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Abstract
In Vivo Myocardial Gene Transfer: Optimization and Evaluation of Gene 
Transfer Models and Vectors

Background: Acute myocardial infarction and its sequelae are recognised 
as the most common cause of mortality and morbidity in industrialised nations, 
and are predicted to continue to rise well into the 21 century. One of the most 
promising treatments that may be applied in the future is gene therapy. In order 
for this to become a reality a number of steps have to be mastered, with the 
initial problem being efficient and safe delivery of genetic material to the adult 
myocardium.

Aim: This thesis examines in vivo myocardial gene transfer using a number 
of different gene transfer vectors and different models of vector delivery to the 
adult myocardium.

Methods: In vivo gene transfer was attempted by two basic models of 
vector delivery, either direct intramyocardial injection or percutaneous 
transluminal intracoronary delivery. There are a number of different gene 
transfer vectors for use in either the heart or other organ systems, with differing 
properties. In order to perform rational experiments in the future a number of 
different vectors, including recombinant adenovirus, recombinant herpes 
simplex virus, recombinant adeno-associated virus, cationic liposomes, integrin 
targeting peptides and naked DNA, were tested in the direct intramyocardial 
injection model of gene transfer. Intracoronary infusion of the best vector from 
the direct comparison studies was used to improve this model of vector delivery. 
Gene transfer efficiency was determined by expression of an encoded reporter 
gene, with histological assessment of toxicity of the different vectors.

Results: Direct intramyocardial injection of recombinant viral vectors 
resulted in gene transfer, with recombinant adenovirus being the most efficient, 
recombinant herpes simplex virus was both less efficient and more toxic to the 
myocardium, with subsequent shorter expression of the transgene. Transgene 
expression following direct intramyocardial injection of recombinant adeno- 
associated virus was delayed, until 21-28 days post gene transfer, in 
accordance with the lifecycle of the virus, however no toxicity was observed. 
Intracoronary infusion of lipoplexes and, contrary to previous work, recombinant 
adenovirus was inefficient. However, development of a closed chest model of 
myocardial infarction demonstrated that a false positive appearance of gene 
transfer is seen following infarction.

Conclusions: Gene transfer using either recombinant adenoviral or 
recombinant adeno-associated virus offer 2 contrasting vectors for gene 
delivery, with the toxicity profile of the latter vector allowing direct 
intramyocardial injection of the vector, whereas the more efficient, but also more 
toxic recombinant adenovirus is best employed using high-pressure 
intracoronary delivery.
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1 Cardiology and Gene Therapy
In a recent article in the Lancet, Eugene Braunwald (1998) wrote,

“As this century grows to a close, AMI [acute myocardial infarction] 

is recognised as one of the most common serious iiinesses in 

industrialised nations”

And finished his article with,

“As we approach the  ̂ century, new therapies are on the 

horizon that are iikeiy to reduce mortality and morbidity even further"'

A potential therapy for decreasing the probability, severity and reducing the 

long-term complications of AMI is gene therapy. At the 71®̂  Scientific Sessions 

of the American Heart Association (AHA) gene therapy was named as the 

number one research advance in 1998. Gene therapy can be described as the 

introduction of genetic material to improve the phenotype of the target organ. 

The principle being that by introducing either DNA, RNA or oligonucleotides into 

cells specific proteins will be expressed, or specific mRNA will be degraded, 

and that this alteration of the cellular melieu will result in a beneficial change 

within the target organ.

For gene therapy to be successful, a number of steps have to take place, 

these are summarised in Figure 1-1. The first hurdle to overcome before gene 

therapy can become reality is that of introducing genetic material into cells 

efficiently and without toxicity. Only nine years have passed since the first 

description of myocardial gene transfer was reported, and the pace of advance 

is such that in response to three clinical trials being presented at the 71®* 

scientific sessions of the AHA, the president of the AHA, Valentin Fuster, said, 

“At the American Heart association’s meeting in 1997, scientists 

described very preliminary research findings that unlocked the door to
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using gene therapy for heart disease, this past year, researchers 

opened that door. ”

Although a more thorough understanding of the genetic basis of a number 

of cardiovascular diseases is being uncovered by researchers across the globe, 

the method of gene transfer and the vectors employed have not evolved since 

two observations in 1990 and 1994. In addition, there are a number of 

contrasting results in the literature which are often overlooked, or dismissed 

without further investigation. The inappropriate credence given to some results 

is not limited to myocardial gene transfer, and this led to Perales et al (1994) 

writing,

“considering the devastating consequences of human genetic diseases, 

the interest in a methodology which promises to alleviate long-standing 

and intractable disorders would seem justified. However, it is often 

difficult for an individual not working directly in the field to separate the 

scientific merit of research in this area from the accompanying publicity 

which seems to surround each putative advance”.

The goal of this thesis is to provide a thorough understanding and realistic 

appraisal of in vivo myocardial gene transfer. This is attempted by systematic 

examination of potential gene transfer vectors, methods and routes of delivery 

to the adult heart. The first part of this chapter will give a brief summary of 

available gene transfer vectors, followed by a detailed overview of the vectors 

used in the investigations presented in this thesis, discussing their mechanism 

of action, and their advantages and disadvantages. The latter part of this 

chapter will give an overview of myocardial gene transfer and the methods 

employed to deliver vectors to the heart.

1.1 Overview of Gene Transfer Vectors
An ideal gene transfer vector would have a number of properties:

1. Be able to deliver genetic material (of the desired size) to the target cell 

efficiently.

2. Have no effect on the cell other than that related to expression of the target 

genetic material.



Chapter 1 Introduction

3. To be easily produced in the quantities needed for efficient delivery to the 

target cell population.

4. Have mechanisms that allow expression of the genetic material in a 

regulated manner, for as long or short a duration as necessary.

5. Have no features that elicit an immune response.

Although no such vector is currently available, elements of the ideal vector 

exist in available vectors (Table 1).

Viral infection has provided a model to study delivery of genes into cells, 

and modification of this pathway has led to the development of the two classes 

of vectors, namely synthetic vectors and viral vectors. The principle of 

recombinant viral vectors is that viruses have evolved to replicate their genetic 

material in cells, therefore harnessing these abilities should lead to expression 

of target DNA sequences in cells. Modifications of the viral genome yield 

recombinant vectors that retain functions complementary to expression of the 

genetic material, with a diminution or abolition of the pathological effects of the 

wild-type virus. Non-viral vectors are designed to deliver the genetic material 

into the cell, but without the problems associated with the viral vectors, such as 

unwanted (viral) gene expression.

There are a number of recombinant viral vectors currently used in gene 

transfer protocols, such as adenovirus, adeno-associated virus, herpes simplex 

virus, lentivirus, and retroviruses and their differing properties are outlined in 

Table 1. Viral vectors which have been modified but retain the coding 

sequences necessary for production of a functional viral capsid are called 

disabled virus, whereas vectors which have had these regions deleted are 

called defective viruses. In addition, there are a number of synthetic vectors, the 

two most common classes being cationic liposomes and polylysine linked 

peptide/receptor vectors. There are also hybrid vectors which are made from 

components of both viral and non-viral vectors, such as the fusigenic 

haemagglutinating virus of Japan (HVJ).



Table 1 Comparison of Gene Transfer Vectors
CD

Features Naked

DNA

Cationic
Liposomes

Peptides Adenoviral HSV-1 AAV Lentiviral Retroviral

Mechanism of cell 

entry

Non

specific

Electrostatic

attraction/

membrane

fusion

Receptor

mediated

endocytosis

Receptor

mediated

endocytosis

Membrane

fusion

Receptor

mediated

endocytosis

Membrane

fusion

Membrane

fusion

Maximum insert size
Unlimited Unlimited Unlimited -7.5* kb -30  kb 4.8 kb 7.5 kb 7.5 kb

Current production 

capacity (per ml)

Unlimited Unlimited Unlimited -10^^ pfu -1 0 ”  pfu -1 0 “ iu -10^ iu -1 0 “ iu

Immune responses None None None Extensive Extensive Few Few Few

Require mitosis No No No No No No No Yes

Episomal / 

Integration

Episomal Episomal Episomal Episomal Remains latent Episomal / 

integrates

Integrates Integrates

Primary limitation for 

cardiac gene 

transfer

Inefficient Unknown Unknown Immune

response

Unknown Unknown Unknown Unable to 

integrate in 

cardiac 

myocytes
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O

First generation vectors, deletions of more viral sequences would allow inserts upto -  30kb. For references see text and (Nabel, 1998).
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1.1.1 Naked DNA
Although not actually a gene transfer vector as such, naked DNA has been 

used to transfer genes in vivo, both in animal studies and clinical trials. Although 

the mechanism of uptake of plasmid DNA is not fully understood, naked DNA 

has a number of positive attributes (Table 1). It has been shown to transfect a 

number of cell types in vivo, including respiratory epithelium (Meyer et al., 

1995), thyroid follicular cells (Sikes et al., 1994) hépatocytes (Hickman et al., 

1994), skeletal and cardiac myocytes (Manthorpe et al., 1993; Wolff et al., 1991; 

Wells and Goldspink, 1992; Wolff et al., 1992). There is some evidence that 

plasmid DNA can enter skeletal muscle via the T-tubules (Wolff et al., 1992). In 

comparison with the viral vectors, plasmid DNA is easy to amplify in large 

quantities, and the plasmid can be precisely engineered with specific promoter 

and enhancer elements, to produce specific/ restricted gene expression. This is 

in contrast to viral vectors where engineered promoters and enhancer elements 

often come under the control of the endogenous viral sequences that control 

and interfere with transcription. Another benefit of using plasmid DNA is that it 

does not induce a host immune response compared to recombinant adenovirus, 

for example.
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Figure 1-1 Steps Involved in DNA Gene Therapy. Simplified diagram of the 

steps involved in DNA gene therapy. I.The DNA of interest is either cloned into 

a recombinant virus, complexed with a synthetic gene transfer vector, or used 

as naked DNA. The vector enters the cell either by (2a) receptor mediated 

endocytosis (e.g. adenovirus, integrin targeting peptides) or (2b) membrane 

fusion (e.g. Herpes simplex virus, cationic liposomes). Once in the cell the 

vector/DNA enters an endosomal pathway (3) oris released into the cytoplasm. 

If the vector is taken into the primary and secondary endosomes, there has to 

be a mechanism to release the vector/ DNA before lysosomal degradation (4). 

Once in the cytoplasm (5) the DNA has to enter the nucleus where it can 

express the transgene (6), the DNA will remain episomal (e.g. recombinant 

adenovirus) or may integrate (e.g. adeno-associated virus). Messenger RNA is 

then translated (7) and the functional protein then has its effect either within the 

cell or is secreted. If anti-sense oligonucleotides are delivered they will bind to a 

specific complementary mRNA in the cytoplasm, where the resultant double 

stranded RNA will be recognised and degraded by RNases.

1.1.2 Cationic Liposomes
Cationic liposomes are usually formulations of two lipids, one of which is

cationic, and the other a neutral helper. Cationic liposomes form complexes with 

DNA, called lipoplexes, through charge interaction (Figure 1-2). Lipoplexes can 

transfect a wide variety of cell types due to the non-specific nature of their 

interaction with the cell membrane, which is mediated by the excess positive 

charge on the surface of the lipoplex. The DNA is then delivered into the cell by 

disruption of the plasma/ endosomal membrane, an event that is facilitated by 

the helper lipid (Section 2.1.1.1). Due to the non-specific nature of the 

interaction between the cationic liposome and the DNA, there is no limit to the 

size of the foreign DNA that can be introduced, and cationic liposomes are 

manufactured by a number of different suppliers. In comparison with the viral 

vectors, there is no immune response directed to infected cells, as the DNA 

which is introduced expresses only the transgene in eukaryotic cells.
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1.1.3 Integrin Targeting Peptides
Another group of gene transfer vectors are the integrin targeting peptides

which are peptides that contain both an integrin binding domain (usually an 

arginine-glycine-aspartic acid (ROD) motif) and a DNA binding domain 

(generally poly-lysine). Although integrin-targeting peptides are recognised as a 

vector system individually, they are often complexed with cationic liposomes to 

improve transfer efficiency (Figure 1-2). As with cationic liposomes, integrin- 

targeting peptides are readily synthesised, and due to the non-specific nature of 

interaction with DNA, again charge interaction, there is no limit to the size of the 

foreign DNA to be transfected. Although they are thought to work via interaction 

with cell surface integrin receptors, the polylysine domain bears some 

resemblance to nuclear localisation sequences, and DNA which is complexed to 

the peptides is more resistant to host cell DNases.

1.1.4 Fusigenic Viral Liposomes
A gene transfer vector, which can neither be classified as viral or non-viral,

is the fusigenic viral liposome (Figure 1-2). This vector consists of UV 

inactivated haemagglutinating virus of Japan (HVJ), also known as Sendai virus 

and cationic liposome encapsulated DNA. The envelope of this virus contains 

two distinct glycoproteins that are involved in membrane fusion. It is thought that 

one of these glycoproteins, called fusion protein, is cleaved to form fusion 

polypeptides, FI and F2, and that FI interacts with the lipoplex. The vector can 

then interact with cells, utilising the fusion properties of the virus to transport the 

lipoplex into the cytoplasm. A common addition to this system is the introduction 

of a nuclear protein, HMG-1 to the DNA prior to being complexed with the 

cationic liposomes. HMG-1 is thought to act by altering the conformation of the 

DNA and has been shown to increase expression of the transgene, (for a review 

of HVJ-liposomes see (Dzau et al., 1996)).
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Figure 1-2 Schematic Representation of Synthetic and Hybrid Vectors
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Figure 1-2 Legend. Schematic diagram of synthetic and hybrid vectors. Right- 

hand side: Plasmid DNA is complexed through electrostatic attraction with either 

cationic liposomes, to form lipoplexes or with RGD containing peptides. The 

peptide complex is then mixed with cationic liposomes. Left-hand side: The 

plasmid DNA is mixed with high motility group-1 (HMG-1) protein, and is then 

complexed with cationic liposomes. These complexes then bind to UV 

inactivated haemagglutinating virus of Japan to form the fusigenic liposome.

1.1.5 Retroviral Vectors

1.1.5.1 Moloney Murine Leukemia Virus Vectors
The Moloney murine leukemia virus (MoMLV) has been a popular gene

transfer vector, although it can only infect dividing cells (Miller et al., 1990), 

which has limited this vector mainly to ex-vivo gene transfer strategies. There 

are three main components to the wild-type genome, the terminal repeat 

sequences, the encapsidation sequence (Y), and the viral coding regions. The 

recombinant virus contains only the encapsidation sequence and the terminal 

repeat sequences, with the virion components being provided by a helper cell 

line. These lines are usually produced by infection with a defective (Y ) virus, 

expressing the envelope proteins, the viral integrase and reverse transcriptase 

proteins in trans. One of the problems with this system is the low yield of 

functional recombinant virions, which is typically around 10® infectious units/ml. 

However, there are a number of attractive features of this virus (Table 1), such 

as long-term gene expression due to integration into the genome of the target 

cell. An addition to the basic MLV vector is the addition of G glycoprotein of 

vesicular stomatitis virus (VSV) which enhances the stability of the virion.

1.1.5.2 Lentiviral Vectors
Another retroviral vector is the lentivirus vector derived from human

immunodeficiency virus-1 (HIV-1). Lentiviral vectors have the advantage over 

murine retroviral vectors in that they are able to infect non-dividing cells (Naldini 

et al., 1996). The ability to infect non-dividing cells is imparted by two virion
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proteins, matrix (MA) and virion protein R (Vpr). The first description of a 

lentiviral vector was relatively recent. The serotypes of adenovirus and AAV 

used as gene transfer vectors have only a minor pathogenic or possibly 

beneficial role in humans (Berns and Giraud, 1996). In contrast the 

pathogenicity of the parent lentiviral vector would make the widespread use of 

this virus in patients more controversial (Cohen, 1996). Because of this, the 

design of the vector, and the packaging constructs is convoluted, to reduce the 

possibility of a recombination event allowing reversion to a virulent form of the 

virus that could cause AIDS. To make the virus a three-plasmid expression 

system is utilised, one as vector to provide the transgene sequences, and the 

other two as helper plasmids to produce the viral products in trans.

The vector plasmid consists of the long terminal repeats (LTRs) of HIV-1, 

the splice donor site from HIV-1 as well as the packaging sequence, and the rev 

response element which contains nearly 350 bp of the gag region as well as the 

region encoding the envelope (env). These elements increase packaging 

efficiency, and allow the cytoplasmic export of full length vector transcripts only 

in the presence of HIV regulatory proteins Tat (transactivator protein) and Rev 

(regulator virion proteins), which are on one of the helper plasmids as a further 

safety related feature. The packaging construct differs from an HIV-1 provirus in 

that it has the LTRs deleted and exchanged for a CMV promoter and the polyA 

tail from the insulin gene. The plasmid is defective for env and the accessory 

protein viral protein U (Vpu). This means that the cis acting sequences 

necessary for packaging (Y), reverse transcription and integration of the 

transcripts (Vpu) are either absent from the plasmid (pCMVA9), or are unable to 

be transcribed respectively. A second plasmid is used to express the envelope 

of the vector, which is based upon the amphotropic envelope of MLV or the 

envelope was from vesicular stomatitis virus glycoprotein G (VSV G) (Naldini et 

al., 1996). The VSV G envelope allows the recombinant vector to be 

concentrated on a caesium chloride gradient.

Several different experiments demonstrated that the recombinant vector can 

effectively infect growth-arrested cells in culture, and can infect terminally
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differentiated neurons. Transgene expression is detected in all these cell types, 

with the lentiviral but not the MLV based vector. In addition replication 

competent virus was not detected in these experiments (Naldini et al., 1996).

1.1.6 Adenoviral Vectors
Recombinant adenoviral vectors are double stranded DNA viruses, and are

usually based on serotypes 2 and 5. Recombinant adenoviruses have been 

used for several years, and continuing development has led to first, second, 

third and fourth generation vectors. Adenoviral replication follows an ordered 

sequence with expression of early genes (denoted by the prefix E), involved in 

the replication of the viral genome, followed by expression of the so-called late 

genes (denoted by the prefix L), involved in synthesis of the viral capsid. First 

generation vectors are deleted in early region 1 (El) and E3. Whilst El is 

necessary for viral gene expression from the other early regions, E3 is not 

necessary for replication in vitro, although it plays an important role in 

modulation of antigen presentation. Although deletion of the El region (Figure 

1-3) theoretically prevents expression from the rest of the viral backbone, 

continued gene expression can be detected. This has led to the deletion of a 

number of other regions, such as E2a, E2b, E4 and even deletion of most viral 

coding sequences, resulting in subsequent generation and “gutless” vectors 

respectively. Recombinant vectors are produced in cell lines that complement 

for the regions of the viral genome that have been deleted.

First generation vectors have a capacity for approximately 7.5kb of foreign 

DNA, whereas gutless vectors have a capacity almost the length of the wild-type 

virus of approximately 30kb. A common method of generation of the 

recombinant viruses is by homologous recombination, whereby non-contiguous 

sequences of the wild-type viral backbone are cloned into a plasmid vector, on 

either side of a multiple cloning site where the transgene cassette (consisting of 

the gene of interest, promoter ± regulatory sequences) is cloned. This plasmid 

(known as the shuttle vector) is transfected into HEK 293 cells, transfected with 

the El region from adenovirus along with the defective adenovirus, and
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Figure 1-3 Schematic Diagram of the Transcriptional Units of Adenovirus 5.
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Figure 1-3 Schematic Diagram of the Transcriptional Units of Adenovirus 5. Both the negative and positive strands 
of Add code for viral proteins. The El, E3 and Late regions are all transcribed from the negative strand of Add, whilst 
the E2 and E4 regions are coded from the positive strand. In recombinant vectors, deletions are made in El, and other 

regions, depending on the virus, with the transgene cassette (consisting of a promoter, gene of interest, poly A tail and 
any regulatory sequences) being inserted into the E l region by homologous recombination (coloured box). The 36kb 
adenovirus backbone is divided into 100 map units, and the grey boxes at the end of the genome represent the ITRs.
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generation of the recombinant virus occurs by homologous recombination. In 

first generation vectors, the recombination event is directed to the E1 region.

1.1.7 Adeno-Associated Virus Vectors
Recombinant adeno-associated virus (rAAV) is different from the viral

vectors discussed above in a number of ways. It is a single-stranded DNA virus, 

and the wild-type virus upon which it is based is unique among eukaryotic DNA 

viruses in that it integrates preferentially to a locus on human chromosome 19, 

known as AAVS1. Additionally AAV requires the presence of a helper virus, 

usually adenovirus or HSV for a lytic infection to occur, in the absence of a 

helper virus a latent infection takes place. Recombinant AAV vectors are made 

by inserting the transgene cassette into a cloning vector which contains only the 

ITRs of wtAAV, the ITRs being the minimal elements necessary for integration. 

The vector also contains the packaging sequence necessary for production of 

recombinant virions (Figure 1-4). Recombinant virus is produced by co

transfecting cells with the plasmid vector, containing the transgene cassette and 

ITRs, and another plasmid which encodes the deleted sequences from wtAAV, 

namely the rep and cap genes (involved in replication and production of the 

capsid respectively) and a helper virus, usually adenovirus. Both the + and -  

stranded DNAs are packaged. Compared to the other viral vectors, this is a 

small virus, wtAAV is 20-25nm in diameter and the length of the wild-type 

genome is 4681 nt. Deleting the two open reading frames in the wild-type 

genome still only allows for approximately 4.5 kb to be packaged.
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Figure 1-4 Production of Purified Recombinant Adeno-Associated Virus
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Figure 1-4 Production of Purified Recombinant Adeno-Associated Virus.

Purified rAAV is grown and purified by co-transfecting a permissive cell line (e.g. 

HEK293 or COS-7 cells) with the plasmid containing the transgene cassette 

flanked by the ITR sequences (TR-TR) and a plasmid containing the rep and 

cap genes for production of the final virion. The cells are super-infected with 

wild-type adenovirus so that a lytic infection takes place, and the rAAV is 

separated from the contaminating wildtype adenovirus by caesium chloride 

purification and heat inactivation at 56°C, at which temperature the adenovirus 

capsid disintegrates whilst rAAV remains intact.

1.1.8 Herpes Simplex Virus-1 Vectors
Herpes simplex virus (HSV) vectors fall into two categories, recombinant

genomic HSV vectors and amplicon vectors. Amplicon vectors are plasmid 

vectors that contain the HSV origin of DNA synthesis and packaging sequence. 

They are produced in cell lines with defective helper HSV vectors, in a manner 

similar to production of rAAV vectors (Figure 1-5). In contrast, rHSV vectors are 

generated in a manner similar to those of recombinant adenoviral vectors, with 

the essential immediate early genes (IE) being deleted. In contrast to 

adenovirus, there are a number of IE genes that are essential for replication and 

deletion of any one of these results in the recombinant virus being replication- 

disabled. However the remaining IE genes are often toxic to the cell, and this 

has led to recombinant vectors with deletions of multiple IE genes, the functions 

of which are complemented in trans in engineered cell lines. Production of the 

recombinant vector is by homologous recombination, and deletion of IE genes 

and non-essential regions has lead to rHSV vectors having a capacity for up to 

30kb of foreign DNA, the wild-type virus having a genome of 152kb. A further 

consideration when using rHSV vectors is that wtHSV establishes latent 

infections in neurons, where the viral genome remains episomal, but 

transcription only occurs from specific promoters called the latency-active 

promoters (LARI and LAP2).
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Figure 1-5 Legend. A schematic diagram of production of amplicon vectors 

(modified from (Fink and Giorioso, 1997)). The amplicon plasmid containing a 

bacterial origin of replication (small band, plum) allows growth in E.Coli, with 

expression of a selectable resistance gene (large band, plum). It also contains 

the transgene cassette (blue) and a packaging sequence (pink) and origin of 

replication for HSV (dark blue). The amplicon is transfected into a 

complementing cell line that is infected with a defective helper virus. The helper 

virus then undergoes a normal lytic infection, replicating its own DNA and 

making progeny virions (>90%) whilst also packaging the amplicon DNA 

(<10%). Hence there is a mixed population of defective virus and amplicon 

vector. Alternative strategies replace the helper virus with a complementing 

plasmid and cell line which are able to provide the helper functions necessary, 

but still result in low yields of amplicon vectors.

1.1.9 Alternative Vectors
In addition to these well-characterised vectors, there are a number of other

gene transfer vectors which are described, but are less well characterised and 

beyond the scope of this thesis. These include a number of hybrid vectors 

(reviewed by (Jacoby et al., 1997)) such as retrovirus/ cationic lipid complexes 

(Porter et al., 1998), adenovirus/ cationic lipid complexes (Chillon et al., 1998), 

adenovirus/ polylysine/ plasmid conjugates (Kohout et al., 1996), cationic lipid- 

protamine-DNA complexes (Li et al., 1998), and starburst dendrimers (Qin et al., 

1998).

2 Synthetic Gene Transfer Vectors
The basic theory of using recombinant viruses is that you start with a wild- 

type virus that can infect and express within cells and then delete regions that 

are essential for replication and continued viral gene expression. This also 

requires generating methods of production and purification of the recombinant 

viruses, and elimination of wild-type virus from the preparations. Although 

recombinant viral vectors are very popular, there are a number of problems 

associated with their use such as continued viral gene expression and difficulty
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in growth of the recombinant virus (Berns and Giraud, 1996; Kremer and 

Perricaudet, 1995; Marconi et a!., 1996; Lafont et a!., 1996; Wang and Finer, 

1996; Verma and Somia, 1997; Kay et a!., 1997; Christ et a!., 1997; Nabel, 

1998; Leiden, 1995; Williamson, 1982). Since intrinsic problems are associated 

with their use, such as generation of a humoral immune response to the coat 

proteins, difficulty in growing disabled viruses to titres necessary for efficient 

transduction, possibility of generation of contaminating wild-type virus, and a 

limitation to the size of the expression cassette, some investigators have 

pursued a conceptually distinct approach.

The alternative approach is to start off with a blank sheet of paper and build 

what are essentially synthetic viruses. The basic problem with gene transfer is 

to achieve expression of a designated transgene in the cells of choice. This 

requires a number of stages, from uptake of the DNA into the cell, transport to 

the nucleus, transcription of the DNA, translation of the mRNA and survival of 

the cell. Although each stage of this process is under intense investigation, 

starting with development of vectors for attachment and internalisation; efficient 

transport of the DNA to the nucleus, and optimisation of the promoter and 

enhancer, a complete discussion of all these factors is beyond the scope of this 

thesis. Two major classes of synthetic vectors will be discussed, i.e. cationic 

liposomes and integrin targeting vectors.

2.1 Cationic Liposomes

2.1.1 Overview of the Physical Chemistry of Cationic Liposomes

2.1.1.1 Cationic lipid molecules
Cationic lipids are composed of four distinct structural components, a

charged head group, a spacer, a linker bond, and a hydrophobic anchor. The 

head group, which is usually an amine, is responsible for interaction with the 

negatively charged DNA and also for interaction with the cell membrane. The 

spacer, which varies between one and six atoms determines the efficiency of 

transfection, with mucosal surfaces preferring longer spacers (Gao and Huang, 

1995). However, if the spacer exceeds a critical limit specific for that tissue, the
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transfection efficiency decreases (For a review see (Gao and Huang, 1995) and 

references therein). The linker bond determines the stability of the cationic 

liposome. However a balance between stability and toxicity has to be reached. 

A stable bond such as C-N would not be broken down in the cells, thus leading 

to increased toxicity. Linkers that achieve a reasonable balance between 

stability and biodegradability are amide and carbomyl linkers. Most hydrophobic 

anchors are made from cholesterol, as these tend not to disturb the 

phospholipid membrane and have a better fusion activity than other lipids.

DC-chol is a tertiary aminoderivative of cholesterol with a carbomyl bond 

[3Q>{N- (A/', A/-dimethylaminoethane) carbomyl)-cholesterol]. This lipid achieves 

a balance of stability with biodegradability by using a carbomyl linker bond. It is 

synthesised in a one step reaction from dimethylethylenediamine and 

cholesterol chlorformate.

A systematic comparison of a number of phosphatidylethanolamine 

derivatives (the helper lipid) and the cationic lipid revealed a number of the 

important factors of these lipids which determined transfection efficiency 

(Feigner et al., 1994). Addition of methyl head groups to the polar head region 

of the cationic lipid decreased transfection efficiency, which they hypothesised 

was due to increased surface area which would decrease the probability of the 

inverted hexagonal phase in the plasma membrane, required for membrane 

destabilisation. They also found that transfection efficiency was improved when 

the aliphatic region of the helper lipid was relatively bulky, without the addition of 

acyl chains. This was thought to be due to an increase in the phase transition 

temperature of these compounds.

2.1.1 .2  Transfection
When cationic liposomes and DNA fuse they form lipoplexes, which are the

active complexes which transfect cells (Feigner et al., 1995). DNA and cationic 

liposomes are attracted by simple electrostatic attraction. The classical 

membrane fusion model has explained the way in which DNA and cationic 

liposomes fuse together (for a review see (Feigner et al., 1995) and references 

therein). This has been based upon the observation that polycations can cause
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anionic liposomes to fuse and form an inverted hexagonal phase membrane 

intermediate. Electron microscopy has shown that there are several species of 

cationic liposomes and DNA complexes in addition to the lipoplexes. The 

structures that have been observed are described as spaghetti and meatball 

complexes, with the spaghetti structures being the potential active transcription 

particles (Sternberg et al., 1994). The fusion of the DNA and liposomes is 

dependent upon a number of factors such as the actual cationic liposome 

formulation, the composition of the suspension vehicle, the ratio at which the 

cationic liposomes and DNA are mixed, the final concentrations of the DNA and 

liposomes, and the purity of the DNA (Feigner et al., 1995).

A study which investigated the molecular structure of lipoplexes using x-ray 

diffraction and optical microscopy determined that the conformation that the 

DNA takes within the cationic liposomes, deviates from the models proposed 

above (Radier et al., 1997). They were able to observe that a multilamellar 

structure was formed on mixing the DNA and cationic liposomes, with the DNA 

being sandwiched between layers of the cationic liposome. With continued 

addition of DNA a chainlike structure was formed.

The manner in which the liposomes mediate transfection has been studied 

extensively, and a model for how the lipoplexes interact with the cell has been 

proposed. A study used colloidal gold complexed to liposomes alone or 

liposomes and DNA and their interaction with the cells was visualised with 

electron microscopy (Friend et al., 1996). From these experiments it was seen 

that the liposomes were mainly taken up by endocytosis and the gold particles 

were seen in either early (high pH) or late (low pH) endosomes, and also in 

lysosomes. For transcription to take place the DNA would have to escape from 

the above mentioned structures before being degraded and then enter the 

nucleus. For cationic liposomes that contain dioleoyl L-a- 

phosphatidylethanolamine (DOPE) the method of escape from the endosome is 

as follows. Lipoplexes fuse with the plasma membrane of the endosome, which 

results in the loss of electrostatic interaction of the DNA and liposome. 

Experiments have suggested that there is a flip-flop of the anionic lipids from

23



Chapter 1 Introduction

the cytoplasmic facing membrane with the cationic lipids leading to DNA 

displacement and destabilisation of the lipid membrane of the endosome (Xu 

and Szoka Jnr., 1996). The DOPE then causes disruption of the endosome 

membrane by forming the inverted hexagonal tubules, from which the DNA is 

released into the cytosol (Friend et al., 1996; Gao and Huang, 1995; Feigner et 

al., 1995). There have been no direct experiments to show that this is the case 

but regions of plasma membranes that are fusing together have been shown to 

be rich in these structures (Litzinger and Huang, 1992). Since one of the 

problems associated with liposome mediated gene transfer is degradation of 

DNA before it reaches the nucleus, liposomes and DNA have been complexed 

to replication deficient adenovirus in an attempt to utilise the adenoviral receptor 

uptake pathway to escape lysosomal degradation (Raja-Walia et al., 1995). This 

was shown to be more effective than liposomes and DNA alone in a rabbit 

femoral artery model of gene transfer using a double lumen catheter.

The differences between the various formulations of liposomes were 

examined by Egilmez et al (1996) who compared the transfection efficiencies of 

five different cationic lipids both in vitro and in vivo. As well as comparing the 

liposomes, they also tested the ratios of DNA to cationic liposome, in vitro they 

found that dimyristoyloxypropyl-3-dimethyl-hydroxyethyl ammonium 

(DMRIE)/DOPE liposomes produced the best results with 55% transfection 

efficiency. DC-chol/DOPE liposomes were the third most successful liposomes 

with a transfection efficiency of 24%. The ratio of liposomes to DNA that was 

found to be optimal was 8:1 and 10:1 (nmoles: mg) for the respective 

formulations, this equates to a 6:1 [wt: wt] ratio of liposomes to DNA with the 

DC-chol/DOPE liposomes. In vivo the results were quite different with the DC- 

chol liposomes being the most efficient at transfecting tumour cells. As well as 

different liposome formulations determining efficiency of transfection, the ratio of 

DNA to liposome was also critical, with the optimum ratio being 1:1 lipid to DNA 

for DC-chol/DOPE liposomes [nmoles: mg]. The best transfection efficiency that 

they achieved was 0.3%, which was approximately 3 fold higher than the next 

best formulation (Egilmez et al., 1996). Other factors which effect the
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transfection efficiency of liposomes are the construction of the expression 

plasmid (Liu et al., 1995), the presence of polyanionic salts (Feigner et al., 

1995), the method of introducing the liposome/DNA complexes to the cells 

which are to be transfected and the environment that the cells are in.

2.1.2 In Vivo Transfection
The use of cationic liposomes in vivo has a number of attractions, and they

have been used in a number of gene therapy protocols for cystic fibrosis 

(Caplen et al., 1995; Alton et al., 1993; Zabner et al., 1997a; Porteous et al., 

1997; Gill et al., 1997; McLachlan et al., 1996). Although only transient gene 

expression has been observed in these studies, this has been due to loss of 

DNA from the transfected cell rather than immune mediated elimination or direct 

toxicity of the liposome. The efficacy of transfection in vivo with cationic 

liposomes is low, which is thought to be due to the competing presence of 

polyanionic surfaces in the blood and serum. However, recent advances in the 

composition of cationic lipid formulations and the way in which lipoplexes are 

formed has led to increases in transfection efficacy in the presence of serum 

(Yang and Huang, 1998; Crook et al., 1998; Yang and Huang, 1997). The use of 

cationic liposomes for in vivo myocardial gene transfer has not been published. 

However in related models, such as gene transfer in the arrested heart prior to 

transplantation, results with cationic liposome mediated gene transfer in the 

adult myocardium has been promising. For example, transfection of the viral II- 

10 gene to prevent immune rejection of the transplanted heart (DeBruyne et al., 

1998), has been shown to be relatively efficient. Published investigations of 

cationic liposome mediated gene transfer in the transplanted heart is discussed 

in detail in section 6.2.2.1.

2.2 Integrin Targeting Peptides
In terms of rebuilding a virus, cationic liposomes posses only one or

possibly two features of a virus, they are able to fuse with the cell membrane 

and they are able to release their DNA into the cytoplasm from either the cell 

membrane or within endosomes. In contrast, adenoviruses have evolved a
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number of other properties to express their DNA in cells, these range from 

specialised mechanisms for penetration of the endosome, transport to the 

nucleus, and in the first instance receptor mediated attachment and 

internalisation into cells (see section 3.1). The observation that integrin- 

mediated cell attachment and entry is a common pathway for a number of 

viruses, has led to investigation of integrin-targeting peptide mediated gene 

transfer.

2.2.1 Peptide Formulations and In Vitro Transfection
As with cationic liposome mediated transfection there are a number of

different formulations of peptide which have been investigated, but most consist 

of a polylysine tail, and a head group, which contains the integrin binding motif, 

usually an arginine-glycine-aspartic acid (RGD) sequence (Hart et al., 1996; 

Hart et al., 1997; Colin et al., 1998). The interaction with the DNA is mediated 

via electrostatic attraction between the positively charged lysine residues and 

the negatively charged phosphate groups in the DNA backbone. One of the 

earlier manuscripts using integrin-binding peptides (consisting of a poly-lysine 

tail (16 residues) and an RGD containing integrin-binding domain 

(GGCRGDMFGCGG)) demonstrated increased transfection in vitro in Caco-2 

cells, which was competitively inhibited with a six amino acid integrin binding 

peptide, but not a control peptide. Unfortunately no competition experiments 

were carried out with the penton base of adenovirus, which binds to the avps 

integrin, which the authors allude is the mechanism of entry for this and 

subsequent peptides which they later developed (Hart et al., 1996; Hart et al., 

1997; Colin et al., 1998).

To demonstrate DNA binding activity of the peptide the gel retardation 

assay is often performed. The principle of this assay is that when the peptide 

and DNA are mixed they bind together and DNA migration will be retarded in an 

agarose gel provided the complex reaches a state where there is no net charge. 

As predicted gel retardation occurred when the plasmid and peptide were mixed 

in a 1:1 charge ratio (Hart et al., 1996). Further development of this peptide 

formulation gave evidence that suggested that cyclisation of the head group.
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containing the RGD motif, was important in transfection (Hart et a!., 1997). The 

head group of the peptide that showed increased transfection efficiency 

contained cysteine residues in which di-sulphide bridges were assumed to form, 

due to the loss of free thiol groups when oxidised. In addition, they performed 

experiments to determine the optimal ratio of peptide to DNA, and found that the 

ratio did not predict electrical neutrality, such a ratio was ineffective in 

transfecting cells, but an excess of positive charge was shown to be optimal 

(6.6: 1 charge ratio).

A more comprehensive manuscript by some of the original authors of the 

previous manuscripts investigated a number of factors that influence 

transfection with similar integrin targeting peptides (Colin et al., 1998). The 

peptide they used had a polylysine tail ([K] ie) and a RGDMFG head group. 

Although they demonstrated that the RGD peptide increases the transfection 

efficiency, and that this is specific, since an RGB containing peptide does not 

result in increased transfection, addition of cationic liposomes abolishes the 

specificity but results in an overall increase in transfection efficiency. Although 

decreasing the cationic liposome to peptide ratio was able to rescue the RGD 

mediated specificity to around 50% of control (difference between using RGB 

and RGD peptide alone). These results suggest that the increased efficiency 

seen with the peptides in the presence of lipofectamine, the cationic liposome 

formulation used, was not solely due to an increase in receptor mediated 

uptake.

To gain a better understanding into the improvement seen with 

lipofectamine further experiments were performed with labelled DNA with or 

without the peptide and/or lipofectamine at 4°C and 37°C. At 4°C receptor 

mediated endocytosis, an energy dependent process (see also section 3.1), 

does not occur, while at 37°C it does. By calculating the difference in cell 

associated radioactivity between the two temperatures a measure of receptor 

mediated endocytosis is generated. In the absence of lipofectamine, it was 

shown that the RGD peptide does internalise via receptor mediated 

endocytosis, whilst in the presence of lipofectamine, there is no difference in the
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net uptake between the RGE and RGD containing peptides (Colin et al., 1998), 

although absolute binding was higher with the RGD peptide. There has been no 

published work using these peptides in vivo.

3 Recombinant Adenovirus

3.1 Cell Entry and Transcription

3.1.1 Cell Attachment
Although recombinant adenoviruses, usually serotype 2 or serotype 5,

have been widely used in gene transfer experiments for over ten years, the 

receptors which subgroup C adenoviruses utilise for cell attachment were only 

recently cloned (Bergelson et al., 1997; Tomko et al., 1997; Hong et al., 1997). 

There are 12 fiber proteins that reside at the vertices of the icosahedral virion 

(Stewart et al., 1991). These bind in a non-covalent manner to the penton base 

protein. Adenovirus and a non-enveloped RNA virus, coxsackie B virus, had 

been shown to compete for the same receptor on HeLa cells more than twenty 

years ago (Lonberg-Holm et al., 1976), this observation consequently led to the 

identification of the receptor for Ad2 and Ad5. Using a monoclonal antibody to a 

complex between a detergent stable protein and coxsackie B virus they were 

able to isolate and sequence a protein that was the receptor for this virus and by 

definition a receptor for Ad2 and Ad5 (Bergelson et al., 1997). At the same time 

the receptor was cloned by scanning a phage library with anti-sera to the 

coxsackie B virus (Tomko et al., 1997). The function of the receptor is unknown, 

however structural analysis showed that the receptor, known as coxsackie and 

adenovirus receptor (CAR) is a 365 aa transmembrane protein with a 222aa 

extracellular domain, a membrane spanning helical domain and a 107 aa 

intracellular domain. The murine homologue is 91% identical to the human 

homologue (Bergelson et al., 1997). The locus for the human homologue 

(HOAR) is thought to reside on chromosome 21 (Tomko et al., 1997). The a2 

domain of the heavy chain of human MHO class I molecules has been shown to
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be an alternative receptor for Ad5 (Hong et al., 1997). This group also showed 

that the fiber knob was able to bind to human fibronectin type III modules.

One of the factors which led to recombinant adenovirus being a popular 

gene transfer vector is its ability to infect a wide variety of cell types (Schneider 

and French, 1993; Wilson, 1996; Leiden, 1995; Berns and Giraud, 1996; Verma 

and Somia, 1997), however, there are some cell types which appear to be 

resistant to infection by adenoviral vectors. Mature airway epithelial cells, a 

target for gene therapy for cystic fibrosis, are known to be poor targets for 

recombinant adenoviral gene transfer, which is thought to be due to the lack of 

the high affinity fiber receptor on the surface of epithelial cells (for a review see 

Boucher, 1999). However, addition of fiber and penton base proteins to cultures 

of airway epithelial cells had no effect on adenoviral gene transfer (Zabner et al., 

1997b), indicating that the low infection rates of adenovirus in this system were 

not solely fiber or penton base specific. However, the lack of the receptor being 

a ubiquitous cell surface molecule has led to the development of chimeric fiber 

proteins to increase the tropism of adenoviral vectors (Wickham et al., 1997; 

Stevenson et al., 1997; Hidaka et al., 1999; Dmitriev et al., 1998). The addition 

of a polylysine targeting sequence to the knob domain of the fiber increased 

gene delivery over 100 fold to primary smooth muscle cells and macrophages 

(Wickham et al., 1997). Changing the receptor tropism of recombinant 

adenovirus allowed gene delivery that could be targeted towards specific cell 

types. For example, by making a fusion protein that recognised both the fiber 

protein and the epidermal growth factor (EOF) receptor, gene delivery was 

preferentially targeted to cells expressing the EOF receptor (Watkins et al., 

1997).

3.1.2 Internalisation
Following attachment to the cell membrane a well ordered sequence of

events leads to transport of the virion to the nucleus. As early as 1970 it was 

recognised that the process of internalisation of the virion and subsequent 

release into the cytoplasm was a rapid event, with virions localised to the

29



Chapter 1 Introduction

nuclear pores within an hour of the start of “viropexis” (Chardonnet and Dales, 

1970).

Adenovirus utilises the avps and avps integrins for internalisation into the 

cell. The penton base of Ad2 contains 5 RGD motifs and was shown to bind to 

these integrin subtypes (Wickham et al., 1993) as were adenoviruses from 

subgroups B and E (Mathias et al., 1994). Although adenovirus is able to bind to 

cells lacking these integrins, they fail to be internalised, however by expressing 

the cDNA for the integrin the cells are able to be rescued, and can then become 

infected (Wickham et al., 1993). It is the avps integrin which plays an important 

role in virus penetration (Wickham et al., 1993) and interaction with this receptor 

is conserved through a number of serotypes, belonging to different subgroups of 

adenovirus (B (Ad3), C (Ad2 and Ad5), D (Ad 19 and Ad37) and E (Ad4)) 

(Mathias et al., 1998). Adenovirus enters cells via receptor mediated 

endocytosis (Varga et al., 1991; Wang et al., 1998). The original observation 

with the electron microscope noted that,

“particles were engulfed in vacuoles possessing a dense subjacent

coat”

(Chardonnet and Dales, 1970). Evidence for the clathrin coated pit mechanism 

of entry was shown for Ad2 by using agents which specifically block receptor 

mediated endocytosis and then observing synthesis of the hexon protein post 

infection, (Varga et al., 1991) showing that this was the infectious pathway of 

entry. Using HeLa cells that either expressed a dominant negative form of the 

protein dynamin or not, a protein that allows budding off from the membrane of 

clathrin coated pits, it was shown that adenovirus entry was inhibited (Wang et 

al., 1998), further substantiating this pathway of entry. The time taken for 

internalisation has been determined for Ad2, with 80% of attached virions being 

internalised within 10 minutes (Greber et al., 1993; Firzgerald et al., 1983). The 

signalling pathways that promote internalisation are thought to involve 

phosphoinositide-3-OH kinase (Li et al., 1998b) acting on downstream targets 

Rho and CDC42 (Li et al., 1998a).
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3.1.3 Penetration of the Early Endosome
Using the hexon synthesis assay it was shown that within 15 minutes of

warming cells with attached virus half of the internalised virions were present in 

the cytosol (Greber et al., 1993; Firzgerald et al., 1983). Hence the half time for 

escape from the endocytic pathway is 5 minutes, which suggests escape from 

the early endosome (Greber et al., 1993). Adenovirus was shown to co-localise 

with EGF (attached to gold) in “receptosomes” by electron microscopy 

(Firzgerald et al., 1983). While EGF-Au alone was unable to leave the early 

endosome, when Ad2 was added EGF-Au could be visualised in the cytoplasm 

(Firzgerald et al., 1983). When Ad2 is given with pseudomonas toxin, which 

again is taken up by receptor mediated endocytosis, the toxicity was enhanced 

(Seth et al., 1984a). This was also visualised by coupling the pseudomonas 

toxin with EGF-Au.

The mechanism by which penetration of the endosome occurs is not fully 

understood. A conformational change in both the penton base protein and 

hexon protein is observed when they are exposed to an acidic environment 

(Wohlfart, 1988). Specifically, it has been shown that there is an increase in 

hydrophobicity of the penton base protein when the pH is lowered from pH 7.0 

to pH 5.0 (Wohlfart, 1988). The interaction of the penton base with the 

endosome membrane causes rupture of the endosome resulting in the release 

of the virion (Seth et al., 1984b). Experiments with lysosomotropic agents, which 

increase the pH of endosomes, inhibited this change in conformation of the 

penton base protein and inhibited synthesis of hexon protein, a measure of 

adenoviral transcription. This was previously taken as evidence that the acidic 

environment of the endosome was the trigger for penton base mediated 

penetration, however, recent work suggests that this is not the case (Carrasco, 

1994; Rodriguez and Everitt, 1996). Previous studies had used concentrations 

of lysosomotropic agents that were toxic to the cell. Increasing the pH of the 

endosome, using four different primary base amines at concentrations which 

were not toxic to the cell, as measured by the synthetic capacity of the cell and 

cellular proliferation rates, different results were obtained. It was shown that it
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was not the acidic environment per se which was important in mediating virion 

penetration of the endosome (Rodriguez and Everitt, 1996). It has been 

speculated that an energy dependent process requiring a pH gradient and/or 

membrane potential, rather than a low pH environment per se, is important for 

the endosomal release of adenovirus (Rodriguez and Everitt, 1996; Carrasco, 

1994).

3.1.4 Release of Viral Genome from the Viral Capsid
Following release into the cytosol, the viral capsid has to deliver the viral

genome to the nucleus for transcription. This is one of the most inefficient steps 

in adenoviral infection with approximately 60% of viral particles attached to the 

cell surface being unable to release their DNA into the cytosol (Greber et al., 

1993). The viral genome starts to dissociate from the hexon protein at 35 

minutes, with half of the internalised virions dissociating from the viral genome 

at two hours (Chardonnet and Dales, 1970; Greber et al., 1993). Release of the 

viral genome from the capsid is thought to originate from a pH dependent 

conformational change in the hexon protein allowing it to be proteolytically 

cleaved (Varga et al., 1990; Greber et al., 1993; Wohlfart, 1988). The hexon can 

only be proteolytically processed once the virion has been released into the 

cytosol, since monesin, an inhibitor of viral penetration of the endosome is able 

to inhibit this step (Greber et al., 1993). Once released from the capsid the viral 

DNA is thought to enter the nucleus via nuclear pores (Chardonnet and Dales, 

1970; Greber et al., 1993).

3.1.5 Transcription from Recombinant Adenoviral Vectors
In an elegant series of experiments the order of genes expressed from Ad2

was elucidated, as a by-product of investigating which functions of adenovirus 

are required to help AAV replication (Richardson and Westphal, 1981). Although 

it had been shown at the time that adenoviral mutant virus's defective in El and 

E2A were not permissive for AAV production; the mechanism of this loss of 

action had not been elucidated. By injecting either mRNAs into the cytoplasm or 

DNAs into the nucleus of AAV infected cells the gene products involved in AAV
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replication were defined as being from the E4 region of adenovirus. However, to 

resolve the differences seen with earlier studies, which had demonstrated a role 

of E1 and E2, they performed additional experiments. They were unable to 

detect AAV replication when only the E1 DNA was injected into the nucleus, but 

they were able to see AAV production if E1, E2A, E3 and E4 DNA was injected. 

Omission of E3 had no effect, but omitting E2A DNA resulted in the non

production of AAV. In a series of iterative experiments, using E1 mRNA injection 

into the cytoplasm, with E2A and E4 DNA injected into the nucleus, then E2A 

mRNA injection with E4 DNA injection, the regulation of adenoviral early gene 

expression for these regions was elucidated (Richardson and Westphal, 1981). 

The sequence of early adenoviral gene transcription was shown to be El to E2A 

to E4. Subsequent experiments further characterised the sequence of 

adenoviral gene expression (For a review see (Horwitz, 1990) and references 

therein).

The basis of making recombinant adenoviral vectors can be understood in 

terms of the sequential expression of the early and late genes, from the major 

late promoter (MLP). As gene expression in the absence of El proceeds at a 

much slower rate (Graham and Prevec, 1991; Lusky et al., 1998; Gao et al., 

1996; Amalfitano et al., 1998; Yang et al., 1994), deletion of the El region 

renders recombinant adenoviral vectors replication disabled. However, since 

gene expression is still detectable, deletion of further early regions, renders the 

virus ever more disabled.

3.1.6 Infection and Expression in Cardiac Myocytes
Adenovirus has been demonstrated to be an etiological agent in viral

myocarditis (Martin et al., 1994; Karjalainen et al., 1983). Recombinant 

adenoviral vectors were shown to be able to infect and express within isolated 

foetal and adult rat cardiac myocytes in culture (Kass-Eisler et al., 1993b; 

Kirshenbaum et al., 1993) (section 6.1.1.2.). Infection of 90% of rod-shaped 

myocytes was seen at an MCI of 1000 in adult rat cardiac myocytes 

(Kirshenbaum et al., 1993). Transduction was detectable as early as 4 hours
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post-infection in foetal rat cardiac myocytes, with maximal protein function, and 

by inference transgene expression, at 48 hours.

3.2 The Role of the Immune Response
Although adenovirus is a recognised etiological agent in the pathogenesis of

myocarditis (Karjalainen et al., 1983; Martin et al., 1994) deletion of the El region 

renders the recombinant virus replication disabled, and it was unknown whether 

recombinant virus would result in activation of an immune response. Loss of 

reporter gene expression, as detected by protein function, is noted in most, but 

not all (Stratford-Perricaudet et al., 1990) in vivo studies by one month in 

immunocompetent animals, in a number of different tissues (Tripathy et al., 1996; 

Yang et al., 1994; Fang et al., 1994). The loss of transgene expression from 

transfected cells could be due to a number of reasons, but the role of the immune 

system is paramount.

3.2.1 Subversion of the T-cell Response
Just as the cell has developed mechanisms to alert the immune system that

it is virally infected, so viruses have evolved to manipulate and evade these 

systems. Adenovirus and HSV both subvert the cellular machinery involved in 

antigen presentation, but by different mechanisms (see section 5.4.1). The E3 

transcription unit of Ad encodes a number of proteins that are involved in 

counteracting host defences (for reviews see (Burgert, 1996; Gooding, 1992) 

and references therein). The E3 19 kDa glycoprotein (Gp19K) modulates the 

immune response by binding to the peptide binding domain of MHC 1, and then 

due to an ER retention signal at the carboxy terminus is retained within the ER, 

preventing the presentation of antigens on the cell surface (Andersson et al., 

1985; Burgert and Kvist, 1985). Other E3 encoded proteins prevent TNF 

cytolysis (E3 14.7K, E3 10.4K) (Gooding, 1992; Burgert, 1996). As the E3 

region is not essential for growth in cell culture it has been deleted in most 

recombinant viruses, to increase packaging ability, and as such these 

recombinant viruses cannot take advantage of these endogenous 

immunomodulatory mechanisms.
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3.2.2 Contribution of Adenoviral Capsid Proteins
it has been suggested that recombinant adenoviruses for gene transfer are

fatally flawed since the initial events of administration and infection are all that is 

necessary to elicit a full CTL response (Kafri et al., 1998). One group showed that 

late gene expression from the viral backbone was not necessary for CTL 

dependent lysis of infected cells (Kafri et al., 1998). Using UV inactivated virus, 

with which they were unable to detect gene expression, they observed target cell 

lysis. This effect was seen in a number of strains of mice, including BALB/c, 

C57BL/6J. This is in contrast to the earlier work of (Jooss et al., 1998a) where the 

CTL dependent lysis seen in the C57BL/6 (H-2^) mice in response to adenoviral 

structural proteins was only seen with “active” virus, and not with UV inactivated 

virus, despite similar amounts of input virus (10® pfu). The humoral response is 

also marked, with studies in humans showing that neutralising antibodies to fiber, 

penton base and hexon are generated, which has a significant effect, since re

administration of vector was neutralised with patients whose sera contained both 

anti-fiber and anti-penton base antibodies (Gahéry-Ségard et al., 1998). An 

understanding into why adenoviral infection without transcription can result in 

lymphocytic infiltration comes from investigation of the process of internalisation 

(Bruder and Kovesdi, 1997; Li et al., 1998b). ERK 1/2 is activated within the first 

20 minutes of adenovirus infection, which is associated with an increase in the 

mRNA levels of the inflammatory cytokine IL-8. This could lead to the recruitment 

of CTLs to vector transduced cells (Bruder and Kovesdi, 1997).

3.2.3 Contribution of Continued Viral Gene Expression
A substantial body of evidence shows that the expression of adenoviral

capsid proteins is responsible for CTL mediated lysis of infected cells, although 

the relative contribution to the CTL response is debatable (Gahéry-Ségard et al., 

1998; Jooss et al., 1998a; Kafri et al., 1998). An investigation into the specific 

haplotypes which are responsible for presenting antigens to MHO I molecules, 

showed that in mice the late viral genes hexon, penton and fiber were expressed 

following intravenous adenoviral gene delivery to the liver. In mice with the H-2‘̂  

haplotype these structural proteins elicited a CTL response. The transgene
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alkaline phosphatase did not result in CTL lysis of transduced cells, but when the 

vector encoded the LacZ transgene there was a CTL response (Jooss et al., 

1998a). In addition, the H-2^ haplotype showed similar results, but the H-2'̂  

haplotype did not result in specific CTL lysis of the adenoviral structural proteins, 

but did mediate CTL dependent lysis for alkaline phosphatase (Jooss et al., 

1998a). These results may explain some of the conflicting data seen with 

experiments designed to determine whether the transgene or viral gene products 

are responsible for CTL dependent lysis. These results were similar to those seen 

by an independent group in the mouse lung (Kaplan et al., 1997).

3.2.3.1 Cellular Activities Functionally Substitute for E1 Activities 
Transcription of the adenoviral genome is an ordered process, with the

expression of E1A gene products resulting in transactivation of all early genes of

the adenoviral genome (See section 3.1.5) (Richardson and Westphal, 1981;

Graham and Prevec, 1991; Horwitz, 1990). It was thought that deletion of this

region would result in the recombinant virus being replication deficient, that this

is not the case is because endogenous cellular factors can transactivate genes

with El A responsive promoters (Spergel and Chen-Kiang, 1991; Spergel et al.,

1992). Experiments carried out in HepG2 cells, which do not complement

adenoviral transcription, demonstrated that IL-6 was able to increase

transcription from El a responsive promoters and enhance viral replication in

these cells (Spergel and Chen-Kiang, 1991). Further work confirmed that the

downstream effector was NF-IL6 (Spergel et al., 1992).

3.2.3.2 First and Second Generation Vectors
First generation vectors, with a deletion in the El and E3 region of the

adenoviral genome, still produce detectable levels of the late gene products 

(Lusky et al., 1998; Gao et al., 1996; Amalfitano et al., 1998; Yang et al., 1994) 

and this drove investigators towards further deletions of the adenoviral 

backbone. Although there are several reports of multiply deleted viruses, (Lusky 

et al., 1998; Gao et al., 1996; Lieber et al., 1996; Amalfitano et al., 1998; Yang 

et al., 1994; Dedieu et al., 1997; Christ et al., 1997; Kaplan et al., 1997; Morral
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et al., 1997) the results are inconclusive. At one end of the spectrum nearly all 

viral coding sequences were deleted from an adenoviral vector, utilising the cre- 

loxP system (Lieber et al., 1996). To prepare gutless vectors, an El deleted 

recombinant adenovirus is used to provide in trans the necessary proteins, and 

is only partially purified from the gutless vector, with approximately 1% 

contamination by Southern analysis (Chen et al., 1997; Lieber et al., 1996). 

However in vitro and in vivo the stability of the genome was dramatically altered 

compared to El deleted viruses (Lieber et al., 1996). By five hours viral DMA 

was almost undetectable and was lost within 24 hours in the mouse liver (Lieber 

et al., 1996). Although they reported that there was no hepatocellular injury in 

this model with the gutless vectors, there are a number of reasons why this was 

not necessarily the result of no viral gene expression, in addition to the short

term genome persistence. The experiments were performed in neonatal mice, 

but studies performed in neonatal (4 days old) and adult rats have shown that 

neonatal rats do not illicit as powerful an immune response (Gilgenkrantz et a!., 

1995; Christensen et al., 1998). Also, perhaps due to the contamination with 

wild-type virus, the amount of virus injected was 100 fold less than in the 

previously described experiments.

In addition to the deletion of the El region, second generation vectors have 

been made which either have E2a or E2b deleted (Yang et al., 1994; Lusky et 

al., 1998; Amalfitano et al., 1998; Morral et al., 1997). E2a codes for the DMA 

binding protein (DBP) which protects the ssDNA formed during strand 

displacement, whilst E2b codes for the viral DMA polymerase. The data from the 

studies on the inactivation (temperature sensitive point mutation, (Yang et al., 

1994; Engelhardt et al., 1994a; Goldman et al., 1995). rendering the DBP 

functional at 32°C but inactive at 39°C) or deletion of E2a (Lusky et al., 1998; 

Engelhardt et al., 1994b; Morral et al., 1997) are not entirely clear. The growth 

of these viruses is approximately 50 times less efficient than El deleted viruses 

(Yang et al., 1994; Lusky et al., 1998), having to grow the viruses at the 

permissive temperature or with complementary cell lines (Lusky et al., 1998; 

Zhou et al., 1996). Inactivation of E2A dramatically decreases the amount of
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DBP detectable by western blotting in vitro compared to E1 deleted viruses 

(Yang et al., 1994), and in the lung resulted in longer transgene persistence 

(Yang et al., 1994). However, a different group reported that ablation of the E2a 

gene showed no difference in viral genome persistence between El and E1/E2a 

deleted viruses (Lusky et al., 1998), suggesting that this protein did not result in 

a loss of the infected cell. Although a vector with the E2b gene was generated, 

minimal in vivo data was presented; however, this virus was able to express a 

transgene in the liver (Amalfitano et al., 1998).

Doubly deleted viruses of both the El and E4 region were generated by two 

independent groups. These viruses differed only in the transgenic promoter. The 

toxicity of these vectors were compared to El deleted viruses in a mouse model 

of liver-directed gene delivery (Gao et al., 1996; Dedieu et al., 1997). Both 

reports demonstrated that the viral genome was stable in vitro and in vivo 

compared to El deleted viruses, however a difference in the timecourse of 

expression was still noted with short (Dedieu et al., 1997), and long term gene 

expression being reported (Gao et al., 1996). Both reports demonstrated that 

there was less late viral protein expression, and to overcome the confounding 

influence of the LacZ transgene both studies employed LacZ transgenic mice. 

As both deleted genomes persisted long term (day 84(Dedieu et al., 1997). and 

day 60(Gao et al., 1996)) the apparent discrepancy in timecourse of transgene 

expression between the studies could be due to shut-off of the RSV-LTR 

promoter (Dedieu et al., 1997), compared to the GMV enhancer/R-actin 

promoter (Gao et al., 1996). The stability of the viral genome with E1/E4 deleted 

adenoviruses was shown in another manuscript, however the viruses that they 

generated did not include a transgene, to try and avoid a response which was 

transgene specific (Lusky et al., 1998). However, the strain of mice used in this 

study had the H-2"̂  haplotype, which has a blunted response to viral gene 

expression (Jooss et al., 1998a). They also report that production of E1/E4 

deleted viruses in a complementing cell line is less efficient than El deleted 

viruses, an important consideration when high titres of virus are necessary 

(Lusky et al., 1998). Experiments performed with deleted E4 or with the
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E40RF6 re-inserted demonstrated that the wild-type E4 region confers 

persistence of gene expression independent of CTL responses, however there 

was no comparison with a first generation vector to determine whether this was 

due to genome stability (Kaplan et al., 1997).

3.2.4 Contribution of the Transgene
In most studies the reporter genes encode foreign proteins such as green

fluorescent protein (Hajjar et al., 1998), luciferase (French et al., 1994), or R- 

galactosidase (Barr et al., 1994), and there is the possibility that the immune 

response that is detected is due to the transgene, rather than the vector (Dai et 

al., 1995; Tripathy et al., 1996; Yang et al., 1996; Chen et al., 1997; Michou et al., 

1997; Jooss et al., 1998b; Gao et al., 1996; Morral et al., 1997). To determine the 

precise nature of the inflammatory response several avenues of investigation 

have been employed. Injection of 1 x 10® pfu of first generation adenovirus 

containing canine factor IX (FIX) cDNA were injected into the hind limbs of adult 

mice, of different immunological backgrounds (Dai et al., 1995). Although gene 

expression in nude mice could be detected for 300 days, the last time point 

measured in this study, expression of FIX was transient in normal adult mice (Dai 

et al., 1995). To further understand the transient nature of protein expression the 

experiments were performed in mice which were unable to mount a humoral 

response (IgM p chain knockout mice) or did not express major histocompatibility 

complex class I (MHC-I) molecules (R2 -microglobulin knockout mice). In both 

cases, protein expression was shown to be transient, indicating that there was 

both a cellular and humoral response generated (Dai et al., 1995). Interestingly, 

antibodies were detected to both adenoviral proteins as well as FIX, and 

expression of adenoviral proteins could be detected (Dai et al., 1995). Injection of 

viruses encoding either canine FIX or R-galactosidase 30 days prior to re

injection with FIX virus demonstrated that the immune response is generated to 

both the transgene and the virus (Dai et al., 1995).

A later study also performed in adult mice demonstrated that when a self

transgene was administered (mouse erythropoietin (EPO)) long-term function 

(112 days) was detectable. Administration with recombinant adenovirus encoding
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human EPO resulted in a transient response (14 days), which was followed by 

anaemia, due to CTL response to infected cells and a humoral response to 

mouse EPO (Tripathy et al., 1996). This indicated that the major response was to 

the transgene, rather than adenoviral proteins. This view was supported with 

evidence using “gutless” recombinant adenoviral vectors, which contain only the 

packaging elements necessary, the transgene and minimal viral genes (the E4 

region) (Chen et al., 1997; Lieber et al., 1996). Although the evidence that was 

presented tended to suggest that the transgene was alone responsible for the 

transient nature of gene expression there were a number of flaws to this paper, 

as discussed above (Chen et al., 1997).

In contrast, other lines of investigation presented a different perspective of 

the transient nature of protein expression (Yang et al., 1996). When 2x10® pfu of 

first generation adenovirus was introduced into adult mice via iv injection a CTL 

response was detected by ®̂ Cr release of infected cells against adenoviral 

proteins, and to a lesser extent, the transgene. In contrast to (Chen et al., 1997), 

transgene expression (R-galactosidase) was lost at day 28, in a R-galactosidase 

transgenic mouse (Yang et al., 1996). Again, the strain of mouse in detecting 

differences in transgene expression is crucial, since a similar study in a number 

of mice strains showed that C57BL/6 mice were unable to mount a humoral 

response to hFIX, but did mediate a CTL response to LacZ transduced cells 

(Michou et al., 1997). It was proposed that the differences could be accounted for 

if the over expression of LacZ resulted in a stronger immune reaction to viral 

antigens (Michou et al., 1997).

Similar gene transfer experiments have been carried out using recombinant 

adeno-associated viral vectors, which encode foreign transgenes (Fisher et al., 

1997; Jooss et al., 1998b), but long-term gene expression is noted in these 

models. This prompted investigation into the differences in antigen presentation 

with both these vectors (Jooss et al., 1998b). When they injected approximately 2 

X 10® iu rAAV-LacZ into the hind leg long-term gene expression was detectable 

(day 60) but when approximately 2.5 x 10® pfu of Ad5-LacZ was injected into the 

contralateral leg, AAV-LacZ transgene positive cells were undetectable at day 28,
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despite an increase at day 10 (Jooss et a!., 1998b). Injection of Ad5-lacZ in the 

contralateral leg resulted in infiltration of CD8  ̂ and CD4^ T cells into the rAAV- 

LacZ leg, as well as full CTL Thi/Th2 and B cell response to both adenovirus and 

R-galactosidase. However, when an empty “white” adenovirus was injected into 

the contralateral leg stable gene expression was observed in the rAAV-LacZ 

transduced leg.

They proposed that the difference with the vectors was their relative abilities 

to infect antigen presenting cells (Jooss et al., 1998b), and performed adoptive 

transfer experiments to demonstrate this. When antigen presenting cells were 

infected with Ad5-LacZ and injected into mice which were injected with rAAV 

there was loss of transgene positive cells, however, when antigen presentation 

cells were mock-infected or infected with Ad5 “white” virus there was no loss of 

rAAV-LacZ positive cells (Jooss et al., 1998b). They then performed further 

experiments to discover which subset of antigen presenting cells was responsible 

for this phenomenon. Ad5-LacZ was able to transduce around 10% of dendritic 

cells whilst it was unable to transfect B cells and a fraction of macrophages 

(0.19%) at the same titre. These modified dendritic cells induced the Thi 

response whilst naive dendritic cells did not. In contrast, rAAV-LacZ was unable 

to mediate transduction of antigen presenting cells, and there was no effect when 

injected into mice on rAAV-LacZ transduced muscle fibres. They were able to 

show that although rAAV-LacZ enters dendritic cells it is in a peri-nuclear 

localisation and not intra-nuclear, although this could be induced by infecting with 

wildtype adenovirus (Jooss et al., 1998b).

To try and overcome T-cell mediated immunity, and related to the above 

paper, it has recently been shown in the mouse that inhibition of T cell activation, 

by blocking of co-stimulatory molecules binding to T-cells can prolong gene 

expression from an adenoviral vector (Ali et al., 1998b).

3.2.5 Immune Response in the Heart
Although recombinant adenoviruses have been shown to generate a

powerful immune response, as outlined in the previous sections, the 

characterisation has mainly been carried out in the mouse, and utilising iv
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delivery to the liver. Intravenous delivery has the advantage of being a relatively 

non-invasive procedure of achieving gene delivery and expression without 

manipulation of the target organ. Unfortunately adenoviral gene delivery to the 

heart requires manipulation of the heart or coronary vasculature, as outlined 

previously, hence the inflammatory responses seen have to be compared to 

manipulation of the heart per se.

A comprehensive study in the pig investigated the nature of the infiltrate in 

response to direct injection of first generation adenovirus encoding either R- 

galactosidase or luciferase (Li et al., 1995). Gene expression as assessed by 

luciferase activity peaked at day 7, and then declined over the next 14 days. 

Interestingly they detected more luciferase protein at day 21 following gene 

transfer than at day 3, in contrast to a number of other studies. This loss in gene 

expression is similar to that seen in the liver, and characterisation of the 

leukocyte infiltrate suggests that the same mechanisms which lead to loss of 

gene expression in the liver occur in the heart. Specifically, monoclonal 

antibodies raised to porcine CD8  and CD44 (lymphocyte homing antigen) 

detected a CDS infiltrate which was predominate in the adenoviral infected 

hearts (1.4 x 10® pfu), compared to vehicle injections at day 7 (French et al.,

1994). Although injection of vehicle alone resulted in a leukocytic infiltrate, 

including CDS positive cells, this is consistent with a normal healing response. 

Although there was an increased population of CDS positive cells in the 

adenoviral injected hearts, it appeared that the CD44 positive cells were more 

intimately involved in the cytolysis of myocytes, as judged by the localisation of 

these two populations of cells with cardiac myocytes (French et al., 1994).

Further investigations of the immune responses to adenoviral vectors were 

carried out in the rat (Gilgenkrantz et al., 1995). In addition intramyocardial 

injection of Ad5-LacZ or vehicle, they also injected an “empty” adenovirus, 

devoid of a reporter gene. Histological examination of Ad5-LacZ injected hearts 

revealed a mononuclear infiltrate detectable at day 2  and still present at day 2 1 , 

although in contrast to the work in the pig (French et al., 1994), they did not 

observe an infiltrate in the vehicle injected hearts (Gilgenkrantz et al., 1995).
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Again, they observed a decline of reporter gene expression, being unable to 

detect R-galactosidase positive cells at day 21. Further experiments 

substantiated a role for an immune mediated destruction and loss of transgene 

expression, however they were not conclusive. Immunosuppression with 

cyclosporine resulted in gene expression at day 2 1  that was comparable to the 

levels seen at day 6 , and there was a non-statistically significant increase in 

transgene expression at day 2. Unfortunately, the dose of cyclosporine was not 

stated, and the prolonged transgene expression was only seen in 2 out of the 3 

animals injected (Gilgenkrantz et al., 1995). Although intraperitoneal injections 

of Ad5-LacZ 21 and 14 days prior to intramyocardial injection of Ad5-LacZ (1 x 

1 0 ® pfu) resulted in decreased transgene expression at all timepoints examined, 

they did not inject the empty virus as a control. To tolerise the animals to Ad5- 

LacZ intrathymic injections were carried out in a group of neonatal animals, this 

did result in prolonged transgene expression when animals were injected with 

the same virus in the heart three months later. Although additional experiments 

further demonstrated that neutralising R-galactosidase antibodies were raised in 

Ad5-LacZ injected animals, these experiments do not preclude a role of anti- 

adenoviral antibodies, or cytotoxic T cells directed against adenoviral proteins, 

which would have been possible had the authors made more imaginative use of 

the control virus (Gilgenkrantz et al., 1995).

Although these results strongly suggest that the same responses to 

adenoviral mediated gene transfer to the liver occur in the heart, not all studies 

have observed an inflammatory infiltrate (Barr et al., 1994; Giordano et al.,

1996). Intracoronary gene delivery with first generation Ad5-LacZ resulted in R- 

galactosidase expression at day 5, and was reported to be present at day 14, 

although no results were presented, and was not detectable at two months (Barr 

et al., 1994), this is again similar to previous results, and would be suggestive of 

an immune mediated destruction of infected cells. However, no inflammatory 

infiltrate was detectable by these investigators, and they suggested that loss of 

the viral genome was responsible for the extinction of transgene expression, 

and showed that the viral genome was indeed lost in some, but not all animals
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at one and two months following intracoronary gene delivery. These results do 

not rule out the possibility of shut-off of the promoter, nor do these results 

formally rule out any immune response at timepoints that they have not 

examined. Intracoronary delivery of recombinant adenovirus in the pig did not 

result in an inflammatory infiltrate (Giordano et al., 1996), which could indicate 

that intracoronary delivery as a model of gene delivery does not result in a 

lymphocytic response. In a related model of intracoronary delivery in the rat, an 

inflammatory infiltrate was noted at day 2 that was increased at day 7. However, 

this model did employ high-pressure gene delivery, and control injections of 

vehicle were not performed to assess whether the gene delivery protocol per se 

resulted in an inflammatoy infiltrate at these timepoints (Hajjar et al., 1998).

In summary, it appears that first generation adenoviral vectors induce 

similar immune responses when delivered to the heart as the liver, despite 

some discrepancies.

4 Recombinant Adeno-Associated Virus
Recombinant adeno-associated virus (rAAV) is a promising alternative gene 

transfer vector. AAV, a member of the parvovirus family, is a non-enveloped, 

single stranded DNA virus of 4681 nucleotides. Wild-type AAV (wtAAV) has a 

biphasic life cycle consisting of a latent phase and a lytic phase. For a 

productive infection to occur a helper virus, usually adenovirus or herpesvirus, 

(Berns, 1990b) is needed to provide functions in trans. Wild-type AAV consists 

of two open reading frames which encompass genes necessary for replication, 

rep, and for formation of the viral capsid, cap. Each end of the AAV genome has 

a 145 nucleotide inverted terminal repeat sequence (ITR). These form a 

secondary hairpin structure due to base pairing within a 125-nucleotide 

palindrome and contain the viral origin of replication. Replication of AAV is 

carried out by a combination of host cell polymerases and the Rep proteins, 

whereby the closed hairpin loop is a self-primer allowing host cell polymerase to 

replicate the DNA from the 3’ end. Then once the DNA is replicated there is still 

a closed hairpin loop at the right-hand end, and Rep78 nicks the ITR (Snyder et
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a!., 1990), which allows this to be replicated by host cell polymerases (for 

reviews see (Berns, 1990a) and (Berns, 1990b)and references therein).

4.1 Cell Entry and Infection
Although there has been intensive investigation of the life cycle and

transcriptional events in AAV expression, the mechanism and receptor by which 

AAV enters cells has only recently been determined. Due to the fact that AAV 

can infect a wide variety of cell lines, the AAV-2 receptor was thought to be a 

ubiquitous molecule. The first published study to investigate the nature of the 

receptor identified a 150 kDa molecule which was present on permissive cell 

lines (Mizukami et al., 1996). Competition experiments with AAV-1 and AAV-3 

showed that the AAV-2 receptor interaction was specific for AAV-2. This 

membrane protein was shown to be glycosylated, and removal of N-linked 

glycans abolished binding of AAV-2 to the membrane. Further work led to the 

discovery that the receptor for AAV-2 was membrane associated heparan 

sulphate proteoglycan (Summerford and Samuiski, 1998). In addition, they were 

able to demonstrate that this receptor interaction was sufficient for infection, with 

mutant cell lines which were defective for proteoglycan synthesis showing a 

decrease in transgene production, associated with the relative decrease in 

proteoglycan production (Summerford and Samuiski, 1998).

4.2 Integration
Adeno-associated virus is unique among eukaryotic viruses in that it has the 

ability to preferentially integrate into the host cell’s genome (Linden and Berns, 

1997; Pattison, 1990). With the development of AAV as a gene transfer vector 

considerable interest has focussed on the process of integration of both wtAAV 

and rAAV. Although integration theoretically should allow long-term gene 

expression given the correct choice of promoter the negative aspect of 

integration is that if uncontrolled it could disrupt vital cellular genes.
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4.2.1 Wild-type Adeno-Associated Virus

4.2.1 A  Cis sequences
Although wtAAV integrates throughout the genome of permissive cells,

there is a preference in human cell lines for integration to occur, in 60-70% of 

cases, at a specific site on the long arm of chromosome 19 which has been 

designated AAVS1 (Giraud et al., 1994; Kotin et al., 1991; Samuiski et al.,

1991). Sequencing of this site revealed that there was a high G+C content 

within the first 900 nucleotides, as well as there being a CpG island and a cyclic 

AMP responsive element and sequences for the upstream binding factor 1. 

However there were no homologous sequences to wtAAV, eliminating the 

possibility that integration occurs through homologous recombination, there 

were topoisomerase cleavage sites present within AAVS1 (Kotin et al., 1992). 

To find the exact location for the site of integration, an EBV shuttle vector was 

generated that had the AAVS1, and mutants of, cloned into it (Linden et al., 

1996c; Linden et al., 1996a). Analysis of clonal cell lines showed that the 

minimal sequence necessary for integration was a 33 nucleotide sequence, 

located at nt 381 to 413 which contained the terminal resolution site (TRS) and 

a rep binding site (RBS), both of which are essential for integration (Linden et 

al., 1996c). The use of this model system was validated by work that showed 

clustering of integrants around the RBS of AAVS1 (Surosky et al., 1997).

4.2.1.2 Trans Functions
Given that the RBS of AAVS1 is essential for preferential integration, it is no

surprise that the Rep proteins are necessary also, specifically Rep78 or a splice

variant, Rep6 8  (Linden et al., 1996b), with Rep binding sites present both on the

wtAAV genome and at AAVS1 (Linden et al., 1996b). Using a selection of

plasmids encoding GFP, transfection of 293 cells showed that stable integration

did not occur without the ITRs of AAV, and that targeted integration into AAVS1

was only detected in the presence of Rep78 (Balagué et al., 1997). The

consensus sequence that Rep78/68 binds to was determined by using tagged

Rep78/68 proteins and screening random oligonucleotide probes and
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performing EMSAs (Chiorini et a!., 1995). The consensus sequence that 

Rep78/68 bound to was determined to be GAGG, with the flanking sequences 

being of importance for stable binding. This group also showed that binding to 

the Rep binding site present in the ITRs was not dependent upon the presence 

of the hairpin loop (Chiorini et al., 1994). It has been shown that Rep78/68 can 

simultaneously bind to the RBS on the AAV genome and at AAVS1 (Weitzman 

et al., 1994), providing further supportive evidence that Rep78/68 mediates the 

site preferential integration into AAVS1.

Although these data suggest that the Rep78/68 proteins are necessary for 

site-specific integration, they do not show that the Rep proteins per se are all 

that is needed for the integration event. Although it was shown that the ITRs are 

the minimal cis sequence necessary for integration, and that host cell enzymes 

mediate the integration event, the actual enzymes which are involved were not 

investigated (Wu et al., 1998).

4.2.2 Recombinant Adeno-Associated Virus Integration

4.2.2.1 Cis sequences
Whilst there has been intensive investigation of wtAAV integration, there

has been relatively little work been performed with rAAV. Integration with rAAV 

vectors has been shown in cell lines (Samuiski et al., 1989; McLaughlin et al., 

1988; Yang et al., 1997; Kearns et al., 1996), demonstrating that only the ITRs 

of the AAV genome are necessary for integration. Integration in quiescent cells 

has been a hotly debated topic, although convincing evidence of integration in 

skeletal muscle has been shown (Fisher et al., 1997). However, the possibility of 

contamination of episomal AAV DNA could not be excluded in these 

experiments. Using a novel technique that involved PCR of Alu sequences 

present approximately every 4kb in the human genome (Wu et al., 1998) it was 

demonstrated that rAAV integration did occur in non-dividing cells. They were 

also able to extend this technique to rodents using the A/u-equivalent sequence, 

81, and demonstrated the rAAV integration occurred in the rat brain in vivo.
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The molecular interaction between the ITRs and the host cell genome has 

only recently been reported (Rutledge and Russell, 1997). Preferential 

integration into AAVS1 was lost with rAAV vectors, as would be expected due to 

the lack of the rep gene product (Rutledge and Russell, 1997). In common with 

WtAAV integration there was deletion and substitution within both the ITRs and 

the transgene cassette in HeLa cells. Using a number of techniques including 

fluorescence in situ hybridisation (FISH) the substrate for AAV integration was 

shown to be the ITRs, with host cell enzymes able to mediate the integration 

event (Yang et al., 1997). Recombinant AAV was observed to integrate to loci 

on chromosomes 1,2, 7 and 17, with two independent cell clones having rAAV 

integrate into the same locus on chromosome 2. In addition this group also 

sequenced the integration junctions of both wtAAV and rAAV in a plasmid model 

system, where AAVS1 was introduced in excess on a plasmid. In the presence 

or absence of the Rep proteins the vector integration junctions contained 

rearrangements of the ITRs in a manner indistinguishable to those observed in 

vivo, further demonstrating that the ITRs and host cell enzymes are the minimal 

elements necessary for integration.

4.2.2.2 In Vivo Evidence
Although long-term gene expression has been seen in a number of different

applications of rAAV gene transfer, including the liver (Xiao et al., 1998), 

respiratory tract (Afione et al., 1996; Teramoto et al., 1998) brain (Wu et al., 

1998), intestine (During et al., 1998), skeletal muscle (Xiao et al., 1996; Fisher 

et al., 1997), and retina (Ali et al., 1998a), the nature of the rAAV genome has 

only been investigated in skeletal muscle and brain. The characteristic 

appearance of integrated AAV, in the absence of helper virus is that of head-to- 

tail concatamers, whereas in lytic infections AAV replicates in a manner that 

results in the formation of head-to-head or tail-to-tail concatamers (McLaughlin 

et al., 1988). Although long-term expression, up to 1.5 years, in the skeletal 

muscle of mice was observed (Xiao et al., 1996) the transgene migrated with 

high molecular weight DNA as detected by Southern blotting, however, they 

observed head-to-tail and tail-to-tail integration. As discussed in the previous
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section integration has been observed in vivo in the rat brain (Wu et a!., 1998) 

and head-to-tail concatamers, but not head-to-head or tail-to-tail were seen by a 

different group in mouse skeletal muscle at day 64 post infection (Fisher et al., 

1997).

4.3 Growth of Recombinant Adeno-Associated Virus
One of the major limitations to the use of rAAV in gene transfer protocols is

the difficulty in producing high-titre stocks of pure virus (Berns and Giraud, 

1996; Verm a and Somia, 1997; Flotte and Carter, 1995; Mitchell, 1998). Unlike 

recombinant adenovirus complementing cell lines have been difficult to make 

due to the Rep78/68 proteins being growth inhibitory (McLaughlin et al., 1988; 

Vincent et al., 1997) and lytic infection requires helper functions to be provided 

in trans, usually by adenovirus (Ferrari et al., 1997). There have been some 

recent advances in vector production, which have yielded significantly higher 

vector titres, which will make the use of rAAV easier. Two lines of approach 

have been taken to increase the yield of rAAV the first approach is to increase 

the copy number of the genes required for production of the AAV virion in cell 

lines (Inoue and Russell, 1998). The other approach is to substitute infection 

with adenovirus with transfection of a plasmid cassette containing the adenoviral 

genes essential for AAV production, thus eliminating competition for the 

adenoviral gene products and unnecessary production of adenovirus 

(Matsushita et al., 1998; Xiao et al., 1998).

4.3.1 Role of rep and cap Gene Products
In a lytic infection with wtAAV the double stranded intermediate is

transcriptionally active, which increases the amounts of both the rep and cap  

gene products (Fan and Dong, 1997). However, when rAAV is grown in culture 

there is no such amplification of the rep and cap genes, this has been shown to 

be rate limiting in standard co-transfection procedures (Fan and Dong, 1997), 

and increasing the copy number of the packaging plasmid in cells increases the 

yield of rAAV. In similar experiments, changing the promoters of the rep and cap 

genes from the endogenous p5 and p40 promoters to RSV LTR and CMV IE

49



Chapter 1 Introduction

promoters also effected yields of rAAV (Vincent et al., 1997). Whilst the 

increased production of the capsid proteins led to an increase in yield of rAAV, 

the increases expression of Rep78/68 prevented activation of p40 transcription 

following adenoviral infection, resulting in a reduced level of capsid protein 

synthesis, and hence rAAV production.

4.3.2 Production of Packaging Ceil Lines
Packaging cell lines for production of rAAV have typically resulted in similar

or worse yields of rAAV (Clark et al., 1996; Tamayose et al., 1996) compared to 

the co-transfection method. This is presumably due to the inhibitory effects of 

Rep78/68 and the fact that no further amplification of the rep and cap genes 

occurs during the infection, as occurs with wtAAV lytic infection (Fan and Dong,

1997). The development of a cell line with inducible amplification of the rep and 

cap genes necessary for packaging has led to an improvement in vector 

production (Inoue and Russell, 1998).

The cell line, which has yielded the greatest improvement in rAAV 

production, is based upon inducible, by administration of doxycycline, 

expression of SV40 large T antigen (Inoue and Russell, 1998). Activation of the 

SV40 origin of replication allowed amplification of both the packaging cassette 

and the vector cassette, which were both integrated in the cell line. With this 

system recombinant vector yield was 1 0  fold higher than the standard co

transfection protocol, with approximately 1 0 "̂ vector particles being produced per 

cell.

4.3.3 Production Using Mini-Adenovirus Plasmid Constructs
One of the major problems of producing rAAV is that wtAAV requires

adenovirus (Atchinson et al., 1965) or herpes virus (Buller et al., 1981) for lytic 

infection, consequently standard protocols for generating rAAV require the 

purification of rAAV from helper adenovirus. The standard methods for 

eliminating adenovirus are caesium chloride gradient purification followed by 

heat inactivation, however these procedures result in loss of rAAV also 

(Matsushita et al., 1998; Xiao et al., 1998). Not all adenoviral gene products are
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necessary for rAAV production, and two independent groups have recently 

produced plasmid vectors that contain various adenoviral genes and shown that 

rAAV production is increased (Matsushita et al., 1998; Xiao et al., 1998). Both 

groups found that maximal production of rAAV was achieved when the 

adenoviral plasmid contained E2a, E40RF6 and VA RNA genes. Iq addition, it 

was shown that having the vector and the packaging cassette on the same 

plasmid, as opposed to two separate plasmids, did not have a significant effect 

on rAAV production (Xiao et al., 1998). With this method of production of rAAV, 

yields were approximately 1 0 "̂ particles per cell.

4.4 Replication of Adeno-Associated Virus
Although AAV can undergo only limited replication in the absence of a

helper virus prior to integration, there are a few situations whereby AAV 

replication can be detected in the absence of helper virus. For instance 

irradiating cells with UV light (Yakobson et al., 1984) or treatment of cells with 

carcinogens (Schlehofer et al., 1986), or hydroxyurea (Yakobson et al., 1987) 

and other cellular stresses have been shown to be permissive for a degree of 

AAV replication.

4.5 Gene Expression From rAAV Vectors
In contrast to all of the other vectors examined in this thesis, rAAV DNA is

single-stranded, as opposed to transcriptionally active double stranded DNA, 

hence, a further step is introduced before gene expression can be detected, that 

of formation of double stranded DNA.

4.5.1 Role of Adenovirus
Determination of the precise role of adenovirus in rescue of latently infected

cells, and in the production of rAAV, has led to a better understanding of the 

nature of the helper functions which adenovirus provides (Richardson and 

Westphal, 1981), and the rate-limiting steps of gene expression from rAAV 

vectors. In pivotal studies by (Fisher et al., 1996) and (Ferrari et al., 1996) it was 

determined that the formation of the second-strand of DNA (i.e. transformation 

from single-stranded vector to double stranded vector was rate limiting. During
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the production of rAAV inactivation of residual adenovirus is carried out by heat 

inactivation, since rAAV is more heat stable than adenovirus. This leads to a 

functional loss of transduction capacity of rAAV of 100-fold (Fisher et al., 1996), 

which can be recovered by addition of adenovirus back to the pure preparation 

of rAAV. To determine the precise nature of the helper functions which 

adenovirus provides various mutant forms of adenovirus were compared in their 

ability to rescue the transduction capacity of rAAV. Whilst recombinant 

adenoviruses which had E2a rendered inactive due to a temperature sensitive 

mutation, recombinant adenoviruses with El or E4 deleted were unable to 

improve the transduction of the rAAV vector (Fisher et al., 1996).

To show that the effect of these mutant viruses was due to the proteins that 

were encoded by these regions, and not due to adenovirus co-infection, or an 

effect on adenovirus from these proteins, cell lines were synthesised expressing 

El and E4, or just E4 0RF6 under an inducible promoter. They were able to 

show that the level of rAAV transduction increased with increasing addition of 

Zinc, which induced the sheep metallothionein (MT) promoter, and caused an 

increase in the E40RF6 protein as assessed by western blotting, which was 

specific for the cell line (Fisher et al., 1996).

Although the function of the E40RF6 protein in promoting transduction from 

rAAV is unknown, further characterisation of the molecular nature of rAAV with 

helper adenovirus, and in the E40RF6 inducible cell lines correlated the 

increased transduction efficiency with formation of the double stranded rAAV 

replicative-form intermediates (Fisher et al., 1996). Further evidence of the role 

of the E40RF6 protein was shown in similar experiments, where mutant 

adenoviruses in E l, VA I and E3 were able to increase the transduction 

efficiencies of rAAV, whilst an E4 mutant adenovirus was unable to increase the 

transduction efficiency. Again this function was mapped to E40RF6 by 

performing transient transfections with either a plasmid expressing the E40RF6 

protein, or a control plasmid, and showing that the E40RF6 protein alone was 

sufficient to increase rAAV transduction (Ferrari et al., 1996). Additionally, 

infection with a mutant adenovirus deficient in E40RF6 did not provide any
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further enhancement of transduction. Gamma radiation had previously been 

shown to increase the transduction efficiency of rAAV in both dividing and non

dividing cells, but formation of episomal double stranded DNA had not been 

detected (Alexander et al., 1994). The increase in transduction efficiency was 

also observed in the absence of the E40RF6 gene product if the transfected 

cells were exposed to heat shock, hydroxyurea treatment or UV irradiation. 

These treatments were also shown to increase the formation of the double 

stranded replicative form of rAAV in a dose dependent manner (Ferrari et al.,

1996).

4.5.2 Gene Expression in Non-Dividing Cells

4.5.2.1 Controversial reports
There have been reports of gene expression in non-dividing cells, such as

the cystic fibrosis bronchial epithelial cell line, IB3-1, (Flotte et al., 1994) and

293 cells in growth arrest (Podsakoff et al., 1994), however these results have

been questioned in the literature (Alexander et al., 1997). Although it has been

reported that stationary fibroblasts are less prone to transduction with rAAV

vectors than actively dividing fibroblasts, this was not replicated when the

experiments were performed with rAAV generated from another lab (Amalfitano

et al., 1998). This led to a series of investigations trying to reconcile the

differences between the studies. In the course of these investigations it became

apparent that using crude lysate preparations, as the two former manuscripts

had, can result in the recombinant protein, which is produced in the infected

cells, remaining in the crude lysate stock of rAAV, despite heat treatment to

inactivate residual adenovirus. This functional reporter protein can be then

misinterpreted as gene transfer (Alexander et al., 1997). However, there are a

number of important differences between “pseudotransfection” and transduction.

When performing a vector titration, as opposed to just measuring absorbance of

virus stock, there is a logarithmic change in titre per well (assuming ten fold

dilution), whereas with artifactual gene transfer vector titration results in paler

staining, with the same number of “infected” cells in different wells.
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4.6 Immune Response from Recombinant Adeno-Assoclated 
Virus Vectors

One of the most attractive features of rAAV is the absence of any viral 

coding sequences, unlike recombinant adenovirus and recombinant herpes 

simplex viral vectors. As such, the only viral protein that the host can generate 

an immune response to is the capsid, from the initial viral infection. Although 

rAAV can mediate long-term transduction of a number of cell types as 

discussed, if individual cells are being rapidly turned over, then transduction will 

be limited to the lifetime of the cell, if the vector DNA is not replicated in further 

generations of cells. Only transient transduction is seen with rAAV in the 

bronchial epithelium in rabbits, and readministration of rAAV did not result in 

further transduction, in immunocompetent animals (Halbert et al., 1998). 

However, transient immunosuppression at the time of vector administration 

allowed repeat transduction, and prevented the formation of neutralising 

antibodies to the viral capsid proteins (Halbert et al., 1998).

In addition to the lack of viral coding sequences, rAAV vectors result in a 

decreased immune response when foreign transgenes are encoded (Jooss et 

al., 1998b). This is due to the inability to transduce antigen presenting cells, 

specifically dendritic cells, and has been dealt with in detail in section 3.2.4.

4.7 In Vivo Gene Transfer with Recombinant Adeno-Associated 
Virus Vectors

Despite the many attractive features of rAAV as a gene transfer vector, i.e. 

the wide host range, the possibility of long-term gene expression and the lack of 

an immune response to both the vector and transgene, there are relatively few 

reports of rAAV gene transfer. This is presumably because of the difficulty in 

growing high-titre stocks of virus and, in non-dividing cells, the delay in gene 

expression, however, there are a growing number of reports being published, 

and are reviewed below.

4.7.1 Transduction of Dividing Cells
Reports of liver directed gene therapy have been published with production

of therapeutic levels of factor IX in mice (Snyder et al., 1997) and in another
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study stable expression of a-1-antitrypsin in the liver was demonstrated (Xiao et 

al., 1998). In contrast to rAd5 directed liver gene transfer (Haidar et al., 1996; 

Lieber et al., 1996) no inflammatory infiltrate was detectable after intraportal 

administration (Xiao et al., 1998). Recently gene transfer and phenotypic 

correction has been shown in rats using rAAV-LacZ for lactose intolerant rats 

(During et al., 1998). In this novel study rats were selected for by not having a 

rise in plasma glucose following an oral lactose challenge. The rats were then 

randomised to have either vehicle (PBS) or rAAV-LacZ. Gene expression could 

be seen in the gut, lamina propria, within six hours and a functional change was 

seen after 1 week when the rats were fed lactose only diets. Although both 

groups of rats lost weight within the first week, at the end of the second week, 

the vector treated rats had maintained their weight whilst the vehicle treated rats 

had continued to lose weight. In addition, a rise in plasma glucose was seen 

following a lactose challenge at both 1 week and six months.

4.7.2 Transduction of Non-Dividing Cells
The division between dividing and non-dividing cells is important in the

understanding of rAAV gene expression from rAAV vectors, with the cellular 

melieu being important in the transition of the single stranded DNA virus to a 

transcriptionally active replicative form intermediate. Although skeletal muscle 

and cardiac myocytes are traditionally viewed as quiescent, there are 

exceptions, in that satellite cells, myoblasts, in skeletal muscle can be recruited 

to form myotubes (Stockdale, 1992) and there is active discussion on whether 

cardiac myocytes can support limited division (Kajstura et al., 1998). However, 

for the purposes of this section they will be classed as non-dividing.

A.1.2A  Skeletal Muscle
Skeletal muscle has emerged as an effective target for rAAV mediated gene

transfer, with a number of manuscripts reporting efficient, long-term gene

expression with rAAV vectors. The first report of successful gene transfer and

expression in skeletal muscle was performed in mice using caesium chloride

gradient purified rAAV (Xiao et al., 1996). Unfortunately the number of animals
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used for the whole study was very low, 2 0  in total, which meant that in each 

experimental group the numbers of animals is either 1 or 2. Although they could 

detect transgene expression at day 4 in 3 week old mice from the rAAV treated 

animal, these animals had an injection in the contralateral leg with rAd5. 

However, they were able to detect transduction with rAAV alone at day 7, and at 

day 3 with a 3-month-old mouse. In addition, using H & E counterstaining they 

were unable to detect an inflammatory infiltrate after 2  weeks, although there 

was an initial infiltrate at day 3, unfortunately they had not performed a vehicle 

injection to determine whether the infiltrate was solely associated with the 

trauma of the injection alone. They were also able to see transformation from 

low molecular weight species to a higher molecular weight form of rAAV, which 

they suggested was evidence of integration.

A further, more comprehensive, manuscript which reported rAAV mediated 

gene transfer into skeletal muscle performed experiments in mice and rhesus 

monkeys (Fisher et al., 1997). Unfortunately in the report they have not 

measured the infectious titre of the virus using standard procedures, hence the 

titres of virus injected appear to be high, when in reality they are probably the 

same as other experiments performed as they used the same technology to 

grow and purify the virus. Injection of purified rAAV into the tibialis anterior of 

five week old mice resulted in consistent gene expression at day 30, which 

increased at the next timepoint examined, day 64, and the level of transduction 

was similar to day 30 at 180 days. As well as detecting transduction in mice they 

were also able to observe transduction of skeletal muscle cells in one rhesus 

monkey. Although they looked for gene expression at days 3 and 17 they could 

not detect any expression at the earliest timepoint, while at day 17 the level of 

transduction varied widely between animals. Encouragingly they were unable to 

detect an inflammatory infiltrate in injected tissue, and activation of T helper 

cells was much diminished compared to rAdS, and, in contrast to (Halbert et al.,

1998), they were able to re-administer rAAV and observe transduction of 

additional muscle fibres, although this data wasn’t shown in the manuscript.
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Although these two studies both suggested that integration was probably 

the reason why they had observed long-term transgene expression with rAAV, a 

recent report suggests otherwise. Using a recombinant shuttle vector, the 

molecular structure of rAAV replicative intermediates following gene transfer to 

skeletal muscle was demonstrated to be episomal, high molecular weight 

circular intermediates (Duan et al., 1998). In addition this molecular structure 

was still detectable at day 80, and that the rAAV intermediates were in a head- 

to-tail conformation, at a time when there was still expression of the transgene.

4.1.2 .2  Other Tissues
Transduction of a number of different tissues has been reported in the

literature. Using highly purified rAAV transduction of photoreceptors and 

ganglion cells was observed in mice, with a delay in transduction efficiency, 

increasing over time (seen at its highest level 6  weeks post injection) and still 

present at 12 weeks post injection (Ali et al., 1998a).

4.1.2 .3  Cardiac Muscle
Transduction of cardiac muscle with rAAV is discussed in detail in section

6.3.5. Although there have been limited studies with in vivo gene transfer with 

rAAV, there have been a number of flaws with the experimental set-up. In the 

one published report of cardiac gene transfer although they produced evidence 

of transduction of at least three cardiac myocytes in the rat at day 3 following 

direct intramyocardial injection, gene expression decreased over time (Kaplitt et 

al., 1996), in contrast to previous work. They also looked at gene expression 

with intracoronary gene delivery in the porcine heart, which was more efficient. 

However, gene expression decreased over time in this model which is unusual 

given the life cycle of rAAV. In addition, for the studies performed in rats they do 

not state how many animals were used, and in the porcine study gene 

expression was studied in 4 pigs at day 3, 2 at day 56 and only 1 at six months. 

However, the early transient gene expression could be explained by either 

having contaminant virus in their preparations, or by pseudotransfection, as
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explained in section 4.5.2.1 as the stocks of virus used were not gradient 

purified.

5 Recombinant Herpes Simplex Virus
In contrast to adenovirus and AAV, herpes simplex virus type 1 is an 

enveloped, double stranded DNA virus. The viral genome is 152kb in length, 

and of the 81 genes that have been identified, 43 are unnecessary for growth in 

cell culture (Marconi et al., 1996; Fink and Glorioso, 1997; Glorioso et al., 1997; 

Roizman and Sears, 1990). The structure of the virion is comprised of three 

layers, the outer envelope, and an inner protein layer, known as the tegument 

and the icosahedral nucleocapsid (Roizman and Sears, 1990; Glorioso et al.,

1997). The viral genome is made up of two unique regions (unique short. Us, 

and unique long, UJ which are flanked by pairs of identical regions. This means 

that genes present in the repeated regions are present in two copies in the 

genome, whilst those in the unique region only once. During replication there is 

a high frequency of recombination mediated by the terminal regions of the 

repeats, thus the orientations of the unique regions can change with respect to 

each other, and stocks of HSV exist as mixtures of the four possible isoforms, 

see Figure 5-1 (for a review see (Coffin and Latchman, 1996) and references 

therein).

Following attachment and membrane fusion, leading to internalisation of the 

virion, the nucleocapsid enters the nucleus via nuclear pores, and release of the 

viral genome from the capsid is mediated by a viral function (Roizman and 

Sears, 1990). Gene expression form the viral genome is carried out in a 

stepwise manner, and the genes encoded by each step have been termed 

immediate early (IE) or a genes, early (E) or p genes and late (L) or y genes 

(Honess and Roizman, 1974; Roizman and Sears, 1990; Fink and Glorioso,

1997). The gamma genes are further classified by the dependence (7 2 ) or not 

(yi) on viral DNA synthesis (Holland et al., 1980; O'Hare and Hayward, 1985).

Transcription of the IE genes is mediated by the interaction of a viral 

tegument protein, known as Vmw65, a-TIF or VP16, with the cellular
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transcription factors Oct 1 and host cell factor (HOF), which recognises the 

TAATGARAT enhancer sequence in the promoters of the immediate early 

genes (For a review see (Glorioso et al., 1997) and references therein). The five 

IE genes encode the infected cell polypeptides/proteins (IGF) named according 

to their appearance in SDS polyacrylamide gels. Four of the five ICP have 

functions effecting the transcription and expression from the viral genome 

(ICPO, ICP4, ICP22, ICP27) whilst ICP47 has an immunomodulatory function 

(see section 5.4.1).

Following transcription of the IE genes, ICP4 and ICP27, which are 

essential for viral replication, (DeLuca and Schaffer, 1985; McCarthy et al., 

1989; Sacks et al., 1985), together with ICPO, the expression of the early and 

late genes is enhanced. ICP27 has several known functions, and can act as a 

trans-repressor or a trans-activator (Sekulovich et al., 1988), and the generation 

of a recombinant virus which has the ICP27 gene deleted demonstrated a 

number of other effects due to ICP27 (see section 5.3.2.1; (McCarthy et al.,

1989)). However, more elegant experiments were able to show how ICP27 

mediated a number of its functions (Hardy and Sandri-Goldin, 1994; Sandri- 

Goldin, 1998). A feature of 77 of the 81 HSV-1 transcripts is the absence of 

introns, which is unusual amongst viruses, even herpes viridae. By comparing 

the accumulation of one of the viral transcripts which does have introns, ICPO, 

with a series of deletion, mutant and wild-type viruses they were able to 

demonstrate an accumulation of unspliced precursors in the nucleus of infected 

cells when ICP27 was present. An elegant series of experiments by (Sandri- 

Goldin, 1998) was able demonstrate how ICP27 mediates its function of altering 

host cell translation by favouring the transport of intronless transcripts through 

nuclear pore complexes, as in most metazoan cells precursor-mRNA contain 

introns (Liu and Mertz, 1995). ICP27 has been shown to inhibit host cell splicing 

(Hardy and Sandri-Goldin, 1994) and as ICP27 is able to bind, and export 

intronless, but not pre-mRNA transcripts which do contain introns, to the 

cytoplasm via the nuclear pore complexes, this favours HSV-1 gene expression 

(Sandri-Goldin, 1998).
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Figure 5-1 Schematic Diagram of the HSV Genome. The HSV genome is composed of the unique long (U l)  and 

unique short (Us) regions flanked by inverted terminal repeats. There are 56 genes in the Ul, and numberea 
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In much the same way that the function of ICP27 was investigated, so were 

the functions of other IE genes. ICP4, another essential immediate early gene 

product (DeLuca et al., 1985) is one of the major viral transactivators, and only 

low levels of early and late gene expression can be detected when ICP4 is 

defective. However, ICP4 defective viruses are still cytotoxic in culture due to 

the continued expression of the other immediate early genes (DeLuca et al., 

1985). ICPO has been demonstrated to have an important role in the 

transcription of all classes of viral genes (Cai and Schaffer, 1996), although is 

not required for viral replication (Sacks et al., 1985). Investigation of ICPO was 

hindered in that, like ICP4, it is present in reiterated sequences in the viral 

genome rather than in either of the unique regions (see Figure 5-1), hence it is 

present in two copies in the genome. In the development of complementing cell 

lines for ICPO, it was apparent that whilst ICPO is not essential, viruses which 

were deleted for both copies of this gene had markedly reduced growth 

capabilities (Sacks and Schaffer, 1987), which was also seen by another group 

with different mutant ICPO defective viruses (Chen and Silverstein, 1992). ICP22 

is another nuclear phosphoprotein (Sears et al., 1985; Purves and Roizman,

1992) and deletion of ICP22 in mutant viruses results in a reduced yield of virus 

unless the infection is carried out at a high MOI (Sears et al., 1985). One of the 

main functions of ICP22 is to facilitate the formation of 7 2  proteins. Deletion of 

ICP22, in combination with deletion of ICP27, has been shown to be beneficial 

for transgene expression (Krisky et al., 1998).

5.1 Cell Entry and Transcription

5.1.1 Cell Attachment
Herpes simplex virus has a broad host cell range, suggesting that the

receptor it utilises for infection is a ubiquitous cell surface receptor. Although 

there has been some controversy, with one group suggesting that the fibroblast 

growth receptor is utilised in HSV infection (Baird et al., 1990; Kaner et al.,

1990), these results could not be repeated (Shieh and Spear, 1991), and in a 

series of experiments it was demonstrated that a receptor for HSV was heparan
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sulphate (Shieh et al., 1992), found on the surface of most vertebrate cell types 

(Gallagher et al., 1986). Utilising a similar strategy as was subsequently used 

for identification of a cellular receptor for AAV (section 4.1), cell lines that were 

defective in production of heparan sulphate were compared to wild-type cells for 

attachment and infection of OHO cells. Using an assay similar to the hexon 

synthesis assay (section 3.1.1), infection of cells was scored by production of 

the immediate early gene product, infected cell protein 4 (ICP4) by 

immunofluorescence. Heparin was shown to inhibit production of ICP4 when 

cells were incubated with HSV, in a dose dependent manner, suggestive of 

competition for a receptor.

Further experiments demonstrated that HSV was unable to bind to pgsD 

cells, which are unable to form the repeating disaccharide unit of heparan 

sulphate. In comparison, a cell line which produces an under sulphated form of 

heparan sulphate showed an intermediate decrease in infection with HSV 

compared to wild type CHO cells. Using radiolabelled virus they were able to 

demonstrate that the mutant cell lines showed reduced binding of HSV, and that 

specific binding was inhibited by heparin in a dose dependent manner (Shieh et 

al., 1992). It is of interest that the binding studies did not exactly mirror the ICP4 

immunofluorescence results, suggesting that there are other barriers to HSV 

infection in these cells.

An understanding of the envelope glycoproteins involved in binding to 

heparan sulphate and the cell surface has been determined by using mutant 

viruses that have deletions or mutations in different glycoproteins. Of the 11 

known glycoproteins only four, glycoproteins gB, gD, gH and gL (Cai et al., 

1988; Cai et al., 1987; Desai et al., 1988; Fuller and Lee, 1992; Hutchinson et 

al., 1992a; Ligas and Johnson, 1988; Little et al., 1981; Roop et al., 1993), have 

been shown to be essential for infection in cell culture, whilst gK, not found in 

the envelope is needed for the production of infectious virions (Hutchinson et al., 

1992b; Hutchinson and Johnson, 1995). Mutant viruses lacking functional gB 

show decreased binding to cells (Cai et al., 1988).
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5.1.2 Cell Penetration
The dissociation of binding and penetration of HSV, led to investigations to

determine the genes necessary for penetration into cells. Transient transfections 

of plasmid clones from a HeLa cell cDNA library, which are permissive for HSV 

infection, resulted in the identification of a receptor which mediates efficient 

entry of HSV into cells previously resistant to HSV entry (Montgomery et al., 

1996). The receptor. Herpes Virus Entry Mediator (HVEM), showed some 

sequence homology to the TNF / nerve growth factor (NGF) receptor. Using 

anti-sera to HVEM they were able to show that binding of HSV to cells was not 

inhibited, suggesting that this protein was important in penetration of the plasma 

membrane. Additionally, transfection of the cDNA for HVEM did not make the 

cells as susceptible to infection with viruses harbouring mutations in 

glycoprotein gD. Since these mutant viruses can infect cells susceptible to HSV 

infection, and the HVEM antisera was unable to completely inhibit HSV infection 

of HeLa cells there must be other infectious entry pathways (Montgomery et al., 

1996).
The glycoproteins that have been implicated in the penetration process 

have been investigated by using mutant viruses, as has been done for 

investigation of binding to the cell surface as described above. Glycoprotein gD, 

has been shown to be essential for penetration of the cell membrane, and the 

study above suggest that one of the interactions is with HVEM (Fuller and Lee, 

1992; Ligas and Johnson, 1988; Montgomery et al., 1996). Glycoprotein L has 

been shown to be important in penetration and fusion into cells, and that it forms 

a complex with the other essential glycoprotein, gH. Glycoprotein gH is not 

expressed on the surface of the envelope if gL is not present (Hutchinson et al., 

1992a; Roop et al., 1993), and absence of gH in the presence of gL results in 

the virus being unable to infect cells (Desai et al., 1988).

5.2 Latency
A feature unique to the viruses described in this thesis is the ability of HSV 

to remain latent within infected neuronal cells in an episomal conformation (For 

a review see (Latchman, 1990) and references therein). The initiation of a lytic
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infection, with wild-type HSV depends upon activation of the IE genes by 

Vmw65 (see section 5.1 and (O'Hare, 1993) for a review). However, in neuronal 

cells the presence of splice variants of the Oct-2 transcription factor was shown 

to inhibit IE gene expression, and when the splice variants Oct 2.4 and Oct 2.5 

were transfected into a permissive cell line for HSV replication, IE gene 

expression was dramatically reduced (Lillycrop et al., 1994). Isoforms of the 

Oct-2 transcription factor found in cells other than neurons were unable to inhibit 

IE gene expression, suggesting that the initiation of latency in neuronal cells is 

dependent upon the presence of these splice variants (2.4 and 2.5) of the Oct-2 

transcription factor.

5.3 Recombinant Vectors

5.3.1 Amplicon Vectors
An alternative gene transfer vector is the amplicon, which is a defective

virus, and is incapable of autonomous replication (For reviews see (Coffin and 

Latchman, 1996; Fink and Glorioso, 1997) and references therein). An amplicon 

vector consists of a HSV replication of origin and the HSV packaging sequence. 

When the virus is grown in culture with a helper virus the plasmid is amplified 

and packaged as reiterated repeat sequences. As the transgene cassette is 

usually quite small the transgene is present in the final amplicon virion in several 

copies (Spaete and Frenkel, 1982). However, there are several problems with 

this approach, and the need for helper HSV has limited the application of this 

vector, as elimination of the helper virus from the amplicon is inefficient and time 

consuming. However, there has been a report of using an amplicon vector for 

therapeutic angiogenesis in the mouse, using ex vivo transfection (Mesri et al.,

1995).

5.3.2 Genomic Vectors
Genomic rHSV vectors are more commonly used than the amplicon vectors,

and as for recombinant adenovirus most groups developing rHSV vectors have 

tried to diminish vector cytotoxicity by deletion of immediate early gene products 

and non-essential genes. In contrast to adenovirus, where the gene products of
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the E1 region transactivate other early and late regions, gene expression from 

the HSV backbone is dependent upon five immediate early (IE) or a genes 

whose expression is increased via the interaction of a tegument protein, 

Vmw65. The resulting infected cell polypeptides (ICP), ICPO, 4, 22, 27 and 47 

generally transactivate other regions of the viral genome, the exception being 

ICP47, which has important functions in subverting the host immune response 

(see section 5.4.1).

5.3.2.1 IC P27 Deletion Recombinant Viruses
Infected cell polypeptide 27 (ICP27), also known as IE63 and a27 is a 63-

kDa nuclear phosphoprotein, and was shown to be essential in HSV replication 

(McCarthy et al., 1989; Sacks et al., 1985). Temperature sensitive mutations in 

ICP27, which rendered ICP27 defective at 39°C demonstrated that mutant 

viruses are not viable at the non-permissive temperature (Hutchinson et al., 

1992b). In cells infected with the mutant virus and cultured at the non- 

permissive temperature (39°C) late proteins (of the j 2 class) were not 

synthesised, although early proteins and viral DMA were still synthesised. 

However, another group made a different mutation in the 17+ strain of HSV-1 

and suggested that ICP27 was not essential in HSV-1 replication (Maclean and 

Brown, 1987). Definitive proof that ICP27 is required was shown by (McCarthy 

et al., 1989) when they made a complementing cell line which expressed ICP27, 

but did not contain any homologous regions to a shuttle plasmid which they 

used to make the ICP27 deletion recombinant virus, 5cf/1.2. Having made the 

recombinant virus in the complementing cell line they were able to show that 

this resulted in a normal complement of viral protein synthesis compared to wild- 

type virus, however, in Vero cells, which do not express ICP27, the pattern of 

gene expression was markedly changed compared to the parent virus.

Infection of Vero cells with the ICP27 null virus resulted in decreased levels 

of the precursor for gB (pgB), and gB, as well as the yi proteins ICP5 and 

ICP25, an absence of the late j 2 genes ICP19 and ICP20 but an increase in the 

early proteins ICP6  and ICP8 . The changes in cell protein synthesis were also
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marked, with the deletion virus being less efficient at shutting off host cell 

protein synthesis than the wild-type virus (McCarthy et al., 1989). Although viral 

DNA synthesis still occurred with the ICP27 null virus it was only to 18% of the 

levels observed with the wild-type virus. Importantly, infection of Vero cells with 

the ICP27 virus did not result in production of the recombinant virus (although 

low amounts of virus could be recovered from infected cells, this likely 

represented unabsorbed input virus).

5.3.22 Multiply Deleted Viruses
Recently there has been a report of using a recombinant vector with several

viral genes deleted (Krisky et al., 1998). In this manuscript they report the 

generation of a disabled HSV vector which has ICP4, ICP22, ICP27 and ICP47 

deleted or inactivated, as well as U l24, U l41 , U l44 , UsIO  and U g ll. This vector 

has a number of advantages over single gene deletion rHSV vectors. Compared 

to single gene deletion (ICP4) and double gene deleted/ inactivated (ICP4 and 

ICP47), the quadruple deletion/inactivation mutant (ICP4, ICP22, ICP27 and 

ICP47) had markedly reduced vector cytotoxicity when administered to human 

melanoma cells (Gombos).

At day 1 post infection less than 50% of cells were viable when infected at 

an MOI of 5 with an ICP4' virus, although the double deleted virus (ICP4", 

ICP47 ) virus showed a similar profile, it appeared that this was less cytotoxic, 

although no statistics were performed nor were the number of experiments 

mentioned. Whilst the quadruple deletion mutant virus showed an improved 

cytotoxicity profile, there was still considerable cytotoxicity, with approximately 

only 60% of cells still viable 24 hours post infection, and less than 25% of cell 

were viable at 96 hours post infection compared to uninfected control. Although 

they did measure protein expression in these experiments they did not measure 

transfection efficiency with these viruses. Protein expression in the single and 

doubly deleted viruses was essentially the same as control uninfected cells at all 

timepoints post infection, with the human IL-2 gene inserted into the ICP47 

locus under the transcriptional control of the HCMV IE promoter. Whilst there 

were increased levels of IL-2 with the quadruple mutant virus, by day 4 it was
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essentially at control levels, although there were no statistics performed, nor the 

number of replicates given (Krisky et al., 1998).

5.4 Cytotoxicity and Immune Response

5.4.1 Subversion of the T-cell Response
In a similar manner as adenovirus, except serotypes A and F, HSV has also

developed mechanisms to subvert antigen presentation (section 3.2.1) (Burgert,

1996). In contrast to adenovirus, HSV modulates antigen processing at the level 

of the transporters of antigen processing (TAP). By using a HeLa cell line with a 

tetracycline (Tet off) regulatable promoter, driving expression of IGP47 an 

immediate early essential gene, it was shown that cytosolic ICP47 inhibits 

transport of peptides across the endoplasmic reticulum (ER), but not the binding 

of TAPs to MHO, resulting in empty MHGs in the ER, and reduced, or no 

expression of MHG at the cell surface (Früh et al., 1995).

5.4.2 Cytotoxicity of Recombinant Genomic Vectors
In vivo gene transfer with recombinant HSV vectors has mainly

concentrated on gene transfer to the GNS, although they have also been used 

for gene delivery to skeletal muscle. A recombinant vector with IGP4 and 

thymidine kinase (TK) deleted or disrupted, by insertion of a transgene cassette 

into the TK locus, was able to infect skeletal muscle cells in vivo in mice 

following injection of 2 x 10  ̂ pfu into the gastrocnemius muscle, but transgene 

expression was transient (Huard et al., 1997; Feero et al., 1997). In addition, 

there was a loss of infectivity of the rHSV vector when injected at different 

timepoints, with fewer cells being able to be transfected when the mice were 6 

months old, compared to when the injections took place at two weeks (Feero et 

al., 1997). The reason for this decrease in efficiency was shown to correlate with 

the formation of an intact basal lamina. In another related study they were able 

to repeat the results of the earlier study, and by using immunocompetent and 

SGID mice show that in addition to immune mediated loss of transfected cells, 

there was considerable vector cytotoxicity (Huard et al., 1997).
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In gene transfer experiments to the adult GNS, rHSV vectors with ICP27 

deleted (Wagstaff et al., 1998), ICP27 and IGP34.5 deleted (Howard et al.,

1998), as well as the studies discussed in section 5.3, are able to transfect and 

express a reporter transgene for a limited duration, usually less than two weeks. 

The reason for the loss of transduced cells is thought to be due to vector 

cytotoxicity due to continued expression of other IE genes (see (Fink and 

Glorioso, 1997; Glorioso et al., 1995) for reviews) subverting cellular 

transcriptional machinery and eliciting a host immune response.

6 Myocardial Gene Transfer
In vivo myocardial gene transfer has the potential to be an extremely 

powerful technique to understand the molecular nature of pathological states of 

the myocardium. The ideal would be transfection of all cardiac myocytes, and 

transgene expression in a controlled manner, with no other effects. 

Unfortunately the ideal does not exist at the moment. In trying to achieve the 

ideal, a number of strategies can be employed to gain information that could 

lead to a reasoned approach to myocardial gene transfer.

As discussed in the first part of this chapter there are a number of different 

vectors suitable for myocardial gene transfer, all having different strengths and 

weaknesses. One way of comparing the vectors would be in vitro cell culture. 

Although this is a powerful technique, as a number of variables can be 

accounted for, there are a number of limitations. The majority of experiments 

using cardiac myocytes use neonatal cardiocytes as these are relatively easy to 

culture, however in contrast to adult cells they are able to undergo at least one 

round of cell division. This difference in the mitotic status of the cell would 

dramatically alter the performance of rAAV and retroviral vectors. Adult cardiac 

myocytes can also be cultured, however they can only be cultured for a limited 

duration, which would be unsuitable for rAAV, if transgene expression was 

delayed as in other post-mitotic tissues.

Another strategy used to investigate myocardial gene transfer is 

Langendorff perfusion. Oscar Langendorff (1895) described a method of
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isolating the heart from an animal and keeping it functional for a number of 

hours. The heart is isolated and the ascending aorta is tied to a cannula, and 

retrogradely perfused. As long as the aortic valve is competent the perfusate, 

usually Krebs-Henseleit buffer but blood can also be used, will flow down the 

coronary arteries, assuming the aortic pressure is greater than the left 

ventricular pressure. There are many reasons why this is a useful model in the 

investigation of myocardial gene transfer, from a mechanistic view. A number of 

factors, which are likely to effect in vivo myocardial gene transfer, can be tested 

in isolation, however, as with in vitro cell culture, the Langendorff preparation is 

only stable for a few hours, and so to detect transgene expression at later 

timepoints the myocytes have to be dispersed and then cultured.

Whilst Langendorff perfusion can answer basic questions concerning 

myocardial gene transfer, it does not allow genetic manipulation of the working 

heart due to the limited lifetime of the preparation. There are however, a number 

of situations that occur clinically which are similar to Langendorff perfusion. 

Cardiac transplantation allows access to the coronary vasculature for a 

prolonged period, in the absence of blood. This, along with the need to improve 

the success of cardiac transplantation led to the development of cardiac 

transplantation models, with gene transfer at the time of transplantation. 

Although this is a relatively useful model for investigating myocardial gene 

transfer, it has a limited experimental and clinical applicability. Another situation 

which is clinically relevant, and allows prolonged access to the coronary 

vasculature is at the time of coronary artery bypass, whilst the heart is on a 

bypass machine. There have been no reported investigations of gene transfer at 

the time of coronary artery bypass, with investigators preferring direct intra- 

myocardial injection.

Whilst the above models allow investigation of gene transfer vectors and the 

factors which influence expression, their relevance to in vivo myocardial gene 

transfer is arguable. None of the above models, with the possible exception of 

transplantation and coronary artery bypass, can determine if a vector is efficient 

in vivo, given the differences in cell density and the transcriptional status of the
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cell. Thus, methods have been developed to investigate myocardial gene 

transfer in vivo. The two main models are direct intramyocardial injection, or 

intracoronary delivery, and are discussed in section 6.3.1.1 and 6.3.1.2 

respectively.

6.1 In Vitro Myocardlal Gene Transfer

6.1.1 Cell Culture

6.1.1.1 Non-Viral Transfection
As discussed in the previous section, transfection of cardiac myocytes in

culture with standard procedures, e.g. calcium phosphate, cationic liposomes, is 

inefficient and this led to investigators using other vectors. In neonatal rat 

cardiocytes HVJ-liposomes were shown to increase transfection efficiency from 

5% with cationic liposomes alone to over 20%, with apparently no toxicity 

(Ellison et al., 1996). The process which appears to have been limiting in these 

experiments was not transfer per se, but of gene expression, as transfer of 

FITC-labelled oligonucleotides resulted in a transfection efficiency of over 90% 

(Ellison et al., 1996). This difference in expression and transfer is thought to be 

due to degradation of the DNA before it reaches the nucleus, rather than a lack 

of transcription, but these experiments were not designed to investigate this.

6.1.1.2 Recombinant Adenovirus
Recombinant adenoviral vectors were first shown to be able to infect adult

cardiac myocytes in vitro by Kirshenbaum, et al (1993) and this was extended to 

fetal cardiocytes and a more extensive investigation of the timecourse of gene 

expression from the vector (Kass-Eisler et al., 1993a). In both fetal and adult 

cardiocyte culture gene expression was detectable as early as 4 hours post 

infection, before peaking at 48 hours and plateauing for the duration of the 

experiment (7 days). At a multiplicity of infection (MOI) of 1000 over 90% of 

adult cardiocytes were transfected (Kirshenbaum et al., 1993). These 

experiments demonstrated proof of principle that cardiac myocytes had features
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that allowed them to be efficiently infected with recombinant adenovirus, 

allowing work in vivo.

A comprehensive series of experiments elucidated the factors important in 

adenoviral gene transfer in adult cardiomyocyte cell culture (Donahue et al.,

1997). In these experiments adult rabbit cardiac myocytes were isolated by 

enzymatic perfusion of the heart and plated onto laminin coated tissue culture 

plates. There was a sigmoidal relationship between the number of cells infected 

and the concentration of virus, but protein production was linear with respect to 

the amount of virus in the range from 10  ̂to 10® pfu (relating to infection of 1 x 

10® myocytes, i.e. a MOI of 0.01 to 1000). If the duration of incubation with 

adenovirus was short (2 hours) the concentration of the virus was shown to be 

the prime factor effecting the efficiency of gene transfer. If the duration of 

incubation with adenovirus was extended to 48 hours, then the absolute amount 

of virus present was shown to the determining factor of the efficiency of gene 

transfer. They also investigated the effect of temperature, and observed that if 

the incubation temperature was reduced to 4°C the efficiency of gene transfer 

was reduced, and could not be increased above 35%, even with prolonged 

incubations. These data suggest that the interaction between the cardiac 

myocyte and recombinant adenovirus is a typical ligand-receptor interaction, as 

can be understood from section 3.1.1. Of interest to intracoronary gene delivery, 

they investigated the effect of whole blood, plasma, red blood cells and radio

opaque non-ionic contrast on transfection efficiency when added to the media. 

Whilst all of the above treatments decreased transfection efficiency by at least 

20%, the non-ionic contrast and whole blood reduced transfection efficiency by 

30 and 35% respectively. Blood is expected to reduce infection, as adenovirus 

causes haemagglutination, the effect of contrast (diluted 1:5 with media) is more 

difficult to explain, but could relate to its viscosity. Of note is that control 

experiments to measure the viability of the cells cultured under these conditions 

were not performed.
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6.1.1.3 Recombinant Adeno-Associated Virus
The delay in transcription from rAAV vectors in post-mitotic cells makes it

difficult to investigate rAAV gene transfer in vivo. However, rAAV has been 

shown to infect neonatal cardiocytes when cultured with the virus for 24 hours. 

Unfortunately the transfection efficiency was relatively low, with 60% of 

cardiocytes expressing the reporter gene at a MOI of 1.0 x 10® (Maeda et al.,

1998). Although this appears inefficient compared to adenovirus, these 

investigators used total rAAV particles rather than infectious units to calculate 

MOI.

6.1.1.4 Recombinant Herpes Simplex Virus
Use of rHSV as a gene transfer vector in culture has been demonstrated for

neonatal, but has not been attempted in adult cardiac myocytes (Coffin et al., 

1996). Although recombinant HSV with ICP 34.5 and / or VMW 65 inactivated 

were able to transduce cardiac myocytes, a rHSV virus which had ICP 27 

deleted by removal of the immediate early (IE) 2 region showed the best ability 

to transduce cardiac myocytes with the least cytopathic effect. Although 

encouraging, the viability of the cultures was reduced, demonstrating the 

cytotoxic effect when using these rHSV vectors.

6.1.2 Langendorff Perfusion
The thorough interrogation of the factors involved in gene transfer in the

intact heart is facilitated by Langendorff perfusion (Langendorff, 1895; Donahue 

et al., 1997), and in a series of studies several factors which are influential in 

adenoviral gene transfer were determined in the adult rabbit heart (Donahue et 

al., 1997; Donahue et al., 1998). In these experiments the coronary flow rate 

was manipulated, as was the concentration and total amount of virus in the 

perfusate, which was Krebs-Henseleit buffer supplemented with 1 mg/ml of 

albumin. Another advantage over in vivo experiments with this set-up is that the 

virus can be recirculated in the coronary vasculature, so altering the length of 

time that the recombinant adenovirus is present. Following perfusion of the 

hearts with the virus solution the heart was digested and cardiac myocytes 

isolated and plated onto laminin-coated tissue culture-plates, and transfection
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efficiency determined by histochemical staining (X-gal) at 48 hours post 

infusion.

The coronary flow rate was shown to influence the efficiency of adenoviral 

gene transfer, increasing from 20% to 40% of cells when increasing the flow 

rate from 20ml/min to 30ml/min, with 1x10® pfu/ml of recombinant adenovirus 

in a recirculating volume of 50mls, keeping the perfusion pressure constant 

(Donahue et al., 1997). As expected, the time that the viral solution was in the 

coronary circulation also affected gene transfer, with a single pass of 50ml of 

perfusate (1 x 10® pfu/ml) at a flow rate of 30mls/min resulting in less than 1% of 

cells being transduced. Recirculation of the virus solution increased infection, 

with just over 20% of cells being infected at 20 minutes and over 40% for virus 

exposures of 60 minutes or longer. Increasing the concentration of virus to 

1.6x10® pfu/ml increased the transfection efficiency to 96% under the same 

conditions.

In a second series of experiments, a number of treatments were given 

which theoretically increase the capillary permeability (Donahue et al., 1998). 

They found that 30 minutes pre-treatment of the heart with lOpmol/ltr of 

serotonin or bradykinin prior to adenoviral infection increased transfection 

efficiency. They also found that three minutes pre-treatment with 50pmol 

calcium-Krebs increased adenoviral gene transfer. By combining the low 

calcium and serotonin pre-treatments whilst increasing the concentration of 

virus, they were able to achieve gene transfer in 90% of myocytes (Donahue et 

al., 1998). These effects, including that of low calcium perfusion, were thought 

to act by opening post-capillary sphincters, to increase the vasculature 

permeability, although they were unable to clearly demonstrate this.

6.2 Ex Vivo Myocardial Gene Transfer

6.2.1 Organ Bath
Another model of myocardial gene transfer in a contracting preparation, has 

been that of superfusion of papillary muscles. In this model papillary muscles 

are isolated from the heart and placed in an organ bath where they are
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stimulated to contract whilst their ends are tied to force transducers. They are 

maintained by superfusion of an oxygenated physiological buffer, with oxygen 

and metabolic substrates being delivered to the muscle strip by diffusion. The 

advantages of superfusion are that the muscle strip is stimulated to contract yet 

is isolated allowing confounding factors to be eliminated from the experiment.

Using superfusion of rat papillary muscles crude lysate preparations of rAAV 

were shown to infect the cardiac myocytes, with the highest level of transduction 

occurring after 12 hours of incubation (Maeda et al., 1998). Although these 

results are promising, the viability of the cell membrane and the transcriptional 

status of myocytes is likely to vary from the in vivo situation. A related model of 

Langendorff perfusion with adenovirus followed by isolation of a papillary 

muscle has been presented in abstract form as a model to measure differences 

in contractile force when using recombinant adenovirus (Lehnart et al., 1998). 

Using a related model of gene delivery as that of (Donahue et al., 1997) they 

were able to culture papillary muscles for 48 hours post gene transfer, with gene 

transfer similar to that seen with cultured myocytes (Lehnart et al., 1998).

6.2.2 Cardiac Transplantation
The overall aims and potential of ex vivo gene transfer differ enormously

from in vivo gene transfer, however they do allow investigation of gene transfer 

vectors with a modified form of intracoronary gene transfer. The benefits of 

using cardiac transplantation as a model for gene transfer are that it is clinically 

relevant, and there is prolonged access to the coronary vasculature and 

myocardium in the absence of blood flow.

6.2.2.7 Cationic Liposomes
Cationic liposomes complexed to plasmid DNA was shown to result in

transfection and expression of the chloramphenicol acetyl transferase (CAT)

reporter gene at 24 hours post gene transfer, when 1.3-2.0mg/kg body weight of

DNA had been infused into the coronary circulation of adult rabbits (Dalesandro

et al., 1996). The mean ischaemic time, and hence duration of gene transfer

had been 40 minutes. Although this experiment showed that cationic liposome
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mediated gene transfer resulted in expression in this model, the cell type which 

expressed the protein was not confirmed. In contrast another group working in 

the rat were unable to observe gene expression using a similar model in the rat, 

although the amount of DNA infused was only 200pg, the ischaemic time was 

only 25 minutes and expression was looked at on day 3 (Sawa et al., 1997). 

Also, the reporter gene used in the latter study was LacZ, the number of 

differences between the two studies does not allow an understanding of why 

there were contrasting results.

6.2.2.2 Fusigenic Viral Liposomes
Another popular vector for use in this system is fusigenic viral liposomes. In

comparison to cationic liposomes gene expression can be detected in the rat at 

day 3 when using when using HVJ-fusigenic liposomes (Sawa et al., 1997). This 

group then went onto use this model to investigate the protective effects of 

hsp70 gene transfer (Suzuki et al., 1997). There has recently been a 

publication, which has shown very efficient oligonucleotide and DNA transfer 

and expression to the rat myocardium (Sawa et al., 1998). Using the HVJ- 

liposomes method of gene transfer, and cold cardioplegic arrest they were able 

to detect cytoplasmic R-galactosidase expression in over 60% of cardiac 

myocytes at day 3 with 200pg of plasmid DNA. The reasons for these huge 

increases in transduction with this method are unclear, especially when 

compared to the previous work discussed above.

6.2.2.3 Recombinant Adenovirus
Finally, this model was also used to demonstrate the efficiency of adenoviral

mediated gene transfer in adult mice (Lee et al., 1996). In these experiments 2 x 

10® pfu of recombinant adenovirus were infused into the coronary circulation for 

a total duration of 1 hour, the first 15 minutes of which was at 4°C and the 

remaining time the heart was at ambient temperature. In these experiments 

gene expression peaked at day 7 and decreased over the following month. 

Interestingly they were unable to observe any immune response in the 

transfected hearts. Similar experiments were performed in adult rats, although a
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leukocytic infiltrate was detectable with infusion of 1 x 10® pfu and was more 

pronounced at higher viral titres (Gojo et al., 1998).

6.3 In Vivo Myocardial Gene Delivery

6.3.1 Models
There are two main models of in vivo myocardial gene transfer, direct 

intramyocardial injection and intracoronary delivery, in addition intrapericardial 

and in utero gene delivery have been reported to result in myocardial gene 

transfer in isolated reports (Lamping et al., 1997; Woo et al., 1997). Direct 

intramyocardial injection is usually carried out under direct visualisation by 

opening the chest, although this procedure has been done as a closed chest 

procedure, with catheter mediated (needle tipped) injection (Li et al., 1995), 

transthoracic injection (Coffin et al., 1996), or via a subdiaphragmatic approach 

(Guzman et al., 1993). Several variations of intracoronary gene delivery have 

been described, mirroring the clinical situation most accurately is percutaneous 

transluminal gene delivery, which was the first intracoronary gene delivery 

protocol to be described (Barr et al., 1994), where the coronary arteries are 

catheterised using purpose made catheters. A slight variation is where the chest 

is opened and the vector is injected into a coronary artery (Muller et al., 1994). 

The other model of intracoronary gene delivery to have been described is that of 

high-pressure intracoronary gene delivery where the vector is injected into the 

left ventricular cavity whilst the aorta and pulmonary artery are occluded (Hajjar 

etal., 1998).

6.3.1.1 Direct Intramyocardial Injection
Direct intramyocardial injection, by whichever method has a number of

benefits for studying in vivo myocardial gene transfer. Although there is no 

clinical precedent it is a relatively simple procedure, and the vector is delivered 

exactly where it is needed. Unfortunately there are a number of drawbacks to 

using intramyocardial injection, the main one being that the vector is injected 

into a relatively small volume, and to transfect myocytes distal to the site of 

injection the vector would have to migrate along interstitial planes. Although
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multiple injection sites can overcome this problem to an extent, the procedure 

itself results in damage of the myocardium, with fibrosis occurring along the 

needle track.

6.3.1.2 Intracoronary Infusion
Coronary catheterisation is a common procedure clinically both as a

diagnostic and therapeutic tool, with approximately 80,000 catheterisations per 

year being carried out in the UK in 1994 (Council for the British Cardiovascular 

Intervention Society, 1994). In addition, in terms of gene therapy, patients who 

are undergoing coronary catheterisation are the ones who are envisaged to 

benefit most, and this group of patients is being actively recruited into a number 

of gene therapy trials. However, there are a number of barriers to gene transfer 

using intracoronary infusion. Compared to direct intramyocardial injection where 

the vector is in direct contact with myocytes, in intracoronary infusion the vector 

must first migrate through the endothelial barrier before it can reach cardiac 

myocytes. Whilst a vector which has been injected directly into the myocardium 

has a relatively long time in contact with myocytes, a vector infused into the 

coronary circulation has only one pass in the coronary circulation before it 

rejoins the systemic circulation

6.3.2 Plasmid DNA
In vivo gene transfer to the adult myocardium was first shown with plasmid

DNA (Lin et al., 1990). Injection of lOOpg of plasmid DNA into the left ventricle 

of adult rats resulted in low efficiency gene transfer detectable at days 3 to 5 

and still apparent at 21-30 days. There was evidence of an acute inflammatory 

response with injection of the plasmid in the first week, with fibrosis occurring 

along the needle track at the later timepoints. Further quantification and 

comparison with adenoviral gene transfer later confirmed these results (Guzman 

et al., 1993; Kass-Eisler et al., 1993a; Gal et al., 1993). However, it has recently 

been demonstrated that naked plasmid DNA is rapidly cleared from the 

myocardium following direct intramyocardial injection (Lucassen et al., 1999). 

Using radiolabelled DNA, encoding a VEGF isoform, the clearance of the
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plasmid was maximal within the first day, as detected in the urine, and the 

spatial distribution of the DNA within the myocardium was localised to the 

needle track (Lucassen et al., 1999).

6.3.3 Fusigenic Viral Liposomes
Although there have been no reports in the literature of in vivo myocardial

gene transfer with either cationic liposomes or peptide-binding complexes, 

fusigenic viral liposome mediated gene transfer has been reported (Ellison et 

al., 1996). FITC-oligonucleotides were mixed with HMG-1, prior to being 

complexed with cationic liposomes before being added to UV inactivated HVJ. 

Using intracoronary gene delivery, fluorescence was observed in cardiac 

myocytes in the first day following transfection (Ellison et al., 1996). This 

demonstrated transfer of genetic material into cardiac myocytes, gene 

expression was later shown in a direct injection model of gene transfer 

(Kawaguchi et al., 1997). Transfer of 200pg of DNA complexed with HVJ- 

liposomes resulted in X-gal conversion visible macroscopically. Histologically Q>- 

galactosidase positive cells were associated with a macrophage infiltrate.

6.3.4 Recombinant Adenovirus

6.3.4.1 Direct Intramyocardial injection
The first demonstration of the feasibility of adenoviral mediated gene

transfer was shown by (Guzman et al., 1993) by intramyocardial injection of 5 x

10® pfu in lOOpI into the rat heart, with a subdiaphragmatic approach. Using first

generation adenoviral vectors encoding either the CFTR gene or the LacZ

transgene under the transcriptional control of the RSV LTR promoter, Q>-

galactosidase expressing positive cells were seen at day 3 with Ad-LacZ, but

not Ad-CFTR. They were able to detect an increase in l3>-galactosidase activity

by using a commercial assay as early as at day 1. Although 13-galactosidase

activity returned to near baseline by day 21 as determined by the assay kit,

transgene positive cells were still observable. As expected an inflammatory

infiltrate was observed, which was composed of mononuclear cells. As control

injections they injected plasmid DNA encoding either the LacZ transgene or the
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neomycin resistance gene, which resulted in far inferior transgene expression 

compared to Ad-LacZ (Guzman et al., 1993).

In similar experiments, but performing the intramyocardial injection of Ad- 

CAT under direct visualisation, gene expression as measured by CAT function 

was detected at 15 hours post injection (Kass-Eisler et al., 1993a). Peak gene 

expression was seen at day 5, and gradually declined over the next 50 days, 

with gene expression being 5-6 orders of magnitude less at day 43 compared to 

day 5 (Kass-Eisler et al., 1993a). Using immunohistochemical staining for CAT, 

they were able to observe that the transgene positive cells were mainly 

myocytes. Again the procedure was associated with an inflammatory response, 

but they suggested that this was not correlated with viral dose (Kass-Eisler et 

al., 1993a).

Following on from these preliminary experiments a full characterisation of 

recombinant adenoviral gene delivery was performed by (French et al., 1994) in 

adult pigs. This is one of the few studies which has examined the effect of 

adenoviral gene transfer on function of the heart. By suturing ultrasonic Doppler 

crystals onto the epicardial surface of the left ventricle during the injection 

procedure they were able to demonstrate injection of recombinant adenovirus 

(0.7 -7x10^  pfu) did not result in any change in systolic wall thickening at either 

1 or 7 days post injection compared to untreated animals (French et al., 1994). 

Compared to intramyocardial injection of plasmid DNA, 1.8 x 10® pfu of rAd-Luc 

was equivalent to 200pg of plasmid DNA in terms of protein production at day 7, 

with the same transcriptional unit, using crude lysate preparations of 

adenovirus. However, this does not rule out that the increase was due to 

increased expression from the adenoviral backbone, rather than an increased 

number of cells being infected. There was a clear dose-dependency with regard 

to viral titre, with caesium chloride purified virus showing a dramatic increase in 

luciferase protein. The transfected cells were mainly myocytes, with regions 

next to the needle track exhibiting almost 100% transduction, with no G>- 

galactosidase positive cells being detectable at 3mm distal to the injection site.
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As expected there was a brisk lymphocytic response observed mainly 

composed of a CD8 and CD44 positive cells.

A further investigation, in female minipigs, used direct injection of high titre 

adenovirus (2 x 10^° pfu) and again did not detect any change in ventricular 

performance, this time assessed echocardiographically. In this study there were 

no differences in a number of serum enzymes or white blood cell count between 

adenoviral infected and control animals (Mühlhauser et al., 1996), however 

these are crude indices of damage.

Employing a needle-tipped catheter, closed chest intra-myocardial injection 

demonstrated that recombinant adenovirus was also able to infect myocytes in 

the dog (Li et al., 1995). Again maximal expression was seen at day 7 and 

decreased over the next 14 days, with no difference between uninfected and 

infected animals at day 21. They also performed repeat injections at 14 days, 

and observed decreased gene expression at 7 days post re-infection, which did 

not appear to correlate with neutralising antibody titre, therefore suggesting a T- 

cell response. However, there was no difference in the number of mononuclear 

cells between vehicle and adenoviral injected hearts (Li et al., 1995). Although 

they did assay serum enzymes for evidence of hepatocellular injury, they were 

unable to find any measurable differences (Li et al., 1995).

6.3.4.2 Intracoronary Gene Delivery
Intracoronary adenoviral gene delivery, without manipulations of the

coronary vasculature, has been controversial, with two manuscripts reporting 

highly efficient gene transfer to cardiac myocytes in a vascular distribution (Barr 

et al., 1994; Giordano et al., 1996) and another manuscript reporting inefficient 

gene transfer, albeit employing a slightly different model (Mühlhauser et al., 

1996). Barr et al (1994) performed a study in adult rabbits, investigating whether 

intracoronary gene delivery was feasible, using first generation adenovirus. 

Using caesium chloride purified virus, but not plaque titrated, they infused 2 x 

10® or 1 X 10^° “pfu” (as assessed by measuring absorbance at 260nm) of 

recombinant adenovirus encoding the LacZ transgene down the circumflex 

artery, and measured gene expression at days 5, 14, 28 and 56 by
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histochemical staining for S-galactosidase. At the lower titre of virus 10% of 

myocytes were transduced, within selected fields of view. At the higher titre of 

virus 32% of cells were shown to express functional B-galactosidase, in selected 

fields at day 5. Interestingly, despite the claim of widespread 30% gene transfer 

no inflammatory infiltrate was detected, but gene expression did decrease over 

time. Using PGR the adenovirus was shown to result in infection of a number of 

different organs, including the brain, lung, liver, and kidney.

Intracoronary gene delivery encoding a physiologically relevant protein was 

shown to result in a phenotypic change in the heart in the pig (Giordano et al., 

1996). In this model an ameroid constrictor was placed around the circumflex 

artery, which slowly constricts the circumflex artery, with the development of 

collateral vessels to supply the ischaemic territory. At day 38, when no further 

development of collateral vessels is thought to take place 8 x 10̂  ̂ viral particles 

of recombinant adenovirus encoding FGF-5 or the LacZ gene was infused down 

the left and right coronary arteries. At day 15 post viral infusion they were able 

to detect a change in systolic wall thickening in the group of pigs treated with the 

FGF-5 virus compared to the Ad-LacZ treated group. In addition, they also 

observed an increase in blood flow and capillary density in the Ad-FGF-5 

treated animals. Although these results suggest myocardial gene transfer, the 

adenovirus could have infected another organ, such as the liver, and FGF-5 

could have exerted its effects by being secreted. However, they did not measure 

whether there was an increase in FGF-5, systemic or local, in the treated 

animals. Implying that the source of recombinant FGF-5 was from transduced 

myocytes they presented data showing efficient expression of the LacZ 

transgene from Ad-LacZ treated animals, and they reported that most of the 

virus (>98%) was not detectable after one pass through the coronary circulation.

In contrast to these two studies, inefficient gene transfer was reported with 

intracoronary adenoviral delivery in the pig (Mühlhauser et al., 1996). Although 

these investigators employed a crude model of intracoronary gene delivery, 

simply injecting the vector into the circumflex artery under direct visualisation, it 

should not account for the gross differences seen. Using an identical Ad-LacZ
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vector they injected 2x10^° pfu into the circumflex artery over 10-20 seconds 

without interruption of the blood flow in five pigs. Although they did observe a 

few transgene positive myocytes, they did not observe any transduced 

endothelial cells. This result is in direct contrast to the other two studies, despite 

injecting similar amounts of virus (2 x 10^° pfu). The main difference between 

the studies is the method of infusion of the virus, catheter based techniques will 

inevitably cause some disturbance of blood flow, which may account for the 

differences observed. A further inconsistency between the studies which 

demonstrate efficient gene transfer is seen when compared to the in vitro 

studies of (Donahue et al., 1997; Donahue et al., 1998), as it appears that in 

vivo gene delivery with intracoronary infusion of adenovirus is more efficient 

than in vitro transfection on a Langendorff rig, even with agents that increase 

transduction.

6.3.4.3 High-Pressure Gene Delivery
Recently a modified intracoronary gene transfer protocol was described

(Hajjar et al., 1998). Recombinant adenovirus was injected into the left ventricle 

whilst the aorta and pulmonary artery were clamped, forcing the virus and blood 

in the left ventricle through the coronary circulation at high-pressure. The 

studies that Hajjar et al (1998) performed in the rat resulted in high efficiency 

gene transfer, with “grossly homogenous” gene expression in the ventricles at 

day 2 and day 10, with an injection of approximately 5x10® pfu. Although an 

inflammatory response was seen at both 2 and 10 days this was thought to be 

due to the virus, rather than the procedure per se, but no control vehicle 

injections were reported.

6.3.4.4 Intrapericardial Gene Delivery
Intrapericardial gene transfer was attempted by one group as a potential

route for myocardial gene transfer, with the hypothesis that the time that the 

adenovirus would spend in contact with the heart would be longer than 

intracoronary delivery, and with less disruption than direct intramyocardial 

injection (Lamping et al., 1997). Unfortunately, gene transfer was inefficient, with
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undetectable levels of reporter protein at 1 day post gene transfer in the left 

ventricle. Although pre-treatment with doxycyline increased gene transfer, 

histochemical analysis revealed that gene transfer was still inefficient.

6.3.4.5 Intravenous and In Utero Cardiac Gene Transfer
Using a non-specific means of cardiac gene transfer, adenovirus has been

shown to infect fetal, neonatal and adult cardiac myocytes when the 

recombinant virus is injected into the venous or placental circulation of mice 

(Stratford-Perricaudet et al., 1992; Woo et al., 1997). Gene transfer in neonates 

has the advantage that the immune response to recombinant adenovirus is 

blunted (Christensen et al., 1998).

6.3.5 Recombinant Adeno-Associated Virus
There have only been two full accounts of rAAV mediated gene transfer in

vivo (Kaplitt et al., 1996; Svensson et al., 1999), and another in abstract form 

(Zhang et al., 1998). Using crudely purified cell lysates, direct intramyocardial 

injection of 1 x 10"̂  iu of rAAV-LacZ resulted in transduction of cardiac myocytes 

in the adult rat at day 3. This group (Kaplitt et al., 1996) then performed catheter 

mediated intracoronary gene delivery in adult pigs, using higher titres of virus. 

Although they used a rAAV that encoded the LacZ gene they detected gene 

expression by immunohistochemistry, and were able to detect R-galactosidase 

positive myocytes at day 3, and diminishing at day 56 and 6 months. Although 

low levels of gene expression were detected, as a percentage of infectious units 

of rAAV infused, the technique was “highly efficient”, with 0.2% of all infectious 

virions resulting in expression.

The data presented in abstract form demonstrated that direct 

intramyocardial injection of 1 x 10® -1 x 10  ̂ iu resulted in transgene expression 

(B-galactosidase), which was detectable after 7 days, and increased over time, 

with maximal X-gal staining at 12 weeks, which diminished at 24 and 54 weeks 

(Zhang et al., 1998). In addition they were unable to detect anti-sera raised 

against the capsid proteins or the transgene product. The most recently 

published evidence for the use of rAAV again showed a similar temporal profile
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of rAAV gene expression to that of (Zhang et a!., 1998), with gene expression 

increasing over time (measured at timepoints upto 8 weeks post gene transfer) 

in adult mice (Svensson et al., 1999). Additionally they performed ex vivo 

experiments using intracoronary perfusion and transplanted the hearts back into 

recipient mice. They were again able to demonstrate transgene expression 

exhibited a lag phase before detection with increasing expression over time 

(Svensson et al., 1999).

6.3.6 Recombinant Herpes Simplex Virus
Again, there has only been one published account of myocardial gene

transfer with recombinant HSV vectors (Coffin et al., 1996). Direct 

intramyocardial injection through the chest wall of adult rats with ICP27" HSV 

resulted in gene expression at day 2 as detected by X-gal conversion. Although 

this manuscript demonstrated the ability of recombinant HSV vectors to 

transduce cardiac myocytes in vivo, no further characterisation of the immune 

response or the effect of viral titre was attempted. Also, there are a number of 

caveats to this manuscript in that the number of animals that the procedure was 

carried out on was not given, nor were any figures of microscopic sections 

shown.

7 Aims and Scope of the Thesis
Previous studies investigating in vivo myocardial gene transfer have largely 

been restricted to “proof of principle” studies and as a result a thorough 

understanding of the advantages and disadvantages of the methods and 

vectors used is limited. Published material generally favours the individual 

interest of a group rather than taking an unbiased view and then allowing that to 

become the focus of research. As such there are a number of contradictory 

manuscripts, especially when comparing cardiac gene transfer to non-cardiac 

gene transfer. For the overall aim of genetic manipulation of the adult 

myocardium (not including conditional transgenic mice) to be achieved the first 

step has to be to understand the limitations of in vivo gene transfer. The 

purpose of the studies contained within this thesis is to explore in vivo
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myocardial gene transfer more fully than has been achieved before. A 

systematic examination of models and vectors within the same system will allow 

a realistic appraisal of the relative advantages and disadvantages of these 

factors, specifically for myocardial gene transfer.

The studies in this thesis were designed to address a number of specific 

questions, namely:

1 Can intracoronary delivery of cationic lipoplexes result in expression of a 

transgene in vivo?

2 Can direct intramyocardial injection of rAAV in vivo result in transgene 

expression?

3 What are the relative efficiencies following direct intramyocardial injection of 

rAd, rHSV, rAAV, lipoplexes, integrin targeting peptide and plasmid DNA?

4 What are the relative toxicity’s following direct intramyocardial injection of 

rAd, rHSV, rAAV, lipoplexes, integrin targeting peptide and plasmid DNA?

5 What are the optimum timepoints of transgene expression following direct 

intramyocardial injection of the gene transfer vectors?

6 How does the amount of vector delivered by direct intramyocardial injection 

alter the effect on gene expression and toxicity?

7 Can the best vector for gene expression as determined by direct 

intramyocardial injection result in efficient gene transfer and expression 

when delivered by intracoronary delivery?

8 Can intracoronary gene delivery be improved by manipulation of the 

coronary vasculature?
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Chapter 2 Materials and Methods

1 Surgical Procedures

1.1 Animal Housing
Male New Zealand White rabbits were used for all studies and were

outsourced (Highgate Farms Ltd., Market Rasen, Lincolnshire, UK). Once 

rabbits had been received and housed they were monitored for three days for 

signs of distress and allow them to accommodate to their new surroundings. 

They were raised in a Category 2/3 suite, at a temperature of 20 ± 2°C, relative 

humidity of 55% with 16 to 18 air changes per hour and light maintained at 300- 

350 lux on a 12 hour cycle. Rabbits were 10-12 weeks old when received and 

were operated on within 10 days of arrival. The weight of the rabbits when 

received was between 2.5 and 3.0kg.

1.2 Anaesthesia Protocol
Rabbits were anaesthetised by intramuscular injection of 0.19mg/kg fentanyl

citrate and 6mg/kg of fluanisone (Hypnorm™, Janssen-Cilag Ltd, Bucks, 

England) and diazepam (3mg/kg) (Diazemuls, Dumex Ltd., Hertfordshire, UK). 

Once rabbits were adequately anaesthetised they were orally intubated using a 

paediatric laryngoscope (Penlon laryngoscope with Wisconsin no. 0 blade, 

Penlon, Oxford, England) wire introducer (endotracheal intubation stylet, Portex, 

Kent, England) and an uncuffed endotracheal tube (Blue line paediatric tracheal 

tube, internal diameter 3.0mm, Portex). The skin was shaved over the ilia and 

right scapula for placement paediatric, surface, Ag/AgCI, electrodes (M-OO-S, 

Medicotest, 0lstykke, Denmark) for measurement of the EGG giving an 

electrical axis approximate to standard lead II. The EGG leads were connected 

to a pre-amplifier MLA0313 (ADInstruments, Sussex, England) and then a 

ML131 Bio Amplifier (ADInstruments,). If the rabbits were to undergo the direct 

injection procedure (See Section 1.9), or aortic occlusion (See Section 1.7), the 

skin over the sternum was shaved, whilst if they were to undergo coronary 

catheterisation (See Section 1.3), or coronary embolisation (See Ghapter 3, 

Section 2.5), the skin overlying the trachea was shaved and sprayed with 

chlorhexidine gluconate 0.5% w/v in 70% industrial methylated spirit (IMS)
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(Pharmacy, St. Thomas’ Hospital, Basingstoke, UK). The marginal ear vein was 

cannulated (21G Butterfly cannula, Venisystems™, Abbott Laboratories Ltd. 

Kent, UK) to allow administration fluids, maintenance anaesthetic, and, for open 

chest procedures prophylactic benzylpenicillin, lOOmg (Crystapen, Beecham 

Research, Welywn Garden City, Hertfordshire, UK). Oxygen saturation was 

monitored using a small lingual clip sensor placed on the ear (Model 200SL, 

Nonin Medical Inc., Plymouth, Minneapolis, USA) using a veterinary pulse 

oximeter (Model 8600V, Nonin Medical Inc.). In the event of the oxygen 

saturation falling below 90% the rabbit was ventilated with 100% oxygen using a 

small animal ventilator delivering oxygen at 0.5Hz, a tidal volume of 5mI/kg, with 

a mean pressure of 2.1cm H2O, and inspiratory/expiratory ratio of one (Zoovent, 

Model CWC600AO, Hillmoore Consultants, Milton Keynes, Buckinghamshire, 

UK).

1.3 Resuscitation
Occasionally rabbits developed VF, usually as a result of deliberate

myocardial infarction, but sometimes due to cardiac catheterisation alone. DC- 

cardioversion was attempted on all occasions to try and save the animal, in 

addition if the rabbit was not already being ventilated oxygen would be delivered 

as in section 1.2. DC-cardioversion was administered using a Physiocontrol 

LifePakQB (Ferno (UK) Ltd., Cleckheaton, West Yorkshire, England). KY jelly 

was applied to the chest and paddles, and in the first 2 instances 20J would be 

passed across the chest, which was increased to 30J and then 50J. In addition 

chest compressions were applied in the hope of maintaining a cardiac output, as 

observed by a fluctuation of the arterial pressure trace. If the respiratory rate fell

0.2mls of Temgesic (324pg/ml buprenrophine hydrochloride, Reckitt and 

Coleman (Products Ltd.) Hull, UK) was given i.v. via the marginal ear vein.

1.4 Coronary Catheterisation
A median cervical incision was made and the underlying fascia incised. The

strap muscles were then blunt dissected, until the right common carotid artery 

could be visualised. The vagus nerve was dissected away from the artery and
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fascia removed. The distal portion of the carotid artery was tied off using 3/0 

black braided silk suture (Ethicon Ltd., Edinburgh, UK) and an artery clip placed 

on the proximal end. An incison was then made close to the proximal ligature 

using iris scissors (John Weiss Ltd., Milton Keynes, Buckinghamshire, UK) and 

the artery cannulated using a 3.5Fr haemostatic sheath (Cook®, Bjaeverskov, 

Denmark) according to the Seldinger technique. A three way tap connected to 
the sidearm of the haemostatic sheath allowed intra-arterial administration of 

fluids, and arterial pressure tc be measured, using a MLT0698 blood pressure 

transducer (ADInstruments) connected to a ML117 bridge amplifier 

(ADInstruments). The rabbit was heparinised using 1000 lU of heparin (Leo 

Laboratories Ltd., Buckinghamshire, UK) and given 300pg of lignocaine 

(Antigen Pharmaceuticals, Roscrea, Ireland) via the sidearm of the sheath. 

Rabbits were catheterised using purpose-made catheters. These were based on 

a 3Fr Royal Flush® radio-opaque nylon

Figure 1-1 Macartney Catheter, Haemostatic Sheath and Guide Wire
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Figure 1-1 Macartney Catheter, Haemostatic Sheath and Guide Wire. The guide 

wire (0 .018”) can be seen protruding from the distal end of the cardiac catheter 

(white), which has been passed through the 3 .5Fr sheath (blue).

catheter and were 20cm in length, with a 70° angle to a 1cm Macartney tip 

(Cook®, Bjaeverskov, Denmark). A 0.018 guide wire (Cook®, Bjaeverskov, 

Denmark) and the catheter was manipulated under fluoroscopic guidance (Xi- 

Scan Model 1000-1 miniature C-arm, Xi-Tech, CT, USA) to the right or left 

coronary ostium. Catheter position was confirmed by injection of radio-opaque 

non-ionic contrast (Omnipaque®, Nycomed (UK) Ltd., Birmingham, England).

1.5 Video Recording
In order to synchronise the screening of the rabbit with recording the images

on video we developed an electromechanical device in conjunction with the 

Department of Bioengineering, Rayne Institute, for this purpose. A circuit 

diagram of the device is shown in (Appendix 4). This allowed all procedures to 

be recorded, with one operator, on super-VHS tape at 625 lines resolution (400 

lines horizontal resolution) at 28 frames/sec, with a video recorder (Model HR- 

S5900CK, JVC (UK) Ltd, London) and images annotated for blind analysis. 

Through the purpose made coupling device the video and audio channels of the 

recorder would be activated when the foot pedal was depressed for X-ray 

screening.

1.6 Intracoronary Gene Delivery
Intracoronary gene delivery has been reported to result in efficient gene

transfer using recombinant adenovirus in two previous studies (Barr et al., 1994; 

Giordano et al., 1996) in a rabbit and mini-pig model respectively. Cardiac 

catheterisation is a common procedure in clinical practice and we used a similar 

model to that of Barr et al (1994) for cardiac catheterisation and adenoviral gene 

delivery.
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1.6.1 Cationic Liposomes
Following catheterisation of either the left or right coronary artery the

lipoplexes were infused into the coronary circulation through a non-occlusive 

coronary engagement during a period of one minute. The catheter was removed 

and the incision closed when the rabbit appeared stable.

1.6.2 Recombinant Adenovirus
Following catheterisation of the left coronary artery the adenovirus in a total

volume of 1ml of vehicle was infused over a period of one minute as in 1.6.1 

above.

1.6.3 Perfluorocarbon
The perfluorocarbon emulsion was the kind gift of Carl Edwards

(Department of Life Sciences, University of Nottingham). The emulsion was 

perfluorodecalin (38.5% w/v) in Ringer’s saline this was stabilised with 

perfluorodimorphinopropane (1.5% w/v) and emulsified with lecithin (2.5% w/v). 

The emulsion was produced ultrasonically and the mean droplet size was 

250nm. The viability of the recombinant adenovirus was not affected by using 

oxygenated perfluorocarbon as a delivery vehicle as assessed by plaque 

titrations (in triplicate) of virus with and without perfluorocarbon. This compares 

to previous work where other commonly used fluids used in coronary 

angiography show a decrease in adenoviral infection in culture of at least 30%, 

such as radio-opaque contrast and red blood cells compared to Krebs-Henseleit 

buffer (Donahue et al., 1997). Immediately prior to gene delivery the 

perfluorocarbon was saturated with oxygen by bubbling the solution with 100% 

oxygen for 5 minutes, using a sterile 21G needle attached to an oxygen source. 

This had previously been shown to result in the perfluorocarbon becoming fully 

oxygenated at atmospheric pressure (Carl Edwards, unpublished data). lOOpI of 

recombinant adenovirus at a concentration of 1 x 10^  ̂ pfu/ml was added to 

900pl of oxygenated perfluorocarbon.
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1.7 Termination
Rabbits were given 1mi of Hypnorm by im injection prior to termination. The

rabbits were sacrificed by lethal injection (iv) of pentobarbitone (2mg) (Sagatal, 

60mg/ml, Rhone Mérieux, Essex, UK) and the hearts were rapidly excised, 

rinsed and retrogradely perfused with lOOmIs of PBS.

1.8 Detection of Transgene Expression
For gene transfer experiments using vectors encoding LacZ the hearts were

fixed and stained as described by Guzman et al (1993). Hearts were perfusion 

fixed with 1.25% glutaraldehyde in PBS for 15 minutes. The hearts were then 

flushed with 50ml of PBS and perfused with X-gal stain solution. The hearts 

were sectioned perpendicular to the long axis at 3mm intervals and further 

stained in X-gal at 37°C for 2 hours. The heart sections were then washed with 

PBS and fixed in 10% formalin prior to paraffin embedding.

Sections were cut (10pm) and counterstained with either haemotoxylin and 

eosin, by the Van Gieson technique, or left unstained. All histology on paraffin 

embedded sections was carried out in the histopathology unit of Guys Hospital 

by Robert Springall. For gene transfer experiments using the GFP reporter 

gene, hearts were rapidly frozen in liquid nitrogen cooled (-178°G) isopentane 

and 10pm sections taken using a cryostat. Sections were fixed in methanol at 

-20°C and the intrinsic fluorescence of the myocardium attenuated by staining 

with Sudan Black. The frozen sections were stained with a saturated solution of 

Sudan Black B in 70% ethanol until fluorescence which was localised to the 

needle track could be differentiated from that of the surrounding section. 

Paraffin embedded sections were dewaxed in paraffin, and taken through 

graded alcohols to 70% ethanol. The section was then stained in saturated 

Sudan Black B (filtered just prior to use) for 2 hours in a humidity chamber. The 

surface dye was removed by differentiation in 70% ethanol. The sections were 

blotted dry and coverslipped using an aqueous mountant. Sections were taken 

from the injected region with the needle track being visualised in at least one 

section by microscopy, with sections being separated by 100pm. Sections were
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coded and examined for positive cells, with five sections from each heart within 

each group examined.

1.9 Direct Intramyocardial Injection
Rabbits were anaesthetised according to section 1.2. An incision was made

in the skin overlying the sternum from the xiphisternum to the manubrosternal 

angle. Any bleeding was stopped by cautherising the vessel as necessary 

(Surgicare, National Patent Medical, Dayville, Conneticut, USA). The heart was 

exposed through a median sternotomy, with care being taken not to puncture 

the pleura of the lungs. The median sternotomy sometimes resulted in a few 

ventricular ectopics but was usually well tolerated. The pericardium was incised 

through which the heart could be manipulated with cotton buds to allow the left 

ventricle to be clearly seen. The injection was made within 8mm of the apex, at 

which point there is a large volume of myocardium to inject into, using a 

Hamilton syringe with a 30G needle (Hamilton Company, Reno, Nevada, USA). 

Before injection, and at 30 seconds into the injection, negative pressure was 

applied in the Hamilton syringe to elucidate whether the needle had penetrated 

the cavity of the ventricle, if blood returned the needle position was changed. 

The injection of 100pl of vector or vehicle was made over a period of one 

minute. At this rate of injection there was no visible flushback of solution and a 

bleb was seen on the surface of the ventricle. The needle was withdrawn slowly 

when the bleb had diminished in size to minimise loss. The chest was closed by 

suturing the muscle layers with Catgut 2/0 (Ethicon Ltd., Edinburgh, UK) and the 

skin with 0 Dexon II (Davis and Geek, Wayne, New Jersey, USA). The rabbit 

was then returned to its cage and was monitored closely for an hour after the 

procedure.
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2 Vector Production

2.1 Virus Production

2.1.1 Preparation of Adenovirus Vector
Recombinant adenoviruses were propagated using standard methods

(Graham and Prevec, 1991). The recombinant adenovirus can only be grown 

efficiently in culture in cells which complement the essential regions which have 

been deleted from the viral genome, as only first-generation viruses were used 

in these experiments the cell line used was the HEK293 cell line which has been 

shown to allow growth of such viruses (Graham et al., 1977). The cells are 

infected with the virus, and then the virus is able to replicate in the cell, 

ultimately leading to the death of the cell, which is detected as a cytopathic 

effect (CPE). The cells are harvested and by rapidly freezing the cells followed 

by thawing; the cell membrane ruptures with release of the virus. The virus is 

then purified from by performing caesium chloride gradient centrifugations, with 

viable virus having a higher buoyant density than empty capsid and protein, thus 

taking the lowest position on the gradient. Caesium chloride is removed from the 

viral preparation by dialysis.

2.1.1.1 Generation and Growth
Lionel Wightman, a postdoctoral fellow working our laboratory generated

both adenoviral vectors, and aided in the early generation of high-titre stocks of 

virus. He generated an adenovirus vector, rAd5-R-gal, which is a first generation 

recombinant adenoviral vector with the CMV IE enhancer/promoter and an 

SV40 polyA tail and contains a nuclear localisation signal. He also generated 

the adenovirus vector rAd5-GFP that also has the CMV IE enhancer/promoter 

and an SV40 polyA tail. Recombinant adenovirus was amplified on HEK293 

cells (Graham et al., 1977). HEK293 cells were cultured using standard tissue 

culture techniques. Cells were split (using trypsin: versene) at a 5:1 ratio when 

they achieved confluency, typically every 3 - 4  days. One day prior to infection 

20 X 175cm^ flasks of HEK293 cells which had achieved confluency were split
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into 40 X 140mm dishes, these would then be at 80-90% confluency at the time 

of infection. Recombinant adenovirus in 5mls of serum free media (SFM) was 

added to the dishes at an MOI of 10 (~1 x 10  ̂pfu per dish), and the cells were 

returned to the incubator for 1 hour prior to the addition of lOmIs of full growth 

media (FGM), with the plates being tilted after 30 minutes to redistribute the 

SFM. The cells were then left until a CPE was seen in the majority of cells, 

typically 2-3 days post infection.

2.1.1 .2  Purification
Purified virus was generated from infected HEK293 cells by lysis in virus

storage medium (lOmM Tris [pH 7.4], ImM MgClz and 10% Glycerol). Following 

3 freeze-thaw cycles (liquid nitrogen to a 37°C waterbath) the lysate was spun 

at BOOg to remove cellular debris (3000rpm, Universal 16, Heffion Ltd., 

Tattlingem, Germany). Further purification was carried out on a 1.25g/ml (4mis) 

to 1.4g/ml (4mls) caesium chloride step gradient at 150,000g using the SW41Ti 

swing out rotor (Beckman Ltd., Paolo Alto, California, USA) for two hours at 

20°C. The virus was harvested and then further purified on a second caesium 

chloride gradient (1.35g/ml) at 150,000g using the 70Ti fixed angle rotor 

(Beckman Ltd.) for 18 hours at 20°C. The purified virus was desalted by dialysis 

using 2000 MWCO dialysis cassettes (Slide-A-Lyzer® 2K, Pierce, Rockford, 

Illinois, USA) with virus storage medium at 4°C over 24 hours with four dialysis 

changes. The purified virus was stored at -70°C, with parallel aliquots for plaque 

titration carried out in triplicate in the standard manner. As a range of pfu per 

injection was used, dilutions were made, and titrations of parallel aliquots 

performed.

2.1.1.3 Screening of Adenoviral Preparations to Exclude Wild-Type 
Contamination

Preparations of recombinant adenovirus were checked for wild-type 

contamination by use of the supernatant rescue assay (Dion et al., 1996). The 

basis for this assay is that recombinant adenovirus infects HeLa cells, which are 

permissive for wild-type adenoviral infection, and then three days post infection 

the supernatant is taken off and added to a further set of HeLa cells. Only wild-
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type virus will replicate and be released into the supernatant, and if any plaques 

can be detected in the secondary plates this indicates contamination of 

recombinant stocks with wtAd5. This has a sensitivity for the detection of wild- 

type virus of 1 in 10® of recombinant virus, and has been shown to be superior 

to PGR based protocols (Dion et al., 1996). Whilst we never observed a 

cytopathic effect with rAd5-Bgal, we did observe plaques with rAdS-GFP, which 

led to this virus having to be re-purified. No results using rAdS-GFP are 

contained within this thesis, however we did use the virus as a positive control 

for the rAAV-GFP direct intramyocardial injections.

Recombinant adenoviral preparations, of known titre were added at a 

concentration of 1.8-2.0 x 10® pfu per plate (10cm diameter), equating to an MOI 

(of rAd 5-Rg a I or rAd5-GFP) of approximately 30. The total volume at this period 

was 4mls using SFM with addition of 2% foetal calf serum. After 6 hours an 

additional 4mls of identical media was added. These plates are known as the 

primary plates, and each virus was tested on six separate plates. Three days 

post infection the media was aspirated and cellular debris was removed by 

centrifugation.

HeLa cells at 80-90% confluence were then exposed to 300pl of 

supernatant in 24 well plates, and each primary plate was tested in triplicate. At 

six hours post addition of supernatant, the cells were washed once with PBS 

and O.SmIs of FGM was added. At day 4 a cytopathic effect was scored by 

direct microscopic examination. In addition, no recombinant preparation that 

was used for in vivo experiments produced cell death in primary rat neonatal 

myocytes despite high multiplicity of infection (pfu > 100 per cell) with 

observation periods of 8 days, whereas wild-type contaminated virus stocks 

produced cell death within 3 days at a multiplicity of infection of 1 (used as a 

control virus, Adrian Saurin, manuscript submitted).

2.1.2 Recombinant Herpes Simplex Virus
The virus which was used in these studies is known as 17+pR19-lacZ (Gift

of Dr. M.J.D. Wag staff). This was generated by homologous recombination 

between a plasmid designated pR19 lacZ, which consisted of a CMV-IE
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promoter enhancer, the lacZ gene (lacking nuclear localisation sequence) and 

the polyadenylation sequence from bovine growth hormone (BGH), and 

17+pR16R HSV-1 mutant virus. The transgene cassette is immediately 

downstream of the LAT P2 promoter, and the whole of the IE2 region is deleted,

i.e. the virus is replication disabled due to not being able to express ICP27 

(Wagstaff et al., 1998).

2.1.2.1 Growth
The virus was grown by infecting a complementing cell line, known as BHK 

130/2. This is a baby hamster kidney cell line (Macpherson and Stoker, 1962) 

stably expressing neomycin resistance gene and HSV-1 strain 17+ ICP27 under 

the control of the ICP27 promoter. This cell line was created by Dr. M.K. Howard 

in the Latchman laboratory. BHK 130/2 cells were grown to confluence in BOcm̂  

tissue culture flasks (Nunc, Rosklide, Denmark) under normal tissue culture 

conditions using FGM supplemented with 500pg/ml Genetecin-G418 sulphate. 

These were allowed to come fully confluent (three days) and one flask was split 

into 5 X 175cm^ flasks and allowed to come to confluence. Bulk viral growth was 

carried out using a modified protocol of (Macpherson and Stoker, 1962). The 5 

flasks of cells were split into 10 x 850cm^ roller bottles (Corning Glass Works, 

Corning, New York, USA), containing 50mls of FGM, and gassed with 5% 

carbon dioxide for 30 seconds. The cells were infected at 90% confluence, 

usually after 2-3 days with 1x10® pfu of 17+pR19-lacZ HSV-1 recombinant virus 

in 50ml of FGM media, i.e. 1x10® pfu per roller bottle. The cells were then 

grown at 31 °C until a cytopathic effect (CPE) was seen (usually at 2 to 3 days 

post infection). The virus was harvested by collecting the media from the flasks 

into 50ml Falcon (Greiner Labortechnik, Frickenhausen, Germany) tubes and 

subjected to three freeze thaw cycles at 37°C and in liquid nitrogen at -178°C.

2.1.2.2 Purification
The virus and cellular debris was centrifuged at 2000rpm using a standard

benchtop centrifuge for 15 minutes at 4°C and the supernatant was collected in 

250ml sterile pots for centrifugation at 12000rpm in a Beckman JA10 rotor
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(Beckman Ltd.) for 2 hours at 4°C. The supernatant was discarded and the viral 

pellet was resuspended using a pasture pipette in 1ml of the supernatant, left in 

the pot. The viral solution was then sonicated for thirty seconds so that it was 

completely resuspended in solution.

The virus was purified on a Ficol gradient. The gradient was formed using a 

Bio-Rad gradient former (Bio-Rad Ltd., Hemel Hempstead, Hertfordshire, UK) 

and peristaltic pump and kept at 4°C, each gradient took approximately 30 

minutes to pour. The gradient went from 15% at the bottom to 5% ficol, in 38ml 

centrifuge tubes. 14mls of each percentage of ficol were used. Extreme care 

was taken to make sure that there were no air bubbles in the gradient, as this 

would disrupt the gradient. The virus suspension was then placed upon the top 

of the gradient (2ml per gradient).

The gradients were then spun at 12,000rpm for 2 hours at 4°C in a Kontron 

Tst 41.14 swing out rotor. The tubes were then carefully removed form the rotor 

and the viral band was visualised under a strong vertical light applied directly 

above the gradient. Several bands could be seen (empty capsids and residual 

protein), and the viral band was removed using a 19G needle and a 2.5 ml 

syringe in a small a volume as possible. This was added to 38ml of Eagle’s 

medium without phenol red (Life Technologies, Paisley, Renfrewshire, UK) and 

spun overnight at 12,000rpm at 4°C in the Kontron Tst 41.14 swing out rotor. 

The supernatant was then discarded and a blue O ring could be seen at the 

base of the tube. This was resuspended in an appropriate volume of Eagle’s 

medium without phenol red and aliquoted into appropriate volumes and stored 

at -70°C, lOpI would be saved for titration of virus (section 2.2.2).

2.1.3 Recombinant Adeno-Associated Virus
The production and purification of rAAV-Bgal was performed by M. de Alwis,

at the Institute of Child Health, University College London, using a previously 

published method (Chiorioni et al., 1995). The plasmid vector which encodes 

the LacZ gene was the kind gift of Dr. N. Muzyczka, Gene Therapy Center, 

University of Florida College of Medicine.
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2.1.3.1 Growth
The vector pTRCMVp consists of a LacZ reporter gene CMV-IE promoter/ 

enhancer, late gene 16S/19S splice donor/splice acceptor signal and a 

heterologous polyadenylation signal, flanked by 165bp terminal repeat 

sequences derived from wild-type AAV. The helper plasmid is designated 

pcpSRepCap, and was constructed by cloning a Bal I fragment containing both 

rep and cap genes into pcDNA3 (Invitrogen, Groningen, Netherlands) deleted 

for the CMV promoter. The SV40 origin in this vector permits episomal 

replication in cell lines expressing the SV40 large T antigen. Twenty confluent 

150mm plates (Nunc) of COS-7 (ATCC CRL1651) cells were trypsinised and 

suspended at a cell concentration of 2 x 10^/ml in 100% RPMI, supplemented 

with 20% PCS. Five hundred microliters of cell suspension was placed in an 

electroporation cuvette (Biorad) with 30pg of pTRCMVIi and 30pg pcRepCap 

and incubated on ice for 10 minutes. Cells were mixed gently before being 

pulsed in a BioRad gene puiser (960pF, 250V), and were returned to ice for a 

further 10 minutes. The contents of the cuvettes were resuspended in FGM and 

replated in 10 x 150mm tissue culture dishes. The following day dead cells were 

washed off with PBS, and the media was replaced, after a further 24 hours 

wtAd5 was added to the plates in a total volume of 6mls of DMEM at a moi of 5- 

10.

2.1.3 .2  Purification
When the CPE was complete (2 days following infection with wtAd5), the

cells were harvested and pelleted by centrifugation using a standard benchtop 

centrifuge. The pellet was resuspended in TD buffer and lysed with 500ml of 

0.25% trypsin and 500pl of 10% sodium deoxycholate per 7.5ml of cell 

suspension. Recombinant AAV stocks were purified from sequential caesium 

chloride gradients (as adenovirus, section 2.1.1.2), dialysed against HEPES 

buffered saline, concentrated by ultrafiltration (Microcon 30), and heated to 56°C 

for twenty minutes to inactivate residual adenovirus.
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2.2 Plaque Titration

2.2.1 Recombinant Adenovirus
HEK 293 cells were grown to confluence in 1 x 80cm^ tissue culture flask

(Nunc, Rosklide, Denmark) and were split into four 6 well plates. The cells 

reached 60% confluency within 24 hours. Frozen virus was thawed and 100pl of 

virus was serially diluted (1:10) into 1ml of serum free media. Virus was pipetted 

into 6 well plates using a separate tip for each dilution and left for one hour, at 

which point a further 1 ml of full growth media was added to each well. The virus 

was then left for 48 hours prior to assessment of the viral titre. At this time the 

media was removed and the cells washed with sterile PBS. If the recombinant 

adenovirus encoded the GFP transgene the cells were examined under UV 

light, whereas if the transgene was LacZ the cells were fixed and stained as per 

section 2.3. The viral titre was assessed on the average number of transgene 

positive cells in three different plates, which had to be consistent with the serial 

dilution of virus (Chapter 1, Section 4.5.2.1) using a light microscope at xIO 

magnification (Nikon TMS, Nikon, Japan).

2.2.2 Recombinant Herpes Simplex Virus
BHK 130/2 cells were grown to confluence in 1 x 80cm^ tissue culture flask

and were split into four six well plates. The cells reached 80% confluency within 

48 hours. Frozen virus was thawed and lOpI was serially diluted (1:10) in lOOpI 

of serum free media. The cells were washed once with sterile PBS prior to 

pipetting virus onto the cells, using a separate tip for each dilution. 0.5 ml of 

serum free media was added to each well and the plates were left for one hour 

in the incubator. As recombinant herpes simplex virus can replicate in the 

complementing cell line within 72 hours, 1.5ml of full growth medium containing 

30% CMC was added to each well to prevent viral spread. The plates were then 

left for 72 hours in the tissue culture incubator, at which point they would be 

fixed and stained according to section 2.3, and the viral titre quantified by 

examination of the wells and counting of plaques using an inverted light 

microscope.
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Figure 2-1 Recombinant Herpes Simplex Virus Plaques

I

Figure 2-1 Recombinant Herpes Simplex Virus Plaques. Panel A demonstrates 

multiple plaques (stained for the LacZ transgene) from rHSV 17+pR19LacZ, the 

virus used in the in vivo studies. Panels B and C shov\/ the same plaque from 

the virus 17+pR19 1RES, which expresses both the LacZ and GFP transgenes. 

The titre achieved with this virus was not viable for in vivo gene transfer 

experiments (1 x 10^ pfu/ml), but demonstrates an advantage of using 

recombinant herpes simplex virus vectors compared to 7®̂ generation 

recombinant adenovirus and recombinant adeno-associated virus vectors. The 

large packaging capability allows expression of multiple genes (Chapter 1, 

Table 1).
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2.2.3 Recombinant Adeno-Associated Virus
Infective titre was carried out on HeLa cells with co-infection of wild-type

adenovirus at an moi of 5. The titre of the virus was worked out in a similar 

manner as for rAdS-lacZ and 17+pR19-lacZ HSV. The purity of the preparation 

was assessed by electron microscopy and the absence of cytopathic effect on 

HeLa cells.

2.3 Fixing and Staining Cells
Cells were washed with 1ml of PBS per well of a six well plate, and PBS

removed by pipette. Fixative was added to the cells for 30 minutes (1ml per 

well) and the cells replaced in the tissue culture incubator. Once the cells were 

adequately fixed, the fixative was removed and the cells washed with PBS prior 

to adding 2mls of X-gal stain and leaving the cells overnight in the incubator. 

The cells were washed in PBS prior to assessment of transfection efficiency or 

assessment of viral titre using a Nikon TMS microscope.

2.4 Preparation of Liposomes
DC-chol/DOPE liposomes were prepared by Louisa Stewart at Imperial

College of Science, Technology and Medicine as follows. 3l [̂A/’-(A/’,A/’- 

dimethylaminoethane)carbamoyl] cholesterol (DC-Chol) (12pmol) was 

synthesised according to previously published protocols (Alton et al., 1993). DC- 

Chol and a chloroform solution of dioleoyl L-a-phosphatidylethanolamine 

(DOPE) (Sigma, Poole, UK) (8pmol) were combined in dichloromethane (10ml) 

(redistilled from phosphorous pentoxide) under an inert nitrogen atmosphere in 

a round bottomed flask (100ml). The mixture was then diluted with sterile 20mM 

HEPES buffer, pH 7.8 (10ml) (pH adjusted with IM NaOH), similarly under a 

nitrogen atmosphere. The resulting 2 phase system was sonicated (Model 

F5100b, Decon, Hove, UK) for 3 minutes at ambient temperature using a single 

setting bath sonicator. Organic solvent was then removed by evaporation under 

reduced pressure, and the resulting liposomes sonicated for a further 3 minutes 

prior to use. Average diameter, as determined using a photon correlation
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spectrometer (Model N4 MD sub-micron particle analyser, Coulter Electronics, 

Luton, UK), was approximately 800nm.

2.5 Preparation of Lipoplexes

2.5.1 In Vitro
DC-Chol/DOPE liposomes were combined with plasmid DNA at 4°C 30 

minutes prior to use. The DNA (0.8-1.0pg/pl) and liposomes (1.2pg/pl) were 

mixed in sterile bijou’s at a 3:1 ratio (liposomes pg: DNA pg). Following complex 

formation the lipoplexes were added to sub-confluent monolayers of 293 cells, 

which had been washed with sterile PBS, and 0.5ml of serum free media was 

added. The lipoplexes were placed on the cells for two hours before adding 

1.5ml of full growth medium. Transfection efficiency was assessed at day 3 post 

transfection, with the media being changed 24 hours after adding the lipoplexes. 

Filtration to 5pm did not affect the efficiency of liposome-mediated gene transfer 

in vitro (performed in triplicate, results not shown).

2.5.2 In Vivo
Cationic liposomes and plasmid DNA were complexed as per in vitro, 

except that the ratio of cationic liposome to plasmid DNA was either 3:1 or 1:1 

by weight. The liposome complexes were drawn up in a syringe and were either 

injected directly into myocardium, the coronary catheter (section 1.6.1), or 

through a 5pm filter interposed between the catheter and the syringe.

2.5.3 Expression Plasmids
The plasmid pCAGGS contains the CMV IE enhancer and chicken R-actin

promoter with first intron upstream of a multiple cloning site. This heterologous 

promoter has been shown to be transcriptionally active in cardiac myocytes 

(Marber et al., 1995). The plasmid pCAGGS-R-gal was constructed from 

pBCH110 (Promega, St. Albans, UK) by excising the R-gal gene between Hind I 

and Bam  HI sites and inserting into pCAGGS at the Bam HI site. The R-gal gene 

lacked sequences conferring nuclear localisation. The plasmid pCAGGS-GFP 

was constructed from pEGFP-N1 (Clontech, Laboratories, Inc. California, USA)
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by excising the EGFP gene between Sal I and Ssp I and inserting into pCAGGS 

downstream from the (3-actin promoter between Xho I and Eco RV sites.

2.5.3.7 Preparation of Plasmid DNA
Plasmid DNA was prepared in a standard manner with growth in

Escherichia coli (DH5a) followed by alkaline lysis and caesium chloride

purification (Sambrook et al., 1989). The basic principle is that plasmid DNA is

taken into bacteria by first attaching the DNA to the membrane of the bacteria

using divalent cations. The bacterial membrane is transiently permeabilised by

rapid warming, allowing the DNA to be introduced into the bacteria. The bacteria

are then grown in media that is supplemented with an antibiotic which will either

kill or arrest the growth of bacteria not containing the plasmid DNA, as this

codes for a resistance gene to the antibiotic. Following growth and amplification

of the bacteria, and plasmid DNA is recovered from the bacteria by a series of

steps which denatures the plasmid and chromosomal DNA, but only the

covalently closed plasmid DNA is rehybridised, with the chromosomal DNA and

cellular debris being insoluble. Further purification rids the preparation of

remaining protein and RNA.

2.5.3.2 Competent Cells
Competent cells were prepared by growing a single colony of DH5a bacteria

overnight in 10ml of LB media, in an orbital incubator (Innova 4300, New

Brunswick Scientific, New Brunswick Scientific Co. Inc., Edison, New Jersey,

USA) at 200rpm at 37°C. lOOpI was transferred into 100ml of LB media and

they were incubated for approximately 2 hours until swirls of bacteria could be

seen, which was approximately equal to an absorbance at 600nm of 0.4-0.6. At

this stage the bacteria are in the log phase of growth. The culture was then

centrifuged at 4500g (3000rpm, Universal 16, Heffion Ltd., Tattlingem,

Germany) and the pellet of DNA was resuspended in 10ml of lOOmM CaCb at

4°C and left on ice for 1 hour. The bacteria were pelleted again and

resuspended in 4mls of lOOmM CaCl2 .
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2.5.3.3 Transformation of Competent Cells
Competent cells (100pl) were incubated with 100ng of plasmid DNA (in

10pl) for an hour at 4°C prior to heat shocking at 42°C in a waterbath for 90 

seconds, after which time they were returned to an ice-box for a further 30 

minutes at 4°C, at which time they were plated onto LB-agar plates, containing 

the appropriate selection antibiotic (ampicillin at 100pg/ml). The plates were 

then incubated overnight at 37°C.

2.5.3.4 Small-scale Preparation of Plasmid DNA
A single colony was picked and incubated overnight in 10ml of LB

containing the appropriate antibiotic (ampicillin at lOOpg/ml) in a 250ml conical 

flask at 200rpm in an orbital incubator at 37°C. A 500pl aliquot was stored for 

later use by mixing with an equal volume of glycerol, and storing at -70°C, or if 

a large scale preparation of DNA was to be performed on the same day an 

100pl aliquot would be incubated in 10ml of culture medium for later use. 

Bacteria were pelleted as before and resuspended in 200pl of TE pH8.0 and 

400pg/ml of RNAse A was added. To this 200ml of solution 2 was added and 

the suspension was immediately vortexed. The bacteria were left to incubate for 

5 minutes at room temperature prior to the addition of 200pl of solution 3. The 

plasmid DNA and cellular debris were spun at 15,000rpm in a Heraues Biofuge 

pico (Heraeus Instruments, Germany) and the supernatant was transferred to 

another eppendorf tube and 1 volume of isopropanolol was added and 

incubated on ice for 10 minutes prior to centrifugation again. The pellet was 

resuspended in 200pl of TE and phenol: chloroform cleaned.

2.5.3.5 Phenol: Chloroform Treatment o f DNA
Phenol: chloroform: isoamylalcohol is used to remove protein from DNA

preparations by denaturing protein, with the chloroform: isoamylalcohol also 

removing the phenol from the DNA. An equal volume of phenol was added to 

the DNA in solution, and vortexed. The solution was vortexed and the upper 

aqueous layer was carefully taken off, with care being taken not to take any 

denatured protein at the interface between the aqueous and phenol layer, then
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mixed with an equal volume of chloroform: isoamylalcohol, which was vortexed, 

and the aqueous layer was then ethanol precipitated.

2.5.3 .6  Ethanol Precipitation
DNA was precipitated from solution by using 2.5 volumes of ethanol and 0.1

volumes of 3M sodium acetate at pH5.2, and leaving on ice for ten minutes. The 

solution was centrifuged at 15,000 rpm in the microcentrifuge or SOOOrpm in the 

benchtop centrifuge and the pellet of DNA was washed in 70% ethanol to 

remove traces of salt. The DNA was then resuspended in an appropriate 

volume of either TE or Dl H2O.

2.5 .3 .7  Large Scale Preparation of DNA
Transformed bacteria were grown in a starter culture in the morning from

frozen stocks or from a previous culture for small scale preparation of DNA and 

5mls would be added to 500mls of LB medium containing lOOpg/ml of ampicillin 

or the appropriate selection antibiotic for an overnight culture at 37°C, at 200rpm 

in an orbital incubator. The culture was centrifuged at 5000rpm in a Sorvall G SA 

rotor (Sorvall (UK) Ltd., Stevenage, UK) for 10 minutes at 4°C and the pellet 

was resuspended in 20mls of solution 1. The cells were lysed and DNA 

denatured by the addition of 40mls of solution 2. After leaving the cells on ice for 

10 minutes addition of 30ml of solution 3 would aggregate proteins and promote 

intrastrand aggregation of chromosomal DNA, whilst the plasmid DNA would re- 

hybridise, this was carried out at 4°C for ten minutes.

The cellular debris was pelleted by centrifugation and the supernatant was 

strained into another centrifuge pot. Ice-cold propan-2-ol (isopropanol) was 

added to the plasmid DNA solution (50mls) and left on ice for 10 minutes prior to 

centrifugation at 9000rpm in a Sorvall GSA rotor for 15 minutes. The pellet was 

then resuspended in 1ml of isopropanol and transferred to an eppendorf tube. 

This was then pelleted by centrifugation and the pellet resuspended in 720pl of 

TE buffer, to which 1.26g of caesium chloride and 120pl of 20mg/ml ethidium 

bromide was added. Once dissolved this was left for 2 hours in the dark, at
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room temperature, prior to centrifuging at 13, OOOrpm in the microfuge for 30 

minutes to remove residual protein.

The DNA was then purified on a caesium chloride gradient, with plasmid 

DNA having a different buoyant density to that of protein and RNA, in addition 

the conformation of the DNA also affects the buoyant density, with three 

different bands possible, being nicked linear, coiled and supercoiled (Sambrook 

et al., 1989). A caesium chloride gradient was achieved in two manners. Firstly 

the DNA in solution was underlayed below a 65% (w/v) caesium chloride 

gradient, and then this was centrifuged at 100, OOOrpm in a TLAI 00.4 rotor 

using the Beckman Optima I I  ultracentrifuge (Beckman Ltd., Paolo Alto, 

California, USA) for 4 hours, during which a gradient is formed in the caesium 

chloride, allowing separation of the DNA. The plasmid DNA was removed by 

puncturing the centrifuge tube, and residual ethidium bromide was removed by 

repeated washings in water saturated butanol. The aqueous layer, containing 

the DNA was phenol: chloroform cleaned, before ethanol precipitation, with the 

resulting DNA being checked with restriction digestion, quantified, and if it was 

either a GFP or B-galactosidase reporter plasmid, checked for expression by 

transient transfection of HEK293 cells.

2.5.3.8 Quantification of DNA
At 260nm an absorbance of 1 unit is equivalent to 50pg of DNA, and this is

used in the quantification of DNA. Plasmid DNA was diluted 100 fold in a total 

volume of 500pl of D H2 O. Then the different plasmid preparations had their 

absorbance of light at 260 and 280nm measured with the spectrophotometer 

(Jenway 6105 U.V./Vis Spectrophotometer, Jenway Ltd., Dunmow, Essex, UK) 

first being standardised with a blank reading with D H2 O alone. The DNA 

concentration was then worked out on the average of three measurements of 

the 260nm reading. The 260nm: 280nm ratio was always between 1.8 and 1.9.

2.5.3.9 Restriction Digestion
This describes the procedure of using bacterial enzymes (restriction

endonucleases) to cleave DNA at specific restriction sites. Through a
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knowledge of the construction of the plasmid DNA the resulting cleavage 

products are visualised by running the DNA fragments through an agarose gel 

stained with ethidium bromide and comparing to a known standard (DNA 

ladder).

3 Statistical Methods
All values are expressed as means ± SEM. All comparisons involving more 

than one group were assessed for significance using one way analysis of 

variance (ANOVA), with Fisher’s Protected Least Significance (FPLSD) method 

being used for comparisons within the AN OVA table (Campbell et al., 1990). 

Changes in haemodynamic parameters within groups compared to baseline or 

contrast infusion were compared by two way analysis of variance with a pot-hoc 

paired t-test (Campbell et al.,1990). Statistical comparisons were made using 

commercially available software (StatView® version 1.04, Abacus Concepts 

Incorporated, Berkeley, California, USA and Microsoft® Excel 98, Microsoft 

Corporation, California, USA). Statistical significance was defined as p < 0.05.
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1 Introduction
Recombinant adenoviruses when delivered by intracoronary infusion 

effectively infect cardiac myocytes, with a transfection efficiency as high as 30% 

of myocytes within the territory of the coronary artery being infused (Barr et al., 

1994). Unfortunately, gene expression as determined by function of the 

commonly used reporter gene, LacZ, is transient with loss of transgene 

expression within a month. Since recombinant adenovirus generates both 

cellular and humoral immune responses, readministration of the vector will 

result in minimal additional transgene expression (Chapter 1, Section 3.2).

Cationic liposomes, an alternative synthetic gene transfer vector, have been 

used in a number of clinical trials (Caplen et al., 1995; Porteous et al., 1997; Gill
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et al., 1997), primarily due to their non-toxic nature, and a lack of protein and 

genomic DNA derived from virion and complementing cell line. Cationic 

liposomes have been demonstrated to result in gene transfer following 

prolonged contact of the coronary circulation in transplant models of gene 

transfer (Dalesandro et al., 1996), and in the Langendorff perfused heart 

(Suzuki et al., 1995). These studies demonstrate that intracoronary delivery of 

lipoplexes results in the prerequisites for transgenic protein synthesis, namely 

DNA uptake, cytoplasmic release of the DNA following endosomal disruption, 

transfer to the nucleus and transcription from the transgene cassette within the 

nucleus, and finally the translation of the resulting mRNA. In vivo transfer to the 

myocardium with fusigenic haemagglutinating virus of Japan (HVJ)-liposomes 

complexed with fluorescent oligonucleotides has been demonstrated to result in 

cytoplasmic fluorescence, and hence transfer of the oligonucleotides into the 

cytoplasm, following intracoronary delivery in vivo (Ellison et al., 1996). Although 

this demonstrates effective cytoplasmic nucleic acid uptake in vivo it does not 

examine the later stages in DNA gene transfer, including transcription and 

translation, required for expression of a transgene.

In this chapter our aim was to transfer and express plasmid DNA 

complexed with cationic liposomes (lipoplexes) in the in vivo rabbit heart by 

intracoronary infusion. This required the setting up and development of catheter 

mediated manipulation of the coronary circulation.

2 Specific Methods

2.1 Group Sizes and Exclusions
A total of 47 NZW rabbits (2.5 - 3.0 kg) were used for this study. The initial

aim of this study was to test the feasibility of intracoronary delivery of lipoplexes, 

with assessment of gene transfer using staining for the transgene product, Q>- 

galactosidase (Chapter 2, Section 1.8). As the experiments progressed it 

became apparent that more experiments were needed than originally planned, 

leading to 4 experimental groups.
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Group 1, intracoronary delivery of unfiltered lipoplexes, consisted of 11 

rabbits. There were 3 exclusions within this group. One rabbit was excluded 

following delivery of 800pg DNA: 2400pg of DC-chol/DOPE lipoplexes as there 

was immediate hypokinesis of the left heart border, and progressive 

hypotension necessitating euthanasia of the animal. A further 2 rabbits were 

excluded due to perforation of the coronary circulation by the coronary catheter 

(early experience). Five rabbits were infused with cationic liposomes which were 

complexed to the expression plasmid pCAGGS-Bgal (Chapter 2, Section 2.5.2) 

whilst 3 rabbits were infused with the expression plasmid pCAGGS-GFP.

Group 2, intracoronary delivery of filtered lipoplexes, consisted of 13 rabbits. 

There was 1 exclusion due to intractable VF following infusion of lipoplexes 

which was resistant to DC cardioversion (Chapter 2, Section 1.3).

Group 3, intracoronary delivery of plasmid DNA alone, consisted of five 

rabbits.

Group 4, coil embolisation, consisted of 16 rabbits. There were 11 

exclusions from this group. There was 1 exclusion due to intractable VF and 10 

rabbits went into acute heart failure with progressive hypotension and 

pulmonary oedema following coil deployment, and were excluded.

In addition 2 rabbit hearts were used to stain for transgene expression, 1 

rabbit was treated with cationic liposomes (1ml) and 1 rabbit was euthanised 

with rabbits which had been housed for the same period of time to provide a 

naïve control.

2.2 The Experimental Model
The study protocol consisted of two intervention groups. Intracoronary

infusion of vector consisted of catheterisation of the coronary circulation 

(Chapter 2, Section 1.4), ostial engagement being confirmed by infusion of non

ionic radio-opaque contrast agent which was then followed by infusion of the 

vector. Coronary catheter placement was checked during the procedure. 

Following the end of infusion the contractility of the heart was monitored both 

fluoroscopically and by observation of the arterial pressure. The haemostatic 

sheath was kept in place until the rabbit appeared stable, at which point the
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rabbit was allowed to recover. The second intervention group underwent 

coronary catheterisation but instead of vector infusion a platinum embolisation 

coil was deployed in the circumflex coronary artery to cause myocardial 

infarction (Section 2.5).

2.3 Lipoplex Formation
DC-chol: DOPE liposomes were made according to the standard procedure

described in detail in (Chapter 2, Section 2.4). The expression plasmids 

pCAGGS-Rgal and pCAGGS-GFP were amplified according to standard 

procedures (Chapter 2, Section 2.5.3.7) and the concentration of DNA was 

0.8pg/pl. The liposomes (1.2pg/pl) were mixed with the DNA in either a 3:1 or a 

1:1 ratio, according to weight (Table 2). Three different amounts of DNA were 

tested, 200, 400 or 800pg per animal. The lipoplexes were complexed at 4°C for 

30 minutes prior to infusion in to the left or right coronary artery as described 

(Chapter 2, Sections 2.5.2 and 1.4 respectively).

Table 2 Charge Ratios and Amount of DNA Delivered

Group Ratio Amount of DNA (pg)
(Liposome : DNA) 200 400 800

Un filte red  Lipoplexes 1 :1 2 2 -

3:1 3 1

F ilte red  Lipoplexes 1 :1 2 3 1

3 :1 2 3 1

DNA A lone - 2 2 1

Table 2 Charge Ratios and Amount o f DNA Delivered. The DNA and cationic 

liposomes were mixed together according to methods described in either a 3:1 

(neutral) or 1:1 (net negative charge) weight ratio.

2.4 Detection of Transgene Expression
All rabbits were sacrificed on the third post-operative day following either

vector infusion or coil deployment according to standard procedures (Chapter 2, 

Section 1.7). Transgene expression was detected by perfusing the heart with X-
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gal solution post fixation (Chapter 2, Section 1.8) followed by paraffin sectioning, 

for microscopic examination. Quantification of R-galactosidase expression was 

performed using digital planimetry and NIH image, with the average of three 

sections being taken or frozen sections were taken and examined for GFP 

expression (Chapter 2, Section 1.8).

2.5 Development of the Closed Chest Myocardial Infarction 
Model

Manipulation of the coronary vasculature using the Macartney catheter has 

been described in detail in (Chapter 2, Section 1.4). Further development of the 

coronary catheterisation model was necessary in order to perform additional 

control experiments; specifically we had to develop a model of closed chest 

myocardial infarction.

Transient occlusion of the circumflex coronary artery resulting in myocardial 

infarction has previously been described in the rabbit (Dae et al., 1995). In that 

model a guide wire was manoeuvred into the circumflex coronary artery under 

fluoroscopic guidance until it occluded the artery and at the end of the 

procedure the wire was removed, allowing reperfusion of the infarcted territory. 

Drawing on techniques developed for causing permanent occlusion of patent 

ductus arteriosus (Landzberg and Lock, 1993; Radtke, 1998), and permanent 

coronary occlusion in large animal models (dog (Egashira et al., 1992) and pig 

(Watanabe et al., 1998)) we developed a similar technique in our rabbit model of 

closed chest myocardial infarction with permanent occlusion of the circumflex 

artery.

The basic principle underlying the technique of permanent occlusion of a 

vessel described above is that deployment of a coil into the vessel to be 

occluded is a thrombogenic stimulus. In much the same way as rupture of an 

atherosclerotic plaque presents thrombogenic mediators to circulating platelets 

the resultant thrombus that forms around the coil occludes the artery, causing 

ischaemia followed by infarction of the affected territory. Although ligation of a 

coronary artery with the chest open is a relatively simple procedure, and 

commonly used experimentally, it would not have mimicked the model of
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intracoronary gene delivery closely. Closed chest myocardial infarction has a 

number of technical difficulties not encountered with open chest myocardial 

infarction that had to be overcome.

2.5.1 Coil Size
The first problem that we encountered was the optimal size of the coil to 

deploy in the coronary circulation. The coils (MWCE Embolisation microcoil™ 

[Platinum microcoil™ with synthetic fibres, diameter 0.018 inch], Cook®, 

Bjaeverskov, Denmark) were for clinical use, and as such were 4.2cm in 

uncoiled length, and returned to an elliptical shape, described as a “B” 

configuration when not restrained. The curled embolus diameter was 5mm in 

the x-axis and 10mm in the y-axis. This was obviously going to be too large for 

the coronary artery of a 2.5kg rabbit. We therefore experimented with a number 

of different coil lengths. Empirically we found that if the coil was too small the 

coil could not be accurately positioned in the coronary circulation, whilst if the 

coil was too long, propagation of the resulting thrombus would result in 

occlusion of the whole left coronary system, which rapidly led to death of the 

rabbit. By trying a number of different coil lengths we determined that the 

optimal coil length was approximately 5mm. (See Figure 2-1). With this length of 

coil, deployment from the catheter resulted in successful implantation of the coil 

in the proximal circumflex coronary artery at approximately one third of the 

distance from ostium to apex. Shorter coils embolized more distally because of 

smaller effective diameter because of lack of curvature. Whilst longer coils 

lodged too proximally occluding the origin of the LAD.
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Figure 2-1 Examples of Angiograms, ECGs, and Arterial Pressure Traces 
from Intracoronary Deployment of Platinum MIcro-Embollsatlon Colls
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Figure 2-1 Examples of Angiograms, ECGs, and Arterial Pressure Traces from 

Intracoronary Deployment of Platinum Micro-Embolisation Coils. Panel A shows 

the fluoroscopic appearance of the Macartney catheter in the os of the left 

coronary artery, whilst Panel B shows the appearance following during infusion 

of radio-opaque contrast into the left coronary artery, showing both the 

circumflex and left anterior descending artery. Panel C shows the coronary 

guide wire and the platinum micro-embolisation coil in the catheter. Panel D 

shows the coil in the circumflex coronary artery, and by comparison with panel B 

the placement is distal to the origin of the left anterior descending artery. Panels 

E, F and G  show the ECG and arterial pressure trace at baseline, during 

contrast infusion and following coil deployment. In panel G the ST segments are 

clearly elevated, demonstrating transmural myocardial injury. The red arrows 

point to the coronary catheter, the yellow arrow points to the LAD artery, and the 

green arrow to the circumflex artery. The blue arrow points to the embolisation 

coil. The bars represent 100ms.
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2.5.2 Coil Placement
The other problem that we encountered was where to deploy the coil. If the

coil was deployed proximally, overlapping the bifurcation of the left coronary 

artery the resulting thrombus would result in ischaemia of the circumflex and left 

anterior descending coronary territories, and death would ensue, due to acute 

heart failure, and terminal VF. On the other hand, the length of the catheter from 

the 70° angle to the tip of the catheter was only 1cm, which hindered distal 

placement. Also, if the coil was to go too distally, the volume at risk may have 

been too small to cause infarction, as has been seen in previous studies 

(Marber et al., 1993). In models of open chest ligation of the LAD, the artery is 

occluded about 5mm from the bifurcation of the left coronary artery (Baxter et 

al., 1996), we therefore tried to achieve embolisation of the circumflex artery in a 

similar position in our model.

2.5.3 Detection of Area at Risk and Myocardial Infarction
Rabbits were euthanised according to standard procedures (Chapter 2,

Section 1.7) and the heart excised. Blood was flushed out of the coronary 

circulation by retrograde perfusion with 0.9% saline (Baxter Healthcare, 

England, UK) until the effluent was clear (typically 150-200ml of saline). The 

volume of myocardium at risk by was assessed by infusing fluorescent 

microspheres (Zinc Cadmium-Sulphide 1-10pm particles. Sigma, Poole, UK) 

which would demonstrate whether the occlusion was permanent. As the 

perfusate would only be able to go down patent vessels the volume at risk 

would not be exposed to the microspheres, whilst regions which were 

adequately perfused would be exposed to the microspheres, which due to their 

size, lodge in capillaries. When the heart was visualised under UV light, the 

areas of perfusion, and area at risk could be easily seen (Figure 2-2).
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Figure 2-2 Demarcation of the Area at Risk Following Coll Embolisation.

Figure 2-2. Demarcation of the area at risk following coil embolisation. Following 

excision of the heart fluorescent microspheres are retrogradely infused via the 

aortic root. The fluorescent microspheres lodge in the capillary circulation of 

perfused myocardium (area enclosed by the blue line), and the area at risk is 

fluorescence negative (area enclosed by the white line) when viewed under 

ultraviolet light.

To assess myocardial infarction the hearts were sectioned in 8mm slices 
and stained for 10 minutes with a 1% solution of triphenyl tétrazolium chloride 

(TTC) at 37°C (Sigma, Poole, UK) dissolved in phosphate buffer. With this 

technique viable myocardium stains red (Marber et al., 1995). TTC staining is 

probably the most popular method for measuring infarct size (Ytrehus and 

Downey, 1993). The tétrazolium method of measuring infarct size makes use of 

the fact that NADH and intracellular dehydrogenases can reduce TTC to a bright 
red pigment. TTC can cross cell membranes, therefore if the cell is intact, and 

thus contain NADH and intracellular dehydrogenases, the TTC will be oxidised
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and a red pigment form. Cells that are necrotic will have had the NADH and 

other intracellular dehydrogenases leached out, as long as the reperfusion time 

is long enough and the lack of stain results in the myocardium being grey or 

white (Figure 2-3).

Figure 2-3 Detection of Myocardial Infarction Using Triphenyl Tétrazolium 

Chloride

Figure 2-3. The area of myocardial infarction can be detected by TTC staining 

(see text). The volume of myocardial tissue which has infarcted can be seen in 

the picture as areas of no (white) staining, whilst the viable areas stain brick red. 

The pale infarcted areas have thinned whilst the viable area appears thick and 

may have hypertrophied.

3 Results

3.1 X-gal Conversion with Lipoplexes

3.1.1 Unfiltered Liposomes
The primary aim of this set of experiments was to investigate whether

lipoplexes could transfect cardiac myocytes when delivered by intracoronary 

infusion in the in vivo rabbit heart. Our initial investigations were aimed at testing 
varying ratios and absolute amounts of plasmid DNA to the cationic liposome 

formulation DC-Chol: DOPE to optimise this delivery method. As discussed in
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Chapter 2, Section 2.5.1, cationic liposomes were tested in 293 cells and 

neonatal cardiocytes with purified plasmid DNA, encoding the reporter gene 

LacZ. It has previously been shown that transfection efficiency in vitro was not 

reproduced in vivo (Egilmez et al., 1996), and that the ratio of plasmid DNA that 

was optimal in vitro was not necessarily optimal in vivo. Therefore we tested two 

ratios of plasmid DNA to cationic liposome, 1:1, which has a net negative 

charge and 1:3 which is neutral (see Table 2).

Irrespective of the DNA to cationic liposome ratio, or the total amount of 

DNA infused, there was macroscopic X-gal conversion 3 days after injection 

(Figure 3-1). The percentage cut surface area of the ventricle which was 

macroscopically blue in the unfiltered lipoplexes (pCAGGS-R-gal) group was 

13.1% ± 5.6, n=7. Additionally, there did not appear to be an obvious correlation 

between the amount of DNA, or ratio of DNA to liposome infused and the 

degree or extent of myocardial X-gal conversion. Microscopically, the 13- 

galactosidase positive areas coincided with areas of architecturally disrupted 

myocardium with an associated inflammatory infiltrate (Figure 3-2). Within these 

sections we did not observe the X-gal product, either macroscopically or 

microscopically, within architecturally normal myocardium. Since cationic 

liposomes are generally thought to be non-toxic this appearance was 

unexpected. Infusion of DNA alone resulted in minimal conversion of X-gal 

(percentage cut surface area of the ventricle which was macroscopically blue, 

0.786% ± 0.786, n=5). Whilst infusion of liposomes alone (n=1) resulted in no X- 

gal conversion, as was the case in a naive animal (n=1).
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Figure 3-1 X-gal Staining with Intracoronary Delivery of Unfiltered 
Lipoplexes

f t

Figure 3-1 X-gal Staining with Intracoronary Delivery of Unfiltered Lipoplexes. 

The pattern of fl-galactosidase activity at 3 days post infusion of 400pg of 

pCAGGS-fl-gal complexed in a 1:1 weight ratio with DC-chol: DOPE cationic 

liposomes, infused in the right coronary artery. In the rabbit the left anterior 

descending artery is small and the circumflex coronary artery dominant. The 

right coronary artery supplies the right ventricular free wall but not the posterior 

third of the interventricular septum. X-gal conversion is easily seen in this 

example, with the portion of fl-galactosidase positive staining diminishing 

towards the apex. The staining is in the distribution of the right coronary artery 

as anticipated, with the area of the heart not supplied by the right coronary 

artery not staining for fl-galactosidase.
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Figure 3-2 Microscopic Appearance Following Intracoronary Delivery of 
Lipoplexes

Figure 3-2 Microscopic Appearance Following Intracoronary Delivery of 

Lipoplexes. The microscopic appearance (x16) of the heart depicted in Figure 
3-1. The myocardial architecture is destroyed, with an inflammatory cell 

infiltrate. The cells to the left of the dotted line have a dark blue cytoplasm, with 

the line corresponding to the border between stained and unstained 

myocardium in Figure 3-1. The inset shows a high power view (x40) of a 

myocyte remnant seen surrounded by small round inflammatory cells.

When cationic liposomes and DNA are mixed together they spontaneously 

form complexes via electrostatic attraction (Feigner et al., 1987). These 

complexes form heterogeneous populations when viewed by electron 

microscopy (Sternberg et al., 1994). The population(s) of complexes, which 
actually transfect cells is still uncertain with several models proposed, such as 

beads on a string (Feigner and Rhodes, 1991), spaghetti and meatballs 

(Sternberg et al., 1994), and multilamellar sheets (Radier et al., 1997). However,
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there is also convincing evidence to support the existence of macro-aggregates 

within each of these populations (Chapter 1, Section 2.1.1.2, and (Sternberg et 

al., 1994)). Several factors favour macroaggregate formation such as the 

impurity of the DNA, the composition of the suspending vehicle and the ratio of 

cationic liposome to DNA (Feigner et al., 1995). The possibility that 

macroaggregates of lipoplexes were lodging in the capillary circulation of the 

heart and causing infarction and therefore masking underlying transfection 

without toxicity led to us performing a whole series of control experiments to 

fully elucidate the nature of the observations.

3.1.2 Filtered Lipoplexes and DNA alone
To remove aggregates of lipoplexes greater than 5 microns we interposed a

filter (Gelman sciences, Ann Arbor, Michigan, USA) between the syringe and 

coronary catheter. This had no effect on transfection efficiency with 293 cells in 

vitro with transfection efficiencies of 30%. However filtration markedly affected 

gene transfer in vivo, as assessed by X-gal conversion (Figure 3-3). However, 

microscopically the myocardium appeared normal. Following infusion of 

lipoplexes the percentage cut surface area of the ventricle macroscopically blue 

was reduced to only 0.854% ± 0.738, n=12, significantly less than that observed 

in the unfiltered group, p<0.05.

3.2 Surface ECG
The surface ECG was recorded throughout the experiments and gives a

measure of the timing of depolarisation and repolarisation within the 

myocardium. Generally speaking significant alterations in blood flow 

preferentially affect a portion of the trace known as the ST segment. Myocardial 

ischaemia and infarction result in characteristic changes of the ECG. During 

infusion the cardiac catheter occupies the lumen of the vessel resulting in 

decreased flow to the myocardium downstream of the catheter. The severity of 

the ischaemia is dependent upon the duration of the infusion and the relative 

diameter of the catheter at its tip to the vessel.
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Figure 3-3 X-gal Staining with Intracoronary Delivery of Filtered Lipoplexes

Figure 3-3 X-gal Staining with Intracoronary Delivery of Filtered Lipoplexes. The 

pattern of fl-galactosidase activity at 3 days post infusion of 400pg of pCAGGS- 

fl-gal complexed in a 1:1 weight ratio with DC-chol: DOPE cationic liposomes, 

infused in the left coronary artery. In contrast to the heart depicted Figure 3-1 

the lipoplexes were filtered through a 5pm filter immediately prior to infusion. 

Filtration markedly reduced X-gal conversion with intracoronary delivery of 

lipoplexes in vivo, but had no effect in vitro.

The practical limitations of coronary catheterisation do not allow the depth of 
ischaemia due to placement of the catheter in the vessel to be precisely 

controlled for, however the duration of this relative flow reduction due to infusion 

was minimised as much a possible with infusions taking place over 1 minute. 

Following withdrawal of the catheter ischaemia is a result of embolisation or 

damage to the endothelium or vessel wall with resultant thrombus formation. 

The duration and severity of such ECG changes following injection tended to be 

greater with unfiltered lipoplexes (Table 3) which is consistent with embolisation 

of macroaggregates of lipoplexes in the coronary circulation.
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Table 3 ECG Changes Associated with Lipoplex Infusion

ST Segment Elevation

During Infusion > 3 minutes of reperfusion

Unfiltered 4/7 4/7

Filtered 7/9 2/9

Table 3 ECG  Changes Associated with Lipoplex infusion. There was a trend 

towards sustained S T  segment elevation with the unfiitered lipoplex infusion. 

The EC G  traces from 1 rabbit in the unfiitered group and 3 from the filtered 

group had poor baseline ECG traces and were excluded from this analysis.

3.3 Haemodynamic Data
The arterial pressure was measured throughout these experiments via the

sidearm of the haemostatic sheath, which was in the right common carotid 

artery. The baseline characteristics of the four groups (unfiitered lipoplexes, 

filtered lipoplexes and DNA alone and coronary embolisation) were similar, with 

no significant different differences in the heart rate, and systolic and diastolic 

pressure (Table 4). Although there were no significant differences within groups 

between the diastolic blood pressure measured at baseline and at contrast 

infusion, the systolic blood pressure that was measured was significantly lower 

in all groups except DNA infusion alone (p=0.08). Although this may indicate a 

specific effect of the contrast, it is more likely that the difference was due to the 

way that the pressure was measured at this time-point. When the contrast 

measurement was taken the haemostatic sheath through which the blood 

pressure is measured was occupied with the coronary catheter, as is the case 

when the lipoplexes, or embolisation coils were being deployed.

These differences in the systolic arterial pressure were seen when the 

vector was infused into the coronary circulation. However, with the coronary 

embolisation group, a drop in systolic pressure compared to baseline was 

sustained to at least 3 minutes post infusion, in contrast to the other groups. 

Also there were significant differences in the arterial systolic pressure during the
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deployment of the coil and at 1 minute post deployment compared to the 

measured value during contrast infusion. This likely reflects an immediate effect 

of the coil deployment and resulting ischaemia decreasing the contractile 

function of the heart. Significant differences in arterial diastolic pressure were 

seen in the unfiitered lipoplex group both during vector infusion and at 1 minute 

post infusion, however this drop in diastolic pressure, compared to baseline, 

was not sustained at 3 minutes post infusion. Although there were significant 

differences in the arterial diastolic pressure in the DNA alone group at 1 minute 

post infusion compared to contrast infusion, this was not sustained at 3 minutes. 

There were also differences in the heart rate in the filtered lipoplex group, 

however they were not sustained.

One possible explanation for the X-gal conversion we observed with 

unfiitered lipoplex infusion was an artefact due to infarction. This explanation 

was consistent with the lack of conversion seen with filtered lipoplexes. In order 

to test this hypothesis we examined X-gal conversion in a model with infarction 

but no DNA delivery.

3.4 X-gal Conversion with Coil Embolisation
Deployment of the coronary embolisation coil resulted in haemodynamic

and ECG changes consistent with myocardial ischaemia, and staining with TTC 

demonstrated that this was a reproducible method of causing myocardial 

infarction. Specifically, there were significant changes in the systolic pressure 

compared to baseline and contrast infusion following coil deployment (Table 4). 

Following coil placement ST-segment elevation was seen in all hearts (Figure 

2-1). These ECG changes were coincident with hypokinesis of the left heart 

border, and a mean drop of 23mmHg in systolic arterial pressure. These 

alterations were all much more pronounced than the changes seen with 

unfiitered liposome/DNA complexes. Immediately following coil deployment, the 

flow of radiographic contrast was commonly seen around the coil. However, on 

later injections, presumably when heparinisation was less complete, occlusion
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Table 4 Haemodynamic Changes During Coronary Catheterisation

N
CNJ

Baseline

Coronary catheter in circulation 

Contrast Coronary 
Infusion

1 Minute Post 

Infusion
3 Minutes Post 
Infusion

Heart Rate (BPM)

Unfiitered Lipoplexes 196± 13 186 ±19 219 ±12 143 ±41 166 ± 3 7

Filtered Lipoplexes 209 ± 16 185± 13 216 ±13# 182 ±16 176 ±20*

DNA Alone 182 + 15 212 ±28 198 ± 9 295 ± 93 181 ± 7

Coil Embolisation 239 ± 19 246 ± 44 254 ± 48 212 ±28 268 ± 47

A rt Systolic Pressure (mmHg)

Unfiitered Lipoplexes 97 ± 7 80 ± 5 * 78 ±6 * 84 ± 8 9 4 ±  10

Filtered Lipoplexes 115± 14 88 ± 6 * 87 ±5* 93 ± 5 86 ± 5

DNA Alone 100 ± 6 83 ± 9 79 ±9* 80 ±1 8 88 ± 2 2

Coil Embolisation 101 ± 4 90 ± 5 * 84 ± 5**# 85 ± 3*## 78 ±10*

A rt Diastolic Pressure (mmHg)

Unfiitered Lipoplexes 61 ± 4 55 ± 3 51 ±2 * 49 ±3 * 53 ± 5

Filtered Lipoplexes 55 ± 4 54 ± 5 52 ± 4 49 ± 7 52 ± 6

DNA Alone 55 ±11 55 ± 9 52 ± 9 38 ±15## 57±  10

Coil Embolisation 67 ± 5 68 ± 2 65 ± 3 63 ± 2 60 ± 5
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Table 4 Haemodynamic Changes During Coronary Catheterisation. B PM  = 

Beats p er minute. Embolisation and DNA alone n = 5 per group. Unfiitered 

lipoplexes, n = 8, filtered lipoplexes n =  12.

*p < 0.05, ** p < 0.01 versus baseline for each individual group using paired t 

test.

#p <  0.05, if# p < 0 .0 1  versus contrast Infusion for each individual group using 

paired t test.

of the artery at the level of the coil was always observed and documented. In 

addition the efficiency of this method in obstructing flow was determined by TTC 

staining. This documented homogenous infarction of an extensive portion of the 

left ventricular wall extending from an area just below the embolisation coil to 

the apex. Infarction became transmural towards the apex, an appearance 

similar to that seen with external coronary artery ligation in the open chest rabbit 

(n=3) (Marber et al., 1993).

Once we were sure the embolisation technique caused reproducible 

infarction a separate group of hearts treated by coil embolisation were 

harvested and developed with X-gal. In these hearts the X-gal product strongly 

stained the area of infarction, but not the other areas of the heart (percentage 

surface area of the ventricle which was macroscopically blue, 44.9% ±8.1, n=2) 

(Figure 3-4). Histologically, this blue staining was associated with an infiltrate of 

small inflammatory cells similar to the appearance seen with unfiitered 

lipoplexes (Figure 3-2).
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Figure 3-4 X-gal Staining with intracoronary Delivery of a Platinum Micro- 
Embolisation Coil

Figure 3-4 X-gal Staining with Intracoronary Delivery of a Platinum Micro- 

Embolisation Coil. The pattern of H-galactosidase activity at 3 days post 

deployment of a platinum micro-embolisation coil in the left circumflex coronary 

artery. The platinum micro-embolisation coil can be seen protruding from the 

artery in the 2 o’ clock position. There is marked X-gal conversion localised to 

the territory of the circumflex coronary artery, which includes the posterior 

portion of the interventricular septum. The watershed between the territory of 

the right coronary artery and that of the left circumflex coronary artery can be 

appreciated by comparison with Figure 3-1.

4 Discussion

4.1 Intracoronary Gene Delivery with Cationic Liposomes
The aim of this study was to investigate whether cationic liposomes

complexed to the eukaryotic expression plasmid pCAGGS encoding the 

common reporter gene LacZ, could result in myocardial reporter gene 

expression after intracoronary infusion. Initial results were promising, but not
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entirely consistent with the known properties of cationic liposomes. Using a 

common staining procedure (Li et al., 1995; Mühlhauser et al., 1996; Guzman et 

al., 1993) intracoronary delivery of lipoplexes resulted in striking macroscopic 

staining, which was localised to the territory of the coronary artery that had been 

infused with the vector. On histological examination there were not as many li- 

gal positive cells as would have been expected from the striking macroscopic 

appearance of the sections. In addition, the cells that had a blue cytoplasm were 

not cardiac myocytes, but small round cells surrounding myocytes remnants. 

Furthermore, compared to ex vivo gene transfer with intracoronary gene 

delivery of cationic liposomes, the transfection efficiency was very high (Chapter 

1, Section 6.2.2.1 and (Sawa et al., 1997)). Any hypothesis to explain the 

results, albeit superficially positive, would need to reconcile these 

inconsistencies.

Unlike recombinant adenovirus, which have been shown to elicit a brisk 

lymphocytic response in vivo, cationic liposomes have been favoured for in vivo 

use in clinical trials primarily for their lack of toxicity. Since the cells that 

appeared blue microscopically were non-myocytes or myocyte remnants, and 

intracoronary infusion of plasmid DNA alone or cationic liposomes alone did not 

result in this appearance, intracoronary infusion of lipoplexes resulted in 

disruption of the myocardial architecture reminiscent of myocardial infarction. 

Assuming that the damage observed was due to infarction, a possible cause 

would be embolisation of the lipoplexes in the coronary microvasculature. 

Although the cationic liposomes which we used had an average diameter of 

800nm and the approximate diameter of a capillary in a 2.5kg rabbit is 5pm this 

did not exclude the possibility that there were populations of lipoplexes greater 

than 5pm in diameter.

Understanding of the physical chemistry of the interaction between cationic 

liposomes and plasmid DNA gives a possible reason how embolisation could 

occur. Macroaggregates have been shown to form when cationic liposomes and 

plasmid DNA are mixed together (see (Sternberg et al., 1994) and Chapter 1, 

Section 2.1.1.2). Several factors favour macroaggregate formation such as the
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impurity of the DNA, the composition of the suspending vehicle and the ratio of 

cationic liposome to DNA (Feigner et al., 1995). We tried to minimise all of these 

factors, using de-ionised water as the suspending vehicle, having the 

concentration of the DNA at less than Ipg per pi, and using caesium chloride 

purification of large scale preparations of the DNA, achieving a purity as 

assessed by visualisation on an agarose gel and a 260:280nm absorbance ratio 

between 1.8 and 1.9. However, we were unable to exclude the possibility that 

macroaggregates were forming.

To eliminate macroaggregates greater than 5pm from passing into the 

coronary circulation we filtered the lipoplexes immediately prior to coronary 

infusion. This dramatically decreased the macroscopic appearance of gene 

transfer and eliminated the microscopic appearance of architectural disruption of 

the myocardium. These data do not allow an understanding of the initial result of 

macroscopic appearance of X-gal, which could be the result of gene transfer to 

myocytes or inflammatory cell types in the presence of macro-aggregates or it 

could be due to an increase in endogenous B-galactosidase in infarcted 

myocardium. The use of the same expression plasmid encoding an alternative 

reporter gene demonstrated that gene transfer, as detected by GFP 

fluorescence, with cationic liposomes in this setting did not occur, and that in 

this setting there was an increase in endogenous G-galactosidase.

4.2 Myocardial Infarction and R-galactosidase
By developing a model of closed chest infarction we were able to mirror

what we believe to occur with intracoronary delivery of unfiitered lipoplexes. We 

have shown that myocardial infarction causes an increase in endogenous I3>- 

galactosidase at day 3 in the rabbit heart. Necrotic myocardium is characterised 

by myocytolyis and infiltrating monocytes/ macrophages and lymphocytes. 

These cells have high levels of endogenous B-galactosidase (Rikimaru et al., 

1991; Kajiki et al., 1988; Chibber and Castle, 1983; Dannenberg et al., 1963). In 

particular infiltrating lymphocytes, which contain large amounts of lysosomal R- 

galactosidase galactosidase (Rikimaru et al., 1991; Kajiki et al., 1988; Chibber 

and Castle, 1983), are abundant in infarcted myocardium but are absent within
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normal myocardium. Although liposomes can activate macrophages directly to 

increase the activity of a membranous B-galactosidase (Murai et al., 1995), this 

would not explain the macroscopic appearance we observed after coil 

occlusion. Similarly, one could hypothesise that the macroaggregates fused 

with, or were phagocytosed by, infiltrating macrophages and that their R- 

galactosidase activity was transgenic in origin. Again this would not be 

consistent with the localised X-gal conversion seen following coil occlusion or 

infusion of unfiitered lipoplexes encoding GFP.

4.3 Use of R-Galactosidase as a Reporter Gene
The Escherichia Coli LacZ gene, which encodes the glycoside hydrolase, (3>-

d-galactosidase, has been thoroughly characterised and is commonly used in 

the detection of transgene activity in a number of organs (MacGregor et al., 

1991). A nuclear localisation signal is added onto the sequence of the LacZ 

gene to aid detection of positive cells (Bonnerot et al., 1987). Some organs do 

have higher levels of R-galactosidase activity than others, such as the kidney, 

however, the heart does not (MacGregor et al., 1991). Non-specific hydrolysis of 

substrate can occur, but this is associated with weak false positive staining, 

rather than the clear staining which we have observed (MacGregor et al., 1991). 

The advantage of using S-galactosidase as a reporter gene is that by using the 

histochemical assay single cells can be detected within a cell population, as 

opposed to another commonly used reporter gene, firefly luciferase. The other 

reporter gene construct encoding green fluorescent protein has the added 

advantage that as well as being detectable in single cells it does not require 

fixative and hence can be used in living cells (Chalfie et al., 1994). However, 

some tissues, including the heart, do have high levels of background 

autofluorescence.

4.4 Critique of Methods
The method of staining used in these studies has been used before in

several studies (Guzman et al., 1993; Dalesandro et al., 1996; Barr et al., 1994) 

to assess gene transfer in the heart. The heart is not an organ that is recognised
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to have high levels of endogenous B-galactosidase (Dannenberg and Suga, 

1981), which is confirmed in this study with the lack of staining seen in the naïve 

animal, and filtered lipoplex group. The staining was always distributed in the 

territory of the coronary artery which the vector or embolisation coil was infused 

down. Thus, it is highly unlikely that the staining is an artefact of the staining 

protocol used in the study. Also there was no loss of staining in the processing 

of the paraffin embedded sections as there were no differences between xylene 

and aqueous based protocols on adjacent tissue blocks.

The ECG changes between the filtered and non-filtered lipoplex group were 

not significant, however, there was a trend towards persistent ST segment 

elevation in the unfiitered lipoplex group. Although this could be due to 

ischaemia in the unfiitered lipoplex group, ST segment elevation in both groups 

could be purely due to the catheter position and technique. However, the 

differences in staining were significantly different between the two groups, and 

the catheter position could not account for this difference.

The lack of any fluorescence observable with the unfiitered lipoplex group 

which consisted of the pCAGGS-GFP plasmid does not completely rule out the 

possibility that cationic liposomes can transfect cardiac myocytes in vivo when 

delivered by intracoronary infusion. The use of only two ratios of cationic 

liposome: plasmid: DNA, and one cationic liposome formulation does not allow a 

definitive assessment of this method of gene transfer. It is unlikely that current 

lipid formulations would perform significantly better than those we have used in 

this study, or that changing the ratios of the complexes could dramatically alter 

the results seen in this study since we based our ratios on what performed best 

in vivo for neonatal cardiocytes and on previous work performed in vivo 

(Egilmez et al., 1996).

4.5 Conclusions
The results of this study demonstrate that intracoronary infusion of cationic

liposomes in vivo does not result in gene transfer. However, in the course of 

these investigations we have developed a novel method of myocardial infarction 

in vivo and demonstrated that endogenous R-galactosidase is increased in this
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setting. The macroscopic appearance of sections stained in X-gal cannot be 

used as an indicator of gene transfer, however the microscopic appearance of 

B-galactosidase staining in infarcted hearts is easily distinguished from that of 

transgenic R-galactosidase if a nuclear localisation sequence is added or if the 

staining is present in the absence of inflammation. A consequence of this work 

is that other studies that have used cytoplasmic R-galactosidase as a marker of 

gene transfer are open to criticism if inflammation is present. Although false 

positive staining should be detected with the use of adequate controls, coronary 

catheterisation does not allow direct visualisation of the heart, consequently 

ischaemia has to be specifically investigated to rule out this possibility. Thus the 

use of cytoplasmic B-galactosidase as a reporter system in the heart has to be 

used with caution.
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1 Introduction
The most commonly used model to assess gene transfer to the heart is 

direct intra-myocardial injection of DNA, either alone or within a vector. Naked 

DNA is taken up by cardiac myocytes in vivo and expression of reporter genes 

is detectable for at least 30 days post injection in the rat (see Chapter 1, Section 

6.3.2 and (Lin et al., 1990)). However, gene expression is patchy and inefficient
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leading to the increasing use of viral vectors such as adenovirus (see Chapter 1, 

Section 6.3.4 and (Guzman et al., 1993; French et al., 1994; Li et al., 1995; 

Gilgenkrantz et al., 1995; Leor et al., 1996; Magovern et al., 1996; Mühlhauser 

et al., 1996; Wang et al., 1996)), herpes simplex virus (Coffin et al., 1996), and 

adeno-associated virus (Kaplitt et al., 1996; Maeda et al., 1998). The associated 

problems of the viral vectors have, in turn, led to the development of synthetic 

vectors such as cationic liposomes (Feigner et al., 1987), and more recently 

integrin targeting peptides (Hart et al., 1997).

Direct intra-myocardial injection of recombinant adenovirus results in gene 

expression in the rat (Guzman et al., 1993; Leor et al., 1996; Wang et al., 1996; 

Gilgenkrantz et al., 1995), dog (Li et al., 1995; Magovern et al., 1996), and pig 

(French et al., 1994; Mühlhauser et al., 1996). Unfortunately gene expression is 

transient, and limited to between 21 (French et al., 1994; Li et al., 1995; 

Guzman et al., 1993; Gilgenkrantz et al., 1995) and 28 days (Mühlhauser et al., 

1996). The reason for this loss of expression is thought to be due in part to the 

episomal nature of the adenoviral DNA (Barr et al., 1994). Herpes simplex virus 

can also infect quiescent cells but, in contrast to adenovirus, the genome has a 

conformation which allows it to remain latent for the lifetime of the cell, despite 

an episomal location (Chapter 1, Section 5.2). Herpes simplex virus which has 

had the essential viral immediate early gene for ICP27 deleted, infects cardiac 

myocytes in culture and gene expression is detectable at day 2 in the intact rat 

heart (Coffin et al., 1996), however later timepoints have not been examined. 

The loss of gene expression seen with adenoviral vectors is also thought to be 

due to continued expression of non deleted regions of the viral genome resulting 

in direct viral toxicity and antigens which evoke a powerful host immune 

response in most models (Chapter 1, Section 3.2). Herpes simplex viruses, 

deleted for immediate early genes may not differ substantially from adenoviral 

vectors as most viral coding sequences persist in the recombinant virion. It is 

not known whether these too will cause an immune response in the 

myocardium.
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Recombinant adeno-associated virus differs significantly from recombinant 

adenovirus and herpes simplex viral vectors. Due to size constraints, 

recombinant adeno-associated virus vectors are deleted for all viral genes, and 

have the ability to integrate at random sites (Yang et al., 1997), with the 

possibility of long-term gene expression. Recombinant adeno-associated virus 

vectors are able to infect neonatal cardiac myocytes in culture (Maeda et al., 

1998) and transgene expression is detectable within the first week in an in vivo 

preparation in the rat (Kaplitt et al., 1996). The difficulty in preparing high titre 

pure stocks of recombinant adeno-associated virus precludes assessment of 

toxicity and complicates a comparison with recombinant adenovirus. However at 

low titres it is not known whether adeno-associated, herpes simplex virus or 

adenovirus have the most favourable toxicity profile.

Synthetic vectors can easily be generated in large quantities, and contain no 

foreign genetic material. Cationic liposomes bind DNA by electrostatic attraction 

and their safe toxicity profile made them one of the first vectors for use in human 

gene therapy clinical trials (Caplen et al., 1995). Unfortunately results from such 

trials have been disappointing due to inefficient gene transfer, as have similar 

trials using recombinant adenovirus (Knowles et al., 1995). Attempts to increase 

gene transfer have focussed on making the liposome more virus-like with the 

addition of short peptides that can bind to the same integrin receptor as 

adenovirus (Hart et al., 1997). There have been no published accounts of 

myocardial gene transfer using either cationic liposomes or integrin targeting 

peptides in vivo.

A greater understanding of the relative advantages and disadvantages of 

the currently available gene transfer vectors by direct comparison in a 

physiologically relevant model would greatly facilitate future studies involving 

genetic manipulation of the myocardium. It is with this aim that we set out to 

address the following specific questions: 1) What are the relative efficiencies 

and toxicities following intramyocardial injection of either recombinant 

adenovirus, recombinant adeno-associated virus, ICP27" recombinant herpes 

simplex virus, naked DNA, cationic liposomes or an integrin targeting vector? 2).
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What are the relative time-courses of gene expression seen with these vectors 

in immunocompetent animals? 3). Can transgene expression be enhanced by 

optimising the amount of vector delivered?

2 Specific Methods

2.1 Group Sizes and Exclusions
146 male New Zealand White rabbits (2.5-3.0kg) were used for the

purposes of this study. There were 7 groups in this study; each exposed to a 

different class of vector. Within each group assessments were of gene transfer 

efficiency and toxicity. Haemodynamic data was collected from each rabbit 

within each group that completed the protocol.

Recombinant Adenovirus, 45 rabbits were used in this group. This group 

was subdivided with 28 rabbits, 4 at each time point being used at 5, 7, 14, 21, 

28, 42 and 56 days post gene transfer. In addition 14 rabbits were used at day 

3, for analysis of the effect of viral titre on gene transfer. In addition 3 rabbits 

were used as controls for the AAV-GFP treated rabbits. There was one 

exclusion from this group following respiratory distress resulting from resistant 

pneumothorax requiring euthanasia.

Recom binant Herpes Simplex Virus, 33 rabbits were used in this group. 

This group was subdivided into 6 subgroups with gene transfer being assessed 

at days 1, 2, 3, 5, 7 and 14 post gene transfer. In addition the dependence of 

transgene expression on viral titre was assessed at days 3, 7, and 14 post gene 

transfer. There was one exclusion from this group due to death of the rabbit at 

the time of the operation, as a consequence of a tearing the pleura of the right 

lung on performing the median sternotomy.

Recombinant Adeno-Associated Virus, consisted of 27 rabbits. The group 

was subdivided into 6 groups, with transgene expression being assessed at 

days 7, 14, 21, 28, 42 and 56 post gene transfer. Twenty-two rabbits were 

treated with the LacZ encoding AAV virus, whilst 5 were treated with the GFP 

encoding virus.
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Integrin Targeting Peptides, consisted of 5 rabbits, with transgene 

expression being assessed at day 3 post gene transfer.

Cationic Liposomes, consisted of 14 rabbits, with transgene expression 

being assessed at day 3 post gene transfer. This group was further divided, with 

8 rabbits being used for assessment of the cationic liposome formulation DC- 

Chol: DOPE, and 6 rabbits being used to assess another cationic lipid 

formulation, referred to as “232”.

Naked DNA, this group consisted of 6 rabbits, with transgene expression 

being assessed at day 3 post gene transfer.

Control Group, consisted of 16 rabbits, which were treated identically to the 

rabbits exposed to vectors, lOOpI of normal saline was injected in to the apex of 

the heart and stained at days 3, 5, 7, 14, 21, 28, 42, and 56 post injection.

2.2 Preparation of Adenovirus Vector
The adenoviral vectors used were generated by Lionel Wightman, rAd5-R-

gal is a generation adenovirus, with the HCMV IE promoter/enhancer the 

E .C o li LacZ gene and a nuclear localisation sequence and SV40 polyA tail 

(Chapter 2, Section 2.1.1). The other vector generated was the generation 

rAd5-GFP virus, which consists of the EGFP gene (Clontech) and the chicken 

R-actin promoter and the SV40 polyA tail (Chapter 2, Section 2.1.1). 

Recombinant adenovirus was amplified on HEK293 cells and purified on a 

caesium chloride gradient (Chapter 2, Section 2.1.1.2). Residual caesium 

chloride was removed via dialysis, the virus was stored at -70°C and plaque 

titred, with the aliquots of virus and plaque titred virus undergoing the same 

number of freeze-thaw cycles.

2.3 Screening of Adenoviral Preparations to Exclude Wild-Type 
Contamination

Preparations of recombinant adenovirus were checked for wild-type 

contamination by use of the supernatant rescue assay (Chapter 2, Section

2.1.1.3 and (Dion et al., 1996)). This has a sensitivity for the detection of wild- 

type virus of 1 in 10® of recombinant virus, and has been shown to be superior
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to PCR based protocols (Dion et a!., 1996). In addition, no recombinant 

preparation that was used for in vivo experiments produced cell death in primary 

rat neonatal myocyte cultures despite high multiplicity of infection (pfu >100 per 

cell) and observation periods of 8 days, whereas wild-type virus produced cell 

death within 3 days at a multiplicity of infection of 1.

2.4 Preparation of Herpes Simplex Virus Vector
ICP27' virus was the gift of Dr. M.J.D. Wag staff (Chapter 2, Section 2.1.2).

Plaque-purified ICP27' HSV-1 virus, pR19-lacZ, was grown on BHK 130/2 in 

roller cultures at 31 °C until a cytopathic effect was observed. The virus was 

purified using differential centrifugation and banding on a ficol gradient Chapter 

2, Section 2.1.2.2). The purified virus was resuspended in Eagle’s medium 

without phenol red and stored at -70°C, with parallel aliquots for plaque titration 

carried out in the standard manner.

2.5 Preparation of Adeno-Associated Virus Vector
The vector pTRCMVp consists of a LacZ reporter gene, CMV IE promoter-

enhancer, and a heterologous polyadenylation signal. Recombinant virus was 

grown by co-transfection of pTRCMVB and pcpRepCap followed by 

superinfection with wild-type Ad5. Stocks of recombinant virus were purified 

from sequential caesium chloride gradients, dialysed against HEPES buffered 

saline, concentrated by ultrafiltration (Microcon 30), and heated to 56°C for 

twenty minutes to inactivate residual adenovirus (Chapter 2, Section 2.1.3.2). 

Infective titre was carried out on HeLa cells with superinfection of wild-type 

adenovirus. The purity of the preparation was assessed by electron microscopy.

2.6 Preparation of Cationic Liposomes
DC-chol/DOPE or “232” liposomes were prepared according to standard

protocols (Chapter 2, Section 2.4). DC-chol/DOPE liposomes were combined 

with the high efficiency eukaryotic expression plasmid, pCAGGS-Rgal (Marber 

et al., 1995), at 4°C, 30 minutes prior to in-vivo use. The DNA (0.8-1.0pg/pl) and 

liposomes (1.2pg/pl) were mixed in eppendorf tubes at either 3:1 or 1:1 

(liposomes pg: DNA pg) and triturated several times before incubation at
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ambient temperature for 30 minutes. No visible aggregates were seen before 

injection.

2.7 Preparation of Integrin Targeting Peptides
Integrin targeting peptides were synthesised as previously published (Hart

et al., 1997) and peptide: DNA complexes were shown to efficiently infect rat 

neonatal myocytes in culture, with efficiencies of up to 40% (Richard Heads, 

manuscript submitted). The peptide that we used was P6, which has a 

polylysine DNA binding region (16 residues) and has an avpi integrin targeting 

head group, GACRRETAWACG. Peptides were dissolved in PBS (1 mg/ml) and 

allowed to cyclise overnight. Plasmid DNA (1 mg/ml) was complexed with 

Lipofectin® (1 mg/ml) (Life Technologies Limited, Paisley, UK) in 4:3 ratio. 

Lipofectin® is a cationic lipid (Feigner et al., 1987), made from the cationic lipid 

N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA) and 

DOPE in a 1:1 ratio. The peptide was slowly added to the lipoplex by pipetting at 

a ratio a 4:1 with the DNA. The peptide: DNA complex was left for 2 hours prior 

to injection. The absolute amount of DNA injected was 17.4pg of DNA in lOOpI 

of transfection mixture, which had been shown to be the optimal low volume 

ratio of DNA: Lipid: Peptide for in vivo delivery (Steve Hart, unpublished data).

2.8 Preparation of Plasmid DNA
The plasmids pCAGGS-Rgal and pCAGGS-GFP were amplified using large-

scale preparation of DNA (Chapter 2, Section 2.5.3.7). Following each 

preparation of plasmid DNA the plasmids were checked by restriction digestion 

and transient transfections were performed in 293 cells with cationic liposomes 

to check the plasmids. The 260nm: 280nm ratio was between 1.8 and 1.9, and 

the DNA was resuspended in sterile H2O.

2.9 Gene Transfer Protocol
The rabbits were surgically prepared according to the standard procedure

(Chapter 2, Section 1.2). All rabbits were given lOOmg of crystapen 

(benzylpenicillin) prophylactically. In addition the chest was shaved and sprayed 

with chlorhexidine. The ECG was measured, and the heart rate was
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automatically calculated from the ECG trace, in addition the oxygen saturation 

was measured using the pulse oximeter, and recorded using the MacLab 

system. A median sternotomy was performed on rabbits using sterile technique 

and care taken to avoid the pleura. The pericardium was incised and a portion 

of the heart was maintained in a relatively constant position by gentle 

compression. All intramyocardial injections were 100pl in volume (except some 

of the lipoplex infusions) and delivered using a 100pl Hamilton syringe and a 

300 needle by slow infusion over 60 seconds. All gene transfer vectors (except 

the integrin targeting peptide that was kept at ambient temperature) were kept at 

4°C until 10 minutes prior to injection, when they were brought to ambient 

temperature. Intramyocardial injections were localised to the apex of the left 

ventricle to avoid epicardial vessels. The depth of injection was 2mm, controlled 

by markings on the needle. Entry into the ventricular cavity was excluded by 

drawing back on the syringe at the beginning of the injection and again at 30 

and 60 seconds. Injection of the vector produced a bleb visible at the surface of 

the ventricle, which diminished over time. In an attempt to minimise vector 

leakage, the needle was kept in place for a further 2 minutes whilst the vector 

redistributed in the wall of the ventricle. The chest was closed by suturing the 

muscle layers and skin separately. The rabbit was then returned to its cage and 

monitored closely until supine.

2.10 Detection of Transgene Expression
Rabbits were sacrificed by lethal injection of pentobarbitone (Chapter 2,

Section 1.7). The hearts were either perfusion fixed and stained for Q>- 

galactosidase activity (Chapter 2, Section 1.8) or supercooled and frozen 

sections taken for GFP expression. Sections were taken from the injected 

region with the needle track being visualised in at least one section by 

microscopy. Sections were coded and examined for positive cells, with five 

standard sections examined from each heart. The mean number of positive cells 

from each heart within each group was subsequently analysed using the 

analytical package Statview (StatView® version 1.04, Abacus Concepts
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Incorporated, Berkeley, California, USA and Microsoft® Excel 98, Microsoft 

Corporation, California, USA), with significance being defined as p <0.05.

2.11 Assessment of Toxicity
To assess the toxicity of the vectors we used an arbitrary histological

scoring system, ranging from 0-5. A value of 0 was assigned if no inflammatory 

cells could be seen, 1 if they were detectable, 2, if they were detectable 

throughout one low power (x10) microscopic field, 3, if this extended through 

two adjacent low power fields of view, and 4 if they were detectable in more 

than 2 adjacent fields of view. This was based upon a scoring system previously 

used for transgene expression (Ali et al., 1998).

3 Results

3.1 Recombinant Adenovirus, Recombinant Adeno-Assoclated 
Virus, and Recombinant Herpes Simplex Virus Transduce 
Cardiac Myocytes In Vivo (Table 5,Flgure 3-1).

We examined tissue sections for evidence of either R-galactosidase or green

fluorescent protein expression and compared the viral and non-viral vectors 

(Figure 3-1). Each vector has optimum timepoints for gene expression, based 

on previous work either in the heart or skeletal muscle. We first looked at gene 

expression at these timepoints. As expected injection of rAd5-R-gal at 1 x 10 °̂ 

pfu resulted in robust gene expression at day 3 (n=4). Intramyocardial injection 

of 1 X 10® pfu of 17+pR19-LacZ HSV resulted in transgene expression at day 2 

(n=3), and direct intramyocardial injection of 5 x 10® iu of rAAV-LacZ resulted in 

transgene expression at day 28 (n=6). Unfortunately no, or very few transgene 

positive cells were detected with direct intramyocardial injection of cationic 

liposome complexed DNA at day 3 (n=14) with DC-chol: DOPE liposomes at 

50pg (n=3), lOOpg (n=3) or 150pg (n=3) of plasmid DNA. There was no 

improvement with liposomes which have been shown to work better in other in 

vivo applications (“232” cationic liposomes, n=6, lOOpg plasmid DNA) compared 

to the DC Chol/DOPE liposomes. Direct intramyocardial injection of integrin
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targeting peptide also did not result in gene expression at day 3 (n=5). No false 

positive staining was seen with vehicle injections (day 3, n=2).

Figure 3-1 Direct Intramyocardial Injection of Vectors. Panel A (next page) 

demonstrates multiple transfected cardiac myocytes following direct 

intramyocardial injection of 1 x 10^  ̂pfu o f rAd5-flgal, at day 5. Panel B is the 

appearance at day 28 of the myocardium following injection o f 5 x 1 ( f  iu of 

rAAV-LacZ (not counterstained, inset stained with Van Gieson). Panels C 

and D (following page) show the microscopic appearance following direct 

intramyocardial injection of 1 x 1 ( f  rHSV-LacZ at day 2 and lOOpI of vehicle 

at day 3 respectively. The following page, showing panels E, F  and G are the 

appearances at day 3 following injection of lOOpg of pCAGGS-flgai (taken at 

X 40), DC-Chol cationic liposomes complexed to pCAGGS-Hgal; integhn 

targeting peptide complexed DNA and vehicle respectiveley. All 

photomicrographs taken at x 16 magnification (except DNA alone) and 

counterstained with haematoxylin and eosin (apart from rAAV). Positive cells 

have stained blue.
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Figure 3-1 Direct Intramyocardial Injection of Vectors
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Table 5 Transgene Positive Cells in Myocardium Following Vector Delivery
Plasmid

DNA

Liposomes Peptide Adenovirus

(1x10^°)

HSV

(1x10®)

AAV Vehicle 

(5x10®)

Average 1 0 0 357* 16 31 0

SEM 1 0 0 194 13 12 0

n 3 12 5 4 3 6 2

* p<0.00001 versus other vectors

3.2 Peak Gene Expression Occurs Early with Double Stranded
DNA Virus Vectors, but Occurs Later with Recombinant 
Adeno-Assoclated Virus (Table 6)

Once we had established that recombinant adenovirus, recombinant herpes

simplex virus and recombinant adeno-associated virus were able to transfer and 

express transgenes we evaluated the time course of gene expression more 

closely for each of these vectors (Table 6). Gene expression with recombinant 

adenovirus (1 x 10^° pfu) showed a profile similar to previous reports in other 

species. Gene expression was maximal within the first week (Day 3, mean = 

357.3±193.7, n=4; day 5, mean = 342.8±135.8, n=2; day 7 202.0±46.0, n=2, 

p=NS) and then gradually decreased over time (Day 14, mean = 1.0±1.0, n=2, 

p<0.0001 versus day 3; Day 21, mean = 78.0±78.0, n=2, p<0.01 versus day 3). 

However, some R-galactosidase positive cells were still evident at day 28 (mean 

= 93.75±63.75, n=2, p<0.05 versus day 3) and at day 42 (mean =6.75±6.75, n=2, 

p<0.00001 versus day 3). No transgene positive cells were detectable at day 56. 

In contrast, transgene expression with 1x10® pfu of recombinant herpes simplex 

virus was barely detectable at day 1 (mean = 0.2±0.2, n=2). Transgene 

expression increased at day 2 (mean = 16.1±13.2, n=3) and quickly diminished 

(Day 3, mean = 6.2±5.0, n=5; Day 5, mean = 1.0±0.6, n=5 (p=NS versus day 2), 

however at days 7 and 14 transgene positive cells were no longer detectable 

(n=3 per group). With recombinant adeno-associated virus (5x10® iu) there were 

few positive cells at day 7 (mean = 0.3±0.3, n=2) or day 14 (mean = 0.0±0.0, 

n=2), however, we were able to detect a few positive cells at day 21 (mean = 

8.8±3.3, n=4) but this was less than we had originally seen at day 28 (mean =
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31.0±12.0, n=6). At timepoints beyond day 28 we were surprised to see that 

gene expression diminished, (Day 42, mean = 2.0 ± 0.6, n=4; Day 56, mean = 

O.OtO.O, n=4).
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Table 6 Timecourse of Transgene Expression with Viral Vectors

Day 1 Day 2 Day 3 Day 5 Day 7 Day 14 Day 21 Day 28 Day 42 Day 56

Adenovirus -  - 357.3±193.7 342.8±135.8 202.0±46.0 1.0±1.0 78.0±78.0 93.8±63.8 6.8±6.8 0.0±0.0
n - 4 2 2 2 2 2 2 2

HSV 0.2±0.2 16.1±13.2 6.2±5.0 1.0±0.6 0.0±0.0 O .O tO .O - - - -

n 2 3 5 5 3 3 - - - -

AAV - - - 0.3±0.3 O .O lO .O 8.8±3.3 31.0±12.0 2.0±0.6 0 .0 ± 0 .0

n - - - 2 2 4 6 4 4
Vehicle 0.0 o .o + o .o 0 .0 ± 0 .0 0 .0 ± 0 .0 0 .0 ± 0 .0 0 .0 ± 0 .0 0 .0 ± 0 .0 0 .0 ± 0 .0 0 .0 ± 0 .0

n 1 2 2 2 2 2 2 2 2

Î2o
u Table 6 Timecourse of Transgene Expression with Viral Vectors. Numbers refer to the mean number of transgene positive
>̂  cells per group, with 5 standard sections being taken per animal. The amount of virus injected into the heart was 1x10^^

o pfu per animal in the adenovirus group, for the H S V  group the amount of virus injected was 1 x 10^ pfu per heart. In the

TO AAV group the amount of virus injected into the heart was 5 x 10 iu. The vehicle injected was normal saline, apart from
E o 
O

Q .

O

day 2, where the vehicle was DM EM  without phenol red. For statistics, see text.
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3.3 Dependence of Gene Expression on Viral Titre
Adenovirus mediated gene transfer resulted in more transgene positive cells

than either recombinant adeno-associated virus or recombinant herpes simplex 

virus at the same timepoints. However recombinant adenovirus can easily be 

grown to high titre stocks (1 x 10^^ pfu/ml) whereas recombinant adeno- 

associated virus and recombinant herpes simplex viruses can usually only be 

grown to concentrations of 10® iu/ml and 10® pfu/ml. With improvements in 

vector propagation and purification these concentrations are likely to increase. 

In order to overcome the influence of these improvements on our study we 

determined whether the superior gene expression seen with recombinant 

adenovirus was simply due to the large number of infectious virions by 

performing further studies with all viruses at 1 x 10  ̂pfu.

The effect of viral titre and adenoviral mediated gene transfer has been 

shown previously in other species (Chapter 1, Section 6.3.4.1), and was similar 

in our model. In addition to directly compare recombinant adenovirus with 

recombinant AAV the timecourse of transgene expression was investigated with 

titres of virus at 1 x 10  ̂ pfu. Transgene expression was diminished in this 

setting, and at day 28 gene expression was barely detectable (mean = 0.5±0.5, 

n=2). No transgene expression was seen with recombinant herpes simplex virus 

at day 3, 7 or 14 when used at 1 x 10  ̂pfu (n=3 per group). Increasing the titre 

to 1 X 10^° pfu did not result in a significant increase in transgene expression 

(mean = 4.3±4.3, 1 x 10^° pfu, day 3, n=2; mean = 6.2±5.0, 1 x 10® pfu, day 3, 

n=5). At day 28 transgene expression was still detectable with 1x10^  pfu of 

recombinant adenovirus (mean = 0.5±0.5, n=2) but was undetectable at later 

timepoints (day 42 and day 56, n=2 per group).

Table 7 The Effect of Viral Titre on Transgene Expression: Adenovirus

Viral Titre 1x10" 1x10'" 1x10" 1x10'"^

Mean 0 357.3 247 571.5

SEM 0 193.7 63 329.5

n 2 4 3 2
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Table 7 The Effect of Viral Titre on Transgene Expression: Adenovirus. The 

effect of viral titre was examined at day 3. Numbers refer to the mean number of 

transgene positive cells per group, with 5 standard sections being taken per 

animal.

p<0.001, 1x10^ pfu versus 1x10^° pfu, 1x10^^ pfu; p<0.001, 1x10^ pfu versus 

1x10^  ̂pfu.

p=NS, 1x10^^ pfu versus 1x10^  ̂pfu; p<0.05, 1x10^^ pfu versus 1x10"" pfu. 

P<0.001, 1x10^^ pfu versus 1x10^^ pfu.

\ i i 10

Figure 3-2 Timecourse of Transgene Expression Following Direct 
Intramyocardial Injection of the Viral Vectors (Low Titre)
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Figure 3-2 Tim ecourse o f Transgene Expression Foilow ing D irect 

intramyocardiai injection of the Viral Vectors (Low Titre). Direct intramyocardial 

injection of recombinant herpes simplex virus (1 x 10^ pfu) does not result in 

detectable transgene expression. Recombinant adenovirus (1 x 10^ pfu) is stiii 

relatively efficient, but gene expression is minimal post 14 days gene delivery, in 

contrast recom binant adeno-associated virus does result in transgene  

expression at late timepoints.

3.3.1 Intramyocardial Injection of Adeno-Associated Virus Does Not 
Provoke an Inflammatory Response

There was a marked difference in the appearance of the myocardium 

following injection of the vectors with respect to the inflammatory infiltrate. Direct 

intramyocardial injection alone caused a histological appearance as expected, 

with a healing response observable in the 14 days following injection. By day 21 

there were no visible inflammatory cells, although fibrous tissue lined the needle 

track. Direct intramyocardial injection of rAAV-LacZ did not result in any 

difference from this appearance, even at day 28, when transgene expression 

was maximal. This was in contrast with rAd5-LacZ, which resulted in a 

significant increase in the inflammatory score at day 14 (inflammatory score, 

vehicle 1±0 vs 3±0, high titre rAdS-LacZ, p<0.05). There was a clear effect due 

to viral titre at early timepoints (Figure 3-3), with no significant increase in 

inflammatory scores at day 3 for all but very highest titre injection (1x10^^ pfu).
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Figure 3-3 Effect of Viral Titre on Inflammatory Response (Adenovirus)
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Figure 3-3 Effect of Viral Titre on Inflammatory Response (Adenovirus). The 

degree of inflammation seen following direct intramyocardial injection of 

recombinant adenovirus increases as the viral load increases, day 3 post gene 

transfer.

At later timepoints there was very little difference in the inflammatory score 
for both low and high titre injection. At day 21 the inflammatory score for both 

low and high titre adenovirus injections were significantly worse than vehicle 
(Vehicle 0±0, vs 2±1 for both low and high titre rAdS-LacZ). At later timepoints 

there were no significant differences in the inflammatory score. Direct 
intramyocardial injection of rHSV-lacZ resulted in an early inflammatory 

response, with both low and high titre virus which was significantly higher than 

vehicle and recombinant adenovirus (HSV inflammatory score, day 3, 2±0, 

3±0.3, low and high titre respectively), although this difference was no longer 

significant at day 14.
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4 Discussion

4.1 Myocardial Gene Transfer: Assessment of Vectors
The present study demonstrates that recombinant adenovirus, herpes

simplex virus and adeno-associated virus result in transgene expression when 

introduced via direct intramyocardial injection in the rabbit, whereas the non- 

viral vectors tested do not. At the time of maximal expression, rAdS is most 

efficient, followed by rAAV and rHSV. However whereas gene expression with 

rHSV is undetectable after two weeks, adenoviral mediated gene transfer 

persists up to four weeks, but is undetectable at day 42. In contrast rAAV 

mediated gene transfer has a different temporal profile of expression with a lag 

between administration and expression of approximately three weeks, with 

maximal expression at four weeks. Surprisingly gene expression is not 

sustained at later timepoints. This pattern of gene expression is seen at the 

same viral titres, indicating that current recombinant adenoviral vectors and 

method of production are the most efficient way of introducing transgenes into 

adult cardiac myocytes.

Although the reasons underlying the differences in gene expression with the 

different vectors is not entirely clear, the contrasting biology between the vectors 

allows speculation on the desirable features for in vivo myocardial gene transfer 

vectors.

4.2 Mechanism of Cell Entry
The first step in gene transfer is the uptake of the vector into the cell. Of the

vectors tested, only cationic liposomes do not utilise a cell surface receptor, 

instead relying upon electrostatic attraction (Chapter 1, Section 2.1.1) Although 

cell surface receptors have been cloned for adenovirus (Bergelson et al., 1997; 

Tomko et al., 1997), HSV (Shieh et al., 1992), and AAV (Mizukami et al., 1996; 

Summerford and Samulski, 1998), there are relatively few investigations to 

determine which cell type expresses these desired receptors. Since all of the 

viruses tested here have shown expression, it is fair to assume that cardiac 

myocytes express the necessary receptors. As the integrin targeting peptide we
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have used binds to the avpi integrin receptor and increases gene transfer in 

vitro, it is unlikely that the negative result with this vector is due to an inherent 

inability to transfect cardiac myocytes. Also, recent evidence casts doubt on 

whether there is actually specific uptake via receptor-mediated endocytosis, 

suggesting instead that peptide mediated gene transfer aids intracellular 

processing and transport to the nucleus (Colin et al., 1998).

The next step in gene expression is transport of the DNA to the nucleus. 

Again viruses have developed a number of strategies to facilitate this stage. 

After transfer from the clathrin-coated pit to the early endosome, the virion 

escapes into the cytoplasm where it is delivered to the nuclear pore (Greber et 

al., 1993). Herpes simplex virus binds to the cell surface via glycoproteins gB 

and gD, this triggers membrane fusion and penetration into the cell. It is 

currently unknown how AAV transports the nucleocapsid to the nucleus of 

infected cells. It is very likely that the majority of the DNA contained within 

synthetic vectors does not reach the nucleus of the cardiac myocyte. The 

absence of detectable gene transfer with cationic liposomes and integrin 

targeting peptides is probably related to either inefficient entry into the cell, with 

the synthetic vectors being neutralised by serum (Crook et al., 1998), or to 

degradation of DNA prior to entry into the nucleus.

Once in the nucleus the conformation of the DNA affects the rate of 

transcription. Adeno-associated virus is a single stranded DNA virus and has to 

be converted into a double stranded form before it can be transcriptionally 

active. In actively dividing cells this process occurs rapidly, presumably due to 

the presence of DNA polymerases. However in post-mitotic cells gene 

expression following injection of highly purified stocks of rAAV is significantly 

delayed (Ali et al., 1998a; Fisher et al., 1997), and is thought to reflect a time- 

dependent conversion of the single stranded vector genome to a 

transcriptionally active double stranded DNA intermediate (Fisher et al., 1996; 

Ferrari et al., 1996). Certainly, in skeletal muscle, consistent gene expression is 

not seen until around day 30 and analysis of Hirt extracted DNA from tissue at 

earlier timepoints has shown that an episomal double stranded intermediate is
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not present, nor is the vector integrated. Contrary to our findings where we did 

not observe consistent transgene expression until day 21, which increased at 

day 28, a previous study demonstrated rAAV transgene expression at day 3 in 

rat (with direct injection) and porcine myocardium (with intracoronary infusion), 

however expression had significantly declined by the next time point examined 

which was at 2 months (Kaplitt et al., 1996). The possibility exists that the early 

transgene expression followed by decline was due to contaminating helper 

virus, as a crude lysate preparation was used (Kaplitt et al., 1996). There has 

recently been a publication that has shown a temporal pattern of transgene 

expression in the mouse similar to that reported here (Svensson et al., 1999).

Adenovirus and HSV vectors are linear double-stranded DNA viruses and 

replicate episomally. In contrast, AAV is able to integrate into the host cell 

genome by non-homologous recombination. It is this ability which could lead to 

long-term gene expression, which makes the loss of transgene expression seen 

surprising, since in skeletal muscle gene expression is detectable at 180 days 

post injection, after the initial lag in transcription (Fisher et al., 1997). However, it 

is unclear whether long-term gene expression is dependent upon integration 

(Chapter 1, Section 4.2.2.2). Herpes simplex virus is able to remain in a latent 

state for the lifetime of post-mitotic neuronal cells despite being episomal 

(Chapter 1, Section 5.2). In the latent state the viral DNA takes up a 

confirmation which resembles that of chromatin, however gene expression is 

limited to a region of the herpes genome known as the l_AT region. Given that 

the transgene cassette in this virus is in the LAT region it is extremely unlikely 

that the loss of expression observed is due to a loss of transcription, more likely 

is that the loss of expression is due to destruction of infected cardiac myocytes 

due to a cytotoxic effect of continued expression of other IE genes, and also to 

immune mediated destruction.

4.3 Promoter Performance
Although we have used promoters that are constitutively active in cardiac

myocytes, we cannot be sure that we detected all cells that had taken up DNA 

as we measured protein activity. In VSMCs the activity of the CMV IE promoter
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that we used in these studies may not be maximal in all situations (Clesham et 

al., 1996; Clesham et al., 1998). It has been shown that the titre of adenovirus 

can determine the activity of the CMV promoter by activating NF,,B (Clesham et 

al., 1998). It remains a possibility that the process of adenoviral entry into 

cardiac myocytes, even at low titres results in a change in the transcriptional 

environment of the cell such that the promoter is maximally active, whereas 

AAV entry and the lack of stimulation of lymphocytes results in a situation 

whereby the CMV promoter is not maximally active, and that it is at the level of 

gene expression where Ad and AAV differ in respect to gene transfer.

The next factor is titre of virus. Another problem associated with rAAV is that 

it is grown to low infectious titres and hence some groups have only used crude 

lysate preparations for gene transfer. This has led to conflicting results, probably 

because it has been shown that crude lysate preparations can result in pseudo 

transfection, by transfer of the reporter protein (Alexander et al., 1997). 

Pseudotransfection did not occur when using caesium chloride purified vector. A 

further difference between recombinant adeno-associated virus mediated gene 

transfer and pseudotransfection is that pseudotransfection peaked early and 

then diminished, whereas real gene transfer showed an increase in expression 

over time (Alexander et al., 1997). Although recombinant herpes simplex virus 

can be grown to infectious titres of 1 x 10® pfu, this is still 100 fold less than for 

recombinant adenovirus, thus performing experiments is very labour intensive, 

and the minimal expression even with concentrated stocks of virus makes this 

an efficient vector for use in the myocardium.

4.4 Immune Response
The final factor that effects persistence of the gene product is the immune

response to the vector. Although we used a non-self transgene, the bacterial 

LacZ marker gene, which has been shown to initiate a C D 8\e  inflammatory 

infiltrate in mice (Tripathy et al., 1996; Lusky et al., 1998) it is unlikely that this 

was the sole reason for the gross histological changes which we detected. 

There are a number of reasons why we believe that the intrinsic differences of 

the vectors resulted in differences in transgene persistence, and destruction of
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previously healthy myocytes. We used the LacZ gene in all vectors, yet an 

infiltrative response that was different to that seen with direct injection of vehicle 

was only observed with rAd5 and rHSV vectors. This is consistent with a 

number of previously published studies in the literature in different models and 

systems. rAAV, apart from lacking all viral coding sequences poorly transduces 

dendritic cells, whereas rAd5 is able to effectively transduce these cells (Jooss 

et al., 1998b) and the lack of an inflammatory response is consistent with 

previous work in both skeletal (Fisher et al., 1997) and cardiac muscle 

(Svensson et al., 1999; Zhang et al., 1998). Although we utilised a first 

generation adenovirus in these studies we do not believe that using a multiply 

deleted adenovirus would have resulted in a blunting of the inflammatory 

response, and the decrease in titre would have had a more detrimental effect. In 

support of this, recent work showed that there was no difference in the C D 8\e 

infiltrate and viral DNA persistence in vivo between E1/E3, E1/E3/E4 and 

E1/E2/E3 deleted viruses (Lusky et al., 1998). Although continued viral DNA 

transcription and neoantigenic proteins undoubtedly contribute to the immune 

response seen in vivo it has been shown that there is very little difference in the 

response seen with UV inactivated recombinant adenovirus and transcriptionally 

active virus in adult mice, indicating that the adenoviral capsid alone is sufficient 

to initiate a loss of infected cells due to C D 8\e cell lysis (Kafri et al., 1998). This 

may account for why there was less inflammation at day 5 compared to day 3 

with the high titre adenovirus, with the increase in inflammation at days 14 and 

21 being due to continued viral gene expression. Although the herpes simplex 

virus that we used in these studies is only rendered replication disabled through 

deletion of one of the immediate early proteins, there is still transcription of other 

immediate early proteins, notably ICP4. It is likely that these are both directly 

cytotoxic and induce an immune response, similar to that seen in skeletal 

muscle (Huard et al., 1997) and the CMS (Fink and Glorioso, 1997; Glorioso et 

al., 1995) leading to the early loss of transgene expression.
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To try and grade the practical applicability of the vectors we scored the 

vectors in a manner similar to the therapeutic index of a drug, the vectors were 

graded on the efficiency: toxicity ratio (Figure 4-1). By dividing the mean number 

of cells transfected by the degree of inflammation (less the score of the vehicle 
injection alone).

Figure 4-1 Therapeutic Index of Vectors
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Figure 4-1 Therapeutic Index of Vectors. Recombinant adenovirus is the most 

efficient vector, even accounting for the immune response v\/hich it generates (1 

X 10^  ̂pfu). In contrast, the recombinant herpes simplex virus is limited by both 

inflammation and low efficiency (1 x 10  ̂ pfu). Recombinant adeno-associated 

virus (5 X 10  ̂iu) has a similar efficiency to toxicity ratio as high titre recombinant 

adenovirus at late timepoints.

4.5 Critique of Methods
We measured transgene expression by histochemical staining for Q>-

galactosidase, and compared the efficiency of gene transfer by counting 5 non

contiguous standard sections, one of which contained the needle track, as 

assessed both macroscopically, prior to processing, and histologically. There 

are a number of different methods in the literature to assess gene transfer. The
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most accurate method is to use vectors encoding the luciferase gene and then 

to assess gene transfer by measuring the activity of luciferase in the heart and 

normalising for protein content. Although this is a superior assay in terms of 

quantification of total amount of protein produced, there are also a number of 

limitations. The cells that are expressing the protein are unknown; also it is not 

known whether a few cells produce a lot of transgenic protein, or whether a lot 

of cells produce a little transgenic protein.

Other reports in the literature have used planimetry of macroscopic slices of 

the heart to quantitate gene transfer (Kawaguchi et al., 1997). We have not 

used this as a method due to the false positive nature of macroscopic staining, 

indeed macroscopic staining with direct injection of cationic liposomes and 

integrin targeting peptides is not associated with microscopic staining, and 

macroscopic staining with adenovirus did not closely correlate with the 

microscopic findings. Although there is a luminometric assay for (1- 

galactosidase, this is not as sensitive as histochemical staining, as gene 

expression can be detected after day 21, but cannot be detected above baseline 

using the luminometric assay (Guzman et al., 1993).

We have used staining of macroscopic sections by perfusion fixation, rather 

than staining frozen sections. Although staining frozen sections may be more 

sensitive, all vectors were compared using the identical staining procedure, 

allowing comparison both within and between the groups. We cannot rule out a 

false negative result that had we used more sensitive methods we would have 

been able to detect transgenic protein in the synthetic gene transfer treated 

hearts, however within the study they are the most inefficient vector.

Counting transgene positive cells in 5 non-contiguous sections gives results 

that are consistent with other studies. The timecourse of gene expression with 

adenovirus and the effect of increased viral titre is similar to that seen in other 

animal models of gene transfer. This method is far less open to 

misinterpretation of results, compared to selecting high power fields and 

counting cells. For example the article by (Barr et al., 1994) states that high- 

level gene expression occurs with intracoronary delivery of recombinant
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adenovirus. Although they only measured 32% transgene positive cells in 5 

randomly selected fields they extrapolate this to having transfected a third of the 

heart. Since they only infused the virus in the left coronary artery, and the 

selection process was apparently random throughout the whole section, the 

transfection efficiency would be even higher than 30%.

A further problem is that although for the quantitation we used the same 

transgene, the R-galactosidase encoded within the recombinant adenovirus that 

we used was nuclear localised, unlike any of the other vectors. This would lead 

to an underestimation of gene transfer efficiency when compared to the other 

groups.

In the adenovirus group there are inconsistencies in the results with 

transgene expression at day 14 following gene transfer with 1 x 10^° pfu 

resulting in minimal gene transfer, this was also seen at day 3 with injection of 1 

X 10  ̂ pfu. It is highly unlikely that this is a real effect. It is more likely that the 

injection of virus on these occasions was misplaced, with not the entire aliquot 

of vector being injected into the heart. Although the needle position is checked 

before, during and after gene transfer, this does not rule out the possibility that 

the entire vector aliquot is not infused into the myocardium. A further possibility 

is that the actual staining procedure in these rabbits did not work. This can be 

ruled out as the X-gal stain was freshly made and aliquots were used in plaque 

titration assays, also other hearts stained on the same day with the same batch 

of X-gal did stain positive for transgene expression.

The results with recombinant adeno-associated virus were inconsistent at 

the same timepoint, with different batches of virus behaving differently. This 

problem is common when using rAAV and this could lead to an underestimation 

of the efficiency of gene transfer using this vector. One way to overcome this 

problem would to be to perform a 28 day positive control with every other 

timepoint tested, or to perform a positive control with direct injection of skeletal 

muscle. Unfortunately the difficulty in preparation of rAAV limits the number of 

experiments that it is possible to do.
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4.6 Conclusions
The results of this series of experiments rely on the fact that at present only

the viral vectors tested are suitable for gene transfer in vivo. Within the viral 

vectors recombinant herpes simplex virus can be discounted, as the cytotoxic 

and immune response that is generated following direct intramyocardial injection 

is far in excess of that seen with adenovirus, which is easier to amplify and 

purify, and results in greater expression of transgene. Recombinant adeno- 

associated virus is an alternative to recombinant adenovirus, however there are 

a number of hurdles that will have to be overcome before this can be used for 

genetic manipulation of the myocardium. Higher titre stocks of rAAV would 

presumably lead to more robust and efficient gene transfer. Although an 

immune response could be seen at higher titres of virus, it is likely to be less 

than that seen with recombinant adenovirus, as at the same viral titres 

performed in this study, an immune response could still be observed with 

recombinant adenovirus. At matched timepoints there was more efficient (non

significant) transgene expression for rAAV. However, at present the most robust 

gene transfer is seen with high titre recombinant adenovirus.
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1 Introduction
In the previous chapter we demonstrated that of the currently available 

vectors, rAdS is the most efficient when administered by direct intramyocardial 

injection. Although direct intramyocardial injection of rAd5 results in robust 

transduction, only a limited volume of myocardium is available for transfection, 

and direct injection alone results in damage to the myocardium.

Intracoronary gene delivery is a clinically relevant route for gene transfer, 

however previous results using this mode of delivery have been inconclusive.
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Ex vivo gene delivery demonstrated the feasibility of myocardial gene transfer 

with long coronary infusion times, however this model has limited practical 

application. Initial results with in vivo intracoronary gene transfer appeared 

promising, with efficient adenoviral mediated gene transfer to 30% of cardiac 

myocytes in adult rabbits (Barr et al., 1994). In contrast, adenoviral gene 

transfer was inefficient when administered into the circumflex coronary artery in 

adult pigs (Mühlhauser et al., 1996). However, another study in adult mini-pigs 

resulted in a phenotypic change of the heart with a recombinant adenovirus 

encoding bFGF-5 (Giordano et al., 1996). One potential reason for the 

discrepancies between these studies could be that myocardial infarction can 

result in an increase in endogenous R-galactosidase activity, resulting in the 

false positive appearance of gene transfer, when using the LacZ gene. Also, it 

may be necessary only to infect a small number of myocytes with a biologically 

relevant protein that is secreted to observe a physiological effect. However there 

was no detectable rise in serum bFGF-5 in this study, which is rather surprising 

given that other studies had shown that recombinant adenovirus when delivered 

by intracoronary infusion results in transfection of a number of organs (Barr et 

al., 1994) when a constitutively active promoter was used. Further 

understanding of the factors involved in recombinant adenoviral intracoronary 

gene transfer has been gained through series of experiments utilising 

Langendorff perfusion (Donahue et al., 1997; Donahue et al., 1998). These 

studies demonstrated that the coronary flow rate, absolute amount of virus, time 

spent in the coronary circulation and perfusate composition were major factors 

limiting intracoronary gene transfer (Donahue et al., 1997). Increasing capillary 

permeability further increases the efficiency of gene transfer (Donahue et al., 

1998). A related model has also illustrated the feasibility of intracoronary gene 

transfer using aortic occlusion and direct injection into the left ventricular cavity 

using recombinant adenovirus in the rat (Hajjar et al., 1998).

We sought to gain a more comprehensive understanding of intracoronary 

gene transfer in vivo by performing a series of experiments in the rabbit with 

recombinant adenoviral vectors. The questions addressed by this study were 1.
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Does intracoronary delivery of recombinant adenovirus alone result in efficient 

gene transfer? 2. Does increasing coronary permeability increase gene 

transfer? 3. Does increasing coronary transit time increase adenoviral gene 

transfer? 4. Does high coronary vascular pressure with and without increasing 

the coronary permeability result in increased gene transfer?

2 Specific Methods

2.1 Group Sizes and Occlusions
Animals were surgically prepared according to standard procedures

(Chapter 2, Section 1.2). A total of 60 rabbits were used for this study with 5 

intervention groups.

Intracoronary Delivery, consisted of 15 rabbits, with one exclusion due to VF 

following intracoronary delivery of 1 x 10̂  ̂ pfu of recombinant adenovirus. This 

rabbit was unable to be resuscitated despite CPR and DC cardioversion. This 

group was subdivided with 10 rabbits having gene expression investigated at 

day 3 and 4 rabbits in which gene expression was investigated at day 5. The 

titre of virus delivered at day 5 was 1 x 10̂  ̂ pfu, whereas at day 3, 1x10^^ pfu 

(n=2), 1x 10̂  ̂ pfu (n=4) and 1 x 10^° pfu (n=4) of rAdS-Rgal were delivered.

Intracoronary Delivery with Adenosine, this group consisted of 11 rabbits, 

being subdivided by intracoronary infusion of rAd5-Rgal occurring at 3,5,7,10 

and 15 minutes post infusion of adenosine (n=2 per timepoint, with 3 at 5 

minutes).

Intracoronary Delivery with Recombinant VEGF, this group consisted of 14 

rabbits, with 3 rabbits being given recombinant VEGF over a 5 minute period, 3 

minutes prior to infusion of 2mls of 25mg.ml'^ Evans blue dye. Within each 

group there was 1 rabbit that had to be excluded due to resistant VF following 

infusion of VEGF. 2 rabbits were given a 1ml infusion of saline over 5 minutes, 3 

minutes prior to infusion of 2mls of 25mg.ml'^ Evans blue dye. Six rabbits were 

given a 5 minute infusion of recombinant VEGF 3 minutes prior to infusion of 1 x 

10̂ 1 pfu of recombinant adenovirus, one of these rabbits developed intractable 

VF following viral infusion.
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Intracoronary Delivery with Nominally Calcium Free Buffer, this group 

consisted of 4 rabbits. There was 1 exclusion from this group due to EMD 

following intracoronary delivery of virus. 1 x 10^° pfu of recombinant adenovirus 

was delivered over 1 minute in the circumflex coronary artery, with the vehicle 

being nominal calcium-free Krebs-Henseleit buffer.

Intracoronary Delivery with O xygenated Perfluorocarbon, this group 

consisted of 7 rabbits. Oxygenated perfluorocarbon (90%) diluted with virus 

storage medium (10%) was delivered to 3 rabbits, with 4 rabbits being used for 

intracoronary delivery of 1 x 10̂  ̂ pfu (in lOOpI) recombinant adenovirus in 

oxygenated perfluorocarbon (900pl).

High Pressure Gene Delivery, this group consisted of 9 rabbits, with two 

exclusions in the normal vehicle group, due to acute heart failure following the 

gene delivery procedure. 1 x 10^° pfu of recombinant adenovirus was delivered 

(in normal vehicle) over a 10 second aortic and pulmonary artery occlusion in 6 

rabbits, whilst a further 3 rabbits had the identical procedure performed with 

virus suspended in nominal calcium-free buffer.

2.2 Intracoronary Gene Transfer
The common carotid artery was cannulated and the left coronary artery was

catheterised according to (Chapter 2, Section 1.4). Adenovirus in 1ml of virus 

storage medium was injected over 1 minute during a non-occlusive ostial 

engagement. Catheter position was checked at least once during gene delivery 

by infusion of radio-opaque contrast. The rabbit was monitored for 5 minutes 

post vector delivery prior to recovery.

2.3 Pre-T reatment of the Coronary Vasculature
To alter the heart rate and vascular permeability of the coronary circulation

several pre-treatments were administered.

2.3.1 Vascular Endothelial Growth Factor
Previous work showed that at a concentration of 10'^°M topical

administration of vascular endothelial growth factor (VEGF) to coronary venules 

(originally discovered as vascular permeability factor) (Roberts and Hasan,
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1993), significantly increased permeability to albumin, by approximately three

fold. This effect started almost immediately, reached a peak at 1-3 minutes and 

was sustained for 5-10 minutes (Wu et al., 1996). However, compared to 

baseline this was only significant for the first 5 minutes. Other experiments 

utilising VEGF to increase vascular permeability, used similar concentrations of 

VEGF. 20ng of VEGF was applied topically to the cremaster muscle of rats and 

the skin, which both showed a significant increase in capillary permeability 

within 10 minutes (Roberts and Palade, 1995). 5-100ng of VEGF was used in 

experiments assessing vascular permeability in guinea pig skin (Feng et al., 

1996). Although these concentrations are 10 to a 100 fold higher than the 

former study, the experiments were on whole tissue and not on isolated tissue. 

Whilst one could argue that we are doing our experiments in vivo, we are 

selectively perfusing the vasculature, which is similar to the former experiment 

(Wu et al., 1996). We aimed to achieve a final concentration of VEGF in the 

coronary circulation of 10'^° M infused over 5 minutes, by adding 0.76pg of 

recombinant VEGF (Sigma) per animal (Appendix 3). Initial experiments were 

performed to test whether intracoronary infusion of recombinant VEGF did 

increase the permeability of the coronary vasculature to albumin.

2.3.2 Assessing Vascular Permeability
Although there are several protocols for assessing vascular permeability,

using Evans Blue dye is economical both in scientific man-hours and cost 

(Udaka et al., 1970). Also it has the benefit over other methods of allowing both 

immediate (visual) qualitative and also quantitative assessment.

Evans Blue dye at a concentration of 25mg.ml'^ in saline and a dose of 

20mg.kg'^ (body weight) was used to assess vascular permeability, as used in 

similar experiments (Filep et al., 1993) on the coronary vasculature of the rat. 

Evans Blue dye, an azo dye, is used for measurement of capillary permeability 

as it avidly and selectively binds to albumin, and localises with albumin of sites 

of increased permeability. It has also been correlated with other methods of 

measuring capillary permeability such as radiolabelled albumin (Udaka et al., 

1970). The simplest method of quantitatively measuring Evans Blue
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accumulation is via extraction of the dye from the tissue and then 

spectrophotometric analysis (Roberts and Palade, 1995; Roberts and Hasan, 

1993; Udaka et al., 1970).

2.3.3 Miles Vascular Permeability Assay
The method of Evans Blue extraction we based our protocol on was that of

(Udaka et al., 1970). The VEGF or saline was infused over five minutes into the 

left coronary artery. At either 3 or 10 minutes following the end of the infusion 

2.6ml of Evans Blue Dye was infused into the marginal ear vein. The rabbit was 

sacrificed exactly 20 minutes later and the hearts were perfused with 40ml of 

normal saline as per Filep et al (1993). The Evans Blue dye was formamide 

extracted in a total volume of 30mls for 72 hours at 45°G. The solution was 

filtered through a 5pm filter, and the optical density of the filtrate was measured 

at 620pm. The absolute amount of Evans Blue dye was calculated using a 

standard curve and normalised to dry weight. The dry weight of the heart was 

taken after the hearts had been freeze-dried overnight, until the mass did not 

change in a Modulyo freeze-drier (Edwards High Vacuum, Crawley, West 

Sussex, England).
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Figure 2-1 Evans Blue Standard Curve
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Figure 2-1 Evans Blue Standard Curve. The standard curve was constructed 

using dilutions o f Evans Blue dye in phosphate buffered saline, (from the mean of 

3 readings). The S E M  are shown, but lie within the data points. The line is 

described by y  -  8.0983e-3 + 7980.6x, with an value of 0.997.

2.3.4 Adenosine and Nominal Calcium
Adenosine is regularly used to vasodilate the coronary circulation in the

clinical setting, a process which could theoretically increase the possibility of 

adenoviral transfer. To test this hypothesis we performed a number of 

experiments delivering 1mg of adenosine (Sigma) into the coronary vasculature 

between 3 and 15 minutes before delivery of adenovirus.

Recently experiments have been carried out using Langendorff perfusion to 

assess gene delivery with rAdS. To increase the efficiency of gene transfer these 

investigators infused recombinant adenovirus in nominally calcium-free buffer, to 

increase the capillary permeability. These investigators demonstrated an 

increase in gene transfer efficiency, but not wet weight of the heart, a measure of 

vascular permeability. Therefore to investigate whether using a different vehicle 

to deliver the recombinant adenovirus would enhance delivery in vivo we 

performed additional experiments using nominally calcium-free solution. 

Recombinant adenovirus at 1 x 10̂  ̂ pfu/ml (in 0.1ml virus storage medium) was 

added to 0.9ml of Krebs-Henseleit solution with 50pM free calcium and delivered 

over 1 minute into the circumflex coronary artery.

2.4 Occlusive Coronary Engagement
A further impediment to intracoronary gene delivery in vivo is that virus is

only in the coronary circulation for a very short period of time, and that it is diluted 

with blood (Donahue et al., 1997). Although the dilution of blood can be 

overcome by occluding the coronary artery, which would also increase the time 

the virus is in the coronary circulation, this results in transient ischaemia, as can 

be observed by ST elevation of the ECG. This can easily lead to VF, which is 

recalcitrant to DC cardioversion in the rabbit, with the chest closed. To perform 

occlusive coronary engagements and to decrease the chance of VF secondary to
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ischaemia of the left ventricle, we delivered recombinant adenovirus with a 

perfluorocarbon emulsion (Chapter 2, Section 1.6.3).

Perfluorocarbons (PFCs) are molecules comprised of carbon and fluorine 

atoms and are chemically inert and resistant to thermal and radiation damage 

(Millard, 1994). They have been considered for a number of medical applications 

as they act as solvents for all common gases, including oxygen and carbon 

dioxide. They were first demonstrated to support liquid respiration thirty years 

ago (Clark and Goland, 1966) with mice surviving for several weeks following 

complete immersion in oxygen saturated FX-80, for one hour. These were 

subsequently approved in 1990 by the US FDA for adjuvant therapy in coronary 

angioplasty. The solubility of oxygen at atmospheric pressure in perfluorodecalin 

is 40.3 ml of oxygen in 100ml of perfluorodecalin (Millard, 1994). Unlike 

haemoglobin the oxygen solubility of perfluorocarbons is linearly related to the 

partial pressure of oxygen, and is not saturable.

Unfortunately perfluorocarbons are insoluble in liquids and have to be 

emulsified before they can be used in vivo, usually in phospholipids (Millard, 

1994; Faithfull, 1994). Although the use of perfluorocarbons, for their oxygen 

carrying capability, is relatively uncommon, Fluosol DA, one of the most 

commonly used perfluorocarbon emulsions (Reiss, 1994) can dissolve about 

three times as much oxygen as can normal whole blood. Fluosol DA consists of 

perfluorodecalin, perfluorotripropylamine, pluronic F-68, and egg phospholipids.

The perfluorocarbon that we used in these studies is based upon 

perfluorodecalin as detailed in chapter 2, section 1.6.3. Oxygenated 

perfluorodecalin was mixed with either 0.1 ml of virus storage medium or 0.1ml of 

rAdS-Rgal at 1 x 10^  ̂ pfu/ml. The rAd5-Rgal was delivered during an occlusive 

engagement in the circumflex territory, until there was sustained ST elevation, 

which empirically appeared to be close to that leading to VF, with frequent 

ventricular ectopy.

2.5 High Pressure Gene Delivery
High-pressure adenoviral gene delivery was achieved using a modified

approach of Hajjar et al (1998). The right common carotid artery was cannulated
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as before, and a 0.014 high fidelity pressure wire was manipulated into the left 

ventricle. The pressure wire was connected to an amplifier (RADI Medical 

Systems PGA10, Uppsala, Sweden) and left ventricular pressure was recorded 

using the MacLab system (Figure 2-2). This allowed simultaneous measurement 

of both arterial and left ventricular pressure. A median sternotomy was performed 

using sterile technique and care taken to avoid the pleura and the pericardium 

was incised. The left ventricle was entered and a 23G needle was guided to the 

left ventricular outflow tract under fluoroscopic guidance. 1 x 10^° pfu of rAd5- 

Rgal in 3mls of saline or nominal calcium-free Krebs-Henseleit buffer was 

injected whilst the aorta and pulmonary artery were clamped for 10 seconds. 

Occlusion of the aorta was detected by a rise in intraventricular pressure, dilation 

of the heart and a drop in systemic arterial pressure. The animal was monitored 

for 5 minutes prior to closure of the chest and neck, and lOOmg of 

benzylpenicillin was administered iv.

Figure 2-2 EC G  and Pressure Traces Before and During High-Pressure Gene 

Delivery. Panel A shows the ECG and arterial/ ventricular pressure with the high 

frequency pressure wire (RADI). At the left half o f the trace the RADI wire is in 

the systemic circulation, at the aortic root, when the ventricle is entered the trace 

changes, with end diastolic pressures o f approximately W m m H g and ECG  

changes due to ventricular ectopics resulting from touching the inner surface of 

the ventricle with the pressure wire. In panel B, the onset o f clamping of the aorta 

and pulm onary artery is accom panied by a rise in systolic pressure to 

approximately 200m m Hg and diastolic pressure to 50mmHg, additionally the 

ECG QRS complexes change in morphology.
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Figure 2-2 ECG and Pressure Traces Before and During High-Pressure 

Gene Delivery
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3 Results

3.1 Intracoronary Gene Delivery with Recombinant Adenovirus, 
Effect of Viral Concentration and Time

Catheter manipulation of the coronary vasculature had little effect on

haemodynamic parameters measured. Specifically there was no difference in the 

heart rate or diastolic arterial pressure when contrast was infused into the 

circumflex coronary artery, however there was a significant drop in the systolic 

pressure, similar to that seen in previous experiments (Chapter 3, Section 3.3). 

Adenoviral delivery did tend to cause an independent effect on the systolic and 

arterial pressures during the delivery period with a small, but significant, drop in 

pressure (Table 8). Intracoronary delivery of recombinant adenovirus was an 

inefficient method of gene transfer as examined by R-galactosidase activity at 

days 3 and 5. Increasing the absolute amount, and concentration of recombinant 

adenovirus delivered did not result in significant improvement, despite a 100 fold 

increase in amount of virus delivered (mean number of positive cells = 0±0, 1 x 

10^° pfu, n=4; 0.75±0.75, 1 x 10̂  ̂ pfu, n=4; 0±0, 1 x 10^  ̂ pfu, n=2, day 3; 

0.5±0.5, 1 X 10̂  ̂ pfu, n=4 day 5, p=NS). There was no visible difference in the 

myocardial architecture of treated hearts compared to saline infused hearts, 

specifically there were no inflammatory cells.

3.2 Effect of Vehicle Composition
Altering the vehicle the virus was delivered in from virus storage medium

(10% Glycerol, 0.001 M MgCb, 0.01 M TRIS at pH 7.4) to a nominal calcium free 

Krebs-Henseleit buffer, surprisingly did not result in any changes in 

haemodynamic parameters compared to adenovirus delivered in virus storage 

medium (Table 8). Specifically there were no significant differences in systolic 

arterial pressure at any timepoint. However, there was a small but significant 

drop in diastolic arterial pressure during contrast infusion, and there was also a 

drop in the heart rate during viral delivery, compared to values obtained at 

baseline and during contrast alone. These differences were sustained at 1 

minute post gene delivery. Altering the vehicle did not increase gene transfer as
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assessed by R-galactosidase expression at day 3 (mean number of positive cells 

= 0±0, 1 X 10 °̂ pfu, n=4; versus 0±0, 1 x 10^° pfu, n=4; day 3).

3.3 Effect of Physiological Alteration of Vascular Permeability 
and Occlusive Engagements

3.3.1 Adenosine Pretreatment
Delivery of 1mg of adenosine 3 to 15 minutes prior to delivery of 1 x 10̂  ̂ pfu

of recombinant adenovirus did not effect any of the haemodynamic parameters 

measured, however there was a trend to an increased PR interval by 30.5±9.5% 

(0.051 ±0.001 versus 0.065±0.004 seconds) immediately following delivery of 

adenosine. However, there were no differences in any of the haemodynamic 

parameters measured immediately prior to delivery of recombinant adenovirus 

compared to infusion of recombinant adenovirus alone, although in common with 

other procedures there was a drop in measured systolic pressure during the 

catheterisation procedure (Table 8). There was no increase in gene transfer 

compared to adenovirus alone, although in one animal (7 minutes following 

adenosine delivery) there was an area of positive cells spanning several 

sections, however this was associated with an infiltration of inflammatory cells 

(mean number of positive cells =10.3±10 n=11; 0.75±0.75, 1 x 10̂  ̂ pfu, n=4; day 

3, p=NS) which was presumably due to infarction. In all other sections there was 

no alteration in the microscopic appearance of the myocardium.

3.3.2 VEGF Pre-Treatment
Preliminary experiments to determine whether there was an increase in

coronary vascular permeability following intracoronary infusion of human 

recombinant VEGF at 3 minutes prior to a 20 minute Evans Blue infusion (see 

section 2.3.3) demonstrated that there was an approximately three-fold increase 

in permeability as assessed by Evans Blue accumulation in the whole heart 

(Evans Blue accumulation at: 3 minutes = 3.62E-05±1.72E-06*, n=3; 10 minutes 

1.26E-05±4.53E-07, n=3; saline at 3 minutes = 1.2E-05±.44E-06, n=2; *p< 

0.0001 versus both groups). However, there was no increase in permeability
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when the Evans Blue infusion was delayed until 10 minutes following the VEGF 

infusion.

Delivery of human recombinant VEGF 3 minutes prior to infusion of 1 x 10̂ "' 

pfu of recombinant adenovirus had no significant effect on the haemodynamic 

parameters measured compared to the delivery of recombinant adenovirus alone 

(Table 9). Despite the increase in vascular permeability, there was no increase in 

gene transfer as assessed by R-galactosidase activity (mean number of positive 

cells = 0±0, n=5; 0.75±0.75, 1 x 10^”* pfu, n=4; day 3, p=NS).

3.3.3 Occlusive Engagement
The use of oxygenated perfluorocarbon as a vehicle for recombinant

adenovirus delivery did not change the baseline haemodynamic parameters in 

comparison to recombinant adenoviral delivery alone (Table 10). However, there 

were a number of changes following gene delivery with a significant difference in 

the systolic arterial pressure measured at 1 minute post gene delivery, with a 

lower pressure being recorded when recombinant adenovirus was delivered with 

the RFC, however by 5 minutes there were no differences in systolic pressures. 

Additionally, at 1 minute post delivery of the RFC there was a significant lowering 

of the diastolic arterial pressure of the RFC with adenovirus group when 

compared to the RFC alone group.

There were a number of changes within individual groups during the 

experiments. Whilst delivery of the RFC alone had only minor effects on the 

haemodynamic parameters measured, gene delivery with recombinant 

adenovirus resulted in lower diastolic and systolic pressures following delivery at 

1 minute and 5 minutes respectively.

The use of RFCs allowed a more adventurous approach to cardiac 

catheterisation, with the aim of occlusive coronary engagements during delivery. 

There was a mean duration of ST elevation or ECG abnormality of 28±15 

seconds in the RFC alone group. Consequently, this also allowed a similar 

approach to be taken when delivering recombinant adenovirus, with a mean 

duration of ST elevation or ECG abnormality (usually T wave inversion) of 24±16 

seconds (n=4). When delivering recombinant adenovirus alone the engagements
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were non-occlusive as assessed radiographically and by continual assessment of 

the ECG during gene delivery. Although occlusive engagements were sometimes 

made, the catheter was manipulated and the position re-checked with a bolus of 

contrast. Despite these manipulations of the gene delivery protocol there was no 

effect on gene expression as detected by R-galactosidase expression (mean 

number of positive cells = 0±0, RFC alone, n=3; 0.25±0.25, 1 x 10̂  ̂ pfu, n=4; day 

3, p=NS). Administration of the RFC alone or in combination with recombinant 

adenovirus had negligible effects on the histological appearance of the 

myocardium.

178



Table 8 Haemodynamic Changes with Alterations in Vehicle Composition and Adenosine Pre-treatment

a>

Baseline

Coronary Catheter in Circulation 

Contrast Immediately Delivery 

Prior
1 Minute 

Post 
Infusion

5 Minutes 
Post 

Infusion

Heart Rate (BPM)

Recombinant Adenovirus 225 ± 10 231 ± 12 212 ± 16 211 +15 224 + 11 246 + 13*

Recombinant Adenovirus in KHB 236 ±5 216 + 2 190 + 9*# 203 + 1* 236 + 12

Adenosine 213± 12 210 + 9 217 + 11 222 + 9 209 + 8 223 + 11

Art Systolic Pressure (mmHg)

Recombinant Adenovirus 103 ±5 90 + 4** 87 + 5* 86 + 4**# 97 + 6* 77 + 7

Recombinant Adenovirus in KHB 105 V  14 101 + 15 95 + 16 101 + 13 93 + 17

Adenosine 97 ±4 82 +3** 82 + 5** 75 + 4 89 + 6 63 + 9

Art Diastolic Pressure (mmHg)

Recombinant Adenovirus 66 ±4 63 + 3 72 + 10 61 + 3*# 58 + 4* 48 + 6

Recombinant Adenovirus in KHB 68 + 7 66 + 7* 62 + 10 63+ 10 61 +11

Adenosine 62 ±3 57 + 4* 55 + 5* 54 + 4 52 + 5 36 + 7*
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Table 8 Haemodynamic Changes with Alterations in Vehicle Composition 

and Adenosine Pre-treatment. BPM = Beats per minute. Adenovirus alone n = 

14; Adenosine n =11

*p < 0.05, ** p < 0.01 versus baseline for each individual group using paired t 

test.

#p < 0.05, versus contrast infusion for each individual group using paired t test.
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Table 9 Haemodynamic Changes During Gene Delivery with VEGF Pre-treatment

00

Baseline

Coronary Catheter in Circulation 

Contrast Immediately Delivery 

Prior
1 Minute Post 

Infusion
5 Minutes 

Post Infusion

Heart Rate (BPM)

Recombinant Adenovirus 225 ± 10 231 ± 12 212 ± 16 211 ± 15 224 ± 11 246 ± 13*

VEGF 3 minutes Prior to 

Adenovirus

214±6 214±9 226 ±16 248 ± 25 228 ±18 247 ± 10

A rt Systolic Pressure (mmHg)

Recombinant Adenovirus 103 ±5 90 ± 4** 87 ±5* 86 ± 4**# 97 ±6* 77 ±7

VEGF 3 minutes Prior to 

Adenovirus

90 ±5 82 ± 4** 77 ± 2** 78 ± 2** 86 ±3 82 ±6

A rt Diastolic Pressure (mmHg)

Recombinant Adenovirus 66 ± 4 63 ±3 72± 10 61 ± 3*# 58 ±4* 48 ± 6

VEGF 3 minutes Prior to 

Adenovirus

60 ±4 59 ±4 56 ±1 57 ±1 57 ± 1 56 ±8
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Table  9 H aem odynam ic  C hanges D uring  G ene D e livery  w ith  V E G F P re 

tre a tm e n t BPM = Beats per minute. Adenovirus alone n = 14; VEGF n = 5*p < 

0.05, ** p < 0.01 versus baseline for each individual group using paired t test.

#p < 0.05, versus contrast infusion for each individual group using paired t test.
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Table 10 Haemodynamic Changes During Delivery with Perfluorocarbon

CO
00

Baseline

Coronary Catheter in Circulation 

Contrast Delivery 1 Minute Post 

Infusion
5 Minutes 

Post Infusion

Heart Rate (BPM)

Recombinant Adenovirus 225 ± 10 231 ± 12 211 ±15 224 ± 11 246± 13*

RFC Alone 230 ±41 229 ±3 219 ±6# 211 ±8 95 ±2

RFC and Adenovirus 199 + 13 200 ± 17 186 ±20 197 ± 16 219 ±28

A rt Systolic Pressure (mmHg)

Recombinant Adenovirus 103 ±5 90 ± 4** 86 ± 4**# 97 ± 6*. 77 ±7

RFC Alone 90 ±2 83 ±2 75 ±7 96 ±3 95 ±2

RFC and Adenovirus 87 ±8 75 ± 8** 71 ± 9** 70 ±4 . 78 ± 10*

A rt Diastolic Pressure (mmHg)

Recombinant Adenovirus 66 ±4 63 + 3 61 ± 3*# 58 ±4* 48 ± 6

RFC Alone 65 ±9 65 ±7 59 ±11 66± 10. 68± 11

RFC and Adenovirus 56 + 6 54 + 6 49 ±5* 43 ± 3*. 53 ±9
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Table 10 Haemodynamic Changes During Delivery with Perfiuorocarbon. BPM  = 

Beats per minute. Adenovirus alone n = 14; PPG Alone n =3; PPG & Adenovirus 

n = 4

*p <  0.05, ** p <  0.01 versus baseline for each individual group using paired t 

test.

#p <  0.05, versus contrast infusion for each individual group using paired t test.

•p < 0.05, versus other groups using ANOVA.

3.4 High Pressure Adenoviral Delivery
High pressure gene delivery by simultaneous occlusion of the aorta and

pulmonary artery caused dramatic increases in the systolic and diastolic 

pressure in the left ventricle, and as a consequence in the coronary arteries. 

Unfortunately the high frequency pressure wire did not always accurately 

transduce pressure, and consequently not all rabbits were catheterised. If the 

RADI wire was not working, the animal was not cannulated. All hearts showed 

gross dilation at the time of the procedure, and flushing of the virus solution in 

the coronary arteries was always visualised. An example of a trace before and 

during high-pressure gene delivery can be seen in Figure 2-2.

There was a dramatic increase in gene delivery as assessed by Q>- 

galactosidase expression compared to adenovirus alone, (mean number of 

positive cells per section 211.8±118, n=4, p<0.01 versus adenovirus alone). 

Changing the vehicle had no significant effect on gene transfer (mean number 

of positive cells per section 128.5±61, n=4, p=NS versus high-pressure 

delivery). Although this procedure has been described in the literature as 

intracoronary delivery (Najjar et al., 1998), due to entering the ventricle with a 

needle through the left ventricular lateral wall, there is a component of direct 

intramyocardial injection, and we observed that transgene expression was 

greatest adjacent to the point of entry, but that there were numerous positive 

myocytes distributed throughout the ventricle, predominantly on the endo- and 

epicardial surfaces.
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Table 11 Gene Transfer Efficiency with Intracoronary Delivery of Recombinant Adenovirus
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Experiment Viral Titre (pfu) Time Post Delivery 

(Days)

Mean Transgene 

Positive Cells

n

Naïve 1x10'° 3 0 (0-0) 4

1x10” 3 1 (0-1) 4

1x10'^ 3 0 (0-0) 2

1x10" 5 1 (0-1) 4

Permeability

Adenosine 1x10" 3 10 (0-46) 11

VEGF 1x10" 3 0 (0-0) 5

Nominal Calcium Free 1x10^“ 3 0 (0-0) 4

Time

RFC 1x10" 3 0 (0-1) 4

Pressure

Pulmonary & Aortic Occlusion 1x10'“ 3 212 (53-371) 4

Pulmonary & Aortic Occlusion 

(Nominal-Calcium Free)

1x10'“ 3 129 (49-199) 4
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Table 11 Gene Transfer Efficiency with intracoronary Delivery of Recombinant 

Adenovirus. Gene transfer efficiency is significantly improved with high pressure 

gene delivery (p<0.00001 compared to other groups). Changing the buffer has 

no significant effect on gene transfer. Figures in brackets refer to the 

interquartile range.

Figure 3-1 intracoronary Gene Delivery with Recombinant Adenovirus Panels A 

and B (following page) show the microscopic appearance following gene  

delivery o f 1 x 10^  ̂ pfu o f recombinant adenovirus following intracoronary 

infusion at day 3 either alone (Panel A) or following infusion of adenosine, 7 

minutes prior to delivery (Panel B). Panels C and D (following page) show the 

appearance of the heart following high pressure gene delivery with 1 x 1 0 '’  ̂pfu 

of recom binant adenovirus. Panel 0  shows numerous positive myocytes 

distributed throughout the myocardium, whilst Panel D demonstrates that a 

num ber o f ceils adjacent to the point o f entry are transfected. Photographs 

taken at x 16 magnification.

186



Chapter 5 Intracoronary Delivery of Recombinant Adenovirus

Figure 3-1 Intracoronary Gene Delivery with Recombinant Adenovirus
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4 Discussion

4.1 Intracoronary Delivery of Recombinant Adenovirus
The studies described in this chapter clearly demonstrate that intracoronary

delivery of recombinant adenovirus is not an efficient method of gene transfer. 

Despite using titres of virus at least 100 fold greater than has been used before, 

which had supposedly given high efficiency gene transfer, transgene expression 

was almost undetectable. Although manoeuvres that increased the vascular 

permeability and prolonged the time the virus was in the coronary circulation 

were successful, this did not increase transgene expression. Although these 

results are disappointing, they are not entirely surprising.

The adenoviral virion is 73.1 nm in diameter (Nermut, 1975) and although 

there are reports of intracoronary delivery of recombinant adenovirus into 

cardiac myocytes, the mechanism of transfer of the virus from the vasculature to 

cardiac myocytes has not been identified. It is likely that there is retraction of the 

tight endothelial junctions allowing leakage of plasma proteins, and if present, 

recombinant adenovirus into the interstitial space, allowing access to cardiac 

myocytes. To try and overcome this barrier to infection we tried two methods of 

increasing vascular permeability, using either recombinant VEGF or 

intracoronary infusion of adenosine. Whilst we did not see any increase in 

transduction with intracoronary adenosine, this is perhaps not surprising since 

we were unable to detect any change in any variable which we measured, at the 

time of delivery. However, we were able to detect a three-fold increase in 

vascular permeability following delivery of recombinant VEGF, but this did not 

increase transduction efficiency.

Although intracoronary delivery has been achieved in vitro (Donahue et al., 

1997; Donahue et al., 1998), using Langendorff perfusion, the buffer that was 

used to perfuse the heart was Krebs-Henseleit buffer, containing 1 mg/ml of 

albumin. This will undoubtedly lead to oedema of the heart due to a loss of 

crystalloid from the intravascular compartment secondary to its low oncotic 

pressure, allowing the virus access to the interstium.
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In agreement with this the coronary flow rate was demonstrated to be an 

important variable in vitro. Hearts were perfused for 2 hours with virus at a 

concentration of 1 x 10® pfu/ml and a total volume of 50ml of Krebs with 1 mg/ml 

of albumin, i.e. a total amount of virus of 5 x 10® pfu. As the flow rate increased 

so did the percentage of infected cells, with approximately 10% of cells at 10 

ml/min, 20% of cells at 20 ml/min, 40% of cells at 30ml/min and slightly greater 

at 40ml/min. Perfusion pressure was constant from 20ml/min through to 

40ml/min. At the higher flow rates they postulated that pre-capillary sphincters 

open allowing access of the recombinant virus to cardiac myocytes (Donahue et 

al., 1997). In addition, cystalloid buffer used in Langendorff perfusion has a very 

low viscosity, allowing very high flow rates, which are grossly unphysiological. 

These high flow rates result in an increase in the shear force, which could lead 

to endothelial disruption, again aiding access of the virus to cardiac myocytes.

However, the endothelium is not the only barrier to recombinant adenoviral 

delivery. The Langendorff perfusion studies elegantly demonstrated that time 

was an important variable to gene transfer, as would be expected for a typical 

ligand-receptor interaction (Donahue et al., 1997). With a coronary flow rate of 

30ml/min, and the same amount of virus as above they found that only 

0.8±0.2% of cells were infected following a single pass of 50ml of perfusate 

(1.67 minutes). Recirculation of the virus solution increased infection, with just 

over 20% of cells being infected at 20 minutes to 41.5±3.1% for virus exposures 

of 60 minutes or longer. Using a total volume of 20ml (recirculating) containing 

3.2x10^° pfu of adenovirus (i.e. a concentration of 1.6x10^° pfu/ml) at a flow rate 

of 30ml/min for 60 minutes transfection increased to 96.1 ±0.2% of myocytes.

To increase the time the recombinant virus was in the coronary circulation 

we utilised oxygenated perfiuorocarbon to allow occlusive coronary 

engagements relatively safely. This had the additional benefit of excluding blood 

from the coronary circulation, which has been demonstrated in vitro to be an 

independent factor limiting transduction (Donahue et al., 1997). Despite this 

approach we did not observe an increase in transduction. Whilst the data in this 

study are in agreement with the in vitro data of Donahue et al (1997), and

190



Chapter 5 Intracoronary Delivery of Recombinant Adenovirus

previous in vivo work performed in pigs (Mühlhauser et al., 1996) they are in 

contrast to other work, most noticeably that of Barr et al (1994). Barr et al 

reported efficient gene transfer in an almost identical model using at least 100 

fold less virus. The reasons for the discrepancies between the two studies are 

unclear, as both the studies performed in this thesis and those of Barr et al 

(1994) were in NZW rabbits (although they were older in the study of Barr et al 

(1994)). The methods employed were virtually identical, although we quantitated 

our virus by plaque titration whereas the study of Barr et al (1994) only used 

absorbance at 260nm. Thus it is likely that the stated “infectious” titre was 

higher than it actually was, unless one assumes that the entire virus in the 

stocks used in their paper had no defective virions. The promoter, serotype and 

time post gene transfer are identical, apart from the fact we also looked at 

earlier timepoints. Barr et al stained sections in a nearly identical manner, but 

with an extended incubation period. Although we cannot rule out a type II error, 

we used a shorter incubation period for two reasons. Firstly, the background 

staining increased with time and given the results in chapter 3 we wanted to 

minimise false positive reactions. Secondly macroscopic staining in the 

unfiltered lipoplex infusion experiments was not apparent within the first two 

hours and in the direct injection studies staining with this protocol gave results 

consistent with previous published data (French et al., 1994; Guzman et al., 

1993). Whilst all the data in this study is consistent with ex vivo studies 

(Donahue et al., 1997) and other in vivo studies (Mühlhauser et al., 1996), the 

work of Barr et al (1994) is not. The appearance of gene transfer shown in the 

previous study is similar to the appearance of X-gal conversion following coil 

infarction.

The only other study utilising intracoronary delivery of recombinant 

adenovirus, also achieved relatively high levels of transduction, although there 

are a number of differences in the protocol compared to the studies presented 

here which make it less easy to dismiss (Giordano et al., 1996). However, the 

results are quite remarkable. They detected only 1.3% of injected virus in the 

pulmonary circulation immediately following infusion of the vector. Whilst this is
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still a lot of virus in absolute terms (approximately 2x10® viral particles) the 

inference is that 98.7% of virus was removed in one pass through the coronary 

circulation. They also did not observe any inflammatory response at day 15 post 

gene transfer, which is unusual, although could be explained if there were low 

levels of gene transfer. However a reason why there may have been gene 

transfer in this model was that the circumflex territory was ischaemic, which 

could have dramatically altered flow and receptor population in normally 

perfused myocardium. However this would not explain the observation of gene 

transfer across the whole myocardium. This is in comparison to work performed 

in the pig, using intracoronary infusion (by direct injection of the circumflex 

artery) which did not result in gene transfer (Mühlhauser et al., 1996).

4.2 High-Pressure Adenoviral Delivery
A further variable, which can be manipulated in vivo, is the pressure of

adenoviral delivery. We repeated experiments performed by Hajjar et al (1998) 

in our rabbit model and were able to repeat their findings, of relatively efficient 

gene transfer, which they had seen in the rat. Although this is significantly more 

efficient than intracoronary delivery alone, there are a number of caveats. 

Although gene expression is seen throughout the heart, in discrete cells, 

suggesting a vascular distribution, the majority of gene transfer is localised to 

the site of penetration of the LV. Although we do not believe that this is an 

inadvertent direct intramyocardial injection, as we were able to draw back blood 

into the syringe, virus solution was seen exiting the ventricle during delivery 

alongside the needle.

4.3 Critique of Methods
We did not detect any differences in any of the physiological variables that

we measured at the time of gene transfer following adenosine infusion, and the 

possibility remains that a higher dose of adenosine or an earlier timepoint 

should have been used. The infusion of recombinant VEGF did result in a 

physiological effect, as the whole ventricle was taken for Evans Blue 

quantification, whilst only the left circumflex territory was infused, it is likely that
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a greater increase in the capillary permeability in this vascular territory occurred. 

Also, if this were to be applied to a clinically relevant situation, i.e. IHD, then the 

receptors for VEGF would be upregulated, and could result in a greater increase 

in permeability (Hoshiga et al., 1995; Gawaz et al., 1997). A similar criticism 

could be levelled at the administration of oxygenated perfiuorocarbon. Although 

we did observe a level of ST segment elevation, and fluoroscopic evidence of 

occlusive engagement, which we did not see with intracoronary infusion alone, 

we could not measure the flow characteristics in either experiment. In addition, 

as none of these experiments ended in VF or death it could be argued that we 

should have occluded for longer, or lodged the catheter more distally. We did 

perform 2 experiments using a multifunction probing catheter (results not 

shown) where we lodged the catheter distally in the circumflex circulation. 

However, 1 of these experiments did end in death due to VF, and in the other 

experiment ST elevation was seen within a minute, and no transgene 

expression was detected. Again, in another manoeuvre to retard flow, we 

infused rAd5 in 50% glycerol, 1 experiment ended in death, and the other did 

not result in detectable gene transfer, but did result in macroscopic X-gal 

conversion and a histological appearance of myocardial infarction.

The same staining method and method of quantitation was used in this 

chapter as in the previous chapter, and so the same criticisms of a possibility of 

type II error can be levelled at this study. In mitigation, we did observe 

transgene expression in some of the hearts, albeit single discrete cells. Another 

criticism is that the MOI in individual cells is probably much lower than with 

direct intramyocardial injection, and so the possibility of gene transfer without 

expression due to the transcriptional environment of the cell remain. In addition 

the data cannot be directly compared to the results with direct intramyocardial 

injection, as the volumes that can be infected are not comparable, as such we 

have not compared the high-pressure gene delivery with direct intramyocardial 

injection.
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4.4 Conclusions
The results in this series of experiments demonstrates that intracoronary

infusion of recombinant adenovirus, even at high titre is inefficient, despite 

manipulation of the coronary vasculature. Although this is in contrast to 2 

independent published reports, it is in agreement with ex vivo and in vitro 

models of gene transfer. Additionally, in agreement with a previous report, high- 

pressure gene delivery does result in increased gene transfer, by both 

intracoronary infusion and as a result of gene transfer at the site of intracavity 

injection. In conclusion, intracoronary delivery of recombinant adenovirus is not 

a viable model of gene transfer with currently available tools.
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1 Summary of Results
The studies presented in this thesis show that myocardial gene transfer is 

fraught with pitfalls. Direct intramyocardial injection of plasmid DMA is an 

inefficient means of transferring and expressing transgenes in the adult rabbit 

myocardium. The use of present generation synthetic vectors, i.e. cationic 

liposomes and integrin targeting peptides does not result in improved transgene 

transfer and expression. In contrast viral vectors are able to infect and express a 

gene of interest in cardiac myocytes when delivered by direct injection.

Whilst direct intramyocardial injection of all of the viral vectors results in 

transgene expression, there are significant differences between them, as would 

be expected from an understanding of the lifecycle of the viruses. Recombinant 

adenovirus is the most efficient gene transfer vector tested, as assessed by 

transgene expression. Transgene expression occurs early following gene 

transfer and is sustained within the first week, however transgene expression 

rapidly diminishes, being undetectable by eight weeks post gene transfer. The 

decrease in transgene expression is associated with the development of an 

inflammatory infiltrate, suggesting a loss of infected cells.

Recombinant HSV, with deletion of the ICP27 IE gene, when injected into 

the heart results in gene expression, detectable within days following gene 

transfer, unfortunately the inflammatory response observed is far in excess of 

that seen with instrumentation alone, or even following rAd5 injection. In
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addition the efficiency of transgene expression is low and short-lived, being 

undetectable within 1 week, probably due to the loss of infected cells due to 

both a cytotoxic response of the vector and an immune destruction of infected 

cells.

Recombinant AAV, results in transgene expression following direct 

intramyocardial injection detectable at 3 and 4 weeks post gene transfer, but 

rather surprisingly not at later timepoints. Whilst the efficiency of transgene 

expression is low, there is no significant inflammatory infiltrate, which makes the 

loss of transgene expression more surprising. A problem with using rAAV is that 

only low titres of virus are presently produced, and does not allow a fair 

comparison with the other viral vectors, which are produced at 100-10,000 fold 

higher concentrations. When rHSV and rAd5 are injected at lower titres, only 

rAd5 results in transgene expression, however the temporal profile of gene 

expression is unchanged.

Intracoronary gene transfer and the interpretation of results is dogged by 

perils for the unwary. Intracoronary delivery of lipoplexes does not result in 

transgene expression, but can result in a false positive appearance of X-gal 

conversion. Myocardial infarction results in an increase in endogenous Q>- 

galactosidase activity within the infarction, which could be mistaken for gene 

transfer. Intracoronary delivery of rAdS is inefficient at infecting and expressing 

the transgene, despite interventions to increase the time the virus is in the 

coronary circulation and the permeability of the coronary vasculature. High- 

pressure gene delivery does increase the efficiency of adenoviral gene transfer 

through the coronary circulation.

2 Comparison with Previous Work

2.1 Gene Transfer
Direct intramyocardial injection as a model for assessing gene transfer is

well established, and the results obtained with rAd5 are consistent with the 

published work. We were able to detect a dose dependent increase with 

increasing viral titre, and the timecourse of gene expression was similar to that
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seen in other species (Chapter 1, Section 6.3.4.1). Having established that the 

model and methods of detecting transgene expression are reproducible the use 

of novel vectors allows a more thorough understanding of the relative 

advantages and disadvantages of available vectors. Recombinant HSV, with 

ICP27 deleted from the viral genome is a poor vector for myocardial gene 

transfer. In contrast to previous work (Coffin et al., 1996) with the same virus in 

the rat, the histological appearance of the myocardium was grossly disrupted at 

all timepoints investigated. Whilst the results in these studies are compatible 

with those of the previous study, the conclusions are not, with the previous 

manuscript concluding:

“...efficient gene transfer can be achieved in the myocardium, and thus 

that H S V  vectors m ay be suitable for the alteration of cardiac cell 

physiology in vivo. ”

Perhaps the most encouraging result from these studies is the discovery 

that rAAV can result in gene transfer following direct intramyocardial injection. 

This has been confirmed in a number of different laboratories (Svensson et al., 

1999; Zhang et al., 1998). Although the results are not entirely convincing, with 

the loss of expression at 6 and 8 weeks following gene transfer, we are currently 

aiming to improve the methods of production of rAAV, with titres of rAAV being 

100 fold higher than have been used in these studies (see section 3). One of the 

major problems using rAAV is the discrepancy between in vitro and in vivo 

behaviour of the virus, which may be a function of the low titre of virus that we 

have used. However, the lack of an immune response detectable with rAAV 

does offer an alternative to rAdS.

The results presented in this thesis demonstrate that intra coronary gene 

delivery with recombinant adenovirus is inefficient, this is in contrast to two 

previously published manuscripts (Barr et al., 1994; Barr et al., 1994; Giordano 

et al., 1996) but is entirely in keeping with one other report (Mühlhauser et al., 

1996). How can this discrepancy be explained? Whilst high level expression 

was detected in the report by Giordano et al (1996) there are a number of 

differences compared to the studies within this thesis. In the former study they
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used mini-pigs, with an ischaemic vascular bed. Ischaemia upregulates the 

expression of the receptors which adenovirus utilises to enter cells (Gawaz et 

al., 1997; Hoshiga et al., 1995), however they were able to detect homogenous 

gene transfer in the ischaemic and non-ischaemic territories. There have been 

no studies that have compared the density of receptors for adenovirus between 

the pig and the rabbit, although it could be that the pig has relatively more 

receptors, however there has been another study using pigs which reported 

sparse gene transfer with rAd5 (Mühlhauser et al., 1996). The difference 

between the work of Barr et al (1994) is more difficult to explain, using an almost 

identical model we cannot replicate their results. A possible explanation is that 

the “gene transfer” that they detected was not in fact gene transfer, but an 

artefact of the staining protocol used, as we demonstrated in (Chapter 3, 

Section 3.4). However, this cannot explain the results fully, as they did not 

detect any inflammatory cells in the transfected areas, or any evidence for 

myocardial infarction. Surprisingly, given the highly efficient gene transfer (32% 

of all myocytes), and lack of any immune response they have not exploited this 

model, and indeed they have changed vectors (Svensson et al., 1999).

2.2 Gene Therapy
In a recent article in Circulation results of a phase 1 trial of gene therapy,

using a plasmid to deliver a human VEGF gene led to the conclusion that,

“This prelim inary clinical experience suggests that therapeutic  

angiogenesis [by gene therapy] represents a potentially useful strategy 

for patients with coronary artery disease. ”

Unfortunately the design of the study did not have any assessment of 

transgene expression, and there was no placebo control group (Losordo et al.,

1998). What is surprising is that an effect is being alluded to with a vector 

(plasmid DMA) which is known to be inefficient (Lin et al., 1990; Guzman et al., 

1993; Kass-Eisler et al., 1993b; Gal et al., 1993), which has been confirmed with 

the studies within this thesis, however the plasmid did encode a growth factor 

which is excreted, and it may be that only a small number of cells need to be 

transfected. However another novel treatment of ischaemic heart disease is
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percutaneous or transmyocardia! laser revascularisation, in which holes are 

made in the myocardium to improve the function of the heart. Although this form 

of treatment is itself controversial (Schofield et al., 1999; Prêtre and Turina,

1999) there have been reports of an improvement in function of the heart as 

assessed by similar endpoints as those used in the former study (Burns et al., 

1999; Trehan et al., 1998) and this improvement was also reportedly seen in 

preclinical studies (Pelletier et al., 1998; Horvarth et al., 1998). What is of 

interest to the field of “therapeutic angiogenesis”, as achieved by gene transfer, 

is that significant increases in bPGF, TGFR, and capillary density were seen 

following transmyocardial revascularisation (Pelletier et al., 1998). Thus 

insertion of a 25G needle into the left ventricle of ischaemic rats is able to cause 

many of the effects which are often measured as outcomes of gene transfer for 

therapeutic angiogenesis, following gene transfer by direct intramyocardial 

injection.

3 Design of Future Studies
The work presented here demonstrates that there are essentially two 

models of gene transfer, which offer the best compromise between efficiency 

and toxicity. Fligh-pressure gene delivery with recombinant adenovirus is 

efficient, and has the benefit of infecting myocytes throughout the myocardium, 

rather than a localised volume as is seen with direct intramyocardial injection. 

Although we did not extend our studies to later timepoints, it is probable that 

transgene expression will be limited to a few weeks. The other model that 

demands further attention is that of direct intramyocardial injection of rAAV. In 

collaboration with Adrian Thrasher we intend to perform further studies with 

rAAV, as a number of important hurdles have been overcome in production of 

high titre rAAV.

In comparison to rAd5, the generation of complementing cell lines to 

produce high titre stocks of rAAV has been difficult, and the titres of virus 

recovered in these systems has been poor (Chapter 1, section 4.3.2). One of 

the major limitations to production of rAAV is that conventional strategies do not 

increase the amount of Rep and Cap proteins, as occurs with wtAAV, since
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these proteins are encoded on plasmids, which don’t replicate wildtype infection. 

In conjunction with Dr Xiaoliu Zhang (Cantab Pharmaceuticals, Cambridge) 

Adrian Thrasher has used the disabled single cycle virus (DISC) (Forrester et 

al., 1992). This is a genetically modified HSV virus with gH deleted, and is 

propagated to high titres as an infectious virus in a complementing cell line 

which provides gH in trans and is an effective helper virus for AAV. By cloning 

the rep and cap genes onto an amplicon, and the rAAV onto another amplicon, 

the lifecycle of rAAV is more accurately mirrored than at present, with 

amplification of both amplicons taking place when the DISC virus infects a 

permissive non complementing (gH-) cell line. Thus there is production of rAAV 

virions and non-infectious DISC virus. The contaminating DISC virus and 

amplicons can be removed from the rAAV stocks by conventional methods. This 

has led to a 50-100 fold increase in final recovered rAAV titre, and has led to a 

proportionate increase in transfection efficiency in vivo in photoreceptor cells (A 

Thrasher, unpublished data). If the observations seen in photoreceptor cells 

occur in the direct intramyocardial injection model of gene transfer, we 

anticipate that many of the problems that we have encountered (inconsistent 

transgene expression, loss of transgene positive cells at late timepoints) could 

be resolved, and we could then use this virus in the system outlined below.

The major limitations to gene transfer from the Langendorff perfusions 

performed by Donahue et al (1997) are the lack of time the virus is in the 

coronary circulation and that rAd5 binds to blood, decreasing the local 

concentration. These limitations can be overcome by developing a model of 

coronary artery bypass, which would be most easily performed in a larger 

animal model, such as the pig. This would have real clinical relevance in that the 

clinical trials that have been performed already have mainly focused on gene 

transfer at the time of cardiopulmonary bypass as an adjunct to coronary artery 

bypass grafting. Whilst the patient (pig) is on bypass, there is a period of upto 

50 minutes when the coronary circulation is free of blood, and this increase in 

perfusion time should result in dramatic increases in intracoronary gene 

transfer. The use of this system could be tested using rAd5, to test the validity of
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this model, and then utilise rAAV, as the vector of choice. Although high- 

pressure gene delivery results in relatively efficient gene transfer in vivo it is 

difficult to see a situation where this could be mirrored in a clinical setting.

4 Implications for Myocardial Gene Transfer
Myocardial gene transfer is still in its infancy, being less than a decade old, 

and just as a child learns through its mistakes, so science should evolve, not 

dismissing reports without careful deliberation, nor embracing reports which 

contradict what is known without due consideration. Unfortunately the promise 

of gene transfer appears to have overcome logical appraisal, and an unscientific 

approach appears to be being taken by some investigators. Gene therapy, a 

logical progression of in vivo gene transfer, can only become a reality when a 

number of basic problems have been overcome, and in the era of evidence 

based medicine what evidence is there that gene transfer for “therapeutic 

angiogenesis” is better than current strategies for myocardial revascularisation. 

Do present gene transfer methods offer any of the benefits that are theoretically 

assumed. Why deliver plasmid DNA or recombinant adenovirus encoding 

growth factors when the amounts that will be produced cannot be controlled or 

restricted to a single organ. Why deliver recombinant adenovirus that is known 

to elicit an immune response, and the majority of people have been exposed to 

the virus, when the purified protein can be delivered in a controlled manner?

With further work to improve in vivo myocardial gene transfer, the 

development of better vectors, improved methods of production, and truly novel 

approaches to the treatment of cardiac pathology, utilising gene transfer to 

achieve an alteration in phenotype which cannot be achieved by other means, 

then the promise of gene therapy will be attained.

2 0 1



Appendices

Appendix 1 

1 Solutions
General laboratory chemicals were of analytical grade, solid chemicals were 

dissolved in water (resistivity >18m^l/cm^) unless otherwise stated, and 

adjusted to the required pH with either MCI or NaOH.

1.1 Virus Preparations

1.1.1 Tissue Culture

1.1.1.1 Full Growth Media
500ml Dulbecco’s Modified Eagle Medium

50mls Foetal Calf Serum

5mls Penicillin /Streptomycin (lOOunits/ml)

1.1.1.2 Serum Free Media
500ml Dulbecco’s Modified Eagle Medium

5mls Penicillin /Streptomycin (100units/ml)

1.1.1.3 Phosphate Buffered Saline
This was used for washing cells between media changes, addition of

trypsin/ versene etc. and in X-gal stain solution and fixative. It was made from 

pre-formed tablets (pH 7.4) which consist of:

NaCI 4.0g

KOI 0.1g

Na2 HP0 4  0.72g

KH2 PO4 0.12g

Dissolved in 500ml of D water.

1.1.1.4 2 X HEPES-buffered saline
This was used in the preparation of rAAV (Mahesh de Alwis).

1.6g NaCI 

0.074g KOI
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0.027g Na2 HP0 4 .2 H2 0  

0.2g Glucose (or Dextrose)

1g HERES

Was added to 90ml of D water. The pH was adjusted to 7.05 with 0.5N 

NaOH and made to a final volume of 10ml with D water, and filter sterilised 

(0.22pm filter).

1.1.2 Purification

1.1.2.1 Ficoll
5 or 15% Ficoll 400

5 or 15g (respectively) Ficoll 400 

100ml d.i. H2O

1.1.2.2 Caesium Chloride Solutions
Caesium chloride is commonly used for separating DNA and adenovirus

from cellular debris, RNA and empty (defective) capsids by buoyant density 

gradients, performed using an ultracentrifuge. For separation of recombinant 

adenovirus from defective virions three different buoyant density gradients were 

used.

1.25g/ml Buoyant density

CsCI 36.2g

1.35g/ml Buoyant density

CsCI 51.2g

1 40g/ml Buoyant density

CsCI 62g

lOOmIs of PBS (phosphate buffered saline) was added to the caesium 

chloride for each buoyant density, and stored at room temperature.

For separation of DNA from RNA and cellular protein a 65% w/v solution of 

caesium chloride was used.

CsCI 65g

Made upto lOOmIs with D water.
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1.1.2.3 Dialysis Buffer
This buffer was used to dilute residual caesium chloride from recombinant

adenoviral preparations. . It comprises of 10% Glycerol, 0.001 M MgCb, 0.01 M 

IRIS at pH 7.4.

Glycerol 400mls

1M MgCb Stock solution 4mls

1M TRIS pH 7.4 40mls

Made upto 4 litres with D water.

1.1.2.4 TD Buffer
This was used in the purification of rAAV (Mahesh de Alwis), and consists 

of: 140mM NaCI, 5mM KOI, 0.7mM K2 HPO4 , 25mM Tris HOI pH7.4.

1.1.2.5 Virus Storage Medium
This solution was used for storing recombinant adenovirus and diluting

aliquots of virus. This was sterile filtered though a 0.45pm filter and stored at 

-70°C. It comprises of 10% Glycerol, 0.001 M MgCb, 0.01 M TRIS at pH 7.4. 

Glycerol lOmIs

1M MgOb Stock solution 10OpI

1M TRIS pH 7.4 1ml

Made upto 100ml with D water.

1.1.3 Plaque Titration

1.1.3.1 Fixative
This was used for fixing cells or tissue sections prior to staining and consists 

of: 1.25% glutaraldehyde, ImM MgCl2 , in PBS.

Glutaraldehyde [50% w/v] 2.5mls

1M MgCl2 (Stock Solution) lOOpI

In lOOmIs of PBS.

1.1.3.2 X-gal Stain (Celi Culture)
This was used for detection of R-galactosidase in fixed cells following

transfection and consists of: ImM MgCb, 3.3mM K4 Fe(CN)6 , 3.3mM K3 pe(CN)6 ,
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and 150pg/ml 5-Bromo-4-chloro-3-indonyl (i-D-galactopyranoside [X-gal] (in 

DMSO or DMF) in PBS.

1M MgCb (Stock Solution) 50pl

K4Fe(CN)6 0.07g

K3 Fe(CN)6  0.05g

2% [w/v] X-gal (in DMSO or DMF) 375pl

In 50mls of PBS.

1.2 DNA Preparation

Solutions 1, 2 and 3 were used in the suspension, lysis of bacteria grow ups 

in either mini or maxi preps. Solution 3 is used for bulk removal of cellular 

protein and chromosomal DNA.

1.2.1 Solution 1
Consisted of: 50mM glucose, 10mM EDTA and 25mM Tris pH 8.0.

Glucose 0.9g

0.1MEDTA 10ml

O.IMTris.HCI pH 8.0 25ml

Made to 100ml of water.

1.2.2 Solution 2
Consisted of: 0.2N NaOH and 1% SDS.

IN NaOH 20ml

10% SDS 10ml

Made to 100ml water.

1.2.3 Solution 3
Consisted of: 3M potassium acetate and 11.5% glacial acetic acid.

5N K.Acetate 60ml

Glacial acetic acid 11.5ml

Made upto 100ml of water (28.5ml).

205



Appendices

1.2.4 Luria-Bertani Medium
This was used for the growth of bacteria in mini and maxi-preps. Selection

antibiotic (ampicillin) would be added to the media prior to use, at either room

temperature or approximately 40°C for LB-agar.

To 950 ml of deionised water add:

Bacto-tryptone 10g

Bacto-yeast extract 5g

NaCI lOg

The pH was adjusted 7.0 with addition of NaOH and the volume of the 

solution was brought to 1 litre with D water. It was sterilised by autoclaving. To 

make LB Agar for plating bacteria 15g/ltr of agarose was added before 

autoclaving.

1.3 Animal Work

1.3.1 Nominal Calcium-free Krebs-Henseleit Buffer
This buffer was used to dilute concentrated stocks of recombinant

adenovirus for use with intracoronary gene delivery as it had previously been 

shown to result in increased gene transfer {318}. It comprises of 118.5mM NaCI, 

25mM NaHCOa, 4.75mM KCI, 1.2mM MgS0 4 .7 H2 0 , 1.175mM KH2PO4, and 

11 mM D-Glucose and 50pM CaCl2.2H20.

NaCI 3.46g

NaHCOa 1.05g

KCI 0.17g

MgS0 4 .7 H2 0  0.15g

KH2PO4 0.08g

D-Glucose 0.99g

0.05M CaCl2 Stock Solution 0.1ml

Made upto 500ml with D water. The solution was pre-gassed with 95% O2/ 

5% CO2 prior to adding the CaCL to prevent precipitation of the calcium.

206



Appendices

1.3.2 X-gal Stain
This was used in the staining of tissue sections for detection of Q>- 

galactosidase activity and consists of 400pg/ml X-gal, 5mM Potassium 

Ferriferrocyanide and ImM MgCb in PBS.

2% X-gal (Stock Solution) 2mls

50mM K4 Fe(CN)6  K3 Fe(CN)6  (Stock Solution) 10mls

1M MgCl2 (Stock Solution) 100pl

In lOOmIs of PBS
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Appendix 2

2 Liposome Transfections
The liposomes that we received from Andrew Miller’s group were at a total 

lipid concentration of 1.2mg/ml or 2mM, i.e. 2nmol/pl. This corresponds to a DC- 

chol concentration of 0.6mg/ml or 1.2mM and a DOPE concentration of

0.6mg/ml or 0.8mM.

Thus, the lipids are mixed in a 3:2 molar ratio [DC-chol : DOPE];

The molecular weights of the lipids are:

DC-chol MW 500.82

DOPE MW 744.05.

This is equivalent to a 1:1 [wt : wt] ratio.

DOPE is a neutral charge whereas DC-chol has one positive charge, so 

only DC-chol is considered for charge ratio purposes.

Example.

For 3pg of liposome and 1 pg of plasmid.

Assuming the molecular weight of the nucleotide is 330

Then in Ipg of DNA there are [1x lO'®/ 330] = 3nmol of nucleotides.

For the liposomes, only the DC-chol is considered, since it alone carries the 

charge.

3pg of liposome contains 1.5pg contains 1.5pg of DC-chol.

The number of moles of DC-chol in 1.5pg = + (1.5x 10'®)/ 500.82

= 3x 10’® moles.

= 3nmol.

Thus, for a liposome : DNA ratio of 3:1 [wt:wt] the charge ratio[each 

nucleotide = -1], or molar ratio, of DC-chol : nucleotide is 1:1.

Other Ratio’s.

At a 1:1 ratio of liposome to DNA [nmol:pg] , then there are 3nmol of 

nucleotides per Inmol of liposome (from above).

In Inmol of liposome, there is 0.6nmol of DC-Chol, so the molar (and thus 

charge ratio) ratio of Liposome to DNA is 0.6 : 3.
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i.e. 1:5

At a 2:1 [wt : wt] ratio of liposome to DNA,

For 1 pg of DNA there is 2pg of liposome,

Thus there is Ipg of DC-Chol.

(1X10-®)/500.82.

=2nmol, thus a 2:3 charge or molar ratio [liposomes:DNA] 

Table 12 Common Ratio's of Cationic Liposome: Plasmid DNA

Liposome:DNA
[nmolipg]

LiposomeiDNA
[wtiwt]

Liposome:DNA 

[charge ratio +:-]

10:1 6:1 2:1 Net positive

5:1 3:1 1:1 Net neutral

4:1 2.4:1 2.4:3 Net negative

3.3:1 2:1 2:3 Net negative

1:1 3:5 1:5 Net negative
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Appendix 3 

3 VEGF Pretreatment
In making a decision on the amount of VEGF to deliver to try and 

increase the vascular permeability of the coronary circulation we made a 

number of assumptions.

Assuming an average heart mass of 10g, and assuming that the territory 

supplied by the left coronary artery accounts for 60% of heart mass, this dictates 

that 6g of myocardium is supplied by the left coronary artery. If each gram of 

tissue has a blood flow of 3ml.min'\ this suggests that 90ml of blood will flow 

through the left coronary circulation over the period of VEGF infusion (5 

minutes), but if half of the VEGF is lost due to a non-occlusive engagement, this 

equates to a volume of 180ml.

Therefore:

0.18 X 1x10'^° = number of moles of VEGF to be infused over 5 minutes to 

achieve a concentration of 1x10'^° at all times in the coronary circulation.

42,000 (Mr) x 1.8x10^^ = grams needed = 7.56x 10

Inject 0 .756jjg recombinant VEGF per animal.

However, when reconstituting the VEGF it should be at a concentration of 

not less than Ipg/ml therefore if I reconstitute at 1.6pg/ml and take 0.5ml and 

dilute with 2.0ml when performing the experiment.

5pg of VEGF/1.6 = 3.125ml

312.5pl of BSA (lOmg/ml) + 2.8125ml of PBS

Stock concentration of VEGF = 1.6pg/ml =10 x working concentration.
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h e a r t  i s  p r o d u c e d  b y  m i c r o i n f a r c t i o n  r a t h e r  t h a n  

e f f e c t i v e  g e n e  t r a n s f e r :  a  c a u t i o n a r y  t a l e

MJ W r i g h t ' E  RosenthaE, L Stewart^ LML W ightman', AD Miller^, DS Latchman^ and 
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The myocardium is a potentia l target for the expression o f 
exogenous genes to treat inherited and acquired diseases. 
Although adenovirus-m ediated gene transfer has resulted  
in high-level gene transfer in vivo via direct intramyocardial 
injection and via a percutaneous intra-arterial route, the 
time-course o f gene expression is lim ited by host immune 
responses. It was the aim o f this study to test whether cat
ionic liposome-mediated gene transfer, which does not suf
fer from the aforem entioned problems, was feasible in the 
adult rabbit myocardium via a percutaneous transluminal 
approach. Doses o f p lasm id DNA encoding lacZ  from 2 0 0 -  
800 fxg com plexed to cationic liposomes resulted in X-gal

conversion a t day 3 with associated m yocardial damage. 
We hypothesised that the damage was associated with 
macro-aggregates o f cationic liposom es-DNA occluding  
the microcirculation. When such aggregates were excluded  
no X-gal conversion was seen in vivo. In order to show  
that X-gal conversion occurs in areas o f infarction in the 
myocardium we caused closed chest infarction by 
deploying a platinum  micro-embolisation coil in the circum 
flex coronary artery. A t day 3 X-gal conversion was 
obseived in the territory supplied by the occluded artery. 
Thus, m icroinfarction causes the false positive appearance  
o f gene transfer when using a lacZ  reporter gene.

Keywords: intracoronary gene delivery; cationic liposomes; (i-galactosidase; myocardinal infarction

Introduction
T rans fe rring  and expressing exogenous genes in  the 
in tact ad u lt heart represents a novel approach to the 
treatm ent o f com m on card iovascu lar d isorders.'"^ Suc
cessful gene expression has fo llow e d  d irec t in tra m y 
ocard ia l in je c tio n / "  the in tro d u c tio n  in to  the m yocar
d iu m  o f cells transfected cx v ivo ,'^~ ''^  perica rd ia l gene 
transfer,^'^ in tra co ro na ry  d w e ll in  the arrested heart/^’“ ’ ‘̂  
and percutaneous transarteria l coronary in fus ion  
(PTCl)/-^""-^ M ost investiga tors have concentrated on the 
fea s ib ility  and characterisation o f in  v iv o  m yoca rd ia l gene 
transfer and therefore used b io lo g ica lly  in e rt reporter 
genes. H ow eve r, stud ies have also show n an a lte ration 
o f m yocard ia l structure  and function  fo llo w in g  the trans
fer o f genes encoding b io log ica lly  active p r o t e i n s . M o s t  
o f these investigations u tilise  rep lica tion -de fic ien t adeno
v irus  vectors because o f the ir h igh  ef f iciency. "  ̂ "-24 
U n fo rtu na te ly , it  is becom ing increas ing ly  recognised 
that these vectors also have a num ber o f disadvantages. 
In  the m yoca rd ium , ad enov irus-d riven  reporte r gene

Corrcspoiidciu'i’: MS Marber. Department of Cardiology, Rayne Institute, 
St Thomas's Hospital, London SEI 7EH, UK  
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expression usu a lly  e lic its  a b risk  lym p h o cy te -p re d o m i
nant ce llu la r in filtra te  w h ich  is associated w ith  m yocyto - 
lysis and the presence o f CD8^ cyto tox ic  T c e l l s . I n  
ad d ition , a fter firs t exposure, the host generates ne u tra lis 
ing  antibodies w h ich  lim its  repeated adenov ira l use in  
ad u lt a n i m a l s . T h e  com b ina tion  o f the ce llu la r and 
hum ora l im m une  response lim its  the d u ra tio n  o f trans
gene expression and results in  accelerated clearance o f 
the recom binant v irion .^”

C ation ic liposom e-m edia ted gene transfer has been 
used fo r 10 years.^'^ In contrast to adenov ira l vectors cat
ion ic  liposom es have a lo w  inherent to x ic ity  w h ic h  has 
led to the ir use in  c lin ica l trials.'*^’ In com m on w ith  aden
ov ira l vectors, lip o s o m e -D N A  complexes are able to 
transfect n o n d iv id in g  cells, bu t have the added advan
tage o f the absence o f p ro te in  and genom ic D N A  de rived  
from  v ir io n  and com p lem enting  cell lines. P revious s tu d 
ies have dem onstra ted h igh effic iency gene transfer and 
an a lte ra tion  o f phenotype after p ro longed exposure o f 
the coronary c ircu la tio n  to liposom es ex v iv o  in  e ither the 
arrested,'^ o r La ngendorff p e rfu s e d /' heart. These s tu d 
ies dem onstrate tha t in traco rona ry  d e live ry  o f lip o so m e - 
D N A  com plexes results in the prerequis ites fo r trans
genic p ro te in  synthesis, nam ely D N A  uptake, cy top las
m ic release fo llo w in g  endosom al d is ru p tio n , transfe r to 
the nucleus and transcrip tion  w ith in  the nucleus, and
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f in a lly  the trans la tion  o f the resu lting  m R N A . M ost 
recently, in vivo transfer to the m yoca rd ium  o f fluorescent 
o ligonucleotides has been dem onstra ted fo llo w in g  in tra 
coronary d e liv e ry  o f fusigen ic haem agg lu tina ting  v iru s  
o f Japan (H V J)-liposom es in vivo}^ A lth o u g h  th is dem on
strates effective cy top lasm ic  nucle ic acid up take in vivo it  
does not exam ine the la ter stages, in c lu d in g  transcrip tion  
and transla tion , requ ired  fo r expression o f a transgene. 
The aim  o f th is s tud y  was to exam ine reporte r gene 
expression fo llo w in g  in tra co ro na ry  in jection o f D N A -  
liposom e com plexes in  a c lin ic a lly  re levant in vivo rab
b it model.

Results
A  to ta l o f 31 rabb its  were used in  th is study. One rabb it 
d ied fo llo w in g  d e liv e ry  o f 800 |xg o f liposo m es-D N A  
in fused over 1 m in  w ith o u t an in te rven ing  filte r. Th is 
resulted in  akinesis o f the le ft heart border and progress
ive  hypotension. We report o u r fin d in g s  from  25 rabbits 
from  the in tra co ro na ry  gene d e live ry  g ro up  and from  five  
rabbits fro m  the closed chest in fa rc tion  group.

A rteria l pressure
The pressure w ith in  the system ic a rteria l tree was meas
ured th rough  the side arm  o f the haem ostatic sheath 
w ith in  the r ig h t com m on caro tid  artery. Before cardiac 
catheterisation there was no d iffe rence between the f i l 
tered and un filte re d  groups in e ither systo lic (96.3 ± 2.9 
m m H g  n =  13 and 96.5 ±5 .9  m m H g  n = 7, P =  NS, 
respective ly) o r d ias to lic  a rte ria l pressure (57.5 ±3.1 
m m H g  n =  13 and 53.1 ±4 .7  m m H g  n = 7, P =  NS, 
respectively). These pressures are s im ila r to those p re
v io u s ly  reported d u r in g  open chest procedures in  a s im i
la r m o d e l . I n  a d d itio n , at a ll subsequent tim e-po in ts  
post-in fus ion  pressures were s im ila r between the filte red 
and un filte re d  groups. There was a tendency fo r the 
arteria l pressure to d ro p  d u r in g  the in tracoronary  
in fus ion  o f vector, how ever, since arteria l pressure was 
transduced from  the side arm  o f the sheath, recordings 
were dam ped d u r in g  catheter m an ipu la tion .

Surface ECG
The surface ECG gives a measure o f the t im in g  o f 
depo larisa tion  and repo la risa tion  w ith in  the m yocar
d ium . G enera lly  speaking, s ign ifican t a lte rations in  b lood 
flo w  p re fe ren tia lly  affect a p o rtio n  o f the trace kno w n  as 
the ST segment. The d u ra tio n  and severity o f such ECG 
changes fo llo w in g  in jection  tended to be greater w ith  
un filte red  liposom es (Table 1). In  add ition , in  a ll rabbits

Table 1 ECG changes related to coronary infusion of cationic
liposome compiexed DNA

ST segment changes

During >3 min of Ventricular
infusion reperfusion fibrillation

Unfit tered 4 /7 4 /7 1
Filtered 7 /9 2 ^ Ü

There was a tendency for more prolonged ST segment change 
(measured at baseline, during, 1, 3 and 5 min after infusion) in 
the group which received unfiltered cationic liposomes-DNA  
compared to the filtered group.

unde rgo ing  co il em bolisation there was m arked and per
sistent ST segment e levation (F igure 1).

X -ga l conversion with cation ic liposom es  
Irrespective o f the liposom e:D N A  ra tio , or tota l am ount 
o f lip o s o m e -D N A  in fused, there was m acroscopic X-gal 
conversion 3 days a fte r in jection. This appearance 
occurred alm ost exc lus ive ly  w hen lip o s o m e -D N A  com 
plexes were un filte re d  (F igure 2). The percentage cu t sur
face area o f the ven tric le  w h ich  was m acroscop ica lly blue 
in  the un filte re d  lip o so m e s-D N A  (pCAGGS-|3-gal) g roup  
was 13.1 ± 5.6%, n = 7 (Table 2). There d id  not appear to 
be an obv ious corre la tion  between the am oun t o f D N A , 
o r ra tio  o f lip o s o m e -D N A  in fused and the degree or 
extent o f m yoca rd ia l X -gal conversion. M icroscop ica lly , 
the (3-gal-positive areas co incided w ith  areas con ta in ing  
islands o f m ic ro in fa rc tio n  w ith  an associated in flam m a
to ry  in filtra te  (F igure 3). W ith in  these sections we d id  not 
observe the X-gal p roduct, e ither m acroscop ica lly or 
m icroscop ica lly , w ith in  a rch itec tu ra lly  no rm al m yo 
card ium .

The pa tchy a rch itectura l d is ru p tio n  seen w ith  in traco
rona ry  in fu s io n  o f lip o s o m e -D N A  com plexes suggested 
cap illa ry  o r a rte rio la r em bolisation. W e therefore exam 
ined w he the r f iltra tio n  th rou gh  a 5 p.m filte r  was feasible. 
This d id  no t a lte r transfection effic iency in  in tro .

F o llo w in g  in fu s io n  o f lip o s o m e -D N A  complexes 
th rou gh  an in terposed 5 |xm filte r the percentage cut sur
face area o f the ven tric le  m acroscop ica lly b lue  was 
reduced to o n ly  0.854 ± 0.738%, n =  7, s ig n ifica n tly  less 
than in  that observed in  the un filte re d  g roup , P <  0.05 
(see F igure 4). S im ila rly , in fu s io n  o f D N A  alone resulted 
in m in im a l conversion o f X-gal (percentage cut surface 
area o f the ven tric le  w h ich  was m acroscopically blue, 
0.786 ± 0.786%, n =  5). In fus ion  o f liposom es alone (/; = 
1) resulted in  no X-gal conversion, as was the case in  a 
na ive an im a l in  = 1).

To con firm  ou r hypothesis that X-gal conversion was 
the resu lt o f m ic ro in fa rc tio n  and no t gene transfer the 
experim ents were repeated us ing a p lasm id  encoding 
green fluorescent p ro te in  (GET) and no t (3-gal. N o GET 
a c tiv ity  cou ld  be seen in  hearts in fused w ith  un filte red  
pC A G G S -G F P -D C -C ho l/D O P F  liposom es, a lthough 
areas o f X-gal conversion were s till v is ib le  in  -  3).

X -ga l conversion with co il em bolization  
F o llow ing  co il placem ent ST segment e levation was seen 
in  a ll hearts (F igure 1). These ECG changes were co inc i
dent w ith  hypokinesis o f the le ft heart border, and a 9.8 
m m H g  d ro p  in  mean a rteria l pressure. These alte rations 
were a ll m uch m ore pronounced than the changes seen 
w ith  un filte re d  lip o s o m e -D N A  complexes. Im m ed ia te ly  
fo llo w in g  co il dep loym en t, the flo w  o f rad iog raph ic  con
trast was com m on ly  seen around the coil. H ow ever, on 
la ter in jections, p resum ably w hen heparin isa tion  was less 
com plete, occlusion o f the a rte ry  at the level o f the coil 
was a lw ays observed and docum ented. In ad d itio n , the 
effic iency o f th is  m ethod in  obstructing  f lo w  was deter
m ined by  TTC sta in ing. This docum ented hom ogenous 
in fa rc tion  o f an extensive p o rtio n  o f the le ft ven tricu la r 
w a ll ex tend ing from  an area just be low  the em bolisation 
co il to the apex. In fa rc tion  became transm ura l tow ards 
the apex, an appearance s im ila r to that seen w ith  external 
coronary a rte ry  liga tio n  in  the open chest rabb it in  = 3).^^ 
Once we were sure the em bolisa tion  technique caused
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Figure 1 ECG n ro n iin g  of •>iandnrd lead II before (a) and 30 min after (b) a niicro-endiolbation coil was deployed in an obtuse margifial branch of the 
eircmnflex artery. In (b) there is marked ST eleindion with the appearance of Q waivs (*) suggesting transnniral hifarctkm.

Table 2 The percentage of the cut cross-sectional area in which X-gal staining was evident within serial short axis sections of the heart

X-ga! stained area (%)

Unfiltered 

13.1 ±5.6

Filtered D N A  alone

0.9 ±0.7 oa±oa

Embolisation

44.9 ±8.1

Unfiltered liposomes in  =  7) were associated with significantly more X-gal staining than unfiltered liposomes-DNA (n =  10) or plasmid 
DNA alone in  -  5) iP  <  0.05). Coil embolisation of the circumflex artery caused significantly more X-gal staining than any of the other 
treatments in  -  2, P <  0.05).

rep roduc ib le  in fa rc tion  a separate g ro up  o f hearts treated 
by co il em bolisa tion  were harvested and developed w ith  
X-gal. In  these hearts the X-gal p ro du c t s trong ly  stained 
the area o f in fa rc tion , bu t no t the other areas o f the heart 
(percentage surface area o f the ven tric le  w h ich  was 
m acroscop ica lly  blue, 44.9 ±  8.1 %, ii = 2) (F igure 5). H is to 
lo g ica lly , th is b lue  s ta in ing  was associated w ith  an in f i l
trate o f sm all in fla m m a to ry  cells s im ila r to F igure 3.

Discussion
This s tudy  was designed to exam ine w hethe r cationic 
liposom es cou ld  transfect rabb it m yoca rd ium  it i vivo. The 
results o f o u r s tudy  show  that: (1) un filte red DC-

c h o l/D O P E  cationic lip o s o m e -D N A  com plexes cause 
m yoca rd ia l in ju ry  w hen adm in is tered via  PTCl to the 
i l l  v ivo  heart; (2) fo llo w in g  liposom e in fus ion  (3- 
galactosidase a c tiv ity  is specifica lly  increased in areas o f 
m yoca rd ia l damage; and (3) by us ing a GFP reporter 
gene, filte re d  lip o so m e s-D N A  and co il em bolisation as 
con tro ls , X-gal conversion is shown to resu lt exclusive ly 
from  the increased |3-galactosidase present w ith in  nec
ro tic  m yocard ium .

W hen cationic liposom es and D N A  are m ixed together 
they spontaneously fo rm  complexes v ia  electrostatic 
attraction.-'^ These com plexes fo rm  heterogeneous popu
la tions w hen v iew ed by  electron m icroscopy (EM).^^ The 
po pu la tion (s ) o f com plexes, w h ich  ac tua lly  transfect cells
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Figure 2 The \wttern of (i-galactosidasc activ ity  3 days after infusion into the right coronary artery of 400 fig  pCAGCS-fi-gal compiexed to 400 fig  
DC-Chol/DOPE. In the rabbit the left anterior descending coronary artery is small and the circumflex coronary artery dominant. Therefore the right 
coronary artery usually supplies the right ventricular free zeall but not the posterior third of the interiHmtricular septum. The area of fi-gal staining 
therefore iiwolves a large portion of the right coixmary territory (compare ivith Figure 5). Toxeards the apex a larger proportion of the short axis is 
perfused by the circumflex coronary artery and the portion of fi-gal staining therefore dimi)iishes.

V '

Figure 3 The microscopic appearance (x 160) of a section of right ventricular myocardium from the heart depicted in Figure 2. The myocardial architecture 
is destroyed. There is myocytolysis w ith a prominent inflammatory cell infiltrate. The cells to the left of the demarcation Hue have a darker blue cytopilasm, 
this line corresponding to the demarcation between stained a)ui inistained myocardium i)i the original tissue block. The inset shows a myocyte re\nnatit 
seen surrounded by dark blue inflammatory cells (x400).

is s t ill uncerta in  w ith  several m odels proposed, such as 
beads on a s tr in g /^  spaghetti and meatballs^^ and m u lti-  
lam e lla r sheets.^'’ H ow ever, there is also conv inc ing  e v i
dence to sup po rt the existence o f m acro-aggregates 
w ith in  each o f these populations.^^ Several factors favo u r 
m acro-aggregate fo rm a tion  such as the im p u r ity  o f the 
D N A , the com pos ition  o f the suspending veh ic le  and the 
ra tio  o f cation ic  liposom e to D N A .’’  ̂ We hypothesise that 
it  was these macro-aggregates that were re ta rd ing  
m ic ro c ircu la to ry  f lo w  and causing in fa rc tion . In prev ious 
experim ents there has been a m ore p ro longed tim e per
iod fo r up take o f the lip o s o m e -D N A  complexes, possib ly 
decreasing the effect o f m acro-aggregate fo rm a tio n .’^

A lte rn a tive ly , experim ents were pe rfo rm ed in  lo w  v is 
cosity c rys ta llo id  so lu tions ra the r than b l o o d , w h i l e  in 
o ther experim ents in traco rona ry  d e live ry  was o f fus i
genic HVJ-liposom es.''^'^' U nde r these circumstances 
m acro-aggregate fo rm a tion  m ay be less m arked.

The Escherichia co li lac Z  gene w h ich  encodes the g lyco
side hydrolase, (3-D-galactosidase, has been tho ro u g h ly  
characterised and is com m on ly  used in  the detection o f 
transgene a c tiv ity  in a num ber o f organs.^' A  nuclear 
loca lisation signal added on to  the sequence o f the lacZ  
gene aids detection o f pos itive  cells.'^” Some organs do 
have h ighe r levels o f (3-galactosidase a c tiv ity  than others 
such as the k idney , how ever the heart does not.^~ N on-
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Figure 4 The pnttcrn of fi-gnlnctosklnsc activity 3 days after infiisio)i into the right coronary artery of 40Ü ixg yCAGGS-fi-gal compiexed to 400 pig 
DC-Chol/DOPE filtered to 5 piM. The fixation and X-gal staining procedure are identical to that used for Figure 2. In contrast to Figure 2 there is no 
visible j3-galactosidase activity. F iltration did not alter transfection efficiency in vitro. However, there tended to he less seivre electrocardiographic 
changes during the infusion of filtered liposome-DNA coitiplexes suggesting the remoiml of macro-aggregates causing circulatory emholisatio>j (see 
Table 7).

Figure 5 The macroscopic appearance of a heart 3 days following coil 
deployment w ithin a>i obtuse marginal branch of the circumflex coronary 
artery. The method of fixation and X-gal staining is identical to that used 
in Figure 2. The platinum coil is clearly visible protruding from the cut 
surface at the 2 o'clock position. There is marked f3-galactosidase activity  
localised w ith in  the circumflex territory which includes the posterior por
tion of the interventricular septum. The watershed bet~wee)i the right cor
onary and circumflex territories can be appreciated by comparison with 
Figure 2.

specific hyd ro lys is  o f substrate can occur, bu t this is asso
ciated w ith  weak false po s itive  sta in ing, ra ther than the 
clear s ta in ing w h ich  we have o b s e r v e d . T h e  advantage 
o f us ing p-galactosidase as a reporte r gene is that by 
us ing  the h istochem ical assay single cells can be detected 
w ith in  a cell popu la tion , as opposed to another com 
m on ly  used reporte r gene, fire fly  luciferase. The other 
reporte r gene construct encod ing green fluorescent p ro 
te in  has the added advantage that as w e ll as be ing detect
able in s ingle cells it  does no t requ ire  fixa tive  and hence 
can be used in liv in g  c e l l s . H o w e v e r ,  some tissues, 
in c lu d in g  the heart have h igh  levels o f background au to
fluorescence.

N ecrotic m yoca rd ium  is characterised by  m yocy to ly is  
and in filtra t in g  m onocytes-m acrophages and ly m p h o 

cytes. These cells have h igh  levels o f endogenous (3- 
galactosidase.'*‘’~*'* In pa rticu la r, in fi ltra t in g  lym phocytes 
w h ich  conta in  large am ounts o f lysosom al |3-galacto- 
sidase"“ ’“^- are abundant in  in fa rc ted m yoca rd iu m , bu t are 
absent w ith in  no rm a l m yoca rd ium . A lth o u g h  liposom es 
can activate m acrophages d ire c tly  to increase the a c tiv ity  
o f a m em branous f3-galactosidase,‘*‘* th is w o u ld  not 
exp la in  the m acroscopic appearance we observed after 
coil occlusion. S im ila r ly , one cou ld  hypothesise that the 
m acro-aggregates fused w ith , o r were phagocytosed by, 
in fi ltra t in g  m acrophages and tha t the ir (3-galactosidase 
a c tiv ity  was transgenic in o rig in . A ga in  th is  w o u ld  not 
be consistent w ith  the localised X-gal conversion seen fo l
lo w in g  coil occ lus ion o r in fu s io n  o f un  filte red liposo m e- 
D N A  com plexes encod ing GFP.

The s ta in ing  pro toco l w h ich  w e u tilised  in  th is s tudy 
has frequen tly  been show n re liab ly  to detect transfer to 
the m yoca rd iu m  o f a (3-gal reporte r gene.^-^" Therefore it  
is u n lik e ly  that w e observed a nonspecific  artefact. M ore 
lik e ly  is that w e detected a true  pos itive  reaction resu lting  
from  the increased endogenous [3-gal a c tiv ity  w ith in  
m onocytes-m acrophages and lym phocytes in fi lt ra t in g  
the in ju red  m yoca rd iu m .

(3-Galactosidase has no t been show n to be up-regu la ted 
in  prev ious stud ies o f gene transfer where m yocard ia l 
in fa rc tion  was present. ’ ^ H o w e v e r ,  these stud ies d i f 
fered from  o u r o w n  in  several respects, the m ethod o f 
occlusion,'**’ species (canine'*’  and rat'***’), age o f in fa rc t 
(4-37 days) and m ethod o f fixa tio n  and sta in ing.

O n h is to log ica l exam ina tion  there were no t as m any (3- 
ga lactosidase-positive cells as w o u ld  have been expected 
from  the s tr ik in g  m acroscopic appearance o f the sections. 
H ow ever, it  was apparent tha t areas o f m yoca rd iu m  that 
were necrotic had an ove ra ll b lue ish hue due to a sm all 
cell in filtra te  w ith  b lue cytop lasm . This cou ld  not be 
a ttribu ted  to the haem a toxy lin  and eosin stain. The cells 
pos itive  fo r (3-galactosidase w ere nonm yocytes bu t often 
surrounded m yocyte  rem nants. In ad d ition , the inso lub le  
in d ig o  p ro du c t o f X-gal cleavage by (3-galactosidase was 
not lost by processing since there was no diffe rence 
between xylene and aqueous-based pro tocols (results not 
shown). The da rke r s ta in ing  was a lw ays spa tia lly  associa
ted w ith  areas tha t w ere m acroscop ica lly b lue  on the 
o rig in a l pa ra ffin  b lock. It w o u ld  be in te resting  to de ter
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mine whether increased levels of ^-galactosidase are 
present in other organs when there is compromised 
blood flow.

The model which we describe of closed chest infarction 
in a small animal has not been reported previously. Dae 
et described a model of closed chest infarction with 
a coronary guide wire, however, since there was no per
manent occlusion this would not have mirrored what we 
believed was happening w ith the cationic liposom e-DNA  
complexes. We were also able to achieve a gradual onset 
of ischaemia as the use of heparin resulted in flow past 
the coil for 10 min after coil implantation.

In  conclusion, we have shown that D C -C hol/D O PE  
cationic liposomes, despite initially encouraging though 
misleading results, are unable to cause gene transfer in an 
in vivo model of gene delivery to the rabbit myocardium. 
Through the use of a novel method to cause closed chest 
myocardial infarction in the rabbit we have shown that 
endogenous (3-galactosidase is up-regulated in damaged 
myocardium. Thus, when there is any possibility of caus
ing myocardial ischaemia caution needs to be applied 
when assessing gene transfer with (3-galactosidase as the 
reporter gene.

Materials and methods

Preparation of liposome-DNA complexes 
D C-chol/DO PE liposomes were made as follows. 3p(N '- 
(N',N'-dimethylaminoethane)carbamoyl) cholesterol (DC- 
Chol) (12 |xmol) was synthesised as described pre
viously.^® DC-Chol and a chloroform solution of dioleoyl 
L-a-phosphatidylethanolamine (DOPE) (Sigma, Poole, 
U K) (8 fjLmol) were combined in dichloromethane (10 ml) 
(redistilled from phosphorous pentoxide) under an inert 
nitrogen atmosphere in a round-bottomed flask (100 ml). 
The mixture was then diluted with sterile 20 mM Hepes 
buffer, p H  7.8 (10 ml) (pH  adjusted w ith 1 m  N aO H ), 
similarly under a nitrogen atmosphere. The resulting two 
phase system was sonicated (Model FSlOOb; Decon, 
Hove, U K) for 3 min at ambient temperature using a 
single setting bath sonicator. Organic solvent was then 
removed by evaporation under reduced pressure and the 
resulting liposomes sonicated for a further 3 min before 
use. Average diameter, as determined using a photon 
correlation spectrometer (Model N4 M D  sub-micron par
ticle analyser; Coulter Electronics, Luton, UK), was 
approximately 800 nm.

D C -C hol/D O PE liposomes were combined with the 
high efficiency eukaryotic expression plasmid, pCAGGS, 
at 4°C 30 min before in vivo use.^  ̂The plasmid pCAGGS 
contains the C M V  immediate-early enhancer and chicken 
P-actin promoter with first intron upstream of a multiple 
cloning site. We have shown previously that this hetero
logous promoter is transcriptionally active in cardiac 
myocytes.®" The plasmid pCAGGS-p-gal was constructed 
from pB C H llO  (Promega, St Albans, UK) by excising the 
P-gal gene between H in d i and BamHl sites and inserting 
into pCAGGS at the BamHl site. The P-gal gene lacked 
sequences conferring nuclear localisation. The plasmid 
pCAGGS-GFP was constructed from pEGFP-Nl 
(Clontech Laboratories, Palo Alto, CA, USA) by excising 
the EGFP gene between Sail and Sspl and inserting into 
pCAGGS downstream from the p-actin promoter 
between Xhol and EcoRV sites.

After growth in Escherichia coli (DH5a), plasmid D N A  
was prepared by alkaline lysis and purified on a double 
caesium chloride gradient.®^ The D N A  was subsequently 
treated with DNase-free RNase, phenol-chloroform  
extracted, and purified by precipitation from an ethanol- 
sodium acetate solution. The 260:280 nm ratio was 
between 1.8 and 1.9, and the D N A  was resuspended in 
sterile HgO. The D N A  (0.8-1.0 |xg/|jLl) and liposomes 
(1.2 |xg/|jLl) were mixed in Eppendorf tubes at either 3:1 
or 1:1 (liposomes:DNA fjig) and triturated several times 
before incubation at 4°C for 30 min. No visible aggregates 
were seen before injection. The liposome complexes were 
drawn up in a syringe and were either injected directly 
into the coronary catheter, or through a 5 (xm filter inter
posed between the catheter and the syringe. Filtration to 
5 [Jim did not affect the efficiency of liposome-mediated 
gene transfer in vitro.

Coronary catheterisation
A ll procedures were in accordance w ith the U K  Home 
Office Animals (Scientific Protection) Act 1986. N ew  Zea
land White rabbits (2.5-3.0 kg) were anaesthetised by i.m. 
injection with hypnorm (0.4 m l/k g ) (Janssen-Cilag, High  
Wycombe, UK) and diazemuls (3 m g /kg ) (Dumex, Tring, 
UK). Following endotracheal intubation (Blue line paedi
atric tracheal tube, internal diameter 3.0 mm; Portex, 
Hythe, UK) and the cannulation of a marginal ear vein 
(21 G Butterfly cannula; Venisystems, Abbott Labora
tories, Queenborough, UK) rabbits received 1000 lU  of 
heparin (Leo Laboratories, Princes Risborough, U K) and 
1 |xg/kg of lignocaine (Antigen Pharmaceuticals, Roscrea, 
Ireland) by i.v. injection. Through a median cervical 
incision the right common carotid artery was cannulated 
with a 3.5 Fr haemostatic sheath (Cook, Bjaeverskov, 
Denmark). Arterial pressure was measured through the 
side arm of the haemostatic sheath using a MLT0698 
blood pressure transducer (ADInstruments, Hastings, 
UK) connected to a ML117 bridge amplifier 
(ADInstruments). The surface ECG was recorded using 
paediatric, surface, A g /A g C l, electrodes (M-OO-S; Med- 
icotest, Olstykke, Denmark), positioned to give an electri
cal axis approximately equivalent to standard lead II. The 
ECG leads were connected to a pre-amplifier MLA0313 
(ADInstruments) and then a ML131 Bio Amplifier 
(ADInstruments). The Bridge and Bio Amplifiers were 
connected to a 4 /S  MacLab system (ADInstruments) and 
an Apple Macintosh Perfoma 6320.

Rabbits were catheterised using purpose-made cath
eters. These were based on a 3 Fr Royal Flush radiopaque 
nylon catheter and were 20 cm in length, with a 70° angle 
to a 1 cm Macartney tip (Cook). Catheters were manipu
lated under fluoroscopic guidance (Xi-Scan Model 1000- 
1 miniature C-arm; Xi-Tech, Windsor Locks, CT, USA) to 
the right or left coronary ostium. Catheter position was 
confirmed by injection of radio-opaque non-ionic contrast 
(Omnipaque, Nycomed (UK), Birmingham, UK). A ll pro
cedures were recorded on super-VHS tape at 625 lines 
(400 lines horizontal resolution) at 28 fra mes/s , with a 
video recorder (Model HR-S5900CK, JVC (UK), London, 
UK) and images annotated for blind analysis.

Surface ECG
ECGs recorded at five time-points were blindly analysed 
by two experienced cardiologists and assessed for evi
dence of ischaemic changes before, during and 1, 3 and
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5 min after intracoronary liposom e-DNA injection. 
Changes were noted in ST segment shift (>1  mV), QRS 
duration (A >40 ms) or T wave morphology (changes in 
duration or amplitude >10%).

Intracoronary injection of liposomes 
Liposom es-DNA, liposomes alone, or D N A  alone were 
injected over 1 min. Catheter position was recorded 
throughout the infusion and engagement reconfirmed by 
contrast injection at the end of infusion. The catheters 
were then removed and the cervical incision closed (3 /0  
black braided silk; Ethicon, Edinburgh, UK). Rabbits 
were recovered before being killed on the third post
operative day.

Closed chest myocardial infarction
Male N ew  Zealand White rabbits (3.0 kg) were prepared 
and cannulated as for intracoronary delivery of cationic 
liposomes. A  selective circumflex engagement was con
firmed by injecting radiographic contrast. Catheters were 
manipulated to ensure non-occlusive engagement by 
backflow of blood and flushback of contrast from the left 
main coronary artery to aorta. A  M W C E Embolisation 
microcoil (Platinum microcoil with synthetic fibres, diam
eter 0.018 inch; Cook) was placed in the catheter using 
an introducer. The coil was then positioned at the distal 
catheter tip using a 0.018 inch guide wire. The coil was 
deployed into the circumflex artery using the guide wire. 
Coil position within the coronary tree, radiographic con
trast flow past the coil, and alterations in myocardial con
tractility, were assessed fluoroscopically. Surface ECG 
and blood pressure changes were recorded continuously. 
Animals were recovered and killed on the third post
operative day.

Detection of transgene expression
The hearts were fixed and stained as described by Guz
man et al7  Rabbits were killed by lethal injection of pen
tobarbitone (Sagatal, 60 m g /m l; Rhone Mérieux, Essex, 
UK) and the hearts were rapidly excised, rinsed and 
retrogradely perfused w ith 100 ml of PBS before being 
perfusion fixed with 1.25% glutaraldehyde in PBS for 15 
min. The hearts were then flushed with 50 m l of PBS and 
perfused with X-gal stain solution (400 |xg/m l 5-bromo- 
4-chloro-3-indolyl |3-D-galactopyranoside (X-gal), 5 mM 
potassium ferriferrocyanide, 1 mM MgClz in PBS). The 
hearts were sectioned perpendicular to the long axis at 4 
mm intervals and stained in X-gal at 37°C for 3 h. The 
heart sections were then washed with PBS and fixed in 
10% formalin before paraffin embedding and being coun
terstained w ith haemotoxylin and eosin. The intrinsic 
fluorescence of the myocardium was attenuated by stain
ing with Sudan Black. A ll sections were reported on 
blindly by an experienced pathologist. Assessment of the 
macroscopic area of ventricle with positive staining was 
by planimetry using N IH  image, w ith an average of three 
readings being taken.

Detection of infarction and area at risk of infarction 
Hearts were excised as described above and retrogradely 
perfused with 0.9% saline (Baxter Healthcare, Thetford, 
UK). After blood had been washed out of the coronary 
vasculature fluorescent microspheres (Sigma) were 
flushed through the heart to assess the area at risk. The 
hearts were sectioned in 6 mm slices and stained fdr 10

m in w ith a 1 % solution of triphenyl tétrazolium chloride 
at 37°C (Sigma) dissolved in phosphate buffer (pH  7.4, 
20% 100 mM monobasic sodium phosphate, NaHzPO^ 
and 80% 100 mM dibasic sodium phosphate N a 2H P 0 4 ). 
W ith this technique viable myocardium stains red.^° The 
sections were then visualised under U V  light to assess 
the area at risk.

Statistics
A ll values are expressed as means ± s.e.m. A ll compari
sons between groups were assessed for significance w ith  
a one-way analysis of variance (A N O V A ), Fisher's pro
tected least significance difference (FPLSD) method being 
used for comparisons w ithin the A N O V A  table. Statisti
cal significance was defined as P <  0.05.
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