassembly and DNA release. On the other hand 

DRV(DNA) incubated in plasma at 37°C for 30 min or 24 h retained a significant proportion 

of the incorporated plasmid DNA (Fig. 6.3; lanes 1 and 2 respectively). However, some 

DNA degradation was noted (displayed as a smear on the gel) when compared to DNA 

extracted from similar DRV(DNA) and incubated in PBS under the same conditions for 24 

h. These results suggest that although DRV(DNA), like liposome/DNA complexes, are 

subject to aggregation and protein binding in plasma, they are not as susceptible to 

disassembly and DNA release and this could be an advantage for in vivo gene therapy.
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6.3 Intravenous injection of DRV(DNA)

Since immunization of mice with DRV(DNA) composed of PCiDOPEiDOTAP (16:8:4 

pmoles) was previously shown to result in greater immune responses against the encoded 

antigen, compared to DRV(DNA) formulations where DOPE was omitted or substituted for 

cholesterol (Figs. 5.1 to 5.3) this formulation was chosen to study the ability of DRV(DNA) 

to facilitate transfection in vivo after intravenous injection. Male 4-6 week old balb/c mice 

in groups of three were injected intravenously into the tail vein with 100 pi of PBS (pH 7.4) 

containing DRV(DNA) composed of PC:DOPE:DOTAP (16:8:4 pmoles) with 50, 100 or 

200 pg entrapped pGL2 plasmid DNA. Alternatively, mice received the equivalent doses of 

naked pGL2 plasmid DNA and control mice received 100 pi of PBS only. The mice were 

killed at 6 h, and 1, 2, 3, 4 or 6 days after injection and their lung, liver, heart, kidney and 

spleen tissue were collected and assayed for luciferase activity as described in section 

2.2.18.1. None of the collected organs showed any level of luminescence above background 

for the mice injected either with free DNA or DRV(DNA) with any of the doses injected (50, 

100 or 200 pg).

There may be several reasons for the absence of gene expression in tissue after IV injection 

of DRV(DNA) the main one being the ability to measure low level expression of luciferase 

under the conditions used. In addition, it is also possible that judging from the rapid 

inactivation of luciferase in tissue (Figs. 6.3 and 6.4), very little, if any enzyme activity 

remains intact after luciferase synthesis. One other possibility for the absence of luciferase 

after injection with DRV(DNA) maybe the plasmid construct used: when studying gene 

expression in vivo, the gene is usually driven by a cytomegalovirus (CMV) promoter (eg.
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Brigham e ta l, 1989; F e ig n era /., 1995; Li e ta l, 1998; Line/a/., 1995; Liu, 1997; Liu 

eta l, 1997; Song and Liu, 1998; Thierry eta l, 1995). Indeed, studies (Doll etal., 1996) in 

vitro have shown the CMV promoter is always the strongest promoter among those tested, 

generally by at least one order of magnitude. The pGL2 plasmid used here contains the 

luciferase gene driven by the S V40 promoter which was reported (Liu et al., 1997) to be less 

active than the CMV promoter in vivo. Moreover, in their studies of particle bombardment 

as a method of gene transfer, Cheng et al (1993) used luciferase genes driven by various 

promoters including the CMV and SV40 promoter. The authors reported that the CMV 

promoter activity was consistently higher than the other promoters in each of the tissues 

tested. The CMV promoter was also present in the plasmid used in the immunisation 

experiments with DRV(DNA) (chapter 5) where immune responses against the encoded 

antigen indicated transfection of the pRc/CMV HBS plasmid. These observations suggest 

that it may be advantageous to use a plasmid containing the luciferase gene driven by the 

CMV promoter (as opposed to the SV40 promoter) to study DRV(DNA) gene expression 

after IV injection.

6.4 CONCLUSIONS

In general, a non-viral delivery system is composed of three elements: a gene encoding a 

therapeutic protein, a synthetic delivery system and a plasmid-based gene expression system 

that controls the function of the gene within the transfected cell (Tomlinson and Rolland, 

1996). The failure under the above circumstances for DRV(DNA) to produce detectable gene 

expression may not be the result of failure of the synthetic delivery system (ie. the DRV) 

since DRV(DNA) have previously been show to facilitate transfection in vitro (Gregoriadis
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et al, 1996) and to raise immune responses to plasmid encoded antigens in vivo (Gregoriadis 

et a l, 1997; McCormack and Gregoriadis 1998; Perrie and Gregoriadis; 1998). Moreover, 

the formulation employed was shown (Fig. 6.5) to offer significant protection to plasmid 

DNA when incubated in plasma at physiological temperature and to give higher immune 

responses in liposome-mediated genetic immunisation compared to the other formulations 

tested (chapter 5). The problem in assessing in vivo activity of gene delivery systems is 

complex since such activity is dependent not only on the carrier but also the plasmid DNA 

construct. The reporter gene must be carefully chosen depending on the application and 

plasmids with strong promoters, and other elements that optimise transcription and 

translation should be employed (Feigner et a l, 1995). The Luciferase Assay System 

(Promega) employed here allows (Fig. 6.1) accurate quantification of luciferase (1 - 1000 

pg) by the measurement of RLU, however enzyme appears to be rapidly inactivated at 

physiological temperature (Fig. 6.4) and this could make detection of the luciferase gene 

expression in vivo difficult. The use of the SV40 promoter in the pGL2 construct may not 

be ideal for the study in vivo of gene expression since it has been shown (Cheng et a l , 1993; 

Mahato et a l, 1997) to be less effective than the CMV promoter. Thus, efficient gene 

expression via delivery systems must be optimised not only in terms of the systems 

characteristics, but also in terms of suitable promoters and other regulatory elements of the 

plasmid (Mahato et a l, 1997).
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7.1 FINAL DISCUSSION

The aim of these investigations was to assess the applicability of liposomes as a DNA 

delivery system for use in genetic vaccination and gene therapy and to study some of their 

physicochemical characteristics that are relevant to optimal gene transfection. Many 

requirements have been proposed for effective DNA delivery systems and several of these 

have been addressed here. Thus, the DRV(DNA) system entraps plasmid DNA into DRV 

liposomes using the method first described by Kirby & Gregoriadis (1984). This process was 

been shown to lead to high-yield efficient entrapment of plasmid DNA whilst having no 

detrimental effect on the DNA. The use of cationic lipids in this entrapment process is not 

a necessity, with vesicles devoid of cationic lipids or incorporating anionic lipids also exhibit 

ing significant entrapment values. However, cationic DRV were seen to have the highest 

incorporation values, this being attributed to the additional binding of DNA to the cationic 

(inner and outer) bilayers of the vesicles. No effect on entrapment efficiency was noted for 

a range of amounts of DNA used (50 - 600 pg) or plasmid DNA size (3.9 - 9.5 kb). The 

DRV(DNA) system was also shown to protect DNA from nuclease degradation regardless 

of the presence or absence of cationic surface charge.

Microelectrophoresis used to measure vesicle surface zeta potential showed cationic 

DRV(DNA) exhibit positive values thus, satisfying the criteria for an efficient synthetic 

gene-transfer vector as outlined by Behr (1993). These include the need for a synthetic 

vector to mask the anionic nature of DNA. This criterion however may not be directly 

applicable to gene transfer in vivo since plasmid DNA incorporated in neutral or anionic 

liposomes has been expressed in injected rodents (Alino et al., 1995; Baru et al, 1995;
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Gregoriadis et a l, 1997; Nicolau et al^ 1983). Moreover the charge of cationic liposomes 

was shown to be rapidly masked by the binding of serum proteins. However, transfection in 

vivo may still be facilitated by cationic lipids. For instance, it may be that, although masked 

by protein, a cationic charge may be important in facilitating the transfer of DNA from 

endosomes (after the endocytosis of liposomes) into the cytoplasm (Legendre and Szoka, 

1995). In general, the zeta potential of the DRV used in the preceding studies was dependent 

on the nature of charged lipid used. When cationic lipids were incorporated in the 

DRV(DNA) formulation, the zeta potential was dependent on the nature of the cationic lipid 

used, the molar ratio of cationic lipid to anionic DNA and the presence or absence of 

phosphatidylethanolamine (DOPE or PE) in the formulation. When anionic lipids were 

incorporated in to DRV(DNA), the zeta potential was dependent on the amount of anionic 

lipid and the presence or absence of DOPE in the formulation. The presence or absence of 

plasmid the DNA itself did not appear to influence the zeta potential of anionic DRV.

The z-average diameter of the DRV (with and without entrapped solutes) was also shown 

to be dependent on the amount of charged (anionic or cationic) lipid present. With increasing 

amounts of charged lipid present in the DRV formulation, the size of the vesicles was 

reduced until approximately a diameter of 600 nm was reached, after which no further size 

reduction was noted. However, this effect of charged lipids was antagonised by the presence 

of solutes of a charge opposite to that of the lipid. Hence the overall size of DRV with 

entrapped solute depends on the overall cationic to anionic charge ratio.

When employing cationic lipids in liposome formulations there is the possibility that DNA
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incorporation values obtained are the result of electrostatic interactions which promote 

binding of the DNA to the liposome surface, as is the case with the liposome-based 

transfection products that are commercially available at present. By studying several of the 

characteristics of DRV (ie. DNA incorporation values of entrapped versus complexed DNA, 

zeta potential by microelectrophoresis, the state of DNA by gel electrophoresis, and vesicle 

size by photon correlation spectroscopy) it can be seen that DNA incorporation in cationic 

DRV involves more that mere complexing of DNA to the surface of liposomes via 

electrostatic interactions. The results support the notion that DNA is entrapped in between 

the bilayers of DRV (as is the case when no electrostatic attractions are present) presumably 

bound to the inner cationic charges and to some extent to the surface of the DRV.

In terms of the ability of DRV(DNA) to induce immune responses to DNA encoded 

antigens, the results of the present studies indicate that DRV(DNA) can induce antibody 

(IgGi) responses to the encoded antigen that are higher than those of an equivalent amount 

of naked DNA. Inclusion of PE or DOPE and 14 or 25% DOTAP in the DRV(DNA) 

formulation appear to be produce the highest immune responses against the encoded antigen 

of the entrapped DNA out of all the DRV(DNA) formulations tested. However, there may 

still be several other variables to be tested before an optimal formulation can be recognised. 

With regard to the ability of immunisation with DRV(DNA) to produce tolerance in neonatal 

mice, although inclusive results were obtained with respect to this, an interesting observation 

relating to toxicity was noted. The presence of DNA entrapped in cationic DRV alleviated 

the lethal toxicity which occurred with doses of 122 mg total lipid per kg body weight (17 

mg/kg of DOTAP) of “empty” cationic DRV were injected to neonatal mice.
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It is proposed that after IM injection, DRV(DNA) liposomes are taken up by phagocytosis 

into resident or infiltrating APC (possibly including dendritic cells), and/or by APC in the 

lymphatics. The presence of DOPE in the DRV(DNA) formulation may aid destabilisation 

of the endosomal membrane whereupon, through lateral diffusion of anionic lipids from the 

cytoplasm-facing monolayer, DNA is displaced from the liposomes by such lipids and 

released into the cytosol (Szoka et a l, 1996). An optimal amount of cationic lipid in the 

liposome formulation also may be required for effective delivery and release of the plasmid 

DNA if the proposed mechanism does occur (Szoka et a l , 1996). It may be that through this 

mechanism APC are episomally transfected, leading to the presentation of the encoded 

antigen. These results, along with previous studies of DRV(DNA) application in genetic 

vaccination (Gregoriadis et a l, 1997; Gregoriadis, 1998) suggest that liposome-mediated 

genetic vaccination is a significant new approach to vaccination. Finally, the applicability 

of DRV(DNA) as an intravenously deliverable gene transfer system was tentatively explored 

and, although no gene expression was measured in these preliminary studies, the in vitro 

physicochemical characteristics of the system appeared promising.

In summary, the results of these investigations demonstrate that DRV(DNA) are a promising 

DNA delivery systems for use in genetic vaccination and also potentially in gene therapy. 

Results from characterisation studies suggest that entrapment of DNA into cationic DRV is 

more than merely “a tale of two charges”.

7.2 FUTURE WORK

On-going studies on the optimisation of the DRV(DNA) formulations for use in genetic
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vaccination are at present in progress. They include investigation of the effect of co

entrapment of oligonucleotide immunostimulatory sequences (ISS), or plasmids encoding 

for interleukin 2 with the pRc/CMV HBS plasmid on induced humoural and cell-mediated 

immune response. Reduction in the size of the DRVfDNA) by employing such techniques 

as microfluidisation or extrusion will be used with regard to enhancing DRV-mediated 

genetic vaccination. Preliminary studies using non-ionic surfactants (instead of 

phospholipids) to formulate DRV are also in progress to evaluate their ability to mediate 

genetic vaccination.
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