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ABSTRACT

An integrin-targeted non-viral vector has been developed for receptor-mediated 

gene delivery. It consists of the RGD-containing portion of the venom from the 

American pit viper, Crotalus molossus molossus, synthesised together with a 

sixteen lysine chain for electrostatic binding and condensation of DNA.

The poly-K-molossin peptide is able to complex DNA rapidly and aids 

efficient binding and internalisation of cells expressing av and a5 integrins. 

Binding to the cell surface appears to be a co-operative event, involving both 

the RGD-integrin interaction and electrostatic binding due to the high positive 

charge of the vector. However, it is only at the point of integrin attachment that 

internalisation occurs.

The poly-K-molossin/DNA vector system has been optimised to deliver 

reporter genes in vitro to ECV304 endothelial cells. Approximately 50 % 

transfection efficiencies are achieved under optimal conditions. It has also been 

tested on cultured rabbit cornea and expressed the reporter gene in 

approximately 30 % of the endothelial cells.

Cell transfection in both systems requires the presence of chloroquine as 

an endosomolytic agent. The precise requirements of the cells to the poly-K- 

molossin/DNA complexes and chloroquine were identified, as well as the 

influence of temperature and serum upon the delivery system.

Using a monoclonal antibody, raised to the RGD-containing portion of the 

vector, it was found that the peptide bound to a diverse range of cell types, 

establishing suitable targets for in vivo investigations. Preliminary perfusion 

studies with the poly-K-molossin/DNA vector complexes were carried out on the 

rat heart model.

In conclusion, a novel non-viral gene therapy vector system has been 

developed, which results in efficient gene expression in both cell lines and 

corneal endothelium. The diversity of binding within tissue sections has shown 

the enormous potential of this vector in vivo, for future clinical applications.
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CHAPTER 1 

Literature Review

1.1 The Development Of Gene Therapy

The enormous potential of gene therapy to modulate disease processes 

and correct genetic disorders, and the consequent impact upon human 

suffering, has captured the imagination of the scientific community and 

escalated research in the field in the last two decades. Although the history of 

genetic manipulation is relatively short, the nature of its capabilities has 

attracted a large amount of money, time and effort from medical researchers 

world-wide, and there are currently several journals dedicated to the subject, as 

well as numerous publications and symposiums.

Genetic manipulation is the transfer of foreign genetic information into a 

cell. Essentially, transfer involves the delivery of an expression cassette made 

up of the appropriate gene, together with sequences controlling its expression. 

Whether the delivery is ex vivo (cells are manipulated in the laboratory and then 

administered into recipient) or directly in vivo, transfer is almost always aided by 

a vector that assists delivery to the appropriate target site. The main goals of 

gene therapy are to correct a genetic defect associated with disease by 

administering the correct DNA sequence to the defective cells, or to modulate 

disease processes in genetically normal people, for example, transplantation 

and cancer. This generally involves the transfer of a gene coding for a protein of 

therapeutic benefit, or regulatory elements that control endogenous gene 

expression (e.g. Caplen et ai. 1995; Vincent et ai. 1993). Alternatively, gene 

therapy can be approached by transducing non-physiological sequences, such 

as antisense oligonucleotides (Wagner, 1994), or suicide genes that can be 

triggered to direct target cell destruction (Mercola etai. 1980).

There are two forms of gene therapy -  germ-line and somatic. Germ-line 

therapy involves injection of a fertilised egg with a gene, which is integrated into 

the host cells’ chromosomes and subsequently found in all the cells of the 

animal, and is inherited by future generations. In somatic gene therapy, the 

gene is introduced into certain non-germ-line target cells of an individual and
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consequently, upon expression, should exert a therapeutic effect. The term 

‘gene therapy’, as it is currently used, almost exclusively corresponds to 

somatic gene therapy, which has been the subject of detailed investigation for 

clinical applications in the last decade or so. No government has so far 

seriously considered germ-line gene therapy. The ethical consideration of 

creating a potentially permanent alteration, which is then passed on to future 

generations, has severely hindered approval by the regulatory bodies.

1.1.1 The history of gene therapy

The potential of genetic manipulation was first envisioned in the 1960s. 

However, ignorance of genetics and lack of knowledge of human disease 

delayed progress. It was not until the 1970s that increasing attention was paid 

to the genetic alterations responsible for human disorders. Origins of diseases 

began to be traced to the molecular level and the development of recombinant 

DNA together with virus manipulation combined to make gene therapy a 

practical reality (reviewed by Friedmann, 1992; Wolff and Lederberg, 1994).

One of the first disease-related genes to be cloned was the gene for 

human p-globin (Maniatis et al. 1976) and initial studies indicated that it was 

possible to introduce this gene into mammalian cells using the calcium 

phosphate transfection method, resulting in a fully functional gene (Wigler et al. 

1978). Moreover, in 1979 Martin Cline and colleagues at UCLA reported that 

introduction of the human globin gene into murine bone marrow cells could 

partially repopulate irradiated recipient mice (Cline et al. 1980; Mercola et al. 

1980). Following the success of his animal studies Cline rapidly progressed on 

to a significant, if highly illegal, experiment, which later became a landmark in 

the history of gene therapy. He transfected bone marrow cells from 

thalassaemia patients with plasmids containing the human globin gene and re

infused them. The patients showed no beneficial effect and luckily no side 

effects either; however, there was severe criticism over the ethics and safety of 

this study, which had not received sufficient prior authorisation (Wade, 1980). 

As a result Cline lost his funding, and several committees were set up to 

monitor the escalating scientific field of gene therapy (European Medical 

Research Councils, 1988). The current gene therapy regulatory bodies include
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the Food and Drug Administration (FDA) in the United States and the Gene 

Therapy Advisory Committee (GTAC) in the United Kingdom.

The 1980s saw the development of molecular tools for detecting genetic 

alterations such as gene mapping, DNA sequencing and polymerase chain 

reaction (PCR). In addition, advances in virology enabled their development as 

a powerful tool for transferring genes.

In particular, the life cycle and transduction capabilities of the retrovirus 

were well understood, and in 1982 Temin and colleagues reported the 

introduction of a therapeutic gene into the genetic information of a retrovirus 

and successful infection of mammalian cells (Temin, 1976). Retroviral gene 

transfer was further enhanced by the development of helper cell lines that 

produced high-titre vectors (Mann etal. 1983; Miller and Buttimore, 1986). As a 

consequence, retroviral transfer of transgenes became an area of intense 

research for the correction of various genetic defects.

Human gene therapy became a reality in the late 1980’s by approval of 

the first therapeutic protocol by the National Institute of Health (NIH) in 1989. 

This involved transfer, ex vivo, of the adenosine deaminase (ADA) gene into 

lymphocytes of a patient having an otherwise lethal defect in this enzyme and 

suffering from immune deficiency (Blaese etal. 1995).

In addition to the therapeutic benefit of introducing genes into cells, gene 

therapy has also been used for cell marking experiments. Even before the first 

clinical trial for therapeutic gene transfer, a trial had been approved to track 

tumour-infiltrating lymphocytes after infusion into melanoma patients 

(Rosenberg etal. 1990).

From the onset of gene therapy development it was apparent that 

genetic modification of human beings, even for therapeutic benefit, would raise 

major ethical and public policy concerns. This was brought to particular 

attention following Cline’s experiments. A major concern is the possibility of 

insertional mutagenesis and oncogenic activation leading to neoplasia. The risk 

must be carefully assessed depending on the severity of the target disease and 

the individual patient. Before a gene therapy system is taken into the clinic, it 

must be rigorously tested for its lack of toxicity, potential immunological 

response and ability to replicate (Smith etal. 1996).

13



The field of somatic gene therapy has rapidly expanded with over 350 

clinical protocols approved and more than 2500 patients currently undergoing 

treatment for a variety of diseases (www.wiley.co.uk/genetherapy, July 1998). 

However, regulatory groups have reported that, while it has great long-term 

prospects, gene therapy has been oversold to the public and experimental 

developments may have been rushed into clinical trials too soon, hindering 

progress in the future (Varmus, 1996). That remains to be seen.

1.1.2 Applications of gene therapy

Somatic genetic manipulation has a wide variety of therapeutic and non- 

therapeutic applications. These can be classified into five categories: 

Monogenic diseases, cancer, infectious diseases, other diseases and gene 

marking. Suitable diseases to target must be life-threatening, so that the 

potential risk of side effects is ethically justifiable. It must be possible to 

measure the beneficial effect of the inserted gene readily and from an early time 

point. It is also essential that the gene responsible for the disease has been 

cloned and its regulation understood.

Monogenic diseases were the first targets for gene therapy, mainly 

because a single gene could in theory be delivered to a defective cell to 

eliminate the problem. There is no reason why polygenic diseases cannot also 

be tackled, but they may require further vector development. There are over 

4000 known monogenic diseases, some of which have very low incidence rates 

(Weatherall, 1995). More recently, the genetic control mechanisms of many 

widespread diseases, including cancer and cardiovascular disease, have been 

identified and the application of gene therapy methods to such illnesses is 

rapidly becoming a major component of clinical development. Current approved 

clinical trials cover a wide variety of disorders, as shown in Figure 1.1a. The 

majority are being investigated in the USA, with more than 60% directed 

towards cancer.
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Figure 1.1
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a) Pie chart representing the diseases currently targeted in clinical trials for 

somatic gene therapy. Values taken from www.wiley.co.uk/genetherapy, 17 July 

1998.

■ Adenovirus

■ Adenovirus- 
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□ retrovirus

■ other virus

■ lipofection
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b) Pie chart representing the DNA vectors currently employed in clinical trials for 

somatic gene therapy. Values taken from www.wiley.co.uk/genetherapy, 17 July 

1998.
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Monogenic diseases

Although the underlying defect of a monogenic disease is present in 

every cell, it may be necessary to correct the gene only in certain cells or 

tissues. It is hoped that metabolic diseases will be a particularly good target for 

gene therapy, since strict gene regulation is not always required and only a 

fraction of the normal gene activity levels may be necessary for clinical 

improvement (Kay and Woo, 1994). Classical diseases targeted by gene 

therapy to date include adenosine deaminase deficiency (Blaese et al. 1995), 

familial hypercholesterolemia (Morgan and Anderson, 1993), muscular 

dystrophy (Vincent et al. 1993), hemophilia B (Palmer et al. 1989) and cystic 

fibrosis (Crystal etal. 1994), some of which have reached clinical trials.

The first clinical trial that was approved involved retroviral transfer of the 

adenosine deaminase (ADA) gene into the T cells of a patient with severe 

combined immunodeficiency consequent of a defect in this enzyme. There was 

limited restoration of ADA gene expression with no observable side effects, 

although results were difficult to interpret (Blaese et al. 1995). ADA gene 

expression has also been partially restored via umbilical cord haematopoietic 

stem cells (Kohn etal. 1995).

Cystic fibrosis (CF), a widely studied gene therapy target, affects 1 in 

2500 Caucasians and is caused by mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene. Although several organs 

are involved, in most CF patients, a gradual decline in pulmonary function is the 

most important and least treatable characteristic of the disease. Therefore, lung 

epithelium is the obvious target and, following the cloning of the CFTR gene in 

1989 (Riordan et al. 1989), there has been extensive research using adenoviral 

(Crystal et al. 1994) and liposome (Dzau et al. 1996) DNA delivery systems 

both In vitro and in vivo. Clinical trials are currently in progress involving delivery 

of the CFTR gene to nasal and lung epithelium by aerosol administration (Alton 

et al. 1993). Gene delivery is monitored by a change in electrical conductance 

in the epithelium and some encouraging levels of restoration of chloride ion 

movement have been reported (reviewed by Davies etal. 1998).

16



Cancer

Cancer currently dominates the gene therapy trials and consequently 

could be discussed in enormous detail. To summarise, there are two broad 

approaches employed in cancer therapy: introduction of genes that confer 

susceptibility to chemotherapeutic agents and modulation of the patient’s 

immune response capacity. The current status of gene therapy for cancer has 

been recently reviewed by Farzaneh (1998). In contrast to metabolic diseases 

where a low level gene expression may be sufficient, cancer gene therapy 

requires the ability to target a high proportion of the malignant cells in order to 

abolish the disease. Reported strategies are either to remove tumour cells, 

manipulate them ex vivo and then return them to the patient, which may prove a 

more direct route, compared to the alternative of in situ injection into the tumour 

mass.

The most commonly employed strategy is the transduction of tumour 

cells with suicide genes such as herpes simplex virus (HSV) thymidine kinase, 

which, once delivered back to the tumour, confers cell destruction by activation 

of a prodrug, in this case gangcyclovir (Mercola et al. 1980). There is increasing 

evidence of a ‘bystander’ effect from this method of attack, in which 

neighbouring cells are also destroyed through, presumably, the cell-to-cell 

transfer of the active metabolites (Culver et al. 1992). This aids destruction of 

more of the tumour mass, although potentially could damage surrounding 

healthy cells.

Alternatively, cancer gene therapy can be tackled by delivery of tumour 

supressor genes, such as p53, that are able to trigger programmed cell death in 

transduced cells (Cai et al. 1993; Zhang and Roth, 1994). Mutations in p53 are 

associated with uncontrollable cell growth in many tumour types. In contrast, 

there are reports of successful delivery of antisense genetic material to inhibit 

oncogene expression (Carter and Lemoine, 1993).

Direct activation of immunological responses to tumour cells has also 

been widely reported. This has been demonstrated by direct transfer of a variety 

of immunological genes, such as B7-1 gene (Baskar et al. 1993) and syngeneic 

major histocompatibility complex (MHC) class II genes (Baskar et al. 1995), to 

tumour cells, resulting in immunogenicity and subsequent rejection. There is
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increasing evidence that improving the antigen presenting capability of tumour 

cells significantly enhances immunogenicity (reviewed by Farzaneh et al. 1998). 

The ex vivo modification of tumour cells with cytokine genes such as the 

interleukins or tumour necrosis factor a (TNFa) results in the stimulation of a 

systemic immune response, and ultimate destruction of the tumour cells 

(reviewed by Culver and Blaese, 1994).

There are numerous gene therapy strategies directed at various types of 

cancer under current investigation. Many have been approved for clinical trial 

using adenoviral, retroviral and liposomal DNA delivery systems, with varied 

success.

Infectious diseases

Acquired immunodeficiency syndrome (AIDS) is the only infectious 

disease currently targeted for gene therapy. Although it is not an obvious target, 

AIDS could be classed as an acquired genetic disease due to the ability of the 

immunodeficiency virus 1 (HIV-1) to integrate into the host genome (reviewed 

by Weatherall, 1995). The complex nature of the disease means that gene 

transfer technology strategies are still in the early stages. However, attempts to 

develop antisense RNA technology to block viral replication and systems for 

delivery of HIV-specific resistance genes are promising (Gilboa and Smith,

1994), some reaching early clinical trials.

Other disease targets

There are numerous other diseases that are currently being targeted for 

gene therapy techniques. These include rheumatoid arthritis (Robbins and 

Evans, 1996), asthma (Demoly et al. 1997), Parkinson’s disease and other 

neurological disorders (Friedmann, 1994). Gene therapy for vascular diseases 

has attracted an increasing amount of attention recently, with several 

publications on its potential treatment of restenosis (Baek and March, 1998; 

DeYoung and Dichek, 1998).
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Gene marking

Gene marking experiments, also classified as genetic manipulation, have 

limited therapeutic benefit but have been used to track the fate of the 

transduced gene in the body. They are vital to resolve questions in many 

different diseases and there are currently approximately 40 approved protocols, 

all using retroviral vectors (Figure 1.1a). The first approved clinical trial involved 

transducing tumour-infiltrating lymphocytes from tumours. The lymphocytes 

were grown in vitro and reinfused into the melanoma patient (Rosenberg et al. 

1990). Other gene marking protocols have been used to follow the path of 

hepatocytes administered to treat acute hepatic failure and also to label 

cancerous cells before treatment and follow the fate of these if the cancer 

persists (reviewed by Miller, 1992).

Despite great promise from the initial clinical trials there has been limited 

success, producing some degree of gene transfer but failing to demonstrate 

substantial clinical benefit to treated patients. To date, in all published clinical 

trial data there is not one report in which true therapeutic efficacy has been 

convincingly demonstrated (Friedmann, 1998). However, as vector 

development and the understanding of cell mechanisms improves, the future 

success of gene delivery can only get better.

1.1.3 Gene therapy for organ transplantation

Allograft rejection remains a major obstacle to successful organ 

transplantation. There are at present highly successful non-specific 

immunosupressive strategies applied to human organ transplantation to prevent 

graft rejection. It is, however, the ultimate goal of transplant immunology to 

induce tolerance and gene therapy methods may be appropriate in achieving 

this in the future. Recently, Knechtle (1996) has reviewed the clinical feasibility 

of gene therapy in transplantation. Manipulation of the immune response in the 

recipient to induce tolerance is a logical therapeutic strategy. Prolongation of 

organ graft survival by gene therapy can be approached in two ways: 

modification of self/non-self identity by transfer of MHC sequences or 

interference with the immune cascade by transfection of the transplanted organ 

with immunomodulating proteins, such as cytokines.
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The major histocompatibility complex (MHC) gene products are 

transmembrane glycoproteins that are major mediators of allograft rejection, 

and in 1988 Madsen and colleagues reported successful cardiac graft survival 

following transfer, ex vivo, of donor type MHC class I or II genes into recipient 

mouse cells (Madsen et al. 1988). Since then, successful tolerance induction 

using MHC class I gene therapy has been reported using a number of 

techniques, including: gene transfer to the thymus (Knechtle et al. 1994) and 

genetically engineered MHC class I bone marrow (Wong et al. 1996). The MHC 

class II trans-activator (CIITA) gene product has been demonstrated to play a 

role in the regulation of MHC class 11 gene expression (reviewed by Van den 

Elsen et al. 1998). Suppression of MHC class II expression, using dominant- 

negative CIITA mutants, has potential to inhibit allorecognition and prevent graft 

rejection (Yun etal. 1997).

Many cytokines are involved in immunomodulation and several have 

been reported to induce immunologic unresponsiveness in organ 

transplantation. Transforming growth factor-pi (TGF-p1), a polypeptide involved 

in the immune response, has been reported to prolong allograft survival when 

the gene is directly injected into myocardium (Qin et al. 1994). Similar results 

have been reported when viral interleukin 10 (IL-10) was delivered to non- 

vascularised mouse cardiac allografts (Qin et al. 1995). Viral IL-10 is thought to 

reduce immunogenicity and subsequently inhibit graft rejection by impairing 

effective antigen presentation, and suppressing macrophage and T cell effector 

function (DeBruyene etal. 1998).

There are many immunomodulating proteins that have potential for 

adapting the immune response following organ transplantation and thus 

prolonging graft survival. CTLA4-lg is a fusion protein that prevents T cell 

activation by blocking the costimulatory signal transduced by the T cell 

receptors CD28 and CTLA-4. There are several reports that CTLA4-lg 

administration results in improvement of long term graft survival (Bolling et al. 

1996; Srinivas etal. 1996).

Fas (CD95) and Fas ligand (CD95 ligand) are cell surface molecules that 

interact in the regulation of immune responses and have been shown to play a 

significant role in transplantation tolerance (Kabelitz, 1998). Grafts of testicular
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tissue are not rejected even when transplanted into unmatched hosts (Bellgrau 

et ai. 1995). This has been found to be due to the expression of CD95 ligand, 

which is thought to act by inducing apoptosis in activated T lymphocytes 

expressing CD95, which would otherwise have caused graft rejection. The 

implications of this observation for transplantation are significant, since T cells 

recognising a modified graft would become activated, express CD95 and be 

killed, leaving the remainder of the recipient’s immune system unaffected. There 

are however risks of undesired non-specific tissue necrosis associated with this 

approach.

The most commonly used protocols have been ex vivo, either by cell 

modification followed by cotransplantation (Knechtle et al. 1994) or by organ 

perfusion. However, direct injection in vivo is also frequently reported (Wang 

and Knechtle, 1996). Adenoviral, retroviral and herpes simplex vectors have 

been used successfully as delivery vehicles, as well as naked plasmid DNA 

(Qin et al. 1995) and liposomes (Knechtle et al. 1994). The efficiency of the 

vector depends upon the target tissue. Every transplanted organ that has 

potential to undergo rejection is a potential target for gene modulation, including 

heart, liver, kidney, islets, cornea and hematopoietic cells (reviewed by Knechtle 

et al. 1996). Targeting specific cell types within the organs is more difficult, 

depending on the strength of specificity of the individual vector. For example, 

vascular endothelial cells are thought to play a key role in allograft rejection 

(Bach et al. 1995; Fabre, 1982; Prober and Cotran, 1982), making them highly 

desired vector targets.

The advantage of using gene therapy for transplantation is that the 

genetic modification of the immune response can be confined to the target 

organ, limiting systemic side effects of immunosuppression. Gene therapy could 

also be used to study the roles of single individual allogeneic genes in the 

immune response of the recipient to further elucidate the processes of rejection 

and tolerance.

In addition to somatic gene therapy, the development of transgenic 

animals using germ-line therapy is of great importance in the field of 

transplantation. Xenotransplantation involves the development of transgenic 

pigs as potential sources of organs for human transplantation (Cozzi and White,
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1995; Weiss, 1998) in an attempt to solve the continuing problem of organ 

shortage.

The application of gene therapy for transplantation is still in early stages 

and relies on a better understanding of the allogeneic immune response 

together with further development of suitable vectors. However, theoretically, 

gene therapy may make a major contribution to the problem of allograft 

rejection that has been plaguing the transplantation community for almost 40 

years.

1.1.4 Conclusion

Although there are many milestones in scientific research that have 

contributed significantly to the progress of gene therapy, there are many 

obstacles still to overcome before this approach can be applied clinically on a 

routine basis. It is the development of the ideal vehicle for gene delivery, that is 

both efficient and safe, that remains the major hurdle to the future of human 

genetic manipulation.

1.2 DNA VECTOR DESIGN

There are currently two broad methods of DNA delivery. Infection is a 

virally mediated process, where the target cells are infected with a virus 

modified to contain the cloned sequence of interest within its genome. 

Alternatively, transfection is the process by which the gene of interest is 

introduced into a cell, by physical or biochemical means. Currently approved 

clinical trials for gene therapy use a variety of vectors, but more than 70 % 

include viruses to aid gene delivery, with at most 20 % using liposomes and 

fewer than 5 % physical methods of DNA delivery (Figure 1.1b). Despite 

reservations, viruses are still the most efficient vehicles. However, it is these 

prevailing concerns that power the interest in vector technology for ideal gene 

delivery systems of the future.
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1.2.1 Viral vectors

The utility of DNA and RNA viruses for gene delivery vectors was 

speculated upon on account of their ability to cause transformation via transfer 

of their genetic material to host cells. There are a large number of viruses that 

have been explored, each with their own advantages and disadvantages 

(reviewed by Gunzberg and Salmons, 1995), including retrovirus (of murine, 

avian and human origin), adenovirus, adeno-associated virus, papovaviruses 

(e.g. SV40), vaccinia virus, herpesviruses (including Herpes simplex, HSV and 

Epstein-barr, EBV).

Retrovirus

Retroviruses were the first type of virus to be engineered as gene 

delivery vehicles and likewise were the first to be used in patients for human 

gene therapy (Blaese etal. 1995). In the natural context retroviruses have been 

associated with tumour formation due to their random integration into host 

genomes, resulting in occasional disruption of genes involved in cell growth 

(Lemoine and Cooper, 1996). Ironically, it is their integration property that has 

made them so useful for gene transfer and the majority of human gene therapy 

protocols currently underway are based on disabled murine retroviruses.

Retroviral vectors are retroviruses from which the viral genes, gag, pol 

and env, responsible for making viral proteins, have been removed or altered 

(Mann et al. 1983). Preparation of the vectors in high titre is provided by 

retrovirus ‘packaging’ cells that produce all of the viral proteins but do not 

produce the infectious virus (Miller and Buttimore, 1986). The DNA form of the 

retroviral vector is introduced into the packaging cells and production of virions 

that carry vector RNA follows. These can infect target cells but there is no 

further virus production. Upon cell entry the viral genetic material integrates into 

the host genome and is replicated and expressed through normal cellular 

functions. Approximately 7-8 kb foreign DNA can be incorporated into the 

retroviral vector. This very often is cDNA, since full-length genomic genes are 

too large (Roemerand Friedmann, 1992).

The major advantage of retroviral vectors is the efficiency of transfection 

into replicating cells and stability of transgene expression following genomic 

integration. In vitro retroviruses have been reported to transduce up to 100 % of
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some cell types and these are qualities not shared by other gene delivery 

systems. Following transduction, the target cell is, theoretically, permanently 

modified, which is a great advantage for the treatment of hereditary and chronic 

disorders. However, these properties also have their disadvantages that limit in 

vivo application. Despite the dependence on the appropriate viral receptors, 

which have not been fully characterised, proviral integration relies on cell 

replication (Crystal, 1995; Miller et al. 1990; Mulligan, 1993). This is a major 

limitation since many cell types in the body are post mitotic. However, in the 

case of highly proliferating tumour cells the advantage of selective targeting with 

retrovirus has been utilised (Culver et al. 1992). Perhaps the most serious 

underlying concern with retroviral mediated gene therapy is the random nature 

of integration. There is a small but real possibility of insertional mutagenesis 

that would pose severe consequences if the proviral DNA disrupted a tumour 

suppressor gene or activated an oncogene. This is a major consideration in the 

risk assessment of the procedure (Smith et al. 1996). Since integration only 

occurs once with the retroviral vector the chance of essential gene disruption is, 

however, minimal. In contrast, if replication-competent viruses were generated 

accidentally, these would then be capable of multiple cell integration and 

potentially disastrous consequences. Replication-competent viral formation has 

been a serious concern from the outset of viral vector development, not only for 

retroviruses. The construction of replication deficient retroviral vectors is 

designed to reduce the chance of fully competent viral formation to negligible 

levels and, to date, there have been no reports of any problems. However, the 

risk is real and the highly undesirable consequences of replication-competent 

retroviruses have been tested. Kolberg and colleagues showed that 

contaminated retroviral vector preparations induced lymphoma in 

immunosuppressed monkey models (reviewed by Gunzberg and Salmons,

1995).

Improvements in packaging cell lines and construction of the retroviral 

vectors have reduced some of the problems associated with these vehicles 

(Gunzberg and Salmons, 1996). There are now many different types of 

retroviral vector, including simple, hybrid LTR (long terminal repeat), internal 

promoter, and double copy (reviewed by Lemoine and Cooper, 1996). The 

restriction of this vector to replicating cells may be overcome in the future by the
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application of other retroviruses, such as HIV, that do not require the same 

cellular conditions (Gunzberg and Salmons, 1995). Currently, research 

continues into the identification of the HIV determinants that mediate active 

transport into the nucleus for application by other vector systems (Cohen, 

1998). The use of HIV in gene therapy, however, brings its own separate ethical 

issues.

Adenovirus

Adenoviral vectors have grown rapidly in interest in the last two years 

and, as the knowledge of the interaction between virus and host is improved, 

the trend may see adenoviral vectors take over the clinical scene too (Searle 

and Mautner, 1998). There are currently more than 50 approved protocols using 

adenoviral vectors.

Adenovirus particles are non-enveloped virions that are 80-90 nm in 

diameter and consist of three major structural proteins, the hexon, penton base 

and fibre (Greber and Kasamatsu, 1996). The genome is a linear 35kb double

stranded DNA molecule that is organised into early and late transcriptional 

regions. For gene therapy purposes the E1 early region is generally deleted and 

substituted with foreign DNA to generate replication-defective adenoviral 

vectors, with further possible regions deleted to make room for larger foreign 

DNA material (Wang and Finer, 1996). An adenoviral vector can accommodate 

up to 8kb of foreign DNA (Bett etal. 1993) and high titre vectors are prepared in 

the human embryonic kidney cell line 293, which provide a source of E1 

proteins during viral vector particle assembly (Graham etal. 1977).

Adenoviral vectors bind to cells via the fibre protein to an as yet unknown 

receptor and internalise via interaction with av integrin receptors (Wickham et at. 

1993b; Wickham et al. 1994). Following cell entry by receptor mediated 

endocytosis, the adenovirus undergoes a stepwise disassembly program. The 

acidification within the endosome triggers a conformational change in the viral 

capsid resulting in escape into the cytoplasm and transport to the nucleus 

(Greber et al. 1993; Greber and Kasamatsu, 1996). Once inside the nuclear 

membrane, the viral genetic information remains in an extrachromosomal form 

in accordance with the adenoviral life cycle.
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Adenoviruses have a natural affinity for respiratory epithelium and so 

adenoviral vectors were initially explored for the genetic treatment of cystic 

fibrosis (Crystal et al. 1994) and emphysema resulting from -antitrypsin 

deficiency (Rosenfeld et al. 1991). They have since been developed for many 

other treatments.

As with every DNA vector system there are both advantages and 

disadvantages. Adenoviruses are minor pathogens in humans but are not 

associated with malignancies. They can be grown in high titre and have a broad 

host range, with no restrictions to replicating cells (Gunzberg and Salmons,

1995). Efficient adenoviral entry is dependent on the frequency and subtype of 

integrins present on the target cell surface (Croyle et al. 1998;Takayama et al. 

1998). The main disadvantage of adenoviral vectors is that the DNA remains 

episomal and does not replicate, so as cell division proceeds there is eventual 

loss of the vector from the daughter cells (Gunzberg and Salmons, 1995). 

However, this makes them a safer alternative to retroviruses, with no risk of 

random chromosomal integration. A potential problem with adenoviral vectors is 

that they elicit local imflammatory responses in the transfected tissue, especially 

at high virus concentrations (Adesanya et al. 1996; Yang etal. 1994), and most 

people have both circulating antibodies and cellular immune responses directed 

against adenovirus. This may limit the efficacy of repeated doses for prolonged 

gene expression. Improvement in the construction of the adenoviral vectors by 

removing specific regions of the genome have preliminarily shown reduction in 

the overall immunogenicity and lengthened transgene expression (Kass-Eisler 

et al. 1996). In a similar way to retroviruses there is concern about the 

generation of replication-competent adenoviruses by recombination with 

resident E1 sequences in the 293 cells. Detailed investigation has now 

produced a system that almost completely eliminates this risk (Wang and Finer,

1996).

Adenoviral vectors can be more tightly controlled and targeted compared 

to retroviral vectors, and for this reason they have recently become the more 

popular viral vector. In the future it is hoped that more of the viral genome can 

be removed so that larger sizes of DNA can be inserted. The passage of the 

adenovirus from cell entry to DNA expression has been elucidated (Greber et
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al. 1993; Greber and Kasamatsu, 1996), enabling the endosomolytic properties 

of defective adenoviruses to be utilised in other gene delivery systems. Curiel 

and colleagues (1991) have reported that gene transfer by DNA-transferrin- 

polylysine conjugates is greatly enhanced by addition of replication-defective 

adenovirus. They later achieved a similar result by direct coupling of the 

polylysine-DNA complexes to adenoviral capsids (Curiel et al. 1992). The 

adenovirus is thought to add endosome-disrupting properties to the delivery 

system, allowing more DNA to reach the nucleus. The use of disabled 

adenovirus in this way bypasses the tight restrictions of transgene size that are 

imposed on the adenoviral genome.

The versatility of adenoviral vector delivery and the promising results 

from clinical trials support the continued development of adenoviruses as 

vectors. The underlying safety problem of replication-competent virus 

generation and the immunogenicity of the viral capsid are problems that are 

currently under development, for future improved applications.

Adeno-associated virus (AAV)

Adeno-associated virus is a small DNA-containing parvovirus, with a 

genome size of 4680 bp, that has not been reported to be associated with any 

human disease. AAV’s were discovered in the form of satellite viruses present 

in preparations of adenoviruses. They are unable to replicate on their own, but 

require co-infection with a helper virus, usually adenovirus. Adeno-associated 

viruses have recently become the subject of an increasing number of 

publications for their use as a gene therapy vector and are reviewed in detail by 

Flotte and Carter (1995).

AAV vectors are stable and have been shown to infect a wide range of 

cell types; these are not limited to proliferating cells. In contrast to adenovirus, 

AAV can, but does not always, integrate into the host genome. The wild-type 

virus integrates preferentially into a specific region on human chromosome 19 

(Kotin et al. 1990). Site-specific integration is a unique and highly desirable 

property and it is for this reason that there is so much interest in the use of AAV 

for gene therapy vectors. However, compared to adenovirus and retrovirus, 

delivery efficiency is low and there is still a risk of replication-competent virus 

generation from recombination with wild-type viruses. The maximum gene insert
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into AAV is only 4.5 kb, which is smaller than other viral delivery systems, and 

even this small insert has been shown to affect the integration ability of the 

(Gunzberg and Salmons, 1995). Isolation of the proteins responsible for site- 

specific integration may allow this property to be used by other delivery systems 

in the future.

This vector system is still in the early development stages, although there 

are many reports now of successful in vitro and in vivo delivery of therapeutic 

genes (Du et al. 1996; Flotte et al. 1993; Flotte and Carter, 1995; Zhou et al.

1996). There are currently three clinical trials approved but there are still many 

unanswered questions requiring further investigation.

Conclusion

There are many types of viral vector that are under consideration for 

potential use as a gene therapy vector, but as yet there is no single viral vector 

that mediates the ideal delivery. Some of the disadvantages and advantages 

have been described. The fundamental problem with viral vectors is the risk of 

replication-competent virus formation, which cannot be eliminated in any 

system. The restrictions on the size of foreign DNA that can be introduced into 

each viral genome does prevent delivery of some of the large therapeutic 

genes, such as that characterised for Duchenne muscular dystrophy (Vincent et 

al. 1993).

Preparation of viral vectors is time consuming and in some instances, 

such as retroviral vectors, the titre is relatively low. It is difficult to characterise 

completely the viral vector preparation because it is not prepared synthetically 

but must be produced by cultured cells. Viral vectors are a complex mixture of 

proteins and nucleic acids that cannot be purified to homogeneity after 

production. Therefore each new preparation must undergo extensive testing 

and monitoring (Smith etal. 1996).

Viruses cause many of the most common human ailments and also 

some of the most virulent diseases. Although viral gene expression is relatively 

well understood, knowledge of the cell biology of virus infections remains poor. 

Despite that fact, manipulated viruses have been used for many years as 

vectors to introduce genes into cells or organisms. Viruses have evolved to be 

one of the most ingenious organisms in nature, leaving many ‘unanswered
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questions’ in the designs of these as gene delivery vehicles. It is no wonder 

then that safety and ethical issues are uppermost in the considerations of 

regulatory bodies to approve clinical trials.

1.2.2 Non-viral vectors

As a direct consequence of the continuing concerns associated with viral 

vector technology, research has steered in the last decade or so towards 

alternative gene delivery systems. Non-viral vectors must achieve, by design, 

what viruses have evolved to do naturally, mimicking the advantageous 

components for rapid transport and efficient expression of foreign DNA within a 

host cell, but including none of the associated limitations. A non-viral system 

must be safe, non-toxic and produce efficient gene delivery, while providing 

high specificity within cell types. Long term expression of the transgene is 

optimal, or alternatively repeat administration may be possible for non- 

immunogenic systems.

Many different approaches to vector development have been taken and 

there are currently dozens of techniques under investigation. These can be 

broadly divided into two categories, physical and chemical methods, and as yet 

there is not one single system that can be effectively applied in every gene 

therapy situation. The techniques currently available are critically assessed 

below with particular focus on receptor-mediated gene transfer, potentially the 

most important future design of non-viral vectors.

Physical techniques

The requirement for specificity within DNA delivery can be crudely, but 

effectively, achieved by direct administration of the transgene to the target 

tissue or cell. Physical disruption of the cell membrane to allow DNA entry has 

been achieved by a number of methods using several different energy sources 

to varying degrees of success.

Untargeted intravenous injection of ‘naked’ DNA into whole animals, 

using the conventional needle and syringe, results in low level, short-term gene 

expression. The ‘unprotected’ DNA is shown to be rapidly degraded and 

eliminated through scavenger receptors on non-parenchymal cells in the liver
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(Kawabata et al. 1995). A targeted DNA delivery system using direct injection is 

therefore preferable.

Wolff and colleagues first reported in detail the use of direct injection into 

specific sites as a DNA delivery tool for gene therapy (Wolff et al. 1990). They 

showed a dose-related expression lasting for at least 60 days following injection 

of a 5 % sucrose solution containing a reporter gene plasmid into the 

quadriceps muscle of mice. Several parameters were subsequently reported to 

dictate the gene expression efficiency, including preparation solution of the DNA 

(Manthorpe et al. 1993) and injection volume (Yang and Huang, 1996), as well 

as inclusion of muscle specific promoters and enhancers (Prentice et al. 1994; 

Skarli et al. 1998 ). Wolff et al (1992) later demonstrated persistence of gene 

expression for up to two years under certain conditions in both striated and 

cardiac muscle. Although it is difficult to directly compare the efficiency of 

different vector systems, the skeletal muscle of adult mice was reported to 

express directly injected DNA more efficiently than retrovirus or adenoviral 

delivery systems (Davis etal. 1993).

The structural features of skeletal and cardiac muscle cells are thought to 

enhance DNA uptake and expression. Myocytes exhibit a slow turnover rate, 

which may explain the lengthy persistence of the episomal DNA, compared to 

proliferating cells (Wolff et al. 1992), and adult muscle fibres are post-mitotic 

which explains the improvement of the length of gene expression observed by 

Wells and Goldspink (1992).

Skeletal muscle is an attractive point of manipulation as it is easily 

accessible and highly vascular, which should mean that any protein secreted by 

genetically modified muscle cells will readily enter the circulation. In addition, 

the presence of a stem cell population allows grafting of genetically engineered 

myoblasts. Muscle has shown to act as an in vivo system, in this way, for the 

expression and release of several proteins, including clotting factors (Miller et 

al. 1995), growth factors and hormones (Barr and Leiden, 1991). Direct DNA 

injection has also been successfully directed to many other tissues including the 

skin (Raz et al. 1994), liver cells (Hickman et al. 1994), tumours (Yang and 

Huang, 1996) and the brain (Schwartz etal. 1996).

In a similar way, a needle-less injection method has been developed, 

which makes use of a pneumatic gun (Vahlsing et al. 1994). The plasmid DNA
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solution is propelled through the skin or through skeletal muscle by carbon 

dioxide gas pressure, resulting in cell transfection, with no significant shearing 

of the DNA.

A related technique is that of particle bombardment using a gene gun. 

This method has been shown to result in successful gene transfer both in vitro 

and in vivo (Yang et at. 1990). Plasmid DNA is coated on to the surface of 

microscopic gold or tungsten beads accelerated by an electric discharge device 

and fired at a tissue (Yang et ai. 1990; Williams et al. 1991). The physical force 

overcomes the membrane barriers but efficiency is tissue related and clinical 

applications are predominantly restricted to skin tissues. Other targets require 

surgical intervention, although it is hoped that as endoscopic techniques 

advance the applications of this system will broaden. This method of gene 

delivery has been successfully applied to many primary cell types including 

haematopoetic stem cells ex vivo (Verma et al. 1998), and has delivered 

different cytokine genes to tumour cells in vivo resulting in regression 

(Rakhmilevich etal. 1996; Sun etal. 1995).

There are several other physical methods that have been suggested for 

direct DNA delivery. In contrast to employing mechanical energy in direct 

injection to overcome physical cell barriers, Zhao et al (1995) have used pulses 

of electromagnetic radiation to drive DNA into isolated cells with high efficiency. 

In addition, electroporation involves applying an electric field that creates a 

transient pore in the cell membrane to allow the introduction of DNA into cells 

(Weaver, 1993). A more recent advance, described as shock wave 

permeablization, involves the exposure of cells to lithotripter-generated shock 

waves, which increase the membrane permeability and allow direct transfer of 

naked plasmid DNA (Lauer et al. 1997). Nabel and colleagues (1994) 

demonstrated a rather novel method of direct DNA transfer to endothelial and 

smooth muscle cells of the arteries. They utilised balloon catheters coated with 

a polymer gel containing the DNA. The catheter is delivered to the vessel and 

inflated, coating the walls with the DNA.

The physical methods for DNA entry discussed above are relatively 

simple, inexpensive and lack any viral components, which reduces their 

potential immunogenicity, as well as the safety concerns associated with viral 

vectors. There is theoretically no size limit on the transgene administered and
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delivery is directed to the specific target site. Extra specificity has been 

achieved by the use of muscle specific promoters and enhancers (Skarli et al. 

1998). One problem with these systems is rapid degradation of the DNA by 

nucleases within the cell, since it is unprotected, resulting in short-term 

expression (Levy et al. 1996). The transfected DNA has been shown to exist in 

an episomal form (Wolff etal. 1990), which rules out oncogenic side effects and 

risk of deleterious recombination events. This property is also a disadvantage, 

because of the transient nature and the level of gene expression, which is 

generally considered too low for gene therapy applications. However, this 

technology lends itself as a vaccination procedure, and has contributed to a 

major advance in vaccinology, since low level gene expression has been shown 

to be sufficient to produce an immunological response. There are several 

vaccinations currently under development using this system (Meolling, 1998; 

Michel etal. 1995).

The fundamental problem with all the physical methods described above 

is the harsh and unphysiological nature of cell entry. The disruption of 

membranes has been shown to cause cell death (Cotten et al. 1990; Yang et al.

1990) and since, expression is generally relatively low and transient, these 

systems are limited in their applications. In vitro cell manipulation with these 

methods is possible, and indeed electroporation is now a widely recognised 

technique for bacterial transformation and plasmid DNA preparation. However, 

in vivo work is confined predominantly to direct DNA injection and particle 

bombardment of muscle (for example, Michel et al. 1995; Yang and Huang,

1996), and skin (Fynan et al. 1993). Further research, however, into minimal 

membrane disruption resulting in less stress upon the cell, may broaden the 

possibilities.

Chemical techniques

There are many different non-viral gene delivery vehicles that make use 

of the properties of chemicals and proteins to assist cell entry. This may be 

through membrane disruption, electrostatic interactions of charged polymers or 

ligand-receptor binding on cell surfaces. Cationic liposome gene delivery is an 

important area of vector technology that has reached clinical trials and it will be 

discussed in detail. Perhaps the most rapidly expanding field of non-viral vector
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development, however, is the use of receptor mediated gene transfer via 

targeted receptors on the cell surface. This research will be detailed extensively 

below, and the design and development of such a vector system outlined.

Nearly all successful non-viral DNA delivery systems contain some form 

of polycation. The charge enables binding to plasmid DNA leading to 

condensation, as well as electrostatic binding to the cell surface. The classic 

transfection agents such as cationic polymers (DEAE dextran, polybrene, 

polylysine) or inorganic aggregates (e.g. calcium phosphate) have been used 

extensively for DNA delivery. More recent developments have reported 

combining some of these agents with targeted systems to enhance gene 

transfer.

Calcium phosphate precipitation used to be the most commonly used 

method for DNA-mediated gene delivery, although its action remains relatively 

unknown. Precipitation of the DNA into small insoluble particles, with calcium 

chloride and phosphate buffer, allows it to be taken up by cells via active 

endocytosis (Orrantia and Chang, 1990). The process is relatively inefficient 

since only some cell lines are susceptible, with more than 50 % of the DNA 

being degraded within the cell, and the unphysiological cell entry has been 

associated with cell death (Cotten etal. 1990).

Polyethylenimine (PEI) and DEAE-dextran are cationic polymers that 

have been reported to serve as efficient transfection agents. PEI condenses 

plasmid DNA into small, stable complexes under physiological conditions 

(Goula et al. 1998). The positive charge allows electrostatic binding to the cell 

surface and the buffering capacity of the polymer aids delivery of plasmid DNA 

to a variety of cell types in vitro and in vivo without the addition of any 

membrane disruption agents (Boussif et al. 1995). PEI has been used alone 

but, more recently, the ability of this polymer to bind DNA has been used to 

promote DNA condensation and membrane disruption in other gene delivery 

systems (Baker et al. 1997; Harbottle et al. 1998; Kircheis et al. 1997). DEAE- 

dextran electrostatically binds DNA in a similar manner to PEI and internalises 

following cell surface binding resulting in gene expression (Lake and Owen, 

1991). However, it causes significant cytotoxicity (Zenke etal. 1990).

As the field of gene therapy has advanced, so too has the vector 

technology. The cationic polymer systems described above are not ideal since,
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among other disadvantages, they are non-targeted and have a detrimental 

effect on the cells following entry. For these reasons there has been little pursuit 

of these techniques for in vivo gene therapy applications.

Liposome gene delivery systems -  Lipoplex:

Liposomal gene delivery, or Lipoplex, is currently probably the most 

successful area of non-viral vector development. It was the first purely non-viral 

system to reach clinical trials, and there are currently over 60 protocols under 

investigation. Liposomes are spherical structures consisting of a phospholipid 

bilayer with an aqueous interior. For many years they have been successfully 

used to encapsulate a variety of molecules, including drugs, viruses and 

enzymes, and deliver them to cells (reviewed by Hug and Sleight, 1991). The 

first application of liposomes to deliver genetic material into cells involved 

encapsulation of viral nucleic acids inside the lipid carrier, consisting of 

phosphatidylserine (PS) (Fraley et al. 1980; Wilson et al. 1979). This was a 

negatively charged lipid and its efficacy in gene delivery implies that a positively 

charged vehicle is not absolutely essential, as continues to be suggested by 

various research groups (Behr et al. 1989; Feigner et al. 1987). Anionic and 

neutral liposomes, including phosphatidylserine, phosphatidylcholine and 

cholesterol, are thought to protect DNA and enable successful delivery of 

different DNA material to varying cell types (Gregoriadis et al. 1996). Nicolau et 

al (1983) successfully increased serum insulin levels by delivery of a plasmid 

designed to express insulin using these liposomes. To improve liposomal DNA 

delivery, pH-sensitive lipids have been incorporated into encapsulating lipids to 

enhance endosome disruption and allow DNA to enter the cytoplasm efficiently 

(Wang and Huang, 1987). Wang et al (1987) also reported the addition of 

specific monoclonal antibodies coated onto the liposomes to increase 

specificity.

Over 10 years ago a major development in the field unfolded a new, and 

far more effective, approach to liposomal DNA delivery. Cationic liposome 

mediated gene transfer was pioneered by Feigner and colleagues in 1987 

(Feigner et al. 1987). Cationic lipids form small (average diameter 100 nm) 

unilamellar liposomes under optimal conditions (Zabner et al. 1995). The 

surface of these liposomes is positively charged and thus readily attracted to
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the negative phosphate backbone of DNA (Gershon etal. 1993), spontaneously 

forming lipid/DNA complexes. DNA encapsulation by neutral and anionic 

liposomes was an inefficient process, but a simple electrostatic interaction is 

highly effective, providing DNA with a cationic shell that protects it from 

degradative activities inside the cell (Feigner and Ringold, 1989). An excess 

positive charge on the complexes allows binding to the negatively charged cell 

surface, and these non-specific interactions result in efficient cell transfection 

(Legendre and Szoka, 1993). Internalisation is thought to occur via both coated 

pit and non-coated endocytosis pathways, dependent on positive charge of the 

liposome and the size of the complexes. Efficient gene delivery levels are 

obtainable due to the capability of the liposome to disrupt the endosomal 

membranes, allowing DNA to escape to nucleus (Zabner etal. 1995).

Since the initial design there have been more than a dozen reported 

cationic liposomes, all with very different structures, several of which are 

available commercially (Feigner and Ringold, 1989). A cationic lipid consists 

generally of four different functional domains: a positively charged head group 

(usually a single or multiple amine derived group), a spacer of varying lengths, a 

linker bond and a hydrophobic anchor (Gao and Huang, 1995). Advances in 

liposome design have considered the chemical stability of the complex and the 

biodegradability of the linker bond, which is an essential element for human 

applications (Behr etal. 1989). The vector must also be capable of binding DNA 

into small compact structures for cell entry but additionally must allow DNA to 

dissociate at some point to allow transgene expression (Xu and Szoka, 1996). 

Similar to other non-viral vector systems, experimental conditions have been 

shown to be critical in transfection. These include DNA concentration, nature 

and ratio of lipid-DNA complexes, charge of liposomes and presence of serum 

(Keogh etal. 1997; Liu etal. 1997).

Most of the cationic lipid preparations used for cell transfection have 

constituted a cationic amphiphile together with the neutral ‘helper’ lipid, 

dioleoylphosphatidylethanolamine (DOPE). DOPE is required for stabilising 

some classes of cationic liposomes including cholesterol derivatives (Farhood 

etal. 1992) and lipopolylysine (Zhou and Huang, 1994), and has been shown to 

improve transfection significantly. The ‘helper’ lipid is also thought to play a role 

in membrane disruption, thus enhancing passage of the DNA through the cell. It
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has additionally been shown to reduce the inhibiting effect of serum on 

transfection efficiency of many liposomal formulations, and consequently has 

had a major impact on in vivo applications (Zhou and Huang, 1994).

There are numerous reports of highly efficient cationic lipid mediated 

DNA and RNA (Malone et al. 1989) delivery both in vitro and in vivo (Stewart et 

al. 1992), producing transient and stable transfectants (Feigner et al. 1987). In 

vivo cationic lipid transfer has been applied to a variety of animal organs (Zhu et 

al. 1993) and intravenous injection of lipid/DNA complexes produced gene 

expression levels significantly higher than with naked DNA alone (Liu et al. 

1995). DOTMA was the first and the best-studied cationic lipid; however, there 

many others with varying headgroups, and formulations consisting of mixtures 

of different agents including helper lipids or cholesterol (reviewed by Gao and 

Huang, 1995; Smyth Templeton etal. 1997).

Variations on the liposomal gene delivery vehicle, to improve 

transfection, include the inclusion of membrane-permeabilising peptides 

(Legendre and Szoka, 1993) or the addition of polylysine, forming conjugates 

that have been termed lipopolylysines (Zhou et al. 1991). The chemical 

conjugation of polylysine to some cationic lipids such as DOTMA has been 

shown to result in 3-fold higher transfections than DOTMA alone and the 

inhibitory effect of serum was significantly reduced, compared to other cationic 

lipid formulations (Zhou and Huang, 1994). This system was, however, limited 

to certain cell types and certain lipid types.

Rapid preparation in large quantities, the ability to insert large DNA 

fragments, the absence of viral components and consequent low 

immunogenicity, and inability for self-replication, all make lipoplex delivery an 

attractive option for gene therapy (Nabel et al. 1993; Plank et al. 1996). A 

potential disadvantage may be the requirement for a net positive charge. In the 

presence of serum cationic liposome/DNA complexes are less efficient, possibly 

due to charge neutralisation and aggregation with serum proteins (Keogh et al. 

1997). There may be similar problems with interference from other body fluids 

when these systems are used in vivo (Remy et al. 1995). However, addition of 

polylysine (Zhou and Huang, 1994) and also other agents such as polybrene, a 

detergent (Abe et al. 1998), that enhance protection of the DNA from serum 

should improve transfection possibilities in vivo. The levels of transfection have
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not been reported to be as high as with adenoviral vectors unless a large 

amount of lipid-DNA complexes is used, and toxicity could be a potential 

problem at high concentrations (Feigner et al. 1987). Cytoxicity is cell type 

dependent and in vitro effects do not necessarily reflect in vivo conditions 

(Stewart etal. 1992).

Research shows that movement of the DNA in the cytoplasm to the 

nucleus following internalisation via cationic lipid-mediated gene transfer is the 

limiting factor in gene expression (Zabner etal. 1995), and this is a problem that 

must be addressed in future development. Currently, liposomal DNA delivery is 

relatively non-specific, although some tissues have shown higher susceptiblity 

(Liu et al. 1997). It has been possible, however, to improve selectivity by 

including natural targeting ligands such as transferrin (Cheng, 1996), and folate 

(Lee and Low, 1994). Addition of cationic liposome formulations has been 

shown to enhance other vector systems, such as the RGD-peptide integrin 

targeting vector, by improving endocytic escape of the DNA (Hart etal. 1998).

The success and safety of cationic lipids in vivo has allowed this delivery 

system to reach clinical trials (Stewart et al. 1992). The most exciting 

application in recent years is the use of cationic liposomes to treat cystic 

fibrosis. A DOTMA/DOPE liposome formulation has been used to deliver the 

CFTR gene to the trachea of transgenic mice and partially correct the gene 

function (Hyde et al. 1993). Alton et al. (1993) have since improved the gene 

delivery by repeated aerosol administration to murine lungs. Clinical trials on 

human CF patients are currently under way, focusing primarily on gene delivery 

to nasal epithelium in the first instance for ease of measurement of corrected 

ion channel regulation (Caplen etal. 1995).

Cationic liposomal formulations have also been used for the 

development of a cancer vaccine. Direct intratumoral injection of a mouse 

histocompatibility antigen using this lipid vector and the transfected cells, along 

with neighbouring unmodified tumor cells, has elicited an immune response 

which led to cell destruction (Plautz etal. 1993). This technique is now in clinical 

development for the treatment of several cancer forms, including colon 

carcinoma, breast cancer and melanoma (Nabel et al. 1993; Treco and Selden,

1995).
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Receptor-mediated gene transfer -  polyplex/oligoplex

Receptor-mediated gene transfer takes advantage of the ability of 

receptors on the cell surface to bind and internalise a ligand. This approach has 

considerable potential since it can be readily manipulated to produce high 

specificity - an important characteristic for vector systems. This design of a 

vector system, using a receptor ligand as the targeting moiety complexed to 

DNA, has been termed polyplex or oligoplex gene therapy and is a rapidly 

expanding area of alternative DNA delivery.

The concept of receptor-mediated gene delivery was first described by 

Cheng et al (1983), who linked a2-macroglobulin to DNA by covalent 

modification. Although there was no successful gene transfer reported, the 

concept of receptor-mediated transfer was born. George and Catherine Wu 

(1987) were first to use this pathway successfully to deliver DNA plasmids to 

cells. They transfected hepatocytes in vitro with a molecular conjugate of 

polylysine and a ligand for the asialoglycoprotein receptor, which is strongly 

expressed on hepatocytes. Since then a vast number of different cell receptors 

have been targeted with specific ligands complexed to DNA (reviewed by 

Michael and Curiel, 1994; Perales etal. 1994).

Design of receptor-mediated gene delivery systems
Most of the receptor-mediated gene delivery systems make use of 

electrostatic interactions for binding DNA. Addition of the polycation to the 

negatively charged plasmid DNA results in extensive condensation of the DNA 

as the charge is neutralised (Hart et al. 1995). There is a fine balance of the 

charges, which vary considerably from vector to vector. Some vectors, such as 

transferrin-polylysine, function most effectively close to complex 

electroneutrality, whereas other systems have been found to prefer a net 

positive charge for optimal delivery, which would conveniently aid binding to the 

negatively charged outer surface of the cells (Perales et al. 1994).

The fundamental components of a gene delivery system (illustrated in 

Figure 1.2) are the ligand that binds effectively and specifically to a cell surface 

receptor and the DNA binding moiety, usually a polycation, that is conjugated or 

synthesised with the ligand and which binds and condenses the plasmid DNA.
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Figure 1.2
Sketch of the basic components of a receptor-mediated gene delivery system.
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In order to design a novel DNA vector, each requirement must be 

carefully considered and chosen according to the intended target and 

therapeutic consequence.

Ligand: The ligand is the most important component of the receptor- 

mediated gene delivery vehicle. It provides the initial contact with the cell 

surface and the specificity of the system. To date, many ligands have been 

exploited for internalisation of carrier-DNA complexes. These include: 

asialoorosomucoid (Wu and Wu, 1987) and other galactosylated proteins (Chen 

et al. 1994b), which target the hepatic asialoglycoprotein receptor; transferrin, 

which binds the transferrin receptor (Wagner et al. 1991); insulin, which targets 

the insulin receptor (Huckett et al. 1990; Rosenkranz et al. 1992); the vitamin 

folate ligand, which targets the folate receptor (Leamon and Low, 1991); anti- 

secretory component antibodies targeting the polymeric immunoglobulin 

receptor in the lung and liver epithelial (Ferkol etal. 1993a); antibodies targeting 

the EGF receptors, found up-regulated on many tumour cells (Chen et al. 

1994a); RGD peptides that target integrin receptors (Hart etal. 1995).

Ligands that are currently under investigation fall into three categories. 

They are either whole naturally occurring proteins (such as asialorosomucoid, 

transferrin, insulin), structural motifs taken from a natural ligand which 

correspond to the receptor binding affinity (galactose residues, RGD peptide), 

or they are antibodies against an epitope on the extracellular portion of the 

receptor (e.g. polymeric immunoglobulin receptor). The fundamental properties 

of a suitable ligand, in every circumstance, include high receptor affinity and 

internalising property upon cell binding.

The initial ligand that was exploited for gene delivery was the 

asialoglycoprotein, asialoorosomucoid (ASOR, Wu and Wu, 1987). This protein 

was chosen from observations that the transport and degradation of serum 

proteins in the liver occurred via endocytosis regulated by this ligand and the 

asialoglycoprotein receptor (reviewed by Spiess, 1990). Closer investigation, 

however, revealed that it was the branched galactose terminal repeats on the 

protein that possessed the receptor binding property (Kawaguchi et al. 1981). 

More importantly, it was shown that the backbone was unimportant as long as 

there were sufficient galactose residues (Ashwell and Harford, 1982). Since
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then several galactosylated ligands and asialorosomucoid have been 

successfully utilised for receptor-mediated gene delivery via the 

asialoglycoprotein receptor (Chen et al. 1994b). Galactosylated polylysine 

(approx. 1 % of the amino groups are galactosylated), is able to internalise DNA 

efficiently (Carlos Perales et al. 1994). Other sugars, including mannose 

(Ferkol et al. 1996) and lactose (Midoux et al. 1993), have been linked to 

polylysine and used to target genes to specific receptors on cell surfaces.

Receptor: The requirements of a receptor include limited tissue 

distribution, high affinity binding and rapid rate of internalisation. There are at 

present many unidentified receptors, but those that have been selected for 

current targets have all been actively recycling receptor types that associate 

with coated pits. Endocytosing receptors should logically produce a high 

internalisation frequency of the ligand/DNA complexes, although there is no 

conclusive evidence to support this. Some indication of this correlation is 

suggested by the relative receptor turnover rates of ASOR and insulin. The 

asialoglycoprotein receptor ASOR has a rapid internalisation rate (Spiess,

1990) and has mediated efficient gene delivery in vitro and in vivo. In contrast 

the insulin receptor is naturally under strict control by hormone levels resulting 

in slower turnover rates, and correspondingly less efficient gene transfer has 

been reported (Huckett et al. 1990). There may be specific internalisation 

sequences contained within the receptors that are associated with coated pits 

and future searches for suitable receptors could perhaps involve screening for 

cell surface proteins containing the appropriate internalisation signal (reviewed 

by (Trowbridge etal. 1993)).

Another consideration for appropriate receptors is the binding affinity of 

the ligand. If it is too high, it may prevent the ligand/DNA complexes from 

dissociating from the receptor following internalisation and they may be returned 

back to the cell surface (Lemoine and Cooper, 1996), but if it is too weak, it 

would reduce binding to the cell surface and corresponding internalisation 

efficiency.

Ideally, a receptor that is unique for a specific cell type should be chosen 

to provide a highly specialised targeted delivery system. There are many ligand- 

receptor interactions that as yet are unknown. A powerful approach to find
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ligands that target a unique receptor is to use a phage display library, as 

described by Barry etal. (1996), to isolate single specific peptide sequences.

DNA binding moietv: The DNA binding moiety has two important 

functions within the complex preparation. It serves as the link, binding the DNA 

to the targeting ligand, but in addition it compresses the helical structure of the 

plasmid and condenses it into a small, tightly packed molecule (Wagner et al.

1991). The condensing property of this moiety is essential to allow large DNA 

molecules to enter the cell through restricted sized receptors. For this reason 

most of the DNA condensing agents are polycations, although there are other 

high-affinity binding molecules that can also be used. For example, DNA 

intercalating agents, such as bisacridine (Haensler and Szoka, 1993a), 

sequence-specific DNA binding proteins, such as the DNA binding domain of 

the yeast GAL4 transcription factor (Fominaya and Weis, 1996), or naturally 

occurring DNA binding proteins, such as spermine (Marquet et al. 1987), 

histones (Fritz et al. 1996) and protamines (Sorgi et al. 1997). These systems 

do not use electrostatic binding to DNA and so may be limited by insufficient 

DNA condensation. However, the choice of DNA carrier molecule is not 

restricted to the DNA condensing ability: resistance to nucleases and transport 

to the nucleus is also desired.

Undoubtedly the most effective and extensively researched DNA binding 

moiety, to date, is polylysine. There are numerous reports concerning the 

suitability of polylysine as a DNA binding moiety and recently lysine chains of 

high molecular weight have been shown to mediate gene delivery effectively 

alone. It has been shown to be a highly effective condensing agent, 

compressing the DNA into tight compact structures (Wagner et al. 1991; Wolfert 

and Seymour, 1996). As part of several different polyplex vector systems, it has 

been shown to shield the DNA effectively from degradation by cell nucleases 

(Chiow et al. 1994; Vitiello et al. 1996). Nuclear localising signals have been 

described to often contain a high proportion of lysine residues and so it has 

been suggested that polylysine may also have some nuclear trafficking 

properties, further enhancing gene delivery. The length of the positively charged 

amino acids has been reported to influence the ionic strength at which the DNA 

condenses and the size and stability of the resulting DNA-ligand complexes in
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solution (Wolfert and Seymour, 1996). Varying the cationic polymer chains, for 

example using ornithine or arginine instead of lysine, alters the relative stability 

following exposure to DNA (Olins etal. 1986).

For any DNA binding moiety to be useful for gene therapy it is preferable 

that it should not elicit an immune response when injected into animals. 

Polylysine has been shown to induce an inflammatory response when injected 

into animals, which varies with the length of the polymer chain (Gill et al. 1968). 

However, animals in which the DNA-ligand-polylysine complexes are introduced 

via receptor-mediated endocytosis have not shown any immunological 

response (Wilson etal. 1992).

Polylysine is most effective when linked with a targeting ligand (such as 

transferrin or asialoorosmucoid) or modified with sugar residues (galactose, 

mannose or lactose). Both Gao et al (1996) and Vitiello et al (1996) have 

independently shown enhanced liposome-mediated gene transfer on the 

addition of polylysine. In contrast polyethylenimine (PEI) can mediate relatively 

effective gene transfer alone. The difference may be explained by the ability of 

PEI to exhibit considerable buffering capacity over a large pH range, which 

polylysine is unable to achieve (Tang and Szoka, 1997). Polyethylenimine, 

however, has also been added as an additional DNA binding agent to a ligand 

targeting system to further enhance DNA delivery (Harbottle etal. 1998).

Histones are good DNA condensing agents. They are reported to have 

nuclear localising properties contained in a positively charged region of the 

protein and, in addition, are efficient at preventing degradation of DNA. Histones 

have been used both alone and together with other systems to mediate and 

enhance gene transfer. Recombinant histones containing an extra nuclear 

localisation signal mediated reporter gene transfer In vitro in the presence of 

endosomolytic agents and enhancement of gene delivery and expression was 

observed following addition to lipofectin complexes (Fritz et al. 1996). 

Transferrin-polylysine/DNA complexes formed with histones were less 

condensed than their histone-free counterparts but gene transfer was increased 

two- to sevenfold. (Wagner et al. 1991). Galactosylated histones have also 

been used for gene transfer. The sugar residues increase specificity of the 

systems and the complexes are thought to enter via the asialoglycoprotein 

receptor on hepatocytes (Chen etal. 1994b).
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The chromosomal non-histone protein HMG1 was shown by electron 

microscopy to effectively condense DNA and is able to introduce the vector into 

mammalian cells (Bottger etal. 1988). There is added evidence that, in vivo, the 

HMG1 protein facilitates the migration of foreign DNA to the nucleus (Kaneda et 

al. 1989). Although the HMG1 protein appears to have all the desired 

properties, it is a relatively large protein and there is no conclusive evidence of 

site-specific internalisation, which limits its future applications.

Other proteins that have been considered for their DNA binding moieties 

include protamines and dendrimers. Protamines are small, naturally occurring 

proteins that are arginine rich and are effective at binding DNA. They have been 

conjugated with transferrin and have effectively delivered DNA to hematopoietic 

cells (Wagner et al. 1991) and also used as a polycationic peptide, protamine 

sulphate, to enhance lipid-mediated gene transfer (Sorgi et al. 1997). Branched 

intact and fractured dendrimers, synthesised polycations, have also been 

shown to effectively compress DNA and mediate gene delivery to varying 

degrees (Haensler and Szoka, 1993b; Tang et al. 1996; Tang and Szoka, 

1997).

Research, at present, is centred very much on the visualisation of the 

size and shape of the vector/DNA complexes and the effect this has on the 

overall transfection efficiencies. Measurements and images of the complexes in 

various conditions have been reported using electron microscopy (Wagner et al.

1991), atomic force microscopy (Wolfert and Seymour, 1996) and laser light 

scattering (Gregoriadis etal. 1996). The importance of DNA condensation using 

a DNA binding agent is becoming rapidly more apparent as the conditions 

affecting endocytosis, and the need for small, regular, tightly compact, stable 

complexes, are realised.

DNA: The ultimate goal of gene delivery is the transport and expression 

of an exogenous gene to a tissue or cell. Although the vector is a vital part of 

this system, the nature and factors affecting the DNA component are crucial to 

the overall success, whether it is virally or non-virally mediated. A variety of 

additional materials have been delivered to cells using these vector systems, 

including RNA, antisense oligonucleotides and proteins.
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The bulk of published data regarding non-viral vector development has 

been using reporter genes to assess the relative efficiency of the delivery 

vehicle. Reporter genes code for proteins that possess a unique enzymatic 

activity or other feature that is easily distinguishable from the intracellular 

proteins. The gene product must be stable and detectable at very low levels.

There is an ever-increasing family of reporter genes, but perhaps the two 

most commonly used are those coding for luciferase and p-galactosidase. The 

luciferase gene is a versatile reporter gene cloned from the firefly Photinus 

pyralis. When the luciferase substrate, luciferin, and ATP are added to the 

enzyme, the reaction emits a flash of light, which can be measured using a 

luminometer (Alam and Cook, 1990; Gould and Subramani, 1988). This reporter 

system is relatively sensitive, simple and cheap, but it requires a specialised 

piece of equipment, the luminometer.

The bacterial (Escherichia. coli) lacZ gene encodes a glycoside 

hydrolase, p-D-galactosidase, which is a widely used reporter gene (Murray and 

Walker, 1989). Gene expression can be detected histochemically, by a 

colourimetric assay. A colourless chromogenic substrate X-gal is converted to a 

blue compound by lacZ. This is a qualitative assay visualising the percentage of 

transfected cells and the cell specificity. Alternatively p-galactosidase 

expression can be quantitatively assayed with a photometric method measuring 

enzymatic hydrolysis of the substrate ONPG (o-nitrophenyl p-D- 

galactopyranoside). With this reporter gene it is thus possible to compare the 

number of transfected cells directly with the level of expression. One major 

problem with p-galactosidase detection, however, is endogenous enzyme 

activity that has been found in many tissues, for example the lung (Weiss et al.

1997), which has potential for misinterpretation.

A relatively new addition to the available reporter genes is the gene 

coding for the autofluorescing green fluorescent protein (GFP). The green 

fluorescent protein was cloned from the jellyfish Aequorea victoria (Prasher et 

al. 1992) and has been reported to be expressed, following transfection, as a 

protein exhibiting a striking green fluorescence readily visualised using 

conventional fluorescence microscopy (Inouye and Tsuji, 1994). It is an ideal 

system to monitor continuous expression or dynamic events, since fixation and
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sample preparation is not necessary and the cells can remain in continuous 

culture. However, the detection sensitivity is not as high as some other reporter 

gene systems. Alternatively, the percentage of cells transfected with GFP can 

be measured and sorted by fluoresence-activated cell sorting (FACS, Misteli 

and Spector, 1997).

The chloramphenicol acetyltransferase (CAT) gene from E.coli is another 

popular reporter system. This gene is not endogenous to mammalian cells and 

the enzymatic activity can be detected easily and at relatively low levels using 

radiolabelling (reviewed by Alam and Cook, 1990).

Human growth hormone can be delivered as a reporter gene to cells. 

Following expression the levels of secreted protein can be quantified with an 

radioimmunoassay on a sample of the culture medium. This is another system 

where continuous culture can be maintained while gene expression levels are 

analysed (Alam and Cook, 1990; Selden etal. 1987).

Often the presence of the inserted gene is detected by PCR with specific 

primers to detect the transcript. The PCR technique is highly sensitive. However 

it does not provide information concerning the level of gene expression, and for 

this reason it is often carried out in conjunction with another test to determine 

the presence and level of expression of the protein product.

The most recent generation of marker genes relies on flow cytometry to 

detect the presence of a surface marker antigen or autofluorescing proteins, 

such as GFP, mentioned previously. Any surface antigen could be used, so 

long as it is non-immunogenic, is not expressed normally on the cell of interest 

and lacks any physiological function (Fehse et al. 1998). Some examples that 

have been investigated are murine CD2, human CD4 and the multridrug 

resistance gene. FACS analysis is rapid and can provide an accurate measure 

of the number of positive cells, as well as the expression strength (Phillips et al.

1996).

Vector specificity is a highly sought-after property. Targeting a particular 

tissue or cell type has been attempted in the majority of cases, by including a 

ligand that recognises a specific molecule on the cell surface. By choosing a 

receptor unique to a certain cell type a transgene theoretically is delivered to 

those cells only. However, a unique receptor type cannot always be identified,
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resulting in transfection of undesired cells. Another approach to gene targeting 

is the introduction of tissue-specific expression (Hart, 1996; Lemoine and 

Cooper, 1996). Enhancer and promoter elements have variable control over 

gene expression depending to what cell or tissue they are delivered (Cheng et 

al. 1993) and a number have been characterised. Therefore, specificity can also 

be achieved by non-specific delivery followed by gene expression only in the 

correct cell types under the control of specific promoters. The inclusion of these 

elements within the plasmid DNA could help maximise cell specificity when 

combined with delivery systems such as direct DNA injection or receptor- 

mediated gene delivery. Recently Skarli et al (1998) reported that the inclusion 

of muscle-specific regulatory elements resulted in good tissue-specific 

expression following direct DNA injection. Tissue-specific elements will play an 

important part in cell specificity in the future, in particular the delivery of suicide 

genes to tumour cells (Vile, 1994). Although success has been relatively limited, 

continued research into enhancer elements for specific systems will provide 

more understanding of how to control gene expression and it is hoped, will lead 

to a higher specificity of gene delivery.

Specific cell targeting can also be achieved with drug-regulated gene 

expression. In this approach, the genetically engineered promoters and 

transcriptional activators are activated upon exposure to specific drugs. This is 

a more complicated system as delivery of the inducing drug as well as the 

therapeutic gene and transcriptional activator is required (Delort and Capecchi, 

1996; Gossen etal. 1995; Rivera etal. 1996)

Long-term gene expression is the desired final result of a transgene. This 

can be achieved by targeted integration into the host genomic DNA as seen by 

retroviruses (Crystal, 1995), existence as a stable episome (Thierry et al. 1995) 

or propagation as a minichromosome (Huxley, 1994). Integration of the foreign 

DNA is limited to retroviruses and adenoassociated viruses and, although it is 

an ideal method of persistent expression, there are many associated safety 

concerns, as discussed earlier, that make this far from the perfect solution 

(Smith et al. 1996). Delivery of foreign genes currently involves mainly ligation 

into episomal plasmids. Upon delivery to the nucleus they remain 

extrachromosomal and are able to express the transgene. However, expression 

persists for only short periods (up to a week usually), as it is gradually lost
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through cell division and degradation (Thierry et al. 1995). Efficient gene 

expression has recently been shown using supercoiled recombinant DNA 

molecules, called minicircles, which contain only the therapeutic expression 

cassette obtained in E.coli by att site-specific recombination (Darquet et al.

1997).

The future success of gene therapy, however, may rely on the 

development of artificial chromosomes to provide long-term gene expression. 

Recent progress in the cloning of mammalian telomeres, centromeres and 

origins of replication has aided the design of mammalian artificial chromosomes 

containing all the factors essential for maintenance and segregation of cells 

(Huxley, 1994). It is hoped that once these constructs reach the nucleus they 

will behave in a similar way to the cell’s own chromosomes, following replication 

and segregation during cell division. A potential problem is whether the DNA 

vector system will be able to deliver such large DNA constructs efficiently.

The influence of size and shape of the vector and the DNA on gene 

delivery has been extensively discussed in the literature. Nucleotide 

composition (Olins et al. 1986; Shapiro et al. 1969), molecular size and form of 

DNA (Haynes et al. 1970) all influence the condensation ability of DNA in 

aqueous solution, and consequently the size of the resulting complex, and the 

overall efficiency of the delivery system (reviewed by Perales etal. 1994).

Bloomfield and colleagues (1991) have explored DNA condensation with 

a variety of cationic polymers in detail using light scattering techniques. They 

reported that the size of the condensed particles is insensitive to the size of 

DNA, with large phage DNA forming particles of similar size to those formed 

with plasmid DNA. The size and shape of the complexes however, is dependent 

on the ratio of the DNA and cations (Hansma et al. 1998). Haynes et al (1970) 

observed by electron microscopy that the forms of the DNA condensed with 

polylysine depended upon the ionic strength of the buffer. The shape of DNA 

complexes condensed with various DNA binding agents under physiological 

conditions was explored by Dunlap and colleagues (1997). A common 

condensation mechanism was reported to prevail under physiological 

conditions, resulting in plasmids condensing into bundled, folded loops of DNA.

The nature of the plasmid DNA is therefore an important factor in the 

construction of an efficient gene delivery system, be it purely the reporter gene
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or the therapeutic gene of interest. Ideally, the information contained within the 

plasmid should be able to provide a highly specific and self-maintaining system.

Current receptor mediated systems
From the initial report of successful receptor-mediated gene therapy by 

George and Catherine Wu (1987), there has been a rapidly growing selection of 

targeting ligands and receptors established to deliver DNA. These are 

summarised below:

Natural protein ligands: The asialoglycoprotein receptor, found 

extensively on hepatocytes, has been a target of much interest, not least 

because of the high frequency of hepatic enzyme deficiencies. Wu and Wu 

(1988a) transfected hepatocytes in vitro with a molecular conjugate of 

polylysine and asialoorosmucoid, a ligand for the asioaloglycoprotein receptor. 

Plasmid DNA bound electrostatically to the conjugate to form small complexes, 

which were protected from degradation by serum nucleases (Chiow etal. 1994). 

The efficiency and specificity of this complex was then tested in vivo and 

approximately 85% of intravenously injected asialoorosomucoid-polylysine/DNA 

complexes was taken up by the liver of a rat within 10 minutes, with no 

detectable expression in any other organ (Wu and Wu, 1988b). Expression was 

transient unless a partial hepatectomy was performed following gene delivery 

(Chowdhury etal. 1993). This was an interesting observation, and it may be that 

the wave of DNA synthesis and cell division occurring during tissue 

regeneration initiates integration of the transgene with the genomic DNA, 

alternatively, disruption of cellular microtubules may prevent endosomal 

degradation and increase gene delivery to the nucleus (Chowdhury etal. 1996).

Such vector conditions have been applied to several therapeutic 

systems, including transfection of analbuminemic rats with the albumin gene 

(Wu et al. 1991) and delivery of the gene for low density lipoprotein to 

Watanabe rabbits with hypercholesteraemia. Wilson et al (1992) reported 

effective reduction in levels of serum cholesterol.

The asialoglycoprotein receptor has additionally been targeted with 

several modified DNA-ligand complexes, which retained only the galactose 

characteristic of the asialoorosomucoid. Ferkol and colleagues (1993b) used
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galactosylated albumin as a targeting moiety to deliver a structural gene for 

human factor IX into rats, which resulted in detectable DNA levels for up to 40 

days. Galactosylated polylysine (Carlos Perales et al. 1994) and glycopeptides 

(Plank et al. 1992) have been used in a similar way. These targeting ligands are 

conjugated to polylysine for efficient DNA binding. Another asialoglycoprotein 

targeted delivery system using galactosylated histones was reported by Chen 

and colleagues (1994b).

Other sugar-specific polylysine delivery systems, in addition to 

galactosylated polylysine, have been exploited. A wide variety of sugar- 

specific receptors such as membrane lectins have been reported to be 

present on the surface of many normal cells including hepatocytes, monocytes 

and endothelial cells, as well as tumour cells (Sharon and Lis, 1989), making 

them suitable candidates for targeted gene delivery. Since sugar specificity of 

these lectin receptors depends on cell type, in addition to galactosylated 

polylysine, polylysine modified with other sugar moieties have been exploited. 

Midoux et al (1993) partially substituted polylysine with lactose residues and 

HepG2 hepatoma cells were successfully transfected with a reporter gene in a 

sugar dependent manner. Lactosylated polylysine is a non-immunogenic and 

non-toxic vector and it has since been reported to transfect airway epithelial 

cells effectively (Kollen et al. 1996). Likewise, mannosylated polylysine, 

exploiting endocytosis via the macrophage mannose receptor, successfully 

delivered reporter genes and the a1 -antitrypsin gene to macrophages In vitro 

(Ferkol et al. 1996) and in v/Vo(Ferkol etal. 1998).

There are several gene delivery systems that utilise a natural targeting 

ligand in a similar strategy to that of the asialoglycoprotein transfection method. 

One method utilises the iron transport protein, transferrin. All metabolising cells 

require iron which endocytoses as a transferrin-iron complex via the transferrin 

receptor. Wagner et al (1990) conjugated transferrin to polylysine and 

complexed it to DNA. This system, known as transferrinfection, was found to be 

efficient for gene delivery to cells expressing high levels of the transferrin 

receptor, including avian erythroblasts, primary hematopoietic cells (Zenke et al. 

1990) and human leukaemia cells (Cotten et al. 1990). At the same time, it 

retained its iron transport properties and caused no adverse effect on cell
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functions (Wagner et al. 1990). Expression was transient, but repeated addition 

of the DNA complexes has been reported to result in constant high expression 

of transferred gene (Zenke etal. 1990).

Another naturally endocytosing ligand, insulin, has been designed for 

targeted delivery via the endocytotic pathway (Huckett et al. 1990). Efficient 

delivery of plasmid DNA to hepatoma cells possessing insulin receptors was 

achieved using insulin conjugated to polylysine (Rosenkranz et al. 1992). There 

are, as yet, no reports of efficient transfer using the insulin targeting ligand in 

vivo.

Folate is an essential vitamin required in substantial quantities by 

virtually all cells. The folate receptor is frequently overexpressed in many types 

of cancers, and therefore targeting the folate receptor has many potential 

applications for the development of a vitamin-mediated delivery system. 

Leamon et al (1991) reported the successful delivery of macromolecules 

covalently linked to folic acid in vitro. This represents a method for targeted 

delivery of drug molecules or drug carriers to receptor-bearing tumour cells. 

Folate is a low molecular weight, naturally occurring ligand, which is likely to be 

non-immunogenic, stable, and highly tumour-specific.

Structural motifs for receptor binding: Peptides derived from larger 

molecules that have cell binding and internalising properties have been 

investigated as potential DNA vectors. If the cell targeting moiety is known, it is 

ideal to utilise this specific component of the whole protein. This eliminates any 

unwanted side effects of the rest of the molecule, making smaller vector 

complexes to aid diffusion through the cell and reducing the immunogenicity of 

the system. Several different peptides have been suggested: for example, a 16 

amino acid peptide ligand of the serpin-enzyme complex receptor based on 

the region of human a1-antitrypsin. The peptide was covalently coupled to 

polylysine and the complex resulted in efficient, specific uptake by cultured 

hepatoma cells in vitro (Ziady et al. 1997), and i.v. injection into rats resulted in 

expression predominantly in the liver and lungs (Ziady et al. 1998).

Integrin-binding ligands have been shown to mediate cellular 

internalisation (Hart et al. 1994). These were initially isolated from a phage 

display library and a common amino acid motif was found consistently to be
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present within the sequences. This sequence of arginine-glycine-aspartic acid 

(RGD) was shown to mediate integrin binding and internalisation 

(Pierschbacher and Ruoslahti, 1984), and several RGD containing peptides 

synthesised together with a short lysine chain have been shown to deliver 

reporter genes successfully to various cell lines (Harbottle etal. 1998; Hart etal. 

1995; Hart et al. 1997; Shewring et al. 1997). One such RGD-containing 

peptide is the subject of the research described later in this document.

Antibodies: Antibodies or fragments of antibodies have been employed to 

direct DNA to a specific target on the cell surface. The advantage of an antibody 

ligand is the high affinity that it has for its epitopes. Many approaches utilise the 

Fab fragments rather than the whole antibody as size is a limiting factor in cell 

entry and smaller complexes are able to diffuse through the tissues more 

effectively.

Fab fragments from the polyclonal antibody directed against the 

extracellular, secretory component of the polymeric immunoglobulin receptor 
have been used to transport DNA to epithelial cells. This receptor is expressed 

only on the basolateral membrane of human mucosal epithelial cells, which 

makes it an ideal target for transport through the membrane. The Fab fragment 

was conjugated to polylysine, and reporter genes were transported to human 

tracheal epithelial cells and human colon carcinoma cell lines expressing the 

appropriate polymeric immunoglobulin receptor (Ferkol etal. 1993a).

Several monoclonal antibodies have been used in gene delivery 

systems. For example, a mouse monoclonal antibody to the human epidermal 

growth factor (EGF) receptor was conjugated with polylysine and was 

successfully used as a vehicle to deliver DNA into human cancer cells via 

receptor-mediated endocytosis through the EGF receptor (Tietz et al. 1990). 

The EGF receptor has also been targeted with the TGFa sequence for DNA 

delivery (Fominaya et al. 1998). Monoclonal antibodies are currently being 

developed against tumour cells (Anderson et al. 1993), which it is hoped, will 

target cytotoxic antitumour agents or genes to induce specifc cell death or 

prevent proliferation.
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Advantages and disadvantages
The fundamental advantage of non-viral gene delivery systems is the 

absence of any viral components, eliminating any recombination risk or other 

safety concerns that are associated with viral vectors. Theoretically, there are 

no size constraints on the DNA that can be inserted, unlike the strict limits of 

viral delivery vehicles. For this reason there is a great deal of research in 

developing large artificial chromosomes for delivery, in the hope that the 

persistence of gene expression will improve with the use of these self- 

replicating and self-maintaining DNA constructs (Lemoine and Cooper, 1996).

Another advantage of this system is that the cell remains unharmed as 

the process of cell entry exploits natural cellular uptake pathways, unlike the 

harsh physical bombardment processes of direct DNA injection, and it should 

be possible to introduce different genes into the same cell. The process does 

not require integration for the DNA to be expressed, similar to adenovirus, and 

therefore does not rely on replicating cells. Additionally, research to date has 

suggested that these systems are poorly immunogenic, which would mean that 

repeat administration would be possible. Since expression is relatively transient, 

repeat administrations may be essential to achieve significant therapeutic 

benefit. The long-term effect of complex deposition on the cells must be 

critically assessed before these methods are used clinically.

While transfection efficiencies in vitro and sometimes in vivo are 

relatively good, there is great variability in the level of expression, and this is 

difficult to explain and improve, since the understanding of the biological 

processes in DNA transfer and expression are incomplete. There are 

substantial differences between cellular mechanisms of cultured cells and cells 

in vivo. It may be that DNA uptake process is efficient in a cell culture 

environment, where the concentration and time of incubation of the vector 

system can be tightly controlled, but vastly different under in vivo conditions.

The most attractive advantage of the receptor-mediated gene transfer 

system is the targeting property of the ligand to the cell receptor that enables 

the development of a highly specific system. A benefit of this approach is that it 

may eventually be possible to design surface receptors for each therapeutic 

approach, resulting in selective uptake of the desired gene by particular cell 

types. It should theoretically be possible to target any cell type by choice of
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ligand domain. However, cells may share receptor types, resulting in 

unnecessary and undesired gene uptake.

4

Endocytosis and endosomal degradation
Delivery of the exogenous DNA to the target tissue is dependent on a 

number of factors: stability of the ligand/DNA complex; number of appropriate 

cell surface receptors; receptor-ligand binding affinity and internalisation; 

dissociation of the DNA complex and escape from the endocytic vesicle into 

cytoplasm; nuclear translocation and gene expression. The regulation of 

incoming molecules through the endocytic pathways is relatively poorly 

understood. More detailed understanding of how to control movement of the 

receptor-ligand complexes through the cell could have major benefits for the 

improvement of transfection efficiency. Currently, one of the major hurdles is 

considered to be endosomal degradation of the DNA complexes inside the 

vesicular pathway, preventing the DNA from reaching the nucleus.

Internalisation of material through the cell membrane occurs by several 

different paths in addition to endocytosis, including direct fusion, phagocytosis, 

pinocytosis, and through pores. For the purpose of gene therapy, however, 

receptor-mediated endocytosis is the most attractive pathway to exploit 

(Trowbridge et al. 1993). This is the best characterised form of cell entry, 

illustrated in Figure 1.3. It is found in all eukaryotic organisms in the plant and 

animal kingdom, occurring at clathrin-coated pits on the cell surface. Nutrients, 

growth factors, hormones, certain viruses and other foreign antigens are all able 

to enter the cell via this process and their passage through the cell has been 

visualised using fluorescent markers (Pastan and Willingham, 1981).

Clathrin-coated vesicles, 100-150 nm in diameter, invaginate from the 

plasma membrane, trapping extracellular fluid inside. Extracellular molecules 

are able to attach to receptors within the pits and are taken up with equal 

efficiency due to their high affinity. The endocytosed vesicle pinches off and 

enters the endosomal pathway, a series of tubular and vesicular membrane 

structures. In the endocytic pathway the internalised material is exposed to a 

progressively decreasing pH environment as it moves through the series of 

vesicles (reviewed by Mellman etal. 1986).
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The contents of the endocytosed vesicle are delivered to the early endosomes 

within 5 minutes of internalisation. The pH drops within the vesicle, dissociating 

the extracellular ligands from the receptors, and sorting them to a variety of 

destinations. The receptors are recycled back to the cell surface and the ligands 

are invariably passed through the late endosomes, the prelysosomal 

compartment and finally end up in the lysosomes between 30 minutes and a 

few hours later. Here they are degraded by acid hydrolases in a highly acidic 

environment, to provide raw material for the cell (reviewed by Smythe and 

Warren, 1991).

Coonrod et al (1997) have found that, regardless of the route of cell 

entry, whether it was through endocytosis, lipid fusion or electrical pores, the 

transfected DNA followed a common vesicular route to the nucleus, passing 

through endosomes and lysosomes. Inefficiency of non-viral gene delivery 

systems has been widely documented to be due to premature DNA degradation 

within the lysosomal compartment (reviewed by Guy et al. 1995; Perales et al. 

1994). The stability and resistance to degradation of the vector complexes is, 

therefore, a critical property in vector design. To avoid hydrolytic degradation it 

is necessary to slow the hydrolytic activity and hinder lysosomal entry.

Endosome disrupting agents: The efficiency of receptor-mediated 

endocytosis has been augmented by the inclusion of pharmacological agents 

that disrupt endocytic trafficking. Chloroquine is the most widely used 

lysosomotropic agent. Chloroquine is an amphipathic amine, an organic weak 

base used commonly in malaria prevention (Wellems, 1992). It neutralises the 

acid pH of the endocytic vesicles, inhibiting the hydrolases therein, and thus 

delaying degradation of the endocytosed macromolecules (Tietz et al. 1990). 

More specifically, chloroquine is an inhibitor of the lysosomal cysteine protease, 

cathepsin B, and cells that are genetically deficient in this, and other similar 

lysosomal protease functions, were found to be highly transfected due to lack of 

degradation mechanisms (Coonrod et al. 1997). Unfortunately, chloroquine has 

a cytotoxic effect, especially following prolonged exposure of the cells (Zenke et 

al. 1990).

The enhancing properties of chloroquine have been widely explored and 

are both cell type and vector dependent (Cotten et al. 1990; Fominaya et al.
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1998). The effect on gene delivery was first reported in 1990 when transfections 

using DNA-transferrin polylysine conjugates were shown to be greatly 

enhanced, in certain cell lines, in the presence of chloroquine (Zenke et al. 

1990; Cotten et al. 1990). Likewise, the gene targeting via the 

asialoglycoprotein receptor has been substantially improved by inclusion of 

chloroquine (Plank et al. 1992). Chloroquine has been used to enhance DNA 

delivery in many other receptor-mediated systems also including the integrin- 

binding RGD peptides (Hart et al. 1995; Shewring etal. 1997), histones (Fritz et 

al. 1996) and lactosylated polylysine (Midoux et al. 1993). In contrast, 

chloroquine is ineffective in some delivery methods, such as liposomes (Fritz et 

al. 1996), DEAE-dextran (Zenke et al. 1990) and the Fab antibody fragment 

targeting the polymeric immunoglobulin receptor (Ferkol et al. 1993a), which 

either do not follow the endosomal pathway or have sufficient endocytic exit 

mechanisms already.

There are many other chemicals and conditions with similar properties to 

chloroquine that have great potential to enhance gene delivery by disrupting the 

endosomal pathway. These include monensin, colchicine, ammonium chloride 

(Rosenkranz et al. 1992), vinblastine and cytochalasin (Coonrod et al. 1997), 

bafilomycin A1 (Umata et al. 1990), and leupeptin (Zacho et al. 1992). These 

agents have all been reported to have an effect on the endosome/lysosomal 

pathway. There are, however, surprisingly few reports of their ability to enhance 

gene delivery.

Monensin neutralises all cellular acidic compartments which could indeed 

enhance nuclear DNA delivery by stalling the action of the lysosomal 

hydrolases in a similar way to chloroquine (reviewed by Mollenhauser et al. 

1990). However, in several circumstances this and similar agents such as 

bafilomycin have been shown actually to interfere with cell transfection (Cotten 

et al. 1990; Fominaya et al. 1998), by inhibiting the recycling pathway of the 

receptor to the cell surface (Stein et al. 1984). There are no reports of 

chloroquine affecting receptor-recycling events. Colchicine is able to promote 

transgene expression, in the asialoglycoprotein-polylysine complexes in vivo 

(Chowdhury et al. 1996). It acts by interrupting endosomal translocation to 

lysosomes by disrupting the cellular microtubules. Lowering the temperature to 

20 °C has also been reported to prevent endosome-lysosome fusion (Gekle et
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al. 1995); however, it is also thought to prevent receptor recycling, similar to 

monensin, and it did not improve transfection via the asialoglycoprotein receptor 

(Cotten etal. 1990).

Adenoviral augmentation : Viruses that enter cells via receptor-mediated 

pathways employ endosomolytic or fusogenic proteins on their surface to aid 

endosomal escape. The effective strategy that viruses have developed has 

been applied to current vector design to produce a more efficient system.

Non-enveloped viruses such as human adenoviruses bind and enter the 

cell via receptor-mediated endocytosis and enter endosomes. At body 

temperature and an acidic pH of 5.5-6.0, found within the late endosome 

compartment, a conformational change within the virus is initiated, causing 

interaction of its hydrophobic domain with the vesicle membrane. The disruption 

of the membrane allows the virus to escape and complete translocation to the 

nucleus (reviewed by Schofield and Caskey, 1995). Adenovirus particles devoid 

of DNA have been shown to retain their endosomolytic activity to a lesser extent 

(reviewed by Michael and Curiel, 1994). Curiel and colleagues (1991) have 

taken advantage of this property and have been able to enhance gene 

expression substantially in a variety of cells by co-infection of disabled 

adenovirus with transferrin-polylysine-DNA conjugates. In a similar way 

Cristiano (1993b) showed effective reconstitution of enzyme activity in a 

defective liver by co-internalisation of replication-defective adenovirus with 

asialoorosmucoid/polylysine-DNA complexes.

The potential problem with this method is the lack of specificity, since the 

virus and the DNA enter the cells independently. For this reason disabled 

adenovirus was directly coupled, via specific antibodies or by biochemical 

conjugation, to polylysine/DNA complexes producing similar levels of gene 

expression in both the vector systems described previously, in vitro and in vivo 

(Cristiano etal. 1993a; Gao etal. 1993; Wagner etal. 1992b). The advantage of 

this system over the general adenoviral gene delivery is that the foreign DNA is 

not limited by the packaging constraints of the virus (Cotten et al. 1992). Direct 

conjugation of the adenovirus with the targeting ligand creates a highly directed 

system compared to co-infection with the adenovirus. Despite its viral content, 

which may be a safety concern, the viral genome is completely inactivated by a
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combination of mechanisms and, ultimately, it may be possible to eliminate the 

viral gene elements completely, whilst retaining the endosomolytic properties. 

The immune response associated with the adenovirus may preclude multiple 

administration, which is a potential problem. Since expression currently with this 

system is transient, future developments may require the addition of an 

integrating property to enable long term expression (Gao etal. 1993).

Fusoaenic peptides: To simplify the system further and avoid the use of 

whole intact virus particles, research has begun to characterise the individual 

viral proteins that retain the endosomolytic properties. These, theoretically, 

should be easier to link to the targeted vector complexes and should reduce the 

likely immunogenicity associated with using whole viruses. A well-studied 

system is the fusogenic glycoprotein, haemagglutinin of the envelope influenza 

virus (reviewed by Carr and Kim, 1994).

The protein responsible for membrane fusion in the influenza virus is the 

haemagglutinin protein (White et al. 1982). X-ray crystallography revealed a 

trimeric protein with three identical subunits of two polypeptides, HA-1 and HA- 

2, that spanned the viral membrane (Wilson et al. 1981). The membrane fusion 

activity, which is described as a ‘spring loaded’ mechanism (Carr and Kim,

1993), is triggered by an acid-induced change following entry into the 

endosomes, which exposes the hydrophobic N-terminal region of the HA-2 

subunit, allowing it to interact with the endosomal membrane (Bullough et al.

1994). Following membrane disruption, the viral DNA is transported rapidly to 

the nucleus (Martin and Helenius, 1991).

The N-terminal region of the HA-2 subunit of the haemagglutinin protein 

has been shown to be responsible entirely for membrane fusion and endosomal 

escape by the influenza virus in nature. Short synthetic, amphipathic peptides 

corresponding to this region have been constructed to mimic this property. One 

such fusogenic peptide, conjugated to polylysine, has been added to the 

transferrin-polylysine/DNA delivery system and has been shown to increase 

gene transfer in many cultured cells (Wagner etal. 1992a). In a similar way, this 

peptide has also been used to significantly enhance gene expression, targeting 

the asialoglycoprotein receptor (Plank et al. 1992) and using the lactosylated 

polylysine vector (Midoux et al. 1993) and liposomal delivery systems (Kamata
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et al. 1994; Simoes et al. 1998). More recently the fusogenic peptide with 

endosomal releasing factors has been mixed directly with a short positively 

charged sequence that confers DNA condensing properties and complexed with 

DNA (Gottschalk etal. 1996). This vector system has been reported to produce 

high level gene delivery in several cell lines.

Interestingly, chloroquine and a fusogenic peptide added simultaneously 

to a polylysine/DNA delivery system have shown a synergistic effect on gene 

expression efficiency (Wolfert and Seymour, 1998). This observation is 

unexpected, since chloroquine prevents acidification in the endosome and the 

fusogenic peptide requires a lowering pH to activate its endosomal disruption 

property, which would suggest antagonism between the two.

Completely bypassing the endosomal pathway during nucleus 

translocation, and thus avoiding lysosomal degradation, is an alternative 

delivery mechanism. The haemagglutinating virus of Japan (HVJ; also called 

Sendai virus) is a paramyxovirus that enters host cells by membrane fusion 

followed by release of its contents at neutral pH directly into the cytoplasm 

(reviewed by Schofield and Caskey, 1995). This virus is non-pathogenic in 

humans and has been developed as a potential DNA vector component. Dzau 

et al (1996) have designed a system which combines the advantages of the 

liposome carrying capacity for large DNA fragments with the fusion properties of 

the HVJ virus. This system mediated high gene expression In vitro and in vivo, 

with no observable cell damage and relatively low immunogenicity (Hirano et al. 

1998). The addition of the nuclear localising protein HMG-1 further enhanced 

delivery (Ellison et al. 1998; Sawa et al. 1995). This HVJ-liposome vector 

requires very short incubation times, making it highly suitable for in vivo therapy. 

However there are safety concerns associated with any viral component.

It is not only viral fusogenic activity that can be applied to gene delivery. 

There are several naturally occurring non-viral proteins that utilise endosomal 

acidification as a signal to activate endosomal escape. These include bacterial 

toxins and a recombinant fusion protein, isolated from the bacterial 

Pseudomonas exotoxin A, which has been designed to serve as a target cell- 

specific carrier for DNA transfer (Fominaya and Weis, 1996). The protein 

combines an antibody chain targeting the Erb-2 receptor that is overexpressed 

on tumour cells, with the exotoxin A translocation domain facilitating endosome
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escape and a sequence-specific DNA binding domain derived from the yeast 

GAL4 transcriptional activator. DNA condensed with polylysine has been 

complexed to the fusion protein and delivered via receptor-mediated 

endocytosis in a cell-specific manner in vitro. Modification of this vector system 

by replacing the antibody targeting moiety with alternative receptor specific 

ligands, such as the TGFa ligand for the human EGF receptor (Fominaya et al. 

1998), has been recently reported, illustrating the potential for designing this 

vector to specific targets.

Membrane fusion agents are an important and often vital component of 

vector design and they will have enormous impact on the future improvement of 

gene delivery. This area is still currently in its early stages but defective whole 

viruses may be modified to contain no viral genetic elements, and there may 

well be many potential, as yet unknown, natural peptides with membrane fusion 

properties. For example the gp41 envelope protein from the human 

immunodeficiency virus has membrane fusion properties and could be applied 

to future DNA vector modifications (Fujii etal. 1992).

Nuclear localisation
Another method to enhance efficiency of gene delivery is by inclusion of 

specific amino acid sequences that confer nuclear localisation. Once the foreign 

DNA has escaped from the endosome the next obstacle is passage through the 

cytoplasm and entry to the nucleus. Nuclear localisation signals are responsible 

for directing and binding to the nuclear pore complex via importin-p and 

subsequent translocation through the pore by an energy-dependent mechanism 

(reviewed by Gorlich and Mattaj, 1996). Several specific sequences have been 

identified, including those responsible for nuclear import of the HIV-1 core 

(Burinsky et al. 1993), the SV40 large T antigen (Goldfarb et al. 1986) and 

adenovirus (reviewed by Greber and Kasamatsu, 1996). Most nuclear 

localisation sequences are strongly cationic. They frequently contain one or two 

groups of several charged amino acid residues, commonly lysines or arginine 

(reviewed by Gorlich and Mattaj, 1996), and a single point mutation renders 

them completely ineffective (Kalderon etal. 1984).
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It is therefore highly probable that the polylysine moiety of many 

receptor-mediated gene transfer systems plays a role in nuclear import. 

Molecules of maximum diameter 25 nm have been shown to be capable of 

nuclear entry, so the condensing property of polylysine presumably compacts 

the DNA into small structures capable of nuclear entry (reviewed in Nigg, 1997). 

Certain types of histones and protamines have been used in gene delivery to 

provide a nuclear translocation mechanism, in addition to their DNA condensing 

ability (Wagner et al. 1991), and to increase nuclear delivery a localisation 

signal has been additionally attached to histones complexed to DNA for cell 

transfection (Fritz et al. 1996). There is great potential for this relatively 

unexplored aspect of gene delivery.

1.2.3 Conclusion

The variety of non-viral vectors under development has expanded rapidly 

in the last decade. However, although there are numerous publications, there is 

not one report of non-viral mediated in vivo transfection producing prolonged, 

high level transgene expression. There are so many factors affecting DNA 

delivery in vivo that must be overcome, such as size of the vector complex, 

temperature, time and serum interference.

Non-viral systems have both advantages and disadvantages over viral 

vectors. Perhaps the most fundamental improvements are that these vehicles 

do not involve any potentially infectious agents, and exogenous gene delivery is 

specific for individual tissues or cell types. As more receptors are discovered 

and ligands determined, particularly with the new phage display techniques 

available, the number of potential targets will rapidly increase and it is to be 

hoped that it will become possible to design vectors to one specific cell type to 

target a single therapeutic effect. In the future some of these non-viral systems 

might find their way into clinical trials, while others will no doubt be abandoned.

There are more and more reports of vector systems using combinatorial 

approaches, consisting of more than one vector type. This has taken every 

form, such as liposome with adenovirus, receptor-mediated vector (e.g. 

transferrin) with adenovirus, transferrin with liposome, and asialoorosomucoid 

with influenza fusogenic peptide, to name but a few. The boundaries between
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viral and non-viral vector systems are becoming blurred as viral components 

are added to non-viral systems. It is perhaps the benefit of combining several 

systems that should be pursued in future designs. The advantages of specificity 

from a receptor-targeted ligand together with the endosomolytic properties of 

adenovirus should theoretically result in a highly effective vehicle. However, it is 

not only the advantages of the combinatorial approaches that are gained: the 

disadvantages of each system will also be additive.

1.3 INTEGRIN RECEPTORS

Since viruses are so effective at entering cells, then it is surely sensible to 

mimic their means of cell entry within a non-viral DNA delivery system. Many 

microorganisms, including viruses (adenovirus (Wickham et al. 1993b), 

echovirus (Bergelson et al. 1992), foot and mouth disease virus (Logan et al. 

1993; Novella et al. 1993)), bacteria (Yersinia pseudotuberculosis (Isberg et al. 

1987; Rankin et al. 1992) and Bordatella pertussis (Reiman et al. 1990)) and 

protozoa (Trypanosoma cruzi (Fernandez et al. 1993)), enter their host cell via 

membrane integrins found abundantly on the cell surface. Integrins are also 

thought to mediate sperm-egg fusion (Blobel etal. 1992).

1.3.1 Integrin structure

Integrins are a superfamily of membrane glycoproteins, expressed on 

many different cell types that function as major receptors for the extracellular 

matrix. They are ubiquitous molecules found in a diverse range of organisms, 

and are thought to have arisen at a very early point in evolution, since 

Drosophila integrins are closely related to higher mammalian integrins (Hynes, 

1992; Ruoslahti and Pierschbacher, 1987).

Integrins are heterodimeric, consisting of an a and a p transmembrane 

subunit. Currently, 16 a and 8 p subunits have been isolated, forming more than 

20 known different receptor structures, with alternative splicing of the subunits 

adding additional complexity (Clark and Brugge, 1995). Each a and each p 

subunit can bind to more than one different type of a and p domain, forming ap 

heterodimers (Smith et al. 1990). The N-terminal domains of the ap subunits
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combine to form an external ligand-binding globular head with two stalks 

extending to the lipid bilayer, through the membrane, and two short cytoplasmic 

domains, as illustrated in Figure 1.4. The cytoplasmic domains are believed to 

interact with the cytoskeleton and other cytoplasmic components (reviewed by 

Hynes, 1992). The known integrins require a divalent cation such as Ca2+ or 

Mg2+ for effective ligand binding (Pytela etal. 1987).

Integrins have very many roles in cellular processes. Reports implicate 

their involvement in embryonic development, tumour cell growth and 

metastasis, programmed cell death, haemostasis, leukocyte homing and 

activation, platelet aggregation and bone resorption (reviewed by Clark and 

Brugge, 1995). They are generally thought of as cell adhesion receptors, most 

binding to ligands that are components of the extracellular matrix. They are also 

involved, however, in cell-to-cell adhesion, binding membrane ligands on 

adjacent cells. Integrins are involved in the regulation of cellular function, shape, 

morphology and mobility. In addition, integrins regulate diverse processes 

through the activation of intracellular signal transduction pathways, either 

directly or in conjunction with external stimuli such as growth factors (Bates et 

al. 1991; Clark and Brugge, 1995; Kawakami-Kimura etal. 1997).

Individual cells are able to vary their adhesive properties by selective 

expression of integrins, and modulation of integrin binding properties of 

integrins. The specificity and affinity of a given integrin subtype depends on the 

situation - it is not constant. The distribution and type of integrins varies 

between cell types and alters throughout the life of an organism. Evidence for 

this was presented by Carver et al (1994) where, during neonatal heart 

development the integrin expression on cardiac myocytes was found to alter.

Integrins bind a variety of extracellular proteins including collagen, 

fibronectin, von Willebrand factor, vitronectin and laminin (Albelda and Buck, 

1990) and some are able to recognize integral membrane proteins of the 

immumoglobulin superfamily (ICAM-1, ICAM-2, VCAM) and mediate direct cell

cell adhesion. Individual integrins are often able to bind more than one ligand 

and likewise a ligand can bind to more than one integrin type (Hynes, 1992). It 

is the combination of these adhesive proteins and their integrin receptors that 

constitute a versatile recognition system.
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1.3.2 Invasin

The enteropathogenic bacterium, Yersinia pseudotuberculosis, can 

efficiently penetrate host cells by binding to integrin receptors. A 957 amino acid 

protein, invasin, has been shown to mediate internalisation by nonphagocytic 

cells (Isberg etal. 1987) via the integrin complex (Isberg and Leong, 1990; 

Van Nhieu and Isberg, 1991). This integrin subtype normally functions as the 

fibronectin receptor (Pytela et al. 1985). Mutagenesis and deletion studies have 

isolated a carboxy-terminal 192 amino acid portion of invasin that alone confers 

the target binding (Leong et al. 1990; Rankin et al. 1992). Surprisingly, the 

invasin fragment does not contain any RGD tripeptide sequences that are 

present in many of the integrin targeting ligands (Leong etal. 1990). The invasin 

fragment, fused to a GAL4 DNA binding domain, has been used to deliver DNA 

to target cells (Paul etal. 1997).

1.3.3 The Arginine-Glycine-Aspartic acid (RGD) motif

There are many specific integrin recognition sites: the first, and of most 

interest to this project, was defined by the tri-peptide sequence arginine, glycine 

and aspartic acid (RGD) (Pierschbacher and Ruoslahti, 1984). The RGD motif 

is active in intermolecular interactions and has been found to mediate a wide 

variety of cell adhesion events (Ruoslahti and Pierschbacher, 1987). The 

sequence is common to numerous cell adhesion molecules, including 

fibronectin, vitronectin, collagen, von Willebrand factor, osteoporin and laminin, 

all integrin binding proteins (Aumailley et al. 1990; Cheresh, 1987; 

Pierschbacher and Ruoslahti, 1984; Yameda, 1991). Extensive research into 

the RGD-containing molecule, fibronectin, has located the RGD motif on a 

mobile loop (Main et al. 1992), which is extended away from the body of the 

molecule (Leahy et al. 1996). The location presumably facilitates high 

accessibility for binding to the integrin receptors on the cell surface. Likewise, 

adenovirus mediate cell internalisation via integrin receptors (Wickham et al. 

1993a), and each penton base protein in the viral capsid has been found to 

contain a conserved RGD sequence situated at the apex of two extended alpha 

helices (Mathias etal. 1994).
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The RGD motif is recognised by many different integrin classes to date 

including, a5fa, avp3, a\]b/$\\a, a2Pi, avP5> avp6, and a4Pi (reviewed by 

Cardarelli et al. 1994). Integrins are capable of recognising only a single or 

limited number of RGD-containing ligands, and it has been a puzzle for many 

years as to how cells are able to distinguish each adhesive molecule 

individually, when they recognise the same motif. There are, however, other 

recognition sites in these cell adhesion molecules that are involved in cell 

attachment (Hynes, 1992; Santoro and Lawing Jr. 1987;). In addition, the nature 

of the amino acids flanking the RGD triplet (Pierschbacher and Ruoslahti, 

1987), as well as the conformational stability of the molecule (Pfaff et al. 1994), 

has been found to play a key role in specificity and affinity of binding.

Peptides containing the tripeptide sequence have been synthesised to 

duplicate or inhibit cell attachment in order to isolate similar adhesion molecules 

and help elucidate the influence that conformation and environment have upon 

integrin binding (Humphries et al. 1986; Pierschbacher et al. 1983; 

Pierschbacher and Ruoslahti, 1987). The intense adhesive properties that this 

short amino acid motif exhibits has enormous potential for therapeutic 

development. RGD peptides have been developed for use as anti-cancer drugs 

and anti-inflammatory drugs to treat rheumatoid arthritis, and there is further 

investigation into their efficacy for treatment of multiple sclerosis and 

atherosclerosis (Newell, 1992).
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1.4 BACKGROUND TO THE PROJECT

1.4.1 Aim of project

The aim of the project was to develop a novel non-viral DNA vector for 

efficient gene delivery via integrin receptors, using a natural RGD-containing 

peptide derived from the venom of the American pit viper, Crotalus molossus 

molossus.

1.4.2 The development of RGD peptides for gene transfer

The construction of filamentous phage peptide display libraries is a 

relatively new technique for identifying novel peptides for pharmaceutical 

purposes. More recently it has been applied to the isolation of peptides that are 

capable of mimicking natural ligands of receptors (O'Neil et al. 1992) and 

potential gene therapy targeting ligands (Barry et al. 1996). O’Neil and 

colleagues (1992) and other research groups (Healy etal. 1995; Koivunen etal. 

1993; Koivunen et al. 1995) have reported the isolation of several peptides with 

high affinities for different integrin subtypes. The majority of these contain the 

conserved RGD amino acid motif and cyclised peptides were found to display 

higher binding affinity than their linear counterparts (Koivunen et al. 1993; 

O'Neil et al. 1992). Hart et al (1994) have demonstrated that phage particles 

displaying multiple copies of a high integrin binding decapeptide on their surface 

are internalised efficiently by human epithelial cells in culture.

As a consequence of these observations, the potential utilisation of these 

peptides as DNA vectors was investigated. In 1995 Hart et al first described the 

application of synthetic peptide vectors containing a ligand binding moiety and a 

polylysine moiety (Hart et al. 1995). The cyclic RGD-containing decapeptide, 

GACRGDMFGCA, was synthesised together with a sixteen lysine residue 

chain, and this was able to form electrostatic complexes with plasmid DNA and 

deliver a reporter gene to epithelial cells in culture via integrin receptor binding 

(Hart et al. 1995). This peptide, and other similar integrin-targeting peptides 

have been further characterised to establish their targeting specificity, 

requirement for cyclisation and optimal transfection conditions in vitro (Harbottle 

etal. 1998; Hart etal. 1997). The receptor-mediated gene delivery system relies
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on the presence of endosomolytic agents, such as chloroquine, to aid DNA 

escape from the endocytic vesicle (Hart et al. 1997). Enhancement of this RGD- 

polylysine peptide vector system has been reported using various agents to 

improve endosome escape, including polyethyleneimine, deactivated 

adenovirus (Harbottle et al. 1998) and incorporation of lipofectin (Hart et al. 

1998).

There are increasing numbers of peptides specific for integrin targeting 

(Koivunen et al. 1994; Schneider et al. 1998), as well as ligands for other 

receptors on cell surfaces (Barry et al. 1996), which all have potential for 

development as non-viral DNA vectors. One advantage of the integrin targeting 

system is that peptides with high affinity for a specific class of integrin receptors 

can be isolated, and the subsequent gene delivery system should therefore be 

specific for cells expressing that particular integrin subtype. High specificity 

within a gene delivery system is one of the most desired characteristics for 

clinical applications.

1.4.3 Snake venom

Several families of snakes have evolved to use integrin receptors on the 

surface of endothelial cells and platelets as a crucial target for their poison. 

Disintegrins are a family of homologous peptides derived from viper venoms. 

Each member consists of a low molecular weight, RGD-containing cysteine-rich 

peptide that is capable of inhibiting the binding functions of integrins at very low 

concentrations (Gould etal. 1990).

All but one member of the disintegrin family display the characteristic 

RGD amino acid sequence known to bind to the integrin receptors 

(Scarborough et al. 1993a). Barbourin, however, contains a substitution of 

Lysine (K) instead of arginine (R) in the RGD motif. The importance of 

cyclisation by the cysteine residues in the disintegrin peptides has been 

extensively reported (Lu etal. 1993), and the structures of several snake venom 

toxins with active RGD loops have been determined (Adler et al. 1991; Saudek 

et al. 1991). In each case, the RGD sequence was located on an exposed, 

extended flexible loop, which would suggest that cyclisation via the disulphide 

bond keeps the molecule in the correct conformation. In addition, the amino
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acids adjacent to the RGD sequence contribute to the specificity and potency of 

the disintegrins (Rahman etal. 1995; Scarborough etal. 1993b).

Disintegrins are currently the most potent known inhibitors of integrin 

function. They effectively inhibit platelet aggregation (Savage et al. 1990) and 

have major effects on other cell adhesion processes: for example, adhesion of 

human melanoma cells to extracellular proteins, fibrinogen or fibronectin 

(Knudsen et al. 1988). Disintegrins and their analogs may be useful in clinical 

situations where the inhibition of integrin function is desired: for example, 

recently, the results of a clinical trial involving a disintegrin, tirofiban, have been 

published. The disintegrin, in conjunction with heparin, was reported to improve 

symptoms of angina patients by blocking platelet aggregation (N engl J med, 

1998).

1.4.4 Molossin and Poly-K-molossin

The high abundance and internalising properties of integrin receptors, 

and the high binding affinity of disintegrins to these targets, suggested the 

suitability of combining these properties to develop a non-viral gene delivery 

vehicle.

In 1993 Scarborough et al characterised the integrin specificities of the 

disintegrins isolated from the venoms of the New World pit viper genus 

Bothrops, Crotalus and Lachesis. Several of these disintegrins were found to 

contain the sequence RGDNP that was found to bind preferentially to asp! and 

avp3 integrin subclasses, receptors that are expressed abundantly on vascular 

endothelium (Scarborough etal. 1993b).

A disintegrin from the American pit viper, Crotalus molossus molossus, is 

of particular interest. Crotalus molossus molossus is the black-tailed 

rattlesnake, approximately three and a half feet long, with a yellow-brown body 

and a black tail (Ditmars, 1979). Its venom contains a disintegrin consisting of 

an 120 amino acid polypeptide, from which a 15 amino acid sequence was 

isolated corresponding to positions 45 to 60 in the chain, and synthesised. This 

peptide, termed Molossin, corresponds to the integrin-binding moiety of the 

toxin and is illustrated in Figure 1.5a. It has two important characteristics; the 

arginine-glycine-aspartic acid (RGD) motif and the two cysteine residues which
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Figure 1.5
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a) The amino acid sequence of the Molossin peptide.
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b) The amino acid sequence of the Poly-K-molossin peptide.
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cyclise, forming a disulphide bond that stabilises the RGD loop. In addition, the 

molossin sequence has been synthesised together with a sixteen lysine chain. 

This peptide, termed Poly-K-molossin (see Figure 1.5b), has been investigated 

as a potential DNA vector.

The molossin peptide represents a natural system with potential targeting 

and internalising properties. Not only does this vector system lack any viral 

components and consequently has none of the accompanying concerns, but the 

entire vector is a single synthetic peptide which is relatively simple to 

synthesise. The peptide can be chemically characterised prior to clinical 

application, unlike many other non-viral systems where conjugation of the 

targeting ligand to DNA binding proteins results in a heterogenous mixture. The 

small size of the peptide-lysine sequence enables multipoint attachment to each 

DNA molecule, providing more binding sites, and the small peptide size means 

that they are unlikely to be immunogenic. The polylysine portion of the vector is 

able to condense the DNA efficiently and protect it from nuclease degradation 

within the cell.

Snake venom requires high affinity for its targets, since it has to act in 

soluble form. Integrin receptors are an ideal target, since they are abundant on 

cell surfaces and specific subtypes can be targeted depending on the amino 

acids flanking the RGD motif, thus making a potentially highly specialised 

delivery system. A further advantage of integrin-mediated endocytosis, reported 

by Isberg (1991), suggests that there are not such restrictions on the size of 

vehicle that can enter via this route, as with receptor-mediated endocytosis that 

is limited by the small size of the clathrin coated pits. This property alone 

confers great potential for the application of this DNA vector in gene delivery.

1.4.5 Outline of Ph.D. thesis

Poly-K-molossin binds electrostatically to DNA via its positively charged 

lysine tail. This peptide has been developed as a vector to deliver plasmid DNA 

reporter genes to cells in vitro (Collins et al submitted a, Hart et al. 1995), ex 

vivo (Shewring etal. 1997) and in vivo (Collins e ta l submitted b). The passage 

of foreign DNA to the nucleus of a target cell is obstructed by a series of 

intracellular barriers that the vector must bypass. The process was dissected 

into its components and the efficacy of the Poly-K-molossin vector was
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assessed at each stage, and the transfection conditions optimised to achieve 

maximum efficiency. Potential tissue targets which hold promise for successful 

application of this DNA vector system have been identified and preliminary in 

vivo perfusion studies have been examined.
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CHAPTER 2

Common Materials and Methods

Detailed below are general experimental procedures. These were carried out at 

room temperature unless otherwise stated. All commonly used chemicals and 

reagents were obtained from BDH, Merck Ltd, Poole, Dorset or Sigma, Poole, 

Dorset, UK and MilliQ-plus water (Millipore, UK) was used at all times.

2.1 DNA

2.1.1 DNA plasmids

B-oalactosidase reporter gene: pCMVp (Clontech, Palto Alto, CA, USA) is a 

mammalian reporter vector, designed to express Escherichia, coli (E.coh) p- 

galactosidase from the human cytomegalovirus (CMV) immediate early gene 

promoter. See appendix 1a.

Luciferase reporter gene: pGL2-control (Promega, Madison, Wl, USA) contains 

the firefly luciferase reporter gene regulated by the SV40 promoter. See 

appendix 1b.

Green fluorescent protein (GFP): phGFP-S65T Humanised GFP vector 

(Clontech), encodes a variant (GFP-S65T) of the Aequorea Victoria green 

fluorescent protein (GFP;1-3) driven by the CMV immediate early promoter. See 

appendix 1c.

2.1.2 DNA preparation

Luria-Bertani medium (LB broth): 10 g/l Bactotryptone, 5 g/l Yeast extract, 5 g/l 

Sodium Chloride. Adjusted pH to 7.5 with Sodium Hydroxide pellets.

For solid medium (L-agar) 16 g/l Bactoagar was added. LB broth was 

autoclaved before use.
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Ampicillin: 100 mg/ml Ampicillin, Dissolved in water and passed through a 0.2 

pm filter. Stored in aliquots at -20 °C.

Resusoension buffer: 50 mM Tris-CI (pH 8.0), 10 mM EDTA, 100 pg/ml RNase 

A. Stored at 4 °C.

Lvsis buffer: 200 mM NaOH, 1 % SDS (w/v).

Neutralisation buffer: 3 M potassium acetate (pH 5.5).

Equilibration buffer: 750 mM NaCI, 50 mM MOPS (pH 7.0), 15 % isopropanol 

(v/v), 0.15 % Triton X-100 (v/v).

Wash buffer: 1.0 M NaCI, 50 mM MOPS (pH 7.0), 15 % isopropanol (v/v). 

Elution buffer: 1.25 M NaCI, 50 mM Tris -C l (pH 8.5), 15 % isopropanol (v/v).

The pCMVp and pGL2 plasmids contained an ampicillin resistance gene 

for selection and were propagated in E. coli DH5a. The phGFP-S65T plasmid 

was propagated in the MC1061/P3 E. coli strain carrying an ampicillin episome. 

Plasmids were prepared as described by Sambrook et al (Sambrook et al. 

1989).

An L-agar plate, with 100 pg/ml ampicillin added, was streaked with a 

small sample of cells from a glycerol stock (1 ml bacterial stocks from the starter 

cultures were stored in 15% glycerol at -80°C) using a disposable inoculation 

loop. The plate was placed upside down at 37 °C overnight.

A single cell colony from the plate was transferred to 10ml LB broth, 

containing 100 pg/ml ampicillin, using a disposable loop and the starter culture 

was shaken (~ 300 rpm) at 37 °C for approximately 8 hrs. For large (10 mg or 

more) quantities of DNA, 100 pi of the starter culture was transferred to 5 x 500 

ml LB broth containing 100 pg/ml ampicillin and shaken (~ 300 rpm) at 37 °C for 

1 2 - 1 6  hours.

The bacterial cells were harvested from the overnight cultures by 

centrifugation at 6000 g for 15 minutes at 4 °C and plasmid DNA was prepared 

following the Endotoxin free Gigaprep kit protocol (Qiagen, Dorking, UK). 

Briefly, the bacterial pellet was resuspended in 125 ml Resuspension buffer. An 

equal volume of Lysis buffer was added and the suspension was inverted 4-6 

times and incubated at room temperature for 5 minutes. After which, 125 ml of 

chilled Neutralisation buffer was added, the mixture was inverted 4-6 times and
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incubated on ice for 30 minutes. The cell debris was removed by centrifugation 

at 20,000 g for 30 minutes at 4 °C and the supernatant removed and filtered 

through prewetted, folded filter.

A Qiagen-tip 10000 column (Qiagen) was equilibrated with 75 ml 

Equilibration buffer and the supernatant was applied to the column. 600 ml 

Wash buffer was passed through the column, before the DNA was eluted with 

75 ml Elution buffer. 10 ml Endotoxin Removal buffer (Qiagen) was added to 

the filtered lysate and it was incubated for 30 minutes on ice.

The DNA was precipitated by the addition of 0.7 volumes of isopropanol 

and centrifuged at 15,000 g for 30 minutes at 4 °C. The supernatant was 

discarded and the DNA pellet was washed with 10 ml endotoxin-free 70 % 

ethanol and centrifuged at 15,000 g for 10 minutes. Finally, the supernatant was 

discarded and the DNA was air dried for 10-20 minutes and resuspended in 

sterile water.

DNA concentration was accurately measured using a GeneQuant 

RNA/DNA calculator (Pharmacia Biotech Ltd, Cambridge, UK) and the final 

stock was prepared at 1 mg/ml and frozen in 100 jul aliquots at -35 °C.

2.2 Peptides

2.2.1 Peptide sequences

See Appendix 2 for amino acid symbols.

Powder stocks of all peptides were stored under desiccation at -35 °C.

Peptide 1 (K)16 GGCRGDMFGCA

Peptide 5 (K)16 GACDCRGDCFCA

Lvsine decamer (lys)10 KKKKKKKKKK

Lvsine hexadecamer (lys)16 KKKKKKKKKKKKKKKK

These peptides were synthesised, sequenced and purified by Zinsser 

Analytical (Maidenhead, UK). They were > 90 % pure (peptide 5 was analysed 

at > 80 % pure) and the sequence of each was confirmed by mass

spectrometry and HPLC analysis. The RGD domains of peptide 1 (Hart et al.
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1995) and peptide 5 (Koivunen et al. 1995) were initially identified as high 

affinity integrin binding sequences isolated from phage display libraries.

Polv-K-molossin

Molossin

(K)16ICRRARGDNPDDRCT

ICRRARGDNPDDRCT

These peptides were synthesised, sequenced and purified by Zeneca, 

(Cambridge Research Biochemicals, Cheshire, UK) and were found to be > 90 

% pure by HPLC analysis. The Molossin peptide corresponds to the RGD 

integrin-binding domain from a 120 amino acid polypeptide coding for the 

venom of the American Pit Viper, Crotalus molossus molossus (Scarborough et 

al. 1993b).

2.2.2 Peptide preparation

Molossin and poly-K-molossin were cyclised after synthesis by 

Cambridge Research Biochemicals. These peptides were prepared at a 

concentration of 1 mg/ml in sterile saline (0.15 M NaCI), aliquotted into 100 pi 

volumes and frozen at -35 °C.

For cyclisation of peptides 1 and 5, these were dissolved in OptiMEM 

(Gibco BRL) or sterile 0.15 M NaCI at a concentration of 0.1 mg/ml, placed in a 

500 ml conical flask and left open to the air overnight at 4 °C. They were then 

aliquotted into 100 pi volumes and frozen at - 35 °C. The possibility of formation 

of intermolecular disulphide bonds between peptides was reduced, but not 

eliminated completely, by using dilute peptide solutions.

2.3 Antibodies

Fluorescein-labelled rabbit anti mouse immunoglobulin: Fluorescein conjugated 

F(ab’)2 fragment of rabbit anti mouse immunoglobulin was used (FITC-RAM, 

DAKO, Glostrup, Denmark). The antibody reacts with all mouse IgG 

subclasses, as well as mouse IgM, and IgA. This was used for flow cytometry at 

10 pg/ml.

Peroxidase-labelled rabbit anti mouse immunoglobulin: Affinity purified rabbit 

anti-mouse immunoglubin conjugated with horseradish peroxidase of high
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specific enzymatic activity (perox-RAM, DAKO). The antibody reacts with 

mouse IgG subclasses, as well as mouse IgM and IgA. This was used for 

immunohistological staining at 10 jug/ml.

F15-42-1: lgG1 subclass. Detects human Thy-1 (McKenzie and Fabre, 1981).

F16-4-4: lqG1 subclass. Detects a monomorphic determinant of rat RT1.A MHC 

class I antigens (Hart and Fabre, 1981).

MN4-91-6: lgG1 subclass. Detects a polymorphic determinant of rat RT1.A 

class I MHC antigen (Milton and Fabre, 1985)

2.4 Cell lines

2.4.1 Cell characteristics

Cell line Cell origins ECACC no.* / origin

A375M Human malignant melanoma cell line 88113005

COS-7 SV-40 virus transformed monkey 

African green kidney epithelial cell line

88031701

ECV304 Spontaneously transformed human 

umbilical vein endothelial cell line

92091712

N64 A human glioblastoma cell line Donated by R Reszka, 

Berlin, Germany.

NSO Mouse myeloma cell line Donated by Dr. C. Milstein, 

Cambridge, UK

* European Collection of animal cell culture (ECACC), Salisbury, Wiltshire.
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2.4.2 Maintenance

Culture conditions

A375M and COS-7 cells were maintained in Dulbecco’s modified Eagle’s 

medium (DMEM; Life Technologies, Paisley, UK), N64 cells in minimal essential 

medium (MEM; ICN Flow, Thame, UK) and ECV304 cells in 199 Medium (199, 

ICN Flow). NSO cells were cultured in RPMI 1640 (ICN Flow). All media were 

supplemented with 2 mM L-Glutamine and 10 % heat-inactivated foetal calf 

serum (FCS).

Medium containing all necessary supplements at the correct 

concentrations for a specific cell type is referred to as ‘complete culture 

medium’.

Since the majority of analyses were carried out on the endothelial cell 

line, ECV304, these cells were maintained in a mycoplasma-free environment 

and periodically tested for mycoplasma using the DNA Hybridisation Kit 

(GenProbe, San Diego, CA). 3H-labelled single-stranded DNA probes 

complementary to the ribosomal RNA of all known mycoplasma strains 

combined with any mycoplasma contamination in cell culture supernatant 

samples to form a stable, detectable DNA:RNA hybrid.

Passaging cells

The cell lines used (except NSO cells) were adherent and grown in 

Falcon 75 cm2 plastic tissue culture flasks (Becton Dickinson Labware, Oxford, 

UK) in an incubator at 37 °C in 95% air/ 5% C 02, water-saturated atmosphere. 

At 80 % confluence the cells were washed with PBS and 2 ml Trypsin/EDTA 

(Gibco BRL) was added per flask. The flasks were incubated for 5 mins at 37 °C 

in 5% C 02 to detach the cells from the flask. The cells were pelleted at 200 g for 

5 mins, resuspended at 2x104 to 2x105 cells/ ml in fresh complete culture 

medium and 10 ml was added to a fresh culture flask (approximately a 1 in 10 

split). NSO cells were split 1 in 10 by direct pelleting, followed by resuspension 

at the correct concentration in fresh complete culture medium.
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Storage of cell lines

Cells were resuspended at 107 /ml in heat-inactivated foetal calf serum 

containing 10 % dimethylsulfoxide (DMSO). 1 ml volumes of cell suspensions 

were frozen in cryovials overnight at -80 °C in isopropanol cell freezers and then 

transferred to liquid nitrogen for long term storage.

The cells were resuscitated by rapidly thawing the cryovial in a 37 °C 

waterbath and immediately resuspending the cells in 10 ml PBS and 

centrifuging at 200 g for 10 mins. The cell pellet was then resuspended in 

complete culture medium, added to a 75 cm2 tissue culture flask and incubated 

at 37 °C and 95 % air/5 % C 02 .

2.5 Animals

Inbred adult male DA strain rats and inbred female BALB/c mice were 

purchased from Harlan UK, Bicester.

2.6 Peptide/DNA vector complex formation

Plasmid DNA (stock concentration 1 mg/ml in sterile water) was diluted 

to 10 pg/ml in culture medium, without supplements, in a 15 ml falcon tube 

(Becton Dickinson Labware). Peptide solution (1 mg/ml in sterile saline) was 

added slowly dropwise to the DNA solution, over a period of 5-10 seconds, 

whilst vortexing. The peptide-DNA mixture was vortexed for a further 20 

seconds and then incubated at room temperature for 30 minutes to complete 

the formation of complexes. The vector complexes were then diluted to the 

correct plasmid concentration, if necessary, before adding to the cells.

2.7 Cell transfection with peptide/DNA vector complexes

Detailed below is the standard transfection protocol for cell lines. 

However many variables were investigated to establish optimal gene delivery. 

These are described in chapters 5-7. All transfection conditions were carried out
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in triplicate and repeated at least twice. DNA only and medium only controls 

were included in each experiment together with a control peptide where 

possible.

Day 0: Cells from a 75 cm2 tissue culture flask were harvested by 

trypsinisation, pelleted by centrifugation (200 g for 5 mins) and then 

resuspended in the appropriate complete culture medium. The viability of the 

cells was assessed using Trypan Blue exclusion. A small sample of cells was 

mixed with an equal volume of Trypan Blue solution (ICN flow) and a 

haemocytometer was used to assess the cells (dead cells appear blue). 1 ml of 

cell suspension containing 0.5x105 viable cells was added to each well of a 24- 

well tissue culture plate (Falcon, Becton Dickinson Labware) and incubated at 

37 °C overnight.

Day 1: Cells were approximately 80% confluent after the overnight 

incubation. The plates were washed twice with 1 ml PBS per well to remove the 

serum and 0.5 ml of the freshly prepared peptide/DNA complexes (2.6) was 

added to each well. Chloroquine, prepared fresh at a stock concentration of 10 

mM in culture medium without supplements, was added at the appropriate 

concentration to the cells at the same time as the peptide/DNA complexes, if 

required. The 24-well plates were incubated for 2-4 hrs at 37 °C in 95 % air/ 5 % 

C 02. At this time point 0.5 ml of complete culture medium containing twice the 

required concentration of serum (i.e. 20 %) was added to each well.

Day 2: The medium was removed from every well and replaced with 1 ml 

fresh complete culture medium.

Day 3: The cells were assessed for reporter gene expression.

2.8 Reporter gene assays

2.8.1 Luciferase reporter gene

Luciferase assay

Cells transfected with pGL2-control DNA plasmid were harvested on day 

3. They were washed twice with PBS to remove serum and 200 pi of 1 x reporter 

lysis buffer (Promega), diluted in water, was added to each well. The plates
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were wrapped in foil and placed on a rocker for 45 mins. Cells were then 

dislodged by scraping with a 1 pi inoculation loop and the contents of the well 

transferred to a microfuge tube, frozen at -80  °C overnight or longer, and then 

thawed for analysis. The samples were vortexed and spun at 16,000 g for 10 

mins at 4 °C, to remove cell debris. A 20 pi sample of the cell-free lysates was 

assayed with 100 pi luciferase assay substrate from the luciferase assay kit 

(Promega) following the manufacturer’s instructions. Total light emission was 

measured on a Anthos Lucyl Luminometer (Labtech International Ltd, Uckfield, 

E. Sussex).

Protein assay

The protein concentration of each sample was determined using 

Bradford protein assay reagent (BioRad Laboratories, Hemel Hemstead, UK). A 

calibration curve was initially carried out using 1 mg/ml BSA in PBS at 

concentrations ranging from 0.2 pg to 20 pg. The BSA dilutions were prepared 

in water to a volume of 800 pi. All samples were tested in triplicate by adding 

200 pi of Bradford reagent and vortexing thoroughly. Following a 30 minute 

incubation at room temperature, the optical density at 595 nm (OD595) for each 

sample was measured. The protein concentration in each transfection sample 

was measured in triplicate by diluting 8 pi in 800 pi of water and mixing with 200 

pi Bradford reagent. After 30 mins the OD595 was measured and the protein 

concentration calculated from the BSA calibration cun/e.

Luciferase enzyme activity was expressed in terms of relative light units 

per milligram of protein (RLU/ mg protein). The protein content per well (mg 

prot/ well) gave an indication of cell survival. The basis of this toxicity test is that 

damaged or dead cells will become detached from the well and are 

consequently removed during the washing steps, leaving only healthy cells 

contributing to the protein concentration measurements. Since each well had 

the same number of cells initially the protein concentrations can be directly 

compared.
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2.8.2 p-galactosidase reporter gene

5-bromo-4-chloro-3-indovl-B-D-galactopvranoside (X-gal): 40 mg/ml X-gal 

(Bioline, London) in dimethyl formamide. Stored at -20 °C (light sensitive).

X-gal buffer: 80 mM Na2HP04, 20 mM Na2HP0 4 , 1.3 mM MgCI2, 3 mM 

K3Fe(CN)6> 3 mM K4Fe(CN)6, 0.01 % sodium deoxycholate (w/v), 0.02% 

Nonidet P-40 (NP-40) (v/v). Stored in the dark at 4 °C. Shelf life of 3 months.

Fixing cells with glutaraldehvde

Cells transfected with the pCMVp DNA plasmid were fixed and stained 

for gene expression on day 3.

The cells were washed twice with PBS and 1 ml of freshly prepared 0.5% 

glutaraldehyde in PBS (25 % stock glutaraldehyde in 1 ml vials at -  20 °C) was 

added per well. The cells were fixed at room temperature for 30 mins, washed 

twice with PBS and stained.

Staining for B-oalactosidase expression

The complete p-galactosidase staining buffer was freshly prepared by 

adding X-gal stock at a concentration of 1 mg/ml to the X-gal buffer at room 

temperature and passing through a 0.45 pm filter to remove crystals. 1 ml 

complete staining buffer was added per well and the cells were incubated at 37 

°C for 4 hrs or overnight. Finally the cells were washed twice with PBS and 

preserved in 70 % ethanol.

2.8.3 Green fluorescent protein reporter gene

No harvesting or staining is required with cells that have been 

transfected with the phGFP-S65T DNA plasmid coding for the GFP reporter 

gene. Transfected cells were visualised directly from the 24-well culture plate 

using an inverted fluorescence microscope (Olympus 1X70 inverted 

fluorescence microscope) containing the GFP filter (490 nm).

Alternatively the cells were assessed by flow cytometry. The cells were 

scraped from the tissue culture wells on day 3 following transfection, 

resuspended in 1 ml PBS, and analysed immediately on the flow cytometer 

(Facscalibur, Becton Dickinson UK Ltd, Oxford, UK).
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2.9 Staining cells for flow cytometry

Dialvsed bovine serum albumin (BSA): 10 % BSA (w/v). Dissolved in phosphate 

buffered saline (PBS). Dialysed for 24 hrs at 4 °C against PBS, and stored in 

aliquots at -20  °C.

A confluent 75 cm2 flask of cells was harvested by scraping (no trypsin), 

pelleted at 200 g for 5 mins, resuspended in 10 ml PBS, counted, and 

resuspended to a concentration of 4x106 cells/ ml in 0.5 % dialysed BSA/PBS. 

Following harvesting, the cells were kept on ice at all times. 50 pi of the cell 

suspension was mixed with an equal volume of primary antibody in 0.5% 

BSA/PBS at a saturating concentration (previously determined by flow 

cytometry), and the cells were incubated on ice for 30 mins. In each case a 

0.5% BSA/PBS control was included, as well as an irrelevant antibody of the 

same subclass as the antibody used in the experimental samples. Following 

incubation, the cells were washed twice with 1 ml 0.1 % BSA/PBS, pelleting the 

cells between washes at 400 g for 10 mins at 4 °C. The cells were resuspended 

carefully with 50 pi of the fluorescein labelled secondary antibody (FITC-RAM, 

2.3), diluted in 0.5% BSA/PBS and incubated on ice for 30 mins. After the 

second incubation the cells were washed as previously described and 

resuspended in 1 ml 2 % formalin in saline. The samples were wrapped in foil 

and stored at 4 °C for a maximum of five days, until analysis on the flow 

cytometer.

2.10 Fluorescently labelling DNA

YOYO-1 (Cambridge Bioscience, Cambridge, UK) is a nucleic acid stain 

that intercalates with DNA in a similar way to ethidium bromide and fluoresces 

at a wavelength of 509 nm (enabling use of fluorescein filters and settings).

50 pi pCMVp DNA (at 1 mg/ml in water) was added to an eppendorf tube 

containing 15 pi YOYO-1 stain (neat at 1 mM) and wrapped in foil. The DNA 

and nucleic acid stain was incubated at room temperature for 1 hr, out of direct 

sunlight, before use.
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2.11 Flow cytometry using fluorescently labelled DNA

Peptide/DNA complexes were prepared as described in section 2.6 using 

the fluorescently labelled DNA (2.10), and left at room temperature for 30 

minutes. A confluent 75 cm2 flask of cells was harvested by scraping (no 

trypsin), pelleted at 200 g for 5 mins, counted and resuspended to a 

concentration of 4x106 cells/ ml in PBS. Following harvesting, the cells were 

kept on ice at all times. 50 pi of cell suspension was mixed with an equal 

volume of fluorescent peptide/DNA complexes diluted in saline and the samples 

were incubated for 1 hour on ice. The samples were then washed twice in PBS, 

pelleting the cells between each wash at 400 g for 10 mins at 4 °C. The cells 

were finally resuspended in 1 ml 2 % formalin in PBS and read immediately on 

the flow cytometer.

2.12 Immunohistology

TBS buffer: 0.05 M Tris base, 0.15 M NaCI. Adjusted to pH 7.4 at room 

temperature with 5 M HCI.

2.12.1 Freezing tissue samples

Fresh tissues were cut into 5 mm sided cubes and placed on to a cork 

disc with a drop of Cryo-m-bed embedding compound (Bright instrument 

company Ltd, Huntingdon, Cams, UK). The cork disc was immersed rapidly in 

liquid Nitrogen for approximately 20 secs and then stored in sealed airtight 

plastic bags at -80 °C.

2.12.2 Slide preparation

All slides were coated in Vectabond reagent (Vector Laboratories Inc, 

CA, USA) for frozen tissue sections.
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Pre-cleaned slides were immersed in a staining dish of acetone for 5 

mins, tapped several times to drain and then placed immediately in Vectabond 

reagent solution for 5 mins (7 ml Vectabond was added to 350 ml acetone). The 

slides were removed and drained in an empty dish before dipping them slowly 

in an out of water over 30 secs. The slides were then allowed to dry in a fume 

hood overnight.

2.12.3 Cutting and fixing frozen tissue sections

All tissue sections were cut 8-10 pm thick on to Vectabond coated slides 

using a cryostat. The sections were air dried overnight at room temperature, 

wrapped in foil and stored at -35 °C in airtight bags. If the slides were to be 

used for immunohistology staining, after the initial overnight air dry, they were 

fixed by immersing in acetone for 30 mins at room temperature and then air 

dried for a further 12 hrs before wrapping in foil and storing at - 35 °C in airtight 

bags.

2.12.4 Immunohistological staining

The frozen sections were thawed for 1 hr at room temperature, 100 pi of 

peptide solution (10 pg/ml in saline) was then added per tissue group and the 

slides were incubated for 1 hr at room temperature in a humidified box. A 0.5 % 

BSA/PBS control for the first incubation was included and an irrelevant antibody 

of the same IgG subclass was used as a control for the second incubation. The 

slides were washed with TBS buffer and 100 pi of the primary antibody to the 

peptide (diluted in 0.5 % BSA/PBS to the desirable working dilution) was added 

to each tissue group and incubated for 30 mins at room temperature in the 

humidified box. Peroxidase labelled secondary antibody (perox-RAM) was 

diluted 1/7 with 0.5 % BSA/PBS and blocked for 30 mins on ice with 20 % 

serum of the target tissue species, and 100 pi was added to the washed tissue 

sections, which were then incubated for 30 mins at room temperature. 

Diaminobenzidine solution (I DAB + 1 urea tablet / ml water) was freshly 

prepared and, after washing, 100 pi was added to each tissue group for
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precisely 6 mins. The slides were washed a final time and placed in TBS 

solution.

The sections were counterstained with Haematoxylin, to identify the cell 

nuclei. The slides were placed in filtered Haematoxylin (Harris’ Haematoxylin, 

BDH) for 30 secs, washed in tap water for 30 secs and dipped briefly in 70 % 

alcohol with 2 % HCI to bleach out excess stain. Following a further 30 secs in 

tap water, the tissue sections were dehydrated by immersing in 70 % alcohol for 

1 min twice, 100 % alcohol for 1 min twice, and finally Histoclear (National 

Diagnostics) for 1 min twice. The sections were mounted in Histomount 

(National Diagnostics) with a coverslip.
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CHAPTER 3
Binding properties of RGD-containing peptides

3.1 Introduction

A vector delivering foreign DNA to target tissues must traverse a 

complicated series of obstacles offered by the cells. In the development of a 

new DNA vector using the poly-K-molossin peptide, the pathway through the 

cell was dissected, to assess the efficacy of the peptide at each stage. The 

passage can be divided into five steps: cell surface attachment, internalisation 

(usually by endocytosis), escape from the endocytic vehicle, translocation 

through the cytoplasm and entry into the nucleus for transgene expression.

Poly-K-molossin contains the amino acid sequence, RGDNP, that has 

been reported to bind preferentially to Ovp3 and integrin subclasses 

(Scarborough et al. 1993b). Two other RGD-containing peptides were included 

in the initial study; Peptide 1 (O'Neil et al. 1992) and peptide 5 (Koivunen et al. 

1995) were isolated using phage display libraries and found to bind the same 

integrin classes. All three peptides contain RGD motifs, and poly-K-molossin 

and peptide 1 are cyclised via two cysteine residues, whereas peptide 5 

contains four cysteines that are capable of forming disulphide bonds.

Peptide binding is dictated, primarily, by the integrin classes present on 

the cell surfaces, and cell lines expressing the appropriate integrin subtypes 

were initially identified using flow cytometry. The binding characteristics and 

specificity of the three RGD-containing peptides were then investigated using a 

simple plate binding assay. To support these results, preliminary transfections 

using the RGD peptides in the presence of chloroquine, on various cell types 

were performed. Chloroquine prevents DNA degradation in the endosomes, by 

altering the pH and stalling lysosomal action (see Chapter 1).

Proteins containing the RGD motif, including fibronectin (Pierschbacher 

and Ruoslahti, 1984) and disintegrins (Lu et al. 1993), have been found to bind 

integrins only in the correct conformation. Cyclisation via cysteine residues 

positioned relatively near the binding motif have been shown to be responsible 

for the stability of the RGD loop, enabling it to extend from the rest of the protein
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molecule, allowing efficient integrin interaction compared to their linear 

counterparts (Leahy et al. 1996). The importance of cyclisation within these 

short RGD peptides was investigated using the Ellmans colourimetric assay, 

and the influence of conformation upon cell binding was assessed.

3.2 Materials and Methods

3.2.1 Flow cytometry analysis of integrin expression

Staining cells for flow cytometry is described in section 2.9. Additional 

information, about the specific antibodies used in the following procedures, is 

detailed below.

The primary antibodies recognised a5 and avp3 integrins and had 

previously been tested to establish suitable working dilutions.

Mouse anti human a5 integrin antibody: Recognises the a5 integrin subclass 

(MCA1187 Serotec, Oxford, UK). Diluted in 0.5 % BSA/PBS and used for flow 

cytometry at 20 pg/ml.

Mouse anti human CD51/CD61 complex antibody: Recognises avp3 integrins, 

and also binds vitronectin at the RGD sequence. (MCA757G Serotec, Oxford, 

UK). Diluted in 0.5 % BSA/PBS and used for flow cytometry at 120 pg/ml.

3.2.2 Cell binding assay

The colourimetric cell binding assay was carried out as described by 

Brasaemle et al (Brasaemle and Attie, 1988).

50 jul of peptide solution in saline was added to the wells of a 96-well 

non-tissue culture plate (Costar, Cambridge, MA, USA) and left overnight at 

room temperature, to allow the peptide to bind to the plastic. PBS and 3 % BSA 

controls were included and all samples were carried out in triplicate. The 

following day the wells were washed once with PBS and blocked for 1 hr at 

37 °C with 3 % BSA/PBS. During this incubation, a confluent monolayer of cells 

were harvested by trypsinisation, washed by centrifugation, counted and 

resuspended to a concentration of 1x106 /ml in the appropriate complete culture
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medium. Wells were washed three times with PBS. 50pl of cell suspension was 

added to the peptide-coated wells at 37 °C for 90 mins and unbound cells were 

removed by washing three times with PBS. The cells were fixed by adding 100 

pi per well of 0.2 % glutaraldehyde in PBS (v/v) for 10 mins at room 

temperature. The wells were washed three times with PBS and 100 pi 0.1 % 

crystal violet in water was added for 5 mins at room temperature and then the 

wells were washed carefully with PBS. The remaining bound cells were lysed 

with 100 pi 2 % sodium deoxycholate in water (w/v) and heated in the 

microwave (10 % power) for 1 min. Solubilised stained cells were resuspended 

by gentle shaking and the OD at 570 nm was read, using wells without cells as 

a background level.

Commercial RGD peptides were used to block cell binding in selected 

experiments. GRGDSP peptide (Gibco BRL, Paisley, Scotland) dissolved in 

saline was incubated with 106 cells/ml at 300 pM concentration, by rotation at 

4 °C for 1 hour, prior to addition of the cells to the peptide-coated plate as 

described above. A control peptide GRGESP (Gibco BRL) was also included in 

the experiment.

3.2.3 Ellmans assay

The progression of cyclisation, by the formation of intramolecular 

disulphide bridges between cysteine residues, was monitored using the colour 

change reaction in Ellmans assay (Ellman, 1959).

Peptide —S —S ■n o .Peptide —S —

NO.S — S NO.

C 09-0 9C NTBDTNB
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The reaction (illustrated above), using 5,5’-Dithio-bis12-nitrobenozoic 

acid (DTNB, Ellmans reagent), measures the nitrothiobenzoate (NTB) released 

upon reaction of a thiol with DTNB. In the presence of free sulphydryl groups a 

yellow colour is present and absorbance can be measured at 412 nm.

3 mM dithionitrobenzoic acid (DTNB) was prepared in PBS and 50 pi 

was added to 1 ml peptide solution (0.1 mg/ml in OptiMEM (GibCo BRL)). The 

absorbance at 412 nm was measured immediately and the molar concentration 

of thiols was calculated at maximum absorbance using the equation A = eel, 

where extinction coefficient, e412 is 14,150 /Mem, A = absorbance at 412 nm, c 

= concentration and I = pathlength of absorbance.

3.3 Results

3.3.1 The expression of av P3 and a5 integrin receptors on various cell 

lines

To determine the levels of relevant integrin expression on various cells 

lines a 50 pi volume of cell suspension at 106 cells/ml was incubated with 

antibodies to human a5 and avp3 integrins at saturating concentrations as 

described in 3.2.1. Binding was detected with a fluorescein-labelled rabbit anti 

mouse immunoglobulin (2.3). An irrelevant antibody of similar subclass F16-4-4 

and a 0.5% BSA/PBS control were included for each cell type.

Four different cell types were investigated, as shown in Figure 3.1. 

ECV304 (a human umbilical vein endothelial cell line), Cos 7 (a monkey kidney 

epithelial cell line), A375M (a human melanoma cell line) and N64 (a human 

glioblastoma cell line), covering a wide range of cell types were studied. 

ECV304, Cos 7 and A375M cell lines all showed relatively high levels of the 

relevant integrin classes. The pattern of integrin expression on ECV304 (Figure 

3.1a) and A375M (Figure 3.1c) were similar with particularly high levels of avp3. 

Cos 7 cells expressed a high level of a5 integrins and lower levels of av (Figure 

3.1b). In contrast, the N64 cell line did not show binding for either class of 

integrin (Figure 3.1 d).
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Figure 3.1

The expression of avp3 and 0 5  integrin receptors on cell lines.

Flow cytometry profiles of ECV304 (a), Cos 7 (b), A375M (c) and N64 (d) cell 

lines incubated with saturating concentrations of antibody to avp3 (—-) or to as

(.... ) integrin subclasses. Binding was detected with fluorescein-labelled rabbit

anti mouse immunoglobulin. An isotype control antibody was included (shaded).
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3.3.2 Binding of RGD peptides to cell lines

A simple cell-binding assay was carried out as described in 3.2.2 to 

determine whether the RGD peptides bound to the various cell types. Three 

RGD peptides, poly-K-molossin, peptide 1 and peptide 5, were tested on the 

cell lines previously described. A 96 well plate was coated with each peptide at 

a concentration of 1 pg/ml in PBS. Preliminary experiments found that the 

1pg/ml concentrations of all three peptides saturated binding to the 96-well 

plastic plate (data not shown).

There was a clear relationship displayed between the binding ability of 

the RGD peptides and integrin expression, as shown in Figure 3.2. ECV304, 

Cos 7 and A375M cells, previously found to express high levels of a5 and avp3 

integrins, showed high levels of binding by all the RGD peptides. None of the 

peptides bound to the N64 melanoma cell line, which correlated with the lack of 

the relevant integrin subtypes previously recorded.

However, it should be borne in mind that the lack of commercially 

available integrin antibodies poses restrictions on the different integrin subtypes 

that can be assayed. It is quite probable that these RGD peptides bind to 

integrins other than a5 and avp3 integrins, which must be taken into 

consideration when attempting to establish the specificity of binding. Moreover, 

the peptides might differ in their ability to bind to the plastic plate. It is, therefore, 

only possible to compare the relative binding of a particular peptide to various 

cell lines, and thus identify cell types appropriate for further work.

3.3.3 Relative transfection efficiencies on the cell lines

To establish the efficacy of the RGD peptides as DNA carrying vehicles, 

initial basic transfection experiments were done using the three RGD peptides 

on the same cell lines investigated above. At this stage the protocol for 

transfection had not been refined and the results were used purely as an 

indication as to which peptide and cell line would be suitable to continue 

investigating.

The standard transfection protocol described in 2. 7 was largely followed, 

with, however, some significant differences. The peptide/DNA vector was
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prepared as described in 2.6 using 2 pg/ml luciferase reporter DNA plasmid and 

6 jug/ml peptide. Poly-K-molossin, peptide 1 and peptide 5 were tested, together 

with a control (lys)10 peptide and cells exposed to DNA and to medium only. The 

cells were incubated with the peptide/DNA vector complexes for six hours in the 

presence of 100 pM chloroquine. After which time an equal volume of complete 

culture medium containing twice the usual concentration of serum (ie 20 %) was 

added to each well. The cells were harvested on day 3 and gene expression 

measured as described in 2.8.1.

Poly-K-molossin and peptide 1 transfected the cell lines to a higher 

degree than peptide 5 under these experimental conditions, as shown in Figure 

3.3. However, it is possible that further tuning of the experimental protocol may 

increase expression levels in some or all of the peptides. Efficient cell 

transfection required the presence of chloroquine.

ECV304 cells were transfected to the same degree by both poly-K- 

molossin and peptide 1, reaching levels of approximately 5 x 105 RLU/mg 

protein. In general, gene expression with all three peptides was found to be 

higher in Cos 7 cells than other cells types. The melanoma cell line A375M did 

not transfect very well under these conditions, even though the previous assay 

showed strong cell surface binding to this cell type. It may be that under 

different conditions, such as DNA concentration, incubation time or chloroquine 

concentration, gene expression levels could be improved. The control peptide 

(lys)-io was unable to transfect any of the cell lines.

The peptides were also tested on the glioblastoma cell line, N64, which 

did not express the relevant integrin receptors. There was little or no gene 

expression using any of the peptides as vectors, as expected (data not shown).
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Figure 3.2
Binding of the RGD peptides to cell lines.

Cell binding assay to assess the binding ability of three RGD peptides to 

various cell lines. Plastic wells were coated with cyclised peptides solutions 

(1 jig/ml overnight), and cell suspensions (50 (il at 1 x106 cells/ml) of the 

following cell types were added.

■  ECV304 □  Cos 7

A375M W l N64

The numbers of cells binding was assessed by the crystal violet colourimetric 

staining assay. Control wells were coated with BSA only. Levels of binding were 

measured at OD of 560nm and data is given as the mean triplicate values ± 

standard error of the mean (SEM, see appendix 3).
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Figure 3.3
Transfection efficiency of the RGD peptides on cell lines.

The cell lines, EC V304H  , Cos 7EH and A375mE01 were transfected with 

various RGD-containing peptides complexed to pGL2 DNA (2 |ug/ml DNA 

concentrations) in the presence of 100 |iM chloroquine. After a six hour 

incubation, an equal volume of culture medium containing double the 

concentration of serum was added overnight. After a further 48 hours with fresh 

culture medium the cells were harvested and cell-free supernatants were 

assayed for luciferase activity and total protein concentration. Enzyme activity is 

expressed as relative light units per milligram protein (RLU/mg). The data are 

given as the mean of triplicate values ± SEM.
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3.3.4 Specificity of peptide binding

Targeting endothelium for gene delivery is a highly desirable option and 

its applications would have potential benefits in a wide variety of human 

diseases, as well as organ transplantation. For this reason detailed investigation 

of the characteristics and properties of the RGD peptide vector delivery systems 

was continued primarily using the ECV304 human endothelial cells as a target 

in vitro. In many cases other cell types were tested too, but, from this point, only 

the results of the endothelial cell lines have been included in this document.

To establish specificity of binding, ECV304 endothelial cells at 106/ml 

were incubated with a synthetic RGD peptide, before they were added to the 

peptide coated plates, as described in 3.2.2. A control RGE synthetic peptide 

was included in the experiment.

Preincubation of the cells with the RGD peptide partially blocked binding 

of the cells to the RGD-peptide coated plates (Figure 3.4). Binding to poly-K- 

molossin was reduced by more than 50 % and to peptide 1 and peptide 5 by 45 

% and 36 % respectively. Preincubation with the RGE peptide had no significant 

effect on overall binding. The results suggest that these peptides are binding, at 

least partially, via their RGD sites to cell surface receptors. The affinity of the 

small control peptides for the RGD binding sites on the cell surface may not be 

sufficient to remain bound and compete with the peptide coated to the plates. 

This may account for the incomplete blocking of the poly-K-molossin, peptide 1 

and peptide 5 that was seen in the results.

Alternatively, there may be other mechanisms of binding involved. The 

polylysine tail of the peptides on the plate may play a role in electrostatic 

attachment to the cells, although there was no detectable binding with the (lys)10 

control peptide.
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Figure 3.4
Specificity of binding of the RGD-containing peptides to the 

ECV304 endothelial cells.

Plastic plates were coated with peptide solutions at 1 pg/ml overnight. ECV304 

cells at 1 x 106 cells/ml were incubated with either an RGD blocking peptide 

(300pM) EH , an RGE control peptide (300pM)OE , or a lo n e H  for 1 hour at 

4 °C, before adding to the peptide coated plates. Relative binding was assessed 

using the crystal violet assay with values measured at OD at 560 nm. The data 

are given as the mean of triplicate values ± SEM.
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3.3.5 The progression of peptide cyclisation

The RGD peptides used for these studies have been designed with 

cysteine residues near the RGD motif. Under suitable conditions these are able 

to cyclise by the formation of disulphide bridges and cyclisation is thought to be 

important in keeping the peptides in the correct orientation for binding via the 

exposed RGD domain.

Peptide 1 and peptide 5

Peptide 1 and peptide 5 were not cyclised by the manufacturers, and 

were cyclised by overnight oxidation of 0.1 mg/ml concentrations as described 

in section 2.2.2. Progression of cyclisation was visualised using the Ellmans 

assay, which monitors the change in thiol concentration (3.2.3).

The kinetics of cyclisation were measured for peptide 1. Duplicate 

samples of 0.1 mg/ml peptide 1 in OptiMEM were prepared directly from the dry 

powder and 3 mM Ellmans reagent was added. A time course was carried out 

measuring OD at 412 nm, until control levels (OptiMEM only) were reached. 

The graph in Figure 3.5a shows that loss of free sulphydryl groups by the 

formation of disulphide bonds was complete in less than 3 hours with > 50 % of 

the peptide solution cyclised after just 60 minutes.

Polv-K-molossin

Poly-K-molossin was cyclised by Zeneca prior to delivery as a powder. 

However, the disulphide bonds can be disrupted in the presence of reducing 

agents such as dithiothreitol (DTT) or by boiling. Two 1 ml samples of 0.1 mg/ml 

poly-K-molossin in OptiMEM were prepared. One sample was boiled for five 

minutes in a waterbath. Both samples, together with a medium control, were 

then assayed for the presence of free sulphydryls using the Ellmans assay. The 

results are shown in Figure 3.5b.

The molar concentration (c) of thiols present in the reduced sample 

(where the pathlength of absorbance is equivalent to 1 cm) was calculated to be

27.5 pM using the equation detailed in 3.2.3. Since there are two cysteine 

residues in each peptide, this value is therefore equivalent to a 13.5 pM 

concentration per peptide. The concentration of the poly-K-molossin in the 1 ml
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sample is approximately 26.3 pM. This suggests therefore that only half the 

peptide had been reduced during boiling. However, cyclisation occurs very 

rapidly (as shown in Figure 3.5a), and consequently this reading may not 

correspond to the full reduced value because of recyclisation.

3.3.6 The importance of cyclisation of the RGD peptides for cell binding

The effect of cyclisation on the cell-binding capacity of each peptide was 

assessed by comparing oxidised and reduced peptides in a cell binding assay. 

96-well plates were coated with poly-K-molossin, peptide 1, peptide 5 and a 

control (lys)10 peptide at 1 pg/ml overnight, as previously described. To one 

plate was added 0.1 M DTT in PBS per well, an equivalent plate was left 

untreated. DTT is a reducing agent that disrupts the disulphide bonds, 

linearising the peptides. The binding of ECV304 cells was assessed.

Peptide cyclisation was found to be important for optimal cell binding 

efficiency, as shown in Figure 3.6. All three peptides showed at least 50 % 

reduction in binding ability, with peptide 5 showing as much as 63 % decrease 

in binding. Binding to the DTT-treated or untreated (lys)10 control peptide gave 

values no higher than background level of binding to control wells coated with 

BSA. The decrease of binding ability of the linearised peptides was probably 

due to their lower integrin-binding affinity, in relation to their cyclised 

counterparts. Binding was not shown to be completely eliminated. However 

during the assay the cells are incubated with the peptides for 90 minutes, in 

which time a significant proportion of the reduced peptides may have re- 

cyclised (as shown in 3.5a). This graph, therefore, only shows a minimum 

estimate of the reduction in cell binding affinity of linearised peptides
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Figure 3.5
The progression of cyclisation.

a) The rate of cyclisation of peptide 1. A sample of peptide 1 was dissolved at 

0.1 mg/ml in OptiMEM buffer, oxidised by exposure to air, and the rate of 

cyclisation assayed by the rate of loss of free sulphydryls using Ellmans assay.

b) The reduction of poly-K-molossin peptide was examined by boiling one 

sample of the peptide solution (at 0.1 mg/ml in OptiMEM) and measuring the 

level of free sulphydryls using Ellmans assay, compared to an untreated 

sample.
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Figure 3.6
The influence of peptide cyclisation on cell binding.

Cell binding assay to assess the binding activity of linear and cyclic peptides. 

Plastic wells were coated with cyclised peptide solutions (1 |ig/ml overnight), 

and either left untreated H  or exposed to a reducing agent (0.1 M DTT) Q  

to linearise the RGD peptides. Binding of ECV304 cell suspension at 1 x106 

cells/ml was assessed by the crystal violet staining assay. Measurements were 

taken at OD at 560 nm and the data is given as the mean of triplicate values ± 

SEM.
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3.4 Discussion

Arginine-glycine-aspartic acid containing peptides have been reported to 

bind to integrin cell surface receptors and internalise efficiently (Hart et al. 

1994). The application of such peptides as DNA delivery vehicles is, thus, an 

interesting development. In the first instance three RGD peptides were studied: 

poly-K-molossin from the disintegrin of snake venom (Scarborough et al. 

1993b), and peptides 1 and 5 isolated from phage display libraries (Hart et al. 

1995; Koivunen et al. 1995). The basic cell binding properties and structural 

influences on cell binding were investigated and a model for future, more 

detailed, development was chosen. The importance of establishing the binding 

properties and specificity of the RGD peptides, before investigating the 

conditions affecting endocytosis and gene expression of the DNA vehicle, are 

highlighted by the difference seen in binding of the same peptide on various cell 

lines (Figure 3.2).

The RGD peptides are known to bind to certain subclasses of integrin 

receptors on the cell surface. To provide a good model, in which gene transfer 

could be tested, cell lines expressing high levels of the correct integrin subtypes 

were initially identified. The cell binding ability of the three RGD peptides to 

these different cell lines was investigated and results were consistent with the 

presence of a5 and av integrins being required for cell attachment. The cells that 

lacked these integrin subclasses (N64 glioblastoma cells), did not mediate 

effective gene delivery using the RGD peptides. In contrast, ECV304 

endothelial cells and Cos 7 epithelial cells, expressing a5 and av integrin 

receptors, resulted in high level transgene expression in the presence of the 

lysosomotropic agent, chloroquine.

The endothelial cell line ECV304 was chosen as the model target cell to 

explore and develop the RGD peptides as a non-viral vector system. Binding of 

the cell lines to peptide-coated plates was significantly reduced by 

preincubation of the cells with a commercial RGD peptide. This suggested that 

the peptides bound specifically via their RGD motif.

Peptide cyclisation occurs rapidly upon exposure to air. It was shown that 

it is important to maintain the cyclic structure of the peptides so that the RGD
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domain is in the correct conformation for maximal integrin-binding, and in the 

presence of a reducing agent cell binding was greatly reduced.

This initial study has established that the cyclised peptide poly-K- 

molossin, together with other RGD-containing peptides, can bind efficiently to 

cells expressing a5 and avP3 integrins, via the RGD motif. Preliminary 

transfection experiments indicate its ability to deliver reporter genes to cell in 

vitro.
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CHAPTER 4

Binding properties of the peptides, Molossin and
Poly-K-molossin

4.1 Introduction

The binding studies discussed in chapter 3 were carried out on several 

RGD peptides. Poly-K-molossin and peptide 1 showed similar cell attachment 

profiles for several cell lines and further development has concentrated on only 

the poly-K-molossin peptide as a gene delivery vector.

To improve understanding of the binding and targeting ability of the poly- 

K-molossin to normal tissues, a monoclonal antibody was raised to the integrin- 

binding moiety of the vector, the molossin peptide. The specificity of the 

monoclonal antibody allowed localisation of the peptide vector, identifying the 

specialised targeted cell types on tissue sections.

A clear definition of the binding properties of these vector systems will 

better define their behaviour in vivo. In vitro situations are very different from 

those encountered in vivo and many factors, untested in vitro, might influence in 

vivo vector binding. These include integrin occupancy by natural ligands, and 

potentially non-specific interactions of the peptide/DNA vector complexes with 

the connective tissue matrix. Moreover, a precise definition of the tissues in 

various organs, likely to be suitable targets for the integrin-binding vector, would 

be of substantial practical importance, and could be influenced by possible 

species differences in integrin expression and by the presence of, as yet, 

unknown integrins.

To further define the binding characteristics of the poly-K-molossin 

peptide vector, its individual molossin and (lys)16 peptide components have 

been utilised, together with a monoclonal antibody to the molossin peptide. The 

tissues that are likely to be effective targets for this non-viral DNA delivery 

system have also been identified.
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4.2 Materials and Methods

4.2.1 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

Loading Buffer: 0.0625 M Tris base, 2 % Sodium dodecyl sulphate (SDS, 

BioRad Laboratories, w/v), 10 % Glycerol (v/v), 5 % 2-Mercaptoethanol (2-ME, 

v/v), 0.001 % Bromophenol blue (w/v). This was reducing loading buffer, 

excluded 2-ME for non-reducing buffer.

Running buffer: 0.025 M Tris base, 0.192 M Glycine, 0.1 % SDS (w/v). 

pH 8.3 adjusted with 5 M HCI

Destaining solution: 7.5 % Glacial Acetic Acid (v/v), 5 % Methanol (v/v).

Gel preparation:

7.5 % acrvlamide running gel - 15ml

30 % Acrylamide (v/v) 3.75 ml (Bio-Rad Laboratories)

0.75 M Tris HCI (pH 8.8) 7.5 ml

20 % SDS (w/v) 75 pi

Water 3.6 ml

10 % Ammonium persulphate (w/v) 75 pi

TEMED 15 pi

3 % acrvlamide stacking gel - 4ml 

30 % Acrylamide (v/v) 0.66 ml

0.625 M Tris HCI (pH 6.8) 0.8 ml

20 % SDS (w/v) 20 pi

Water 2.52 ml

10 % Ammonium persulphate (w/v) 20 pi

TEMED 4 pi

Bio-Metra gel apparatus was used to run the SDS-PAGE gel, (Pharmacia 

Biotech, Herts, UK). A 15 ml running gel was poured and left to solidify at 4 °C 

for at least 2 hours. A 4 ml stacking gel and comb was added to the solidified 

running gel and placed at 4 °C for a further 1 hour before use.
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Running the gel

A minimum of 1 pg was loaded on to the gel. The samples were mixed 

with an equal volume of non-reducing or reducing loading buffer and boiled for 2 

minutes, to denature the proteins.

Running buffer was added to the apparatus and the samples were 

loaded into the gel. The samples were run at 15 mA into the stacking gel and 

then increased to 25 mA for approximately 2 hours.

The gel was placed in Coomassie Brilliant Blue staining solution for 30 

minutes and then destained with destaining solution, until the protein bands 

were visible.

4.2.2 lodination of RAM

0.3 M Phosphate buffer

Solution A: 0.3 M Na2HP0 4 , 0.02 % NaN3

Solution B: 0.3 M NaH2P0 4 2 H20

Titrated approximately 80 ml solution A with approximately 15 ml Solution B to 

bring to pH 7.3 and stored at 4 °C.

Tris-buffered saline (TBS): 0.15 M NaCI, 0.025 M Tris, 0.07 % NaN3. pH 7.5 at 

10°C with HCI

Chloramine T solution: 2 mg/ml Chloramine T, Prepared in 0.3 M phosphate 

buffer (above).

Tyrosine solution: 0.5 mg/ml Tyrosine. Prepared in 0.3 M phosphate buffer 

(above).

lodination method

A PD10 column (G25 Pharmacia Biotech) was equilibrated with 3 

volumes of 0.1 % BSA in TBS solution. 100 pi of 10 % BSA/PBS was added to 

the top of the column followed by a further 2 column volumes of 0.1% 

BSA/PBS.

10 pi Chloramine T (see above) was added to 25 pi (1 mCi) 125 Nal03 

(Amersham) in an LP3 tube to initiate oxidation. 25 pi of affinity purified rabbit 

F(ab’)2 anti mouse F(ab’)2 immunoglobulin (RAM at 1 mg/ml, prepared as

112



described by Dalchau and Fabre, 1979) was added to the tube, which was 

mixed well by gently shaking, and then incubated for 2 mins. To stop the 

reaction 50 pi Tyrosine solution (see above) was added, the tube was mixed 

well and incubated for a further 2 mins. Following this, 200 pi 10 % BSA/PBS 

was added and the solution was loaded into the top of the equilibrated PD10 

column to separate the bound from the unbound iodine. The column was eluted 

with 10 ml 0.1 % BSA/PBS and 1 ml fractions were collected. I125 activity was 

measured using a gamma counter and the high activity fractions were pooled, 

diluted 1/10 in 0.5 % BSA/PBS and stored in aliquots at -35 °C.

4.2.3 Solid phase plate assay for hybridoma screening

Day 0:Target molossin peptide was diluted in PBS to 10 pg/ml and a 96- 

well PVC plate (Dynex Technologies Inc, Chantilly, VA) was coated with 25 pi 

per well. Control plates with PBS and with KLH (at 10 pg/ml in PBS) were 

included in the screening. The plates were covered and stored at 4 °C 

overnight.

Day 1:1 ml of supernatant was removed from the wells of each clone and 

replaced with fresh medium. The supernatant was spun at 200 g for 5 mins to 

remove cell debris. The target antigens were aspirated from the wells of the 96- 

well plate and 100 pi 5 % BSA/PBS was added to each well to minimise non

specific binding. The plates were covered and incubated at 4 °C for 1 hr. The 

BSA was aspirated and the wells washed three times with 0.1 % BSA/PBS. 25 

pi of each supernatant was added in duplicate to the molossin plate, the PBS 

plate and the KLH plate. RPMI medium controls were also included. The plates 

were covered and incubated for 1 hour at 4 °C.

125l labelled RAM (4.2.2) was diluted in 0.5 % BSA/PBS to give 

approximately 600,000 cpm/ 100 pi. The plates were aspirated and washed 

three times as before. 50 pi 125I-RAM was added to each well and the plates 

were covered and incubated for 1 hour at 4 °C. The 125l labelled antibody was 

aspirated and the wells washed as before. The plates were air-dried, each well 

individually cut out and radioactivity levels were measured on a gamma counter.
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4.2.4 Monoclonal antibody production

Single step coupling of peptides to Keyhole Limpet Haemocvanin (KLH)

This method was taken from Antibodies: A laboratory manual (Harlow 

and Lane, 1988). The concentration of carrier and protein required in the 

coupling reaction is crucial, incorrect ratios result in overcoupling. Normally 

molar ratios giving 1 molecule of peptide per 50 amino acids of carrier is 

appropriate. KLH was used in this instance as the carrier, but BSA can be 

conjugated in the same way.

Desalting KLH: 30 mg Keyhole Limpet Haemocyanin (KLH, dessicated, 

molecular weight 70,000, Sigma) was dissolved in 1 ml water and loaded on to 

a PD10 column (G25 Pharmacia, pre-equilibriated with 3 ml water). 9 ml water 

was passed through the column, collected in 1 ml volumes, and the protein 

concentration of each fraction was measured at 280 nm. The fractions 

containing the protein were pooled and, assuming no losses, the KLH was 

further diluted to 5 mg/ml in water.

Preparation of the peotide-carrier conjugate: 2.5 mg molossin peptide 

was dissolved in 0.5 ml PBS to a concentration of 5 mg/ml, and 1 ml desalted 

KLH in water at 5 mg/ml was added. An equal volume of 0.2 % glutaraldehyde 

in PBS was added slowly to the peptide solution, whilst stirring, and the reaction 

was left stirring for 1 hr at room temperature, away from sunlight. Glycine, to a 

final concentration of 200 mM (pH 7.2), was added to the coupling reaction and 

stirred for a further 1 hour. Molossin-KLH conjugate was separated from the 

free carrier by dialysis, in boiled visking tubing, against 5 volumes of PBS x 3 

over 24 hrs at 4 °C.

Mouse immunisation

200 pi Molossin-KLH (at 0.8-1 mg/ml) was mixed with an equal volume of 

Freunds complete adjuvant (contains mycobacteria, ICN flow) and vortexed for 

30 mins. A BALB/c albino female mouse was anaesthetised with Halothane and 

given 2 x 0.1 ml subcutaneous injections of peptide emulsion.

Three weeks later, the mouse was given a booster of the same 

concentration of conjugate prepared in incomplete Freunds adjuvant (ICN flow),
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and injected as before. A second booster immunisation was administered after 

2 weeks.

Prior to fusion, the mouse was given an intravenous injection of 150 pi KLH- 

conjugated peptide with no Freunds reagent and the spleen was removed 3-5 

days later.

Preparation of hvbridomas

RPMI wash medium: RPMI 1640 medium (GibCo BRL), containing 25 mM 

Hepes, with 10% FCS, 2 mM L-glutamine, 100 units/ml Penicillin and 100 pg/ml 

Streptomycin.

RPMI fusion medium: RPMI 1640 medium, containing 10 % FCS, 2 mM L- 

glutamine, 100 units/ml Penicillin and 100 pg/ml Streptomycin (No Hepes).

HAT supplement media (10X): 5 mM Hypoxanthine, 20 pM Aminopterin, 800 

pM Thymidine.

Polyethylene alvcol (PEG): 20 g PEG 15000 (autoclaved), mixed with 20 ml 

RPMI 1640 containing 25 mM Hepes.

Day 0: The day before the fusion, spleen feeders were prepared. A fresh 

BALB/c mouse spleen was minced with scissors and pressed through a sieve 

using 10 ml RPMI wash medium. The cells were spun at 200 g for 10 mins at 4 

°C, resuspended in RPMI fusion medium, counted and adjusted to a 

concentration of 2x106 nucleated cells/ml. 0.5 ml of this spleen cell suspension 

was added per well to four 24-well plates and the cells were incubated overnight 

at 37 °C with 95% air/ 5% C 02.

NS0, non-adherent mouse myeloma cell line, was seeded the day before 

the fusion at 105 cells/ ml in 100 ml complete culture medium. The number of 

NS0 cells required for the fusion was approximately 2x107 cells.

Day 1: The spleen of the immunised mouse was removed and a single 

cell suspension prepared, as above. The 100 ml of NS0 cells, seeded the day 

before, was spun down simultaneously with the spleen cells. The spleen cells 

and NSO cell pellets were each resuspended in 10 ml RPMI fusion medium.
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The required volume of myeloma NSO cells was calculated (a ratio of 5 spleen 

cells for every 1 myeloma cell was required) and added to the spleen cells in a 

50 ml falcon tube. They were then spun at 200 g for 5 mins and the medium 

was removed. The falcon tube was held in a beaker of water, at 37 °C, and a 

volume of PEG 15000 (1 mg/ml) corresponding to 0.8 ml/108 cells was added 

dropwise over 1 min. During addition of the PEG, the cell pellet was 

resuspended in the PEG. Following this, 10 ml RPMI fusion medium without 

FCS, prewarmed to 37°C, was added slowly with a 10 ml pipette, 2 ml over 2 

mins and then 8 ml over 2 mins, stirring gently with the pipette.

The cells were spun at 200 g for 5 mins and resuspended in 50 ml fusion 

medium and 0.5 ml was added per well of the four 24-well plates containing the 

spleen feeders.

Day 2: 1 ml fusion culture medium containing 2x HAT media supplement 

was added per well.

Colonies were visible within 2 weeks. When the medium began to turn 

yellow, half was removed and replaced with fresh hybridoma culture medium 

containing 1x HAT. The supernatant was stored at 4 °C and used for antibody 

screening.

Cloning by limiting dilution

Fusion wells with positive supernatants were identified. All hybridoma 

cells in the wells were resuspended (no attempt was made to pick individual 

colonies) and grown in fusion medium, with 106/ ml BALB/c spleen feeders, for 

freezing down and for cloning.

Day 0: Fresh normal mouse spleen feeder cells were prepared as 

described earlier and seeded at a concentration of 106 / ml in hybridoma culture 

medium in two 96-well flat bottomed plates (Falcon, Becton Dickinson Ltd) at 

100 pi per well. The spleen cells were incubated overnight at 37 °C in 95 % 

air/5 % C 02.
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Day 1: Hybridoma cells for cloning were counted and a volume, 

corresponding to 6.4 x103 cells, was made up to 10 ml in hybridoma culture 

medium. 1 in 2 dilutions of this cell suspension were prepared to a final 

concentration of 5 cells/ ml and 100 pi of each cell concentration was added to 

a row of wells in the 96-well plates containing the spleen feeders.

The plates were incubated at 37 °C and 5 % C 02 and observed closely, 

from day 7, for the appearance of single clones. Wells containing single clones 

were screened using the solid phase plate assay (4.2.3) and positive clones 

were transferred to 25 cm2 and then 75 cm2 flasks containing 106/ml BALB/c 

spleen feeders. The clones were frozen down and stored in liquid nitrogen.

Production of high titre supernatants

Several large 125 cm2 flasks were seeded at 5 x 104 cloned hybridomas/ 

ml with 106/ ml BALB/c spleen feeders, as described before, and the cells were 

allowed to overgrow until the medium became yellow. The high titre supernatant 

was collected and centrifuged at 200 g for 10 mins to pellet the cells and cell 

fragments. The supernatants were pooled, frozen in aliquots and titred to 

establish the optimal working dilutions.

Antibody titration

The cloned supernatant was titred to assay its strength. Using the solid 

phase assay (4.2.3), tripling dilutions of the supernatant were screened against 

the molossin peptide. The dilution of supernatant corresponding to 50 % of the 

maximum counts per minute (cpm) above control level was taken as the titre of 

the supernatant.

Antibody Isotvpina

Isotyping buffer: 1% BSA/PBS, 0.005 % Tween 20 (v/v).

The Sigma ImmunoType, mouse monoclonal antibody isotyping kit (no. 

ISO-1) was used to determine the subclass of the antibody. A nitrocellulose 

strip, precoated with anti-lg antibodies, specifically captured the relevant mouse 

immunoglobulin in a 2 ml sample of supernatant. The immunoglobulin isotype
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was identified using a sensitive biotin-avidin-enzyme detection system. The kit 

provided a positive and negative control.

4.3 Results

4.3.1 Characteristics of the LC2-64 monoclonal antibody

A monoclonal antibody specific for the molossin peptide was produced 

as described in 4.2.4. It was necessary to conjugate the small peptide with a 

large molecule, such as KLH, to increase the immunological response in 

immunised mice. The bifunctional coupling reagent, glutaraldehyde, linked the 

two compounds primarily through their amino groups and conjugation was 

confirmed by running samples of the molossin-KLH on a 7.5 % SDS-PAGE gel 

(4.2.1).

The antibody, designated LC2-64, was shown to be of the lgG1 

subclass, which could be used at a working dilution of approximately 1 in 20. 

Specificity of the antibody was established using the solid phase plate assay 

(4.2.3). The target antigens were KLH, poly-K-molossin, peptide 1 and (lys)16 at 

10 iiig/ml in saline, with PBS and an irrelevant antibody, F15-42-1, controls. The 

graph in Figure 4.1 demonstrates strong binding to the poly-K-molossin peptide, 

but not to the unrelated RGD-containing peptide 1 or the other peptides. The 

antibody does not recognise KLH, which confirms its specificity to the molossin 

peptide.

There was a possibility that the antibody might cross-react with other 

integrin-binding, RGD-containing peptides such as laminin and fibronectin which 

are present on normal tissues. However, LC2-64, showed no staining at all on 

immunohistology sections of many rat tissues, including heart, liver, kidney. It 

also did not react with the ECV304 cell line, as assessed by flow cytometry 

(data not shown). These results confirmed the antibody specificity and suitability 

for the proceeding cell and tissue binding studies.
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PBS KLH poly-K- peptide 1 (Iys)i6 
molossin

Figure 4.1
The LC2-64 antibody to molossin.

Binding of the LC2-64 antibody (open columns) and the F15-42-1 control 

antibody to human Thy 1 was assessed by plate binding assays using poly-K- 

molossin, peptide 1, (lys)i6 and KLH as targets. The counts per minute (cpm) 

refer to 125l labelled RAM bound to the wells. The mean of triplicate assays are 

given ± SEM.
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4.3.2 Binding of peptides to ECV304, endothelial cells

Binding of the peptides to the ECV304 endothelial cell line was assessed 

with flow cytometry using the method described in 2.9. The cells (2x105 in 50 pi 

0.5 % BSA/PBS) were initially incubated with 50 pi molossin or poly-K-molossin 

diluted in PBS for 1 hr at 4 °C, washed and pelleted as described, before adding 

50 pi of LC2-64 antibody (diluted 1 in 20 in 0.5 % BSA/PBS). The fluorescein- 

labelled RAM antibody was added, as stated in the standard protocol, after 30 

mins. There were two sets of controls: tubes without peptide in the first 

incubation, and tubes with the isotype control antibody, F15-42-1, in the second 

incubation.

Figure 4.2a shows a detectable shift in the profile of poly-K-molossin 

binding to the ECV304 cells at 1 pg/ml (geometric mean channel of 

fluorescence (MCF) of 18.6 versus MCF of 4.36 in control) with maximal binding 

at 10 pg/ml. At this optimal concentration >90% of the cells are stained. In 

contrast, flow cytometry did not detect any binding of the molossin peptide, 

even at concentrations of 10 pg/ml (Figure 4.2b).

These results suggest that the poly-K-molossin peptide is binding either 

to negatively charged cell surface molecules by electrostatic forces alone, or by 

co-operative binding, involving both electrostatic and integrin-mediated 

interactions. It is clear though that the binding through integrin-mediated 

interactions is insufficient for detection using this assay.

4.3.3 Blocking of peptide binding to ECV304, endothelial cells

Further analysis of the contribution of each portion of the poly-K-molossin 

peptide to binding was carried out by attempting to inhibit cell surface 

attachment. For these blocking studies, the ECV304 cells were incubated 

initially with 50 pi of the competing agent for 1 hour and then 50 pi of the poly-K- 

molossin was added, at double the required concentration (i.e. 20 pg/ml). After 

a second 1 hour incubation, in which the blocking agent was present during the 

poly-K-molossin attachment, the cells were washed and binding was measured 

with the LC2-64 antibody as described in 2.9.
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The geometric mean of each cell population was calculated using the 

WinMDI version 2.6 Windows application. Percentage inhibition was calculated 

using the geometric mean channel of fluorescence (MCF):

MCF after blocking - MCF of negative control x100 

MCF positive control - MCF of negative control

Peptide 1, containing an RGD motif and a (lys)16 tail, at 100 pg/ml, was 

found to inhibit binding of the poly-K-molossin by more than 70 % as shown in 

Figure 4.3a. To investigate the importance of the electrostatic binding, the cells 

were pre-incubated with (lys)16 at 100 pg/ml and also commercially available 

polylysine (average molecular weight 9500 kd corresponding to approximately 

70 lysines per molecule). (Lys)16, even at 100 pg/ml, did not appear to inhibit 

the binding of poly-K-molossin (data not shown). However, polylysine at 100 

pg/ml gave strong inhibition of poly-K-molossin binding of approximately 80 %, 

shown in Figure 4.3b. This blocking agent has many more lysines per molecule 

than the (lys)16 peptide and, therefore, would be expected to bind more stably to 

the endothelial cell surface. Taken together, these results suggest that the 

binding of RGD containing peptides carrying a short polylysine tail involves both 

electrostatic and integrin-mediated components.

The significant shift in the cell profile with polylysine confirms the crucial 

importance of electrostatic forces in the binding of poly-K-molossin to ECV304 

cells. A combination of the commercial polylysine and peptide 1 gave slightly 

stronger inhibition, at 86% (Figure 4.3c), confirming that both the RGD and 

lysine portions do indeed play a role in poly-K-molossin cell binding.
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Figure 4.2

Binding studies to ECV304 cells.

a) Flow cytometry profiles for ECV304 cells incubated with 1 pg/ml (red line), 10 

pg/ml (blue line) and 100pg/ml (green line) poly-K-molossin peptide. Binding of 

the peptide was detected by the LC2-64 antibodys and fluorescein-labelled 

rabbit anti mouse immunoglobulin. ECV304 cells stained with the isotype 

control antibody are shown (shaded).

b) Flow cytometry profiles for ECV304 cells incubated with medium (shaded), 

10 pg/ml of molossin peptide (red line) and 10 pg/ml poly-K-molossin peptide 

(blue line). Binding of the peptides was detected with the LC2-64 antibody as in

a).

Events
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Figure 4.3
Binding inhibition studies.

ECV304 cells were incubated in medium (red line), peptide 1 at 100 pg/ml (a, 

blue line), commercial polylysine at 100 pg/ml (b, green line), or peptide 1 and 

polylysine together, both at 100 pg/ml (c, brown line). Poly-K-molossin peptide 

at 20 pg/ml was then added. Binding of the poly-K-molossin peptide to the 

ECV304 cells was detected by the LC2-64 antibody and fluorescein-labelled 

rabbit anti mouse immunoglobulin. ECV304 cells stained with the isotype 

control antibody is shown (shaded).
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4.3.4 Cell binding and internalising ability of (lys)16/DNA and poly-K- 

molossin/DNA complexes

There is significant binding of the poly-K-molossin peptide to the ECV304 

endothelial cell line. However, when poly-K-molossin is mixed with DNA, the 

resulting multivalent positively charged structure is likely to have greater binding 

avidity for both electrostatic and integrin-mediated reactions, compared to free 

poly-K-molossin. It was important to establish whether the poly-K-molossin/DNA 

complexes behaved in a similar way to the poly-K-molossin alone.

Fluorescently labelled pCMV-p DNA (prepared as described in 2.10) was 

used as the marker in peptide/DNA complex formation. The binding of 

(lys)16/DNA and poly-K-molossin/DNA complexes was assessed using flow 

cytometry. ECV304 endothelial cells were prepared and incubated with the 

peptide/DNA complexes as described in 2.11. Poly-K-molossin was complexed 

with fluorescently labelled DNA at a concentration of 32 pg/ml DNA, and at a 

3:1 ratio of peptide/DNA. (Lys)16 peptide was complexed with DNA at various 

ratios ranging from 0.5:1 to 4:1 (weight/weight) at a DNA concentration of 32 

pg/ml. In each case 1 in 2 serial dilutions of the complexes were prepared to 

give final DNA concentrations of 16, 8, 4, 2 and 1 pg/ml in PBS. The binding of 

all these complexes was tested on the ECV304 cell line.

(Lys)16/DNA and poly-K-molossin/DNA complexes bound equally well to 

ECV304 cells (Figure 4.4a). Saturation of binding was found to be at 8pg/ml 

DNA. The peptide/DNA were at ratios of 3:1 poly-K-molossin/DNA (red line) and 

1.5:1 for (lys)16/DNA (blue line). (The (lys)16 peptide is approximately half the 

molecular weight of poly-K-molossin and, therefore, the ratio of peptide/DNA is 

consequently half).

Thus, cationic charge is sufficient for effective binding of peptide/DNA 

complexes and probably represents the major mechanism of binding of poly-K- 

molossin/DNA complexes to ECV304. This is confirmed by the demonstration 

that commercial polylysine substantially inhibits the binding of poly-K- 

molossin/DNA complexes (Figure 4.4b). In the blocking studies the cells were 

incubated with the blocking agent, in this case polylysine at 100 jig/ml, for 1 

hour on ice before the peptide/DNA complexes were added at twice the
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maximal binding concentration (16 pg/ml DNA). Binding was detected using the 

LC2-64 antibody as described in 2.9. In this experiment the polylysine was 

found to block binding of the poly-K-molossin/DNA complexes by >50 % 

(measured by the percentage decrease in the geometric mean channel of 

fluorescence).

Since the electrostatic binding of the sixteen lysines within the 

peptide/DNA complexes play a major role in target cell attachment, it could be 

conceived that the lysine peptide alone may be sufficient to mediate DNA 

delivery.

The (lys)16/pGL2 DNA complexes were prepared at several ratios 0.5:1, 

1:1, 2:1, 4:1 using the standard preparation conditions (2.6). ECV304 cells were 

transfected using the standard transfection protocol (2.7) with (Lys)16/pGL2 

DNA and poly-K-molossin/pGL2 DNA complexes and 100 pM chloroquine.

The (lys)16 peptide was found to be completely ineffective at cell 

transfection at all of the tested ratios (individual ratio data not shown). Figure 

4.4c shows that poly-K-molossin/DNA complexes (at 10 pg/ml DNA and a 3:1 

ratio, weight for weight) resulted in very high transfection of the ECV304 cells 

while (lys)16/DNA at a 1.5:1 ratio gave no gene delivery. These results indicate 

that electrostatic binding of the peptide/DNA complexes, while significantly 

aiding initial cell attachment, is insufficient alone for gene transfer, and it is the 

receptor binding moiety that plays the major role in successful gene delivery.
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Figure 4.4
Cell binding and transfection studies of (Iys)i6/DNA and poly-K- 

molossin/DNA complexes.
a) Flow cytometry profile of ECV304 endothelial cells incubated with fluorescent 

DNA at 8pg/ml without added peptide (shaded), with (lys)i6 at a 1.5:1 (w/w) 

peptide/DNA ratio (blue line) and with poly-K-molossin at a 3:1 (w/w) 

peptide/DNA ratio (red line).

b) Inhibition studies. ECV304 cells were first incubated in medium (green line) 

or commercial polylysine at 100 pg/ml (brown line). An equal volume of poly-K- 

molossin/DNA at 16 pg/ml of DNA and a 3:1 (w/w) peptide/DNA ratio was then 

added. Binding of poly-K-molossin was detected with the LC2-64 antibody and 

fluorescein-labelled rabbit anti mouse immunoglobulin. An isotype control 

antibody is shown (shaded).

c) ECV304 cells were incubated with DNA alone, poly-K-molossin/DNA 

complexes at 10pg/ml of pGL2 DNA and a 3:1 (w/w) peptide/DNA ratio (poly-K- 

molossin) or (Iys)i6/DNA complexes at 10 pg/ml of DNA and a 1.5:1 (w/w) ratio. 

Incubations were with (shaded columns) or without (open columns) 100 pM 

chloroquine as indicated. The reporter gene expression is given as the mean of 

triplicate assays measured in RLU/mg protein ± SEM.
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4.3.5 Binding of molossin, poly-K-molossin and poly-K-molossin/DNA

complexes to rat tissue sections

Binding of the molossin and the poly-K-molossin peptide vector to 

various tissue sections, as described in 2.12, was performed to complement the 

binding studies on the ECV304 cell line and also to give a clear picture of the 

tissues likely to be effective targets for this DNA vector system. This is of 

particular importance because tissue distribution of RGD-binding integrins is not 

precisely defined (especially in non-human species) and in vivo the RGD 

binding sites of membrane integrins might be fully occupied by natural ligands, 

even though the integrins themselves might be readily detectable by 

monoclonal antibodies.

The results for various rat tissues are given in Figures 4.5 - 4.15 and for 

tissues taken from farm pigs in 4.18 - 4.22. The staining with poly-K-molossin 

and poly-K-molossin /DNA complexes was identical, and therefore the results 

with poly-K-molossin/DNA complexes are omitted. A control without the initial 

peptide incubation and one replacing LC2-64 with the irrelevant antibody F15- 

42-1 were included in each set of histology procedures. Although only one 

control picture is shown (picture a in each figure), both were found to be 

identical in all cases. The tissue section in picture b has been stained with 

molossin at 10pg/ml and poly-K-molossin at 10 pg/ml in picture c.

Rat heart

Molossin was shown to bind strongly to vascular smooth muscle cells, 

but binding was clearly absent in the vascular endothelium (arrowed), as 

demonstrated in the coronary arteriole shown in Figure 4.5b. The staining of the 

myocardial cells was weak and diffuse, but accentuated between the 

myocardial cells. The pattern of staining, especially of the myocardial cells in 

cross section suggested binding of molossin to intracellular structures as well as 

the plasma membrane. However, staining of connective tissue immediately 

adjacent to the myocardial membrane could not be excluded.

The poly-K-molossin peptide, Figure 4.5c, gave stronger and more 

extensive binding than molossin. In particular, it clearly bound to vascular
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endothelium (arrowed) and gave strong binding to the connective tissue 

between myocardial cells.

Rat skeletal muscle

Molossin did not bind to skeletal muscle (Figure 4.6b), while poly-K- 

molossin gave weak staining between the skeletal muscle cells (Figure 4.6c). 

This was interesting, since molossin was shown to bind effectively to vascular 

smooth muscle and cardiac muscle.

Rat kidney

Molossin gave very strong binding to renal tubular cells both in the cortex 

(as shown in Figure 4.7b) and medulla (data not shown). It also bound strongly 

to glomeruli. There was little staining between the tubules, however, suggesting 

that the capillary endothelium and the connective tissues were not binding 

molossin. It is likely that the glomerular capillary endothelium is negative, which 

would suggest that staining in the glomerulus with molossin is due to mesangial 

and/or epithelial cells.

Poly-K-molossin gave strong staining of all tissues in the kidney, 

including the intertubular connective tissues (Figure 4.7c).

Rat pancreas

There was a diffuse moderate staining of the acinar cells of the 

pancreas, with some patches staining stronger than others, as illustrated in the 

Figure 4.8b. The islets of Langerhans, however, stood out as being only very 

weakly stained. The vascular smooth muscle of arterioles stained distinctly 

more strongly than the smooth muscle of the pancreatic ducts. The duct 

epithelium was faintly positive.

Interestingly, poly-K-molossin, which in every other tissue gave stronger 

and more widespread staining, and which did indeed stain the exocrine 

pancreas more strongly, failed to stain the islets of Langerhans. These stood 

out prominently as very weakly staining or negative structures in the section.

Rat liver

The hepatocytes gave strong diffuse staining with molossin (Figure 4.9b), 

but the spaces between the hepatocyte cords were negative, strongly

130



suggesting that the sinusoidal endothelium does not bind molossin. The biliary 

epithelium was positive. All smooth muscle in the hepatic lobule (hepatic artery, 

portal vein, bile duct, central vesicle) was strongly positive. The vascular 

endothelium of the portal vein, hepatic artery and central venules was always 

negative.

With the poly-K-molossin, all structures were positive (Figure 4.9c). 

There were no spaces between the hepatic cords, and the staining of the 

hepatocytes was more granular than with molossin.

Rat lung

Molossin bound to all tissues in the lung section, but most strongly to the 

respiratory epithelium, as shown in Figure 4.10b. There was broad staining of 

the alveoli (data not shown) but it was not possible to resolve the cell types 

being stained. The binding of the poly-K-molossin was similar to that of 

molossin (Figure 4.10c).

Rat small intestine

Molossin did not bind to the intestinal epithelium. However, it stained the 

smooth muscle layers of the small intestine, and gave weak diffuse staining of 

connective tissues (Figure 4.11b). Poly-K-molossin stained all structures (Figure 

4.11c).

Rat cerebellum

Molossin gave a diffuse, uniform staining of the molecular layer of the 

cerebellar cortex as shown in Figure 4.12b, and similar staining of the cerebellar 

white matter (not shown). Staining of the granular layer of the cortex was 

interesting. The cell bodies of the Purkinje cells can be seen at the junction of 

the molecular and granular layers (arrowed), staining weakly, but diffusely. The 

neurons of the granular layer appeared not to be positive, with the densely 

staining areas appearing mainly between the clusters of cell bodies.

Poly-K-molossin gave a striking picture (Figure 4.12c). Like molossin, it 

gave a diffuse staining in the molecular layer of the cortex, and the white matter, 

but with poly-K-molossin, all of the neurons in the granular layer were positive.
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There was also particularly strong staining of the Purkinje cells (arrowed) and 

numerous cell bodies in the molecular layer.

Rat cerebrum

Molossin gave a diffuse and homogenous staining of the grey matter as 

shown in Figure 4.13b and white matter (data not shown).

Poly-K-molossin gave again a striking picture, picking out the cell bodies 

of what appeared to be neurons with large nuclei in the cerebral cortex (Figure 

4.13c).

Rat spleen and thvmus

The molossin peptide gave strong staining of both the red and white pulp 

of the spleen, the staining being stronger in the red pulp (Figure 4.14b). The 

poly-K-molossin gave very strong staining of all parts of the spleen (Figure 

4.14c).

In contrast to the spleen, there was essentially no binding of the molossin 

peptide to the thymus, either in the cortex or the medulla (Figure 4.15b). Poly-K- 

molossin gave mild staining of the thymus cortex and medulla (Figure 4.15c).

General observations of binding to rat tissues

There are several general observations. Firstly, molossin bound strongly 

to vascular smooth muscle cells but not to vascular endothelial cells in all 

tissues. This was surprising in view of the known presence of avP3 and 

integrins on vascular endothelium. Secondly, while vascular smooth muscle 

bound both peptides strongly, the skeletal muscle failed to bind molossin and 

gave only very weak staining with poly-K-molossin. Thirdly, poly-K-molossin 

gave a broader pattern of binding than molossin, consistent with the importance 

of electrostatic interactions in the binding of poly-K-molossin.

132



Figure 4.5-4 .15
Binding studies to rat frozen sections.

Frozen sections of the tissues indicated were incubated in medium (a), 

molossin peptide at 10 pg/ml (b) or poly-K-molossin at 10 pg/ml (c). Binding of 

peptide was detected by the LC2-64 monoclonal and peroxidase-labelled rabbit- 

anti-mouse immunoglobulin. Magnification X250.
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Figure 4.6
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Figure 4.7
Rat Kidney

136



* * . -X V W %  v *  % •
\ . } *  •• * . .  /

* * .  . • "  • •• • n  *** •
• • • ' , • • • *  * /#•  ,

•■ .* -  , #  • •  » •  •
# • ••* V  • r  » ••• . -

% *■ * 0 . •*I «* • ■ V• «• * "  « "
« .  *  *  V* * *i • *, ' •

0  A  ^  *  *  it #  A *
# *  » *  '%  •  •  •

t  •  *  *  *‘ J ft • •
• »# • % • * , *  •ft • . * ■ *

A -  * \ .  • \ .  * '  .  •*-
. . 1 *. .  •  *.* •«  .

V  I ’"** • *• ;• ■«*,

Figure 4.8
Rat Pancreas
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Figure 4.9
Rat Liver
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Figure 4.10
Rat Lung
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Figure 4.11
Rat Small Intestine
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Figure 4.12
Rat Cerebellar cortex
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Figure 4.13
Rat Cerebral cortex
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Figure 4.14
Rat Spleen
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Figure 4.15
Rat Thymus
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4.3.6 Blocking of peptide binding to tissue sections

The specificity of binding of the molossin peptide to the tissue sections 

was established by blocking studies on tissue sections of rat heart and 

pancreas. The tissues were preincubated with the blocking agent for 1 hour 

before the peptide was added at double the usual concentration (i.e. 20 ng/ml). 

The blocking agent was therefore present during the peptide attachment 

incubation. Immunohistological staining of the tissues proceeded as before 

(2 .12).

Figure 4.16 illustrates the heart tissue sections. Control tissue (4.16a) 

and normal binding of molossin (4.16b) and poly-K-molossin (4.16c) are 

compared with heart tissue blocked initially with 100 pg/ml RGD-containing 

peptide 1 (Figure 4.16d,e). Binding of the molossin peptide to the cardiac tissue 

was almost completely inhibited by peptide 1 (Figure 4.16d). Preincubation of 

the tissue with peptide 1 also reduced the strength of binding of poly-K-molossin 

(Figure 4.16e), but did not completely abolish it. There was a diffuse staining 

over the tissue, although the connective tissue between the myocardial cells 

was no longer defined. This suggests that there is an electrostatic component of 

the binding of poly-K-molossin. Of particular note was the significant inhibition of 

binding to the coronary artery in both the peptide 1 blocked sections: the 

endothelium appeared to be negative in the poly-K-molossin blocked tissue 

section (Figure 4.16e) and binding to the smooth muscle was severely reduced 

in both samples.

A very similar pattern was seen in the rat pancreas tissue as illustrated in 

Figure 4.17a-e. Molossin binding was almost entirely blocked by peptide 1 with 

just smooth muscle staining weakly positive (Figure 4.17d compared to 4.17b). 

Likewise, peptide 1 reduced the positive staining of poly-K-molossin (Figure 

4.17e), compared to normal poly-K-molossin binding illustrated in 4.17c, but did 

not abolish it. The tissue was still weakly positive, particularly in the vasculature.
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Figure 4.16

Inhibition studies on rat heart frozen sections.
Frozen sections of heart were incubated with medium (b,c) or peptide 1 at 100 

fig/ml (d,e) and then with the molossin peptide at 20 pg/ml (b,d) or the poly-K- 

molossin peptide at 20 pg/ml (c,e). Binding of the molossin peptides was 

detected with the LC2-64 antibody and peroxidase-labelled rabbit-anti-mouse 

immunoglobulin. Magnifications X160.
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Figure 4.17
Inhibition studies on rat pancreas frozen sections.

Frozen sections of pancreas were incubated with medium (b,c) or peptide 1 at 

100 |ag/ml (d,e) and then with the molossin peptide at 20 ng/ml (b,d) or the poly- 

K-molossin peptide at 20 pg/ml (c,e). Binding of the molossin peptides was 

detected with the LC2-64 antibody and peroxidase-labelled rabbit-anti-mouse 

immunoglobulin. Magnification X160.
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4.3.7 Binding of molossin and poly-K-molossin to porcine tissue

Binding to the porcine tissue sections in most cases gave a very similar 

picture to the rat tissues. There were some significant differences however, 

which are detailed below. The pig tissues were sectioned and stained as 

described in 2.12. For each tissue, a control section is shown in picture a, tissue 

stained with molossin peptide in b, and poly-K-molossin in picture c.

Pig heart

The binding of both peptides to porcine heart was similar to the picture in 

the rat tissue (Figure 4.18). The only difference observed was that there was 

not such strong staining of the connective tissue between the myocardial cells, 

particularly in poly-K-molossin (Figure 4.18c).

Pig kidney

The pattern of staining in the porcine kidney tissue was very similar to 

the staining recorded in rat kidney. This is illustrated in Figure 4.19.

Pig pancreas

Binding to the pancreas (Figure 4.20) gave a similar picture to the rat 

tissue but with one striking exception. Poly-K-molossin was found to bind 

strongly to porcine pancreatic islets, whereas it bound poorly to rat islets.

Pig liver

Figure 4.21 illustrates the binding of molossin and poly-K-molossin to 

porcine liver. Molossin gave the same pattern of staining in the rat and pig liver 

sections (Figure 4.21b). In the rat tissue, poly-K-molossin stained all structures. 

While the porcine liver showed positive staining for vascular endothelium, the 

spaces between the hepatic cords, presumably the sinusoidal endothelium, 

remained clearly negative (Figure 4.21c).

Pig small intestine

The most striking difference in binding between rat and pig tissues was 

found in the small intestine. Surprisingly both molossin and poly-K-molossin
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failed to bind at all (Figure 4.22 b,c), unlike the strong staining found in rat small 

intestine (Figure 4.11).
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Figure 4.18-4.22
Binding studies to pig frozen studies.

Frozen sections of the porcine tissues indicated were incubated in medium (a), 

molossin peptide at 10 pg/ml (b) or poly-K-molossin at 10 pg/ml (c). Binding of 

peptide was detected by the LC2-64 monoclonal and peroxidase-labelled rabbit- 

anti-mouse immunoglobulin. Magnification X160.
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Figure 4.18
Pig Heart
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Figure 4.19
Pig Kidney
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Figure 4.20
Pig Pancreas
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4.4 Discussion

Polylysine is frequently used as a DNA binding moiety for non-viral 

vector systems. The positive charge of the amino acid chain binds 

electrostatically to the DNA. It has been found that integrin targeted polylysine 

vector systems require a net positive charge for effective gene transfer (Hart et 

a l 1995, and discussed in chapter 5). It is, therefore, possible that the binding 

of the vector to the cell surface, at least partially, involves electrostatic forces, 

while the transfection specificity is conferred by the internalising properties of 

the targeted integrin receptor. Since it is the internalising event that is essential 

in gene delivery, it is important to define cell targets that bind specifically the 

RGD integrin-binding moiety of the vector, the molossin peptide. Thus, defining 

the contribution of the additional sixteen lysine residues in the poly-K-molossin 

vector.

To address this question, a monoclonal antibody was successfully raised 

to the molossin peptide. This allowed direct study of the binding of the molossin 

peptide alone, without the polylysine tail. In this way, binding by the non-specific 

electrostatic forces would not obscure the integrin binding.

Interestingly, molossin could not be detected binding to ECV304 

endothelial cells by flow cytometry, although poly-K-molossin bound effectively, 

reaching saturation at 10 pg/ml. Further inhibition studies, with flow cytometry 

on ECV304 cells, suggested that binding of poly-K-molossin was a co-operative 

phenomenon, with both RGD/ integrin and electrostatic components.

The specificity of the poly-K-molossin vector system is an important 

property for targeted gene delivery. Lysine16/DNA and poly-K-molossin/DNA 

complexes have been shown to bind the cell with equal affinity. However, 

despite the strong cell surface attachment, the lysine portion of the peptide, the 

(lys)16, is unable to confer gene delivery alone. This suggests that, although the 

charged lysine moiety enhances cell surface attachment, it is only at the point of 

integrin binding via the RGD-containing molossin portion of the vector, that 

internalisation and subsequent transgene expression can occur.

Integrins are widely expressed in many tissues of the body, and although 

the RGD peptides have been shown to have high affinity for particular
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subclasses, their wide distribution may result in relatively non-specific tissue 

targeting following systemic vector administration. However, local administration 

of the peptide/DNA vector complex, for example in transplantation, where gene 

delivery to the donor organ can be performed ex vivo, would be ideal for the 

integrin-targeted system. For these reasons, it was important to identify the 

tissues likely to be effective vector targets, for both clinical and experimental 

studies.

Generally, the molossin peptide was found to bind to a diverse range of 

tissues and cell types in the rat samples, confirming its versatility and utility for 

many applications. There was particularly strong binding to smooth muscle 

cells, cardiac muscle, hepatocytes and respiratory epithelium, as well as many 

other cell types. However, there were several surprising exceptions. For 

example, molossin did not bind to vascular endothelial cells, pancreatic islets or 

the thymus. These are frequently targeted tissues for experimental genetic 

manipulation and vascular endothelium has indeed been characterised to 

express the correct integrin subtypes.

There were small but definite differences in molossin binding to the 

tissues of the rat and pig, indicating that it is worthwhile to initially check binding 

of the molossin peptide to tissue samples of the species under study. The 

differences may reflect change in tissue distribution of the homologous 

integrins.

It is interesting to note that the molossin peptide, although it failed to bind 

to the integrin-expressing ECV304 cells, did bind to various cell types in frozen 

tissue sections. This might be a reflection of greater integrin density in some 

tissues, or possibly to higher integrin affinity. It is also possible that the 

requirements for detectable binding in tissue sections (where, for example, 

washing by centrifugation is not required) are less stringent than in flow 

cytometry.

Poly-K-molossin gave a much stronger binding to all the tissues in both 

the rat and pig samples. It bound to vascular endothelium which molossin did 

not, as well as intestinal epithelium and most connective tissue. A very striking 

pattern was seen in the cerebellum where poly-K-molossin stained the neurons 

and Purkinje cells with such clarity.
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Inhibition studies on the rat heart and pancreas tissue sections confirmed 

the results of the flow cytometry, suggesting cell binding was a co-operative 

event. RGD-containing peptide 1 inhibited binding of the molossin peptide, but 

only reduced binding of the poly-K-molossin. Since peptide 1 was able to block 

binding of the molossin peptide it would suggest that binding of RGD-peptides is 

broadly similar. This study may therefore have potential implications for future 

development of similar targeting systems.

The electrostatic component of binding of the poly-K-molossin vector 

may be an important consideration for in vivo use. For example, non-specific 

binding to negatively charged components of the tissue matrix might occur. This 

was perhaps illustrated by strong binding of poly-K-molossin to the connective 

tissue in many tissues which was absent with molossin. Further potential 

problems with application of this vector system in vivo are explored in chapter 7.

Nevertheless, results of the localisation of molossin binding from this 

study have established that there are clearly many potential targets for this DNA 

vector system.
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CHAPTER 5

Conditions influencing cell transfection using the 

poly-K-molossin/DNA vector system

5.1 Introduction

The preceding chapters have described the binding specificity of the 

poly-K-molossin peptide. Likewise, It is important to look in detail at the 

peptide/DNA complexes and the efficiency of poly-K-molossin as a gene 

delivery vehicle. There are an increasing number of reports concerning the net 

charge, size and structure of various vector systems and the influence that the 

environment, and the nature and concentration of the components have upon 

the resulting structure (Carlos Perales etal. 1994; Wolfert and Seymour, 1996).

An advantage of the poly-K-molossin vector system is the ease of vector 

formation. Unlike the lengthy preparation of adenoviral vectors, the positively 

charged peptide is simply mixed with negative plasmid DNA and electrostatic 

interactions result in vector complex formation within 30 minutes.

Initially, the nature of the peptide/DNA vector complexes was 

investigated. The ratio of poly-K-molossin complexed to DNA, producing the 

optimal transfection efficiency was identified and the corresponding net charge 

and molecular ratio of the complexes was calculated.

Additionally, the sizes of the resulting complexes were assessed using 

laser light scattering techniques. The size of the peptide/DNA complexes, and 

indeed any non-viral vector, play a major role in the efficacy of cellular uptake 

and movement across the endothelial cell barrier in vivo.

Besides the nature of the vector itself, the conditions under which it is 

placed during transfection are an important consideration. The DNA 

concentration within the vector complexes was assessed and the time of 

exposure of the complexes to the cells was maxmised to achieve receptor 

saturation and internalisation of the vector. An additional problem with 

inefficiency is degradation of the DNA by the lysosomes and the effect of 

chloroquine on lysosomal action was also investigated. The protocol resulting in
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optimal transfection of the ECV304 endothelial cell lines using the poly-K- 

molossin/DNA vector system has been established.

5.2 Materials and Methods

5.2.1 DNA retardation assay

Loading buffer (5x): 60 % sucrose (w/v), 100 mM EDTA, 0.25 % bromophenol 

blue (w/v). Stored at 4 °C.

TAE buffer: 4.84 g/l Trizma base, 1.14 ml/l glacial acetic acid, 2 ml/l 0.5 M 

EDTA (pH 8.0).

0.8 % agarose gel: 0.8 g agarose, 100 ml TAE buffer

Heated for approximately 5 minutes, until agarose fully dissolved.

The complexes were prepared as described in 2.6, but in saline instead 

of culture medium. Following the 30 minute incubation at room temperature, the 

samples were made to a constant volume and 1x loading buffer was added (i.e. 

1 pi loading buffer for every 4 pi sample). 20 pi was loaded per well of a 0.8 % 

agarose gel, containing no ethidium bromide. The gel was run at 75 V for 45 

mins and then placed in a bath of 1xTAE buffer containing 0.5 pg/ml ethidium 

bromide (Bio-Rad Laboratories) for 5 mins. The gel was then destained for 10 

mins in 1xTAE buffer, before visualisation of the DNA under ultraviolet light.

5.2.2 Photon Correlation Spectroscopy

Poly-K-molossin/DNA complexes were prepared as described in section 

2.6. in 2 ml volumes with the pGL2 plasmid DNA at a concentration of 10 pg/ml 

and poly-K-molossin at 30 pg/ml. Samples were diluted in 0.15 M NaCI (saline), 

water and normal medium (minimal essential medium, MEM, without 

supplements). After 30 mins at room temperature, the particle sizes of the 

complexes were measured in triplicate using an Autosizer 3000 (Malvern 

Instruments Ltd, Malvern, UK) and analysed with the CONTIN computer 

package. Measurements of the particle diameter were given as the Z. Average, 

which is the average mean intensity diameter measured in nm.
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5.3 Results

The transfection protocol described in 2.7 was followed unless otherwise 

stated. Complexes were prepared at 30 pg/ml poly-K-molossin and 10 pg/ml 

DNA (2.6) and added to the cells, together with 100 pM chloroquine, for 2 

hours. After which, 500 pi normal cell culture medium, containing twice the 

normal concentration of foetal calf serum (i.e. 20 %), was added to the wells.

These conditions have been termed ‘standard transfection conditions’ in 

the following experiments, although in some cases one variable is altered. In 

every transfection procedure a DNA only and a medium only control were 

included.

5.3.1 Visualisation of the peptide/DNA complex

It was important to establish the optimal ratio of peptide to DNA that gave 

the highest transfection rates. From this, it was possible to calculate the overall 

charge of the complex at optimal transfection conditions.

Peptide and DNA complexes can be visualised on an agarose gel, by 

observing the movement of the DNA through the electric field. The ratio of 

peptide to DNA at which the migration is completely inhibited, represents a 

complex with no overall charge. Complexes at various ratios of peptide and 

pCMVp DNA were prepared as described in 2.6 and visualised on an 0.8% 

agarose gel. Complex formation with poly-K-molossin, molossin and (lys)16 

peptides were assessed and the results are shown in Figure 5.1.

The ratios of peptide/pCMVp DNA in the complexes and the 

corresponding gel lane are recorded in Figure 5.1a. Poly-K-molossin complexed 

to pCMVp DNA is shown in Figure 5.1b. Retardation of the DNA is apparent 

even upon addition of just 0.1 pg poly-K-molossin (lane 2) compared to DNA 

alone (lane 1). As the concentration of poly-K-molossin is increased, the 

movement of the DNA through the gel becomes retarded. At a ratio of 1:1 poly- 

K-molossin to DNA (weight/weight) the DNA remains in the well, indicating that 

the complex has an overall neutral charge.

Molossin does not affect DNA retardation at any ratio investigated 

(Figure 5.1c). The molossin peptide has a net charge of +1, compared to +17 

on poly-K-molossin, which would suggest an inability to form stable electrostatic
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bonds with the negative plasmid. Thus, the lack of complex formation leaves the 

DNA free to migrate to the anode.

The (lys)16 peptide has an overall charge of +16, similar to that of poly-K- 

molossin, but has a molecular weight of approximately half. It therefore follows 

that full retardation of the DNA occurs at a ratio of 0.5:1 (lys)16 to DNA, weight 

for weight (Figure 5.1 d, lane 4), half the concentration of the poly-K-molossin 

peptide.

An interesting observation is the lack of DNA fluorescence in the wells at 

increased ratios of the (lys)16 peptide complexes compared to the DNA band 

which continues to be seen in the higher concentrations of poly-K- 

molossin/DNA. This may be due to the nature of the tight electrostatic binding 

between the (lys)16 and the DNA which prevents the ethidium bromide 

intercalating effectively.

The DNA retardation assays confirm that it is the polylysine portion of the 

poly-K-molossin peptide that is vital for electrostatic binding of DNA, and the 

formation of the vector/DNA complexes.
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Figure 5.1
DNA retardation assays.

Peptide/DNA complexes were visualised by running various ratios of poly-K- 

molossin/DNA (b), molossin/DNA (c) and (Iysine)i6/DNA (d) complexes on a 

0.8% agarose gel and observing the movement of the DNA. Peptide and DNA 

concentrations are recorded in (a).
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sample

lane

pCMVp

DNA

(ng)

peptide

(pg)

1 1 0

2 1 0.1

3 1 0.2

4 1 0.5

5 1 1

6 1 2

7 1 3

b

origin

1 2 3 4 5 6 7

origin origin

3 4 6 7 1 2 4 5
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5.3.2 The importance of the ratio of poly-K-molossin/DNA on cell 

transfection

Various concentrations of poly-K-molossin were complexed to 10 pg/ml 

pGL2 DNA, resulting in complexes with ratios ranging from 1:1 to 8:1 peptide to 

DNA, weight/weight. ECV304 cells were exposed to these complexes under 

the standard transfection conditions.

Analysis of Variance (ANOVA, see appendix 3) shows that increasing the 

ratio from 1:1 results in a statistically significant improvement in transfection 

efficiency with maximum expression levels reached at a ratio of 3:1 (ie. 30 pg/ml 

poly-K-molossin complexed to 10 pg/ml DNA) as shown in Figure 5.2a. At 

higher ratios, there appears to be a reduction in gene delivery, although the 

ANOVA test was unable to detect significant differences at a 5% level of 

significance. In the presence of higher peptide concentrations there may be a 

large percentage of free peptide molecules, which compete with the 

peptide/DNA complexes for the RGD binding sites on the cell surfaces.

There was no significant decrease in protein concentration in the wells as 

the ratios increased, suggesting no cell toxicity associated with the poly-K- 

molossin/DNA vector system, even at relatively high concentrations (Figure 

5.2b).

5.3.3 Net charge and molecular ratio of the poly-K-molossin/DNA 

complex

The optimal ratio, as shown on the ECV304 endothelial cell line, was 

established as 3 pg poly-K-molossin per pg pGL2 plasmid DNA. The relative 

molecular and charge ratios of the peptide/DNA complexes were calculated 

assuming that, at this concentration all the peptide and DNA molecules are 

bound with even distribution.

Calculations suggest that optimal ratios constitute approximately 3000 

peptides bound per 7.2 kb plasmid DNA (i.e. pGL2 plasmid). There are roughly 

4 positive charges present for every negative charge, and the complex has a 

resultant net charge of + 40.1x103 for every 7.2 kb plasmid DNA (Figure 5.3).

The poly-K-molossin/DNA vector at optimal transfection efficiency is 

therefore highly positively charged.
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Figure 5.2
The influence of the ratio of poly-K-molossin/DNA on gene transfer.

ECV304 endothelial cells were transfected in the presence of 100 pM 

chloroquine under standard transfection conditions with different ratios of poly- 

K-molossin/DNA vector complexes (weight/weight).

a) Cell transfection was measured in terms of relative light units per milligram of 

protein.

b) Protein content of each well was also measured to assess cell viability. 

Measurements are the mean of triplicate assays and error bars represent the 

standard error of the mean (±SEM).
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Polv-K-molossin dGL2 DNA

molecular weight 3796.7 3.92x106

net charge per +17 -12092
molecule
molecular ratio1 3.1x103 : 1
(peptide: DNA)
Ratio of charges 4.4 : 1

(-:+)

Figure 5.3
The net charge and molecular ratio of the poly-K-molossin/DNA 

complexes.
The charges and molecular weights of the individual components of the vector 

system were used to calculate the net charge and molecular ratio of the poly-K- 

molossin/DNA complexes producing optimal transfection rates.

1 Calculations correspond to 3 \ig poly-K-molossin bound per fig plasmid DNA.

171



5.3.4 Size of the poly-K-molossin/DNA complexes

The lysine moiety of the poly-K-molossin peptide plays a crucial role, not 

only in the electrostatic interaction to DNA, but also in condensation of the DNA. 

It is therefore a major contributor to the overall size of the resultant vector 

complexes. Photon correlation spectroscopy (PCS) was used to measure the 

size of the peptide vector complexes as described in 5.2.2. This method 

measures the random brownian motion of particles and can consequently 

calculate the size of the complexes in relation to their surrounding environment. 

Electron microscopy (Wagner etal. 1991) and atomic force microscopy (Wolfert 

and Seymour, 1996) have also been used for similar vector complex size 

measurements, however in both these situations the molecules must be 

prepared under specific conditions that are vastly different from their 

experimental conditions. This could significantly alter the size of the complexes, 

particularly in vector systems such as the RGD peptides, which rely on 

electrostatic interactions. The advantage of using PCS is that the complexes 

can be prepared in any solution and therefore information on the size relates to 

the molecules in their ‘natural’ state.

The sizes of the complexes are presented in Figure 5.4a. Samples of 

DNA and poly-K-molossin alone were unable to be detected by the system. 

However, following mixing of DNA and poly-K-molossin, particles of 

homogenous size were formed.

Previous measurements of particle size have been reported for 

vector/DNA complexes prepared in water (Wolfert and Seymour, 1996). Poly-K- 

molossin/DNA complexes prepared in water were found to form particles 

approximately 80 nm in diameter. For cell transfections however, it is imperative 

to prepare the complexes at physiological salt concentrations. When the poly-K- 

molossin/DNA complexes were prepared in 0.15M NaCI the diameter was 

approximately 1 pm. This great increase of more than 10 times the diameter of 

the particle formed in water (and 1000 times the volume) was an important 

observation which highlighted the role of the surrounding ions in the overall 

complex size.

The stability of complexes prepared in water and subsequently exposed 

to physiological salt concentrations was examined. Sodium chloride, to the final
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concentration of 0.15M, was added to a sample of poly-K-molossin/DNA 

complexes prepared in water and particle size was measured at several time 

points. Readings were taken in triplicate and time was taken from the initial 

reading. Within 30 minutes the complexes had increased to approximately 8 

times their original size and after 3 hours the diameter was comparable to that 

of an equivalent complex prepared originally in 0.15M NaCI solution (Figure 

5.4b).
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Figure 5.4
The size of the poly-K-molossin/DNA complexes.

a) Photon Correlation Microscopy was used to measure the diameter of the 

vector particles. 30pg/ml poly-K-molossin and 10 pg/ml pGL2 plasmid DNA 

were mixed to form complexes, which were measured after 30 mins incubation.

b) Complexes were prepared with 30 pg/ml poly-K-molossin and 10 pg/ml DNA 

in pure water (— ) or 0.15M NaCI (—). The size of the resulting complexes was 

measured in triplicate 30 mins after mixing and this is given as time 0 in the 

figure. Sodium chloride was added at 0.15M and complex size was measure 

after 30 mins and 3 hrs in 0.15 M NaCI (— ).

Measurements are given as mean intensity diameter of particles in nm, ± SEM.
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nm (± SEM)

DNA only
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Poly-K-molossin + DNA in saline 
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1000
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5.3.5 The optimal DNA concentration for cell transfection

Following characterisation of the optimal charge ratio of the vector/DNA 

complexes, it would be presumed that the concentration of the complexes in the 

transfecting medium may influence the degree of saturation of integrin target 

sites on the endothelium. This in turn might affect the rate of endocytosis or the 

DNA concentration in the endocytic vesicle and could influence transfection 

rates (due to DNA degradation), if exit from the vesicle is a limiting factor.

ECV304 cell transfection with different DNA concentrations

Whilst the established optimal ratio of poly-K-molossin to DNA, 3:1 

weight for weight, must remain constant, the relative concentration of DNA 

required to achieve maximum cell transfection was investigated. The ECV304 

endothelial cell line was transfected with poly-K-molossin/pGL2 complexes with 

DNA concentrations ranging from 64 pg/ml to 1 pg/ml with 1 in 2 step dilutions. 

The ratio of peptide and DNA was kept constant and the transfection was 

carried out in the presence of 100 pM chloroquine under the standard 

conditions.

Figure 5.5a illustrates that optimal transfection rates were achieved using 

DNA at a concentration of 8 pg/ml. Analysis of Variance showed a significant 

reduction in efficiency at higher concentrations. There was no loss in cell 

number, as assessed by the measure of the amount of protein per well (Figure 

5.5b), suggesting that there was no target cell toxicity at these high DNA 

concentrations. Perhaps the high concentration of complexes in solution are 

unable to orientate correctly with the receptors, leading to overcrowding of the 

sites of cell entry and blocking of effective internalisation. Alternatively at high 

concentrations the complexes may attach together, blocking their RGD sites 

and thus hindering attachment.

Saturation of endothelial cells. ECV304. with the polv-K-molossin/DNA 

complexes

Flow cytometry was used to assess the concentration of poly-K- 

molossin/pGL2 that was able to saturate the cell surfaces of ECV304 cells and 

to see if there was a relationship with transfection efficiency. A range of
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peptide/DNA concentrations from 24 pg/ml DNA to <1 pg/ml were incubated with 

the endothelial cells and binding was detected using the LC2-64 antibody and 

fluorescein-labelled rabbit anti mouse immunoglobulin according to the method 

in 2.9. This method was also carried out using the fluorescently labelled DNA 

(2.11). The combination of these two methods enabled the fate of both poly-K- 

molossin and the DNA in cell binding to be followed.

Figure 5.5c illustrates maximal binding of the peptide/DNA complexes, 

detected using the LC2-64 antibody, at 6 pg/ml DNA with no further increase at 

higher values. At this DNA concentration approximately 90 % of the cells were 

stained. A similar profile was produced for the fluorescently labelled DNA, 

confirming that the poly-K-molossin and DNA remain bound together during the 

incubation time (data not shown).

These data suggest that the level of cell surface binding of vector/DNA 

complexes to target cells influenced transfection efficiency, and that saturation 

of target sites was necessary for optimal transfection efficiency. For the poly-K- 

molossin system, complexes containing ~ 6-8 pg/ml of DNA are optimal.
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Figure 5.5
The influence of DNA concentration on gene delivery using the 

poly-K-molossin/DNA vector.
a) ECV304 cells were transfected using the standard protocol with poly-K- 

molossin/DNA complexes at different concentrations as indicated, keeping the 

3:1 (w/w) ratio of poly-K-molossin/DNA constant. The cells were exposed to the 

complexes for 2 hours in the presence of 100 pM chloroquine. Luciferase 

activity was measured and values are given as relative light units per milligram 

of protein ± SEM (a). The protein content per well under each condition was 

measured to assess cell viability. Values were given in milligram of protein per 

well ± SEM (b).

c) Flow cytometry profiles are shown for ECV304 cells incubated with medium 

(shaded profile) and with different concentrations of poly-K-molossin/DNA 

complexes; 3 pg/ml (red line), 6 pg/ml (blue line) and 12 pg/ml (green line). 

Binding was detected with the LC2-64 monoclonal antibody and fluorescein 

labelled rabbit anti mouse immunoglobulin.
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5.3.6 The requirement of chloroquine for transfection using the poly-K-
molossin vector system

The requirement of chloroquine for this transfection system has been 

previously mentioned in chapter 3. Following internalisation, the vector complex 

must escape from the endocytic vesicle before lysosomal enzymes degrade the 

DNA (chapter 1). Endosomal degradation is thought to be the major limitation 

with many receptor-mediated gene delivery systems. To investigate the effect of 

chloroquine upon gene delivery, endothelial cells were exposed to standard 

transfection conditions in the presence of different concentrations of 

chloroquine.

Figure 5.6a indicates that in the absence of chloroquine there is 

essentially no transfection. 100 pM was found to be optimal on the ECV304 

endothelial cell line, increasing transfection levels by approximately 100 times 

than without chloroquine.

There is a clear decrease in protein content per well as the concentration 

of chloroquine increases (Figure 5.6b). At 100 pM concentration there is only a 

small loss in cell viability of -80 %, but cell toxicity is more apparent at higher 

concentrations, with only 20% of the cells remaining at 500 pM concentrations. 

In the presence of these chloroquine concentrations the cells have a ‘grainy’ 

appearance under the microscope and as the concentration increases the 

distinct outline of the cells is lost, suggesting membrane disruption.
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Figure 5.6

The effect of chloroquine concentration on cell transfection.

30 pg/ml poly-K-molossin and 10 pg/ml pGL2 DNA were mixed together and 

incubated with ECV304 cells in the presence of varying concentrations of 

chloroquine. After 2 hours medium containing double concentration of serum 

was added. Gene expression was measured in RLU/mg protein ± SEM, by 

taking the mean of triplicate assays (a). The protein content was measured for 

each well to assess cell viability. Triplicate assays were measured in mg 

protein/well ±SEM (b).
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5.3.7 Time course of transfection

The standard transfection protocol includes an incubation of 2 hours of 

the cells to the peptide/DNA complexes (30 pg/ml poly-K-molossin and 10 pg/ml 

pGL2 DNA) and 100 pM chloroquine. At which time point, an equal volume of 

culture medium containing double concentrations of serum is added (open 

columns). Therefore, the complexes are present in the medium for 24 hours in 

total. If the vector complexes and chloroquine are removed at the initial 2 hour 

time point and replaced with normal cell culture medium, there is a dramatic 

decrease in the transfection efficiency (shaded columns, Figure 5.7a). A similar 

difference in gene delivery levels are seen if the initial incubation is increased to 

4 hours. There is a slight increase in transfection levels in both conditions but 

there still remains more than a 10 times increase in reporter gene expression 

levels if the complexes and chloroquine are present in the medium for 24 hours.

However, prolonged exposure of the cells to chloroquine reduces the 

viability and indeed, the protein content of wells in which cells were exposed to 

100 pM chloroquine for 4 hours was less than wells exposed for 2 hours (open 

columns, Figure 5.7 b). If the cells are exposed to chloroquine for 24 hours 

there is marked reduction in cell viability (shaded columns, Figure 5.7b). 

Following these observations, the exposure time for optimal transfections was 

chosen as 2 hours, as it produced high efficiencies with relatively minimal loss 

in cell viability.
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Figure 5.7
Incubation times of the transfection mixture with the ECV304 

endothelial cells.

ECV304 cells were transfected with 30 fig/ml poly-K-molossin and 10 jag/ml 

pGL2 DNA for varying lengths of time. At each time point the transfection 

mixture was either removed and replaced with fresh complete culture medium 

(shaded columns)jor an equal volume of medium containing twice the 

concentration of serum was added to the cells (open columns) j .  The following 

day all the wells were replaced with fresh medium and luciferase activity was 

assessed on day 3. Gene expression levels were measured as RLU/mg protein 

± SEM (a). Protein content of each well (mg prot/well) was also measured to 

assess cell viability (b).
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5.3.8 Transfection with p-galactosidase reporter gene at optimal 

conditions

Alternative reporter genes have been investigated. The pGL2 reporter 

gene is a useful tool for producing quantitative data concerning gene delivery 

and transfection trends under different conditions. It does not, however, give an 

indication of the percentage of cells successfully transfected under specific 

conditions. Therefore, the p-galactosidase reporter gene system was used to 

transfect ECV304 endothelial cells using poly-K-molossin at the optimal 

transfection conditions established with the pGL2 plasmid DNA. Transfected 

cells stained blue and could be easily visualised under a light microscope 

(2.8.2). ECV304 cells were transfected with 30 pg/ml poly-K-molossin and 10 

pg/ml pCMVp DNA, together with 100 pM chloroquine for 2 hours, as in the 

standard transfection conditions. After which time, an equal volume of normal 

culture medium with twice the concentration of serum was added. Figure 5.8a 

shows a sample of cells incubated with medium only. In contrast the ECV304, 

endothelial cells in Figure 5.8b have been transfected under optimal conditions, 

resulting in gene delivery to ~ 40 - 50 % of the cells. Percentage of transfection 

was an estimate of the average number of blue cells counted in several fields of 

view under a light microscope.

5.3.9 Transfection of ECV304 cells with the GFP reporter gene

ECV304 cells were transfected with the green fluorescent reporter gene 

using the standard transfection conditions established with the luciferase gene, 

pGL2. On day 3 following transfection the cells were read on a flow cytometer 

as described in 2.8.3. Figure 5.9 shows no staining with DNA alone, nor with 

cells transfected with poly-K-molossin/DNA without chloroquine. However, there 

is a small, but significant, shift in the profile of cells transfected at optimal 

conditions in the presence of 100 pM chloroquine.
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Figure 5.8
Optimal cell transfection with the poly-K-molossin peptide and the 

p-galactosidase reporter gene.

ECV304 endothelial cells were transfected with 10 pg/ml pCMVp DNA only (a) 

or with 30 pg/ml poly-K-molossin and 10 pg/ml pCMVp DNA (b) and 100 pM 

chloroquine for 2 hours. An equal volume of medium containing twice the 

concentration of serum was added and p-galactosidase reporter gene 

expression was detected on day 3. Magnification X100.

Figure 5.9
Cell transfection with the poly-K-molossin peptide and the green 

fluorescent protein reporter gene.

Flow cytometry profiles of ECV304 cells transfected with 10pg/ml green 

fluorescent protein (GFP) gene alone (shaded), or with 30 pg/ml poly-K- 

molossin complexed with 10 pg/ml GFP DNA in the absence (red line) or 

presence (blue line) of 100 pM chloroquine. Cells were incubated with 

complexes for 2 hours and then an equal volume of medium containing double 

concentrations of serum was added. The cells were analysed on the flow 

cytometer on day 3.
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5.4 Discussion

The nature of the vector complex reflects its efficacy as a DNA delivery 

vehicle. The overall charge of the vector/DNA complex is an important property, 

although there are mixed reports in the literature. Electroneutrality has been 

found to be beneficial in the transferrin (Wagner et al. 1990) and glycosylated 

lysine systems (Midoux et al. 1993), whereas current liposome techniques rely 

on a heavy positive charge to enhance cell attachment and DNA entry (Feigner 

et al. 1987). RGD peptides have been reported to require a positive charge for 

gene delivery and poly-K-molossin is no exception. Optimal transfection occurs 

at a ratio of poly-K-molossin and plasmid DNA that corresponds to a high 

positive charge.

At optimal ratios the vector complexes prepared under physiological 

conditions were found to be almost 1 pm in diameter. This unexpectedly large 

size, compared to other reported non-viral receptor-mediated vector complexes, 

such as the transferrin-polylysine vector (Wagner et al. 1991) could be as a 

result of differing methods of molecular measurement. The ions within the 

surrounding solution have been shown to have a major influence on the 

condensation ability and the subsequent size of the overall complex, which may 

explain the large variation in reported sizes.

Integrin-targeting vector systems, potentially, do not have the same size 

limitations that have been suggested of many other receptor-mediated vector 

designs. Size restrictions of approximately 100 nm are imposed upon vectors 

such as the transferrin-polylysine and asialoglycoprotein targeted designs, due 

to the diameter of the clathrin coated endocytosis pits (Mellman et al. 1986). In 

contrast, integrin-mediated internalisation has been shown to allow particles the 

size of microorganisms (Isberg, 1991) and also latex molecules (Wagner and 

Hynes, 1982) to internalise. Consequently, the size of the poly-K-molossin/DNA 

vector complexes at 1 pm should, and indeed, have been shown to be able to 

internalise via integrin receptors.

It is important to optimise conditions for cell transfection. A key limitation 

is the initial DNA concentration, since a large percentage is degraded 

intracellularly. Saturation of receptors with the poly-K-molossin/DNA vector
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complexes is required for maximal transgene expression. To improve the DNA 

delivery rate, chloroquine has been shown to be an essential ingredient within 

the transfection mixture. However, although low concentrations of the 

lysosomotropic agent are relatively untoxic, prolonged exposure of the cells to 

chloroquine, together with the absence of serum in the mixture, have been 

shown to reduce cell viability substantially.

Cytotoxicity is a major concern in the development of DNA vectors. The 

poly-K-molossin/DNA vector system has shown no visible toxicity at DNA 

concentrations of up to 64 pg/ml. This offers advantages over other non-viral 

systems such as liposomes that exhibit significant cell damage at relatively low 

concentrations (Feigner et al. 1987). The main cause of toxicity in the poly-K- 

molossin vector system is thought to be chloroquine.

Optimisation of this non-viral gene delivery system has been carried out 

in vitro on the ECV304 endothelial cell line. There is a strong possibility that 

other cell types will have slightly different optimal conditions. This maybe as a 

result of, for example, a different type or frequency of integrins, varying 

endocytosis or cell division rates. However, it was important to concentrate on 

just one cell type, if just to analyse trends in transfection and factors that affect 

the overall efficacy that could be applied to other situations. Endothelial cells 

were chosen since endothelium represents the critical barrier in the body, 

preventing passage of molecules and cells from the circulating blood to the 

underlying tissue cells. In addition, it is thought to be a major contributor to 

organ failure during transplantation. It is, therefore, of great importance to target 

for gene therapy.
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CHAPTER 6
The efficient transfection of corneal endothelium 

with the poly-K-molossin/DNA vector system

6.1 Introduction

The progression from in vitro to in vivo genetic manipulation is 

complicated. Cell lines often do not have the characteristics of their parallel cell 

type in the body, thus limiting the applicability of conditions optimised in cell 

culture. For this reason, the midway point, culturing tissues ex vivo, was 

investigated. The ex vivo manipulation of cells, such as haemopoietic stem cells 

(Bordignon et ai. 1995) and fibroblasts (Selden et al. 1987), followed by re

administration into recipient, is a well recognised method of achieving transgene 

expression in vivo. There is increasing awareness that the genetic manipulation 

of a grafted organ or tissue before transplantation, i.e. in transit from donor to 

recipient, may be a promising approach for reducing the strength of stimulated 

rejection responses (Knechtle etal. 1996).

The cornea is an ideal model for manipulation since it can be maintained 

in culture for up to a month, thus eliminating the time and temperature 

constraints that restrict gene therapy protocols for other transplant organs. 

Moreover, the well-defined anatomy and its transparent nature allow excellent 

visual analysis of any effects of gene transfer.

Corneal allografts are not rejected to the same degree as other 

transplanted organs. Corneas are thought to be an immuno-privileged site, so 

foreign tissue is usually not rejected. However problems arise if a patient’s 

cornea becomes vascularized as a consequence of disease or injury (Arentsen, 

1983), in which case the tissue may be rejected. The important target cell in 

corneal allograft rejection is the endothelium. Moreover, endothelial cell disease 

or malfunction are major contributors to the number of cornea transplants 

performed. For this reason, comeal endothelial cells are the logical target for 

genetic manipulation, to reduce corneal allograft immunogenicity, and also for 

application in other areas of ophthalmology, such as the correction of hereditary 

blinding diseases and corneal opacity.
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A key characteristic of corneal endothelium is that it does not divide in 

the adult (Olsen, 1984). Thus, the tissue is unable to compensate for any 

endothelial damage, a further reason why endothelium is an important cell 

target. Genetic manipulation of this post-mitotic tissue has been the subject of 

several publications, predominantly using replication-incompetent adenoviral 

vectors. Two approaches have been reported, either by direct injection of the 

DNA vector into the anterior chamber (Budenz et al. 1995; Mashhour et al. 

1994) or by removal of the whole cornea and manipulation in culture (Larkin et 

al. 1996). The limited expression time of a reporter gene delivered by an 

adenoviral vector has been shown to be due to a T cell-mediated immune 

response (Reichel et al. 1998), which is a problem for further development of 

the adenoviral delivery approach.

The success of adenoviral vectors on corneal endothelium suggests that 

integrin receptor expression is high on the cell surface. Indeed, a wide variety of 

integrin subtypes have been characterised on corneal endothelium (Elner and 

Elner, 1996) and these should be able to be targeted by RGD-containing 

molecules. The rabbit cornea model was used to test the poly-K-molossin/DNA 

vector system. Conditions were investigated and the viability of the cornea was 

carefully monitored to establish optimal cell transfection.

6.2 Materials and Methods

6.2.1 Preparation and maintenance of corneas

The eyes were removed from male New Zealand White rabbits, of 

approximately 4.5 kg, within a half-hour of death and placed immediately in 

sterile plastic universals containing ice-cold culture medium. The culture 

medium was minimal essential medium (MEM, ICN flow) supplemented with 10 

% foetal calf serum (FCS), 2 mM L-glutamine, 100 pg/ml penicillin, 100 units/ml 

streptomycin, and 2.5 pg/ml amphotericin B (termed complete cornea culture 

medium). The eyes were stored in the medium at 4 °C for up to 18 hours. The 

corneas were removed, by cutting the sclera near the corneo-scleral junction, 

and each cornea was divided with a sharp scalpel blade into six equally sized
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pieces. These were transferred, with the endothelial cells uppermost, into 

individual wells of a 24-well tissue culture plate (Falcon, Becton Dickinson UK 

Ltd., Oxford, UK) containing 1ml of complete cornea culture medium and 

cultured overnight at 37 °C in an atmosphere of 95 % air/ 5 % C 02.

6.2.2 Transfection of corneas

The cornea transfection protocol was similar to that used for cell lines 

(section 2.7). Several variables were tested to optimise efficiency. The protocol 

modifications are detailed below.

Corneas were preincubated for 30 minutes with chloroquine at 500 pM 

(sterile stock solution prepared at 10 mM chloroquine in water or MEM 

medium), by adding freshly prepared stock solution to the 1 ml of complete 

cornea culture medium in which the cornea pieces had been cultured overnight. 

The corneas were washed twice with PBS and the peptide/DNA complexes (30 

pg/ml poly-K-molossin and 10 pg/ml DNA prepared in MEM medium as 

described in 2.6) were added. The complexes were equilibrated to physiological 

pH in the incubator for 5 mins prior to adding to the tissues, together with 500 

pM chloroquine. The corneas were incubated for 4 hours and then the medium 

was drained and replaced with 1 ml fresh complete cornea culture medium. The 

corneas were cultured for a further 3 days before analysis for gene expression.

These conditions have been termed ‘the modified cornea transfection 

protocol’ in the results section of this chapter and only one variable is altered in 

an experiment.

6.2.3 Staining and processing of the corneas

Staining of the corneas for p-galactosidase expression was carried out in 

the same way as described for cell lines (2.8.2). Due to the transparency of the 

cornea, the blue staining of transfected cells could be assessed using an 

inverted phase-contrast microscope (Zeiss, West Germany). The number of 

transfected endothelial cells in several high power fields was counted and 

expressed as a percentage of the estimated number of endothelial cells present 

(2000 per mm2 of cornea). The exclusive use of New Zealand White rabbits of 

approximately the same age meant that there was likely to be little variation in 

the density of corneal cells in the corneas studied.
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Some specimens were sent away for further processing by fixing in 10% 

formalin before wax-embedding, cutting of 5 pm sections, and counter-staining 

with neutral red.

6.2.4 Viability of corneal endothelium

The cornea pieces were washed twice with PBS and a fluorescence stain 

of 0.2 mg/ml ethidium bromide (Bio-Rad Laboratories) and 0.1 mg/ml acridine 

orange in PBS was added for 3 min at room temperature. After washing with 

PBS the tissues were mounted in cavity slides (endothelial surface uppermost), 

and examined using a Leica CLSM confocal scanning krypton/argon laser 

microscope (Leica, Heidelberg, Germany). Ethidium bromide stained the nuclei 

of dead cells red, and acridine orange stained the nuclei of living cells green.

6.2.5 Silver staining of cornea

A section of cornea was washed twice in PBS and then put through a 

series of washes as follows: 10.3 % sucrose in water for 10 secs, 0.25 % 

AgN03 in 10.3 % sucrose for 13 secs, 10.3 % sucrose in water for 10 secs 

twice. The cornea was then transferred into a tube containing 10.3 % sucrose in 

water and placed under a fluorescent light, endothelial side uppermost, for 4 

mins. The tissue was fixed in absolute alcohol, in the dark, for 2 hours.

6.3 Results

The poly-K-molossin/DNA vector has been shown in preceding chapters 

to transfect vascular endothelial cell lines in vitro with high efficiency. Whether 

this vector is effective for corneal endothelium depends on the expression of the 

appropriate integrins on their plasma membrane.

In most of the following transfection experiments the number of X-gal 

positive endothelial cells per piece of cornea was counted and is given as a 

percentage of the total number of endothelial cells. All assays were done in 

triplicate, and the values given are means ± standard error of the mean (SEM) 

in a typical experiment.
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6.3.1 Influence of chloroquine on gene transfection of corneal

endothelium

The requirement for chloroquine to delay lysosomal DNA degradation 

upon transfection of rabbit cornea was investigated. Cornea pieces were 

transfected using the modified cornea protocol (6.2.2). The concentration of 

chloroquine added to the tissue pieces was varied between 20 pM and 2500 

pM.

The graph in Figure 6.1a shows that chloroquine is essential for gene 

transfer to corneal endothelium and its effects are dose dependent. In the 

absence of chloroquine there are only very few cells transfected. The presence 

of 100 pM chloroquine gave small, but definite, improvement in transduction 

rates, whereas 500 pM chloroquine gave transduction rates of around 30 %. At 

higher concentrations, similar transfection rates were achieved, although the 

chloroquine appeared to have a significant effect on the viability of the cells. 

Confocal microscopy on tissue samples, stained as described in 6.2.4, showed 

that at concentrations of 2.5 mM chloroquine, whole patches of endothelial cells 

had lifted off and viability was less than 50 % (illustrated in Figure 6.1b).

Cornea pieces exposed to the (lys)16 control peptide with the CMVp 

plasmid did not result in any positive cells, suggesting that, similarly to the cell 

lines, the transfection was mediated by the RGD moiety of the poly-K-molossin 

vector (data not shown).

The effect of chloroquine on cornea cells appears to be very similar to 

that found with cell lines. The main difference being that 500 pM chloroquine 

produced optimal transfection efficiencies on comeal endothelium with relatively 

little cell toxicity. In contrast, on the cell lines, chloroquine concentrations of 500 

pM decreased cell viability by as much as 80 %.
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Figure 6.1

The influence of chloroquine on gene transfection of corneal 
endothelial cells.

b) Cultured rabbit corneas were exposed to vector complexes of 30 pg/ml poly- 

K-molossin and 10 pg/ml pCMVp DNA, together with different chloroquine 

concentrations for 4 hours as described. The number of X-gal positive 

endothelial cells per piece of cornea was counted and is expressed as a 

percentage of the total number of endothelial cells. All assays were done in 

triplicate and values are given as the mean ± SEM.

a) Viability of the endothelial cell layer was assessed after 4 hour incubation 

with the poly-K-molossin/DNA complexes (at 10 pg/ml DNA and ratio of 3:1 

w/w) and different concentrations of chloroquine, followed by 48 hours culture in 

complete medium. Viability was assessed by confocal microscopy.

197



%
transfected 
endothelial 20  

cells
10

0

0 20 100 500
chloroquine conc. (j^M)

2500

cells

100 n

80 ^

60 -

40 -

20

1000 1500 2000 25000 500
chloroquine conc. (|iM)

198



6.3.2 Localisation of gene delivery to the cornea

The corneas were transfected using the modified cornea protocol 6.2.2 

and stained for p-galactosidase expression as described (6.2.3). Figure 6.2 a-c 

show the pattern of gene expression on the corneal endothelial cell surface. A 

control piece of cornea is pictured in Figure 6.2a and an example of cornea 

transfected with optimal poly-K-molossin/DNA concentrations, but in the 

absence of chloroquine, is shown in Figure 6.2b. There is the odd blue cell 

visible. The tissue in Figure 6.2c has been transfected using the optimal 

protocol with 500 pM chloroquine and 30 pg/ml poly-K-molossin and 10pg/ml 

pCMVp DNA. There is an overall staining distribution throughout the 

endothelium suggesting successful gene delivery to approximately 30 % of 

cells.

The tissue pieces were sent away for wax embedding and routine 

histological sectioning (Figure 6.2 d-f). The control corneal endothelium is 

shown in Figure 6.2d. The positive cells, on the piece of cornea transfected at 

optimal conditions, could be seen distributed randomly over the surface of the 

endothelium (Figure 6.2e) and both macroscopic and histological examination 

revealed that only corneal endothelial cells were positive. There was no 

detectable staining of cells in the stroma of the cornea (which might have been 

a consequence of poor vector accessibility) and virtually no staining of the 

epithelial cells on the external surface of the cornea (where vector access is 

obviously not a problem) (Figure 6.2f).

Corneas were transfected with the reporter gene coding for green 

fluorescent protein (GFP) and, using the same modified cornea transfection 

protocol (6.2.2), similar transfection efficiencies were produced. Figure 6.3a is a 

control piece of cornea endothelium and the cornea section in Figure 6.3b has 

been transfected under optimal conditions. There is an even distribution of 

fluorescent cells over the endothelial cell layer.
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Figure 6.2

Visualisation of p-galactosidase reporter gene expression in the 

rabbit corneal endothelium.

Cultured corneas were exposed to vector complexes at 30 pg/ml poly-K- 

molossin and 10 pg/ml pCMVp DNA, together with 500 pM chloroquine (c,e,f), 

poly-K-molossin/DNA complexes without chloroquine (b) or buffer alone (a,d) 

and the transfection protocol was carried out as described, p-galactosidase 

expressing cells were identified using X-gal stain and examined under an 

inverted phase microscope (a-c, magnification X67) or were processed for 

routine histological staining (d-f, magnification X200). (a) Negative control, (b) 

Poly-K-molossin/DNA vector, no chloroquine (c) Poly-K-molossin/DNA vector 

and optimal chloroquine concentration, (d) Negative control, (e) DNA vector and 

chloroquine, showing localisation of staining to the corneal endothelium, (f) 

Poly-K-molossin/DNA vector and chloroquine, showing absence of staining of 

the epithelial cells and corneal stroma.
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Figure 6.3

Transfection with the green fluorescent protein reporter gene.

Corneal endothelial cells were transfected with 30 pg/ml poly-K-molossin and 

10 jug/ml pGFP DNA coding for the green fluorescent protein, together with 500 

(iM chloroquine, under optimal transfection conditions. On day 3 the endothelial 

cells on the pieces of cornea were visualised directly under an inverted 

fluorescent microscope (magnification X400). (a) Negative control, (b) Poly-K- 

molossin/DNA vector and optimal chloroquine concentration, showing 

fluorescence in the endothelial cells.
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6.3.3 Influence of poly-K-molossin/DNA vector concentration

DNA concentration was found to be important for cell line transfections, it 

is probable that it is, therefore, a limiting factor in the transfection of comeal 

endothelium. Corneas were transfected in the presence of 100 pM or 500 pM 

chloroquine, with different concentrations of DNA. At all times the concentration 

ratio of poly-K-molossin to DNA was kept constant at 3:1 (weight for weight).

Optimal DNA concentration was found to be 10 pg/ml with 30 pg/ml poly- 

K-molossin and 500 jiM chloroquine (Figure 6.4). This was equivalent to the 

standard concentrations used on the endothelial cell lines in previous 

experiments.

It was found that at the lower concentration of chloroquine (100 |iM, 

illustrated by the shaded columns), each increase in vector/DNA concentration 

resulted in higher transfection rates. However, at the optimal chloroquine 

concentration (500 pM, illustrated by the open columns), at which endocytic 

degradation of DNA is likely to be less rapid, there was no significant difference 

in transfection efficiencies between 10 and 45 pg/ml DNA.
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Figure 6.4
The influence of poly-K-molossin/DNA vector concentration.

Poly-K-molossin/DNA vector complexes were prepared at different 

concentrations with a constant 3:1 ratio (w/w). Corneas were transfected with 

the different vector complexes in the presence of 100 pM chloroquine (shaded 

columns) or 500 pM chloroquine (open columns) for 4 hours. The transfection 

mixture was replaced at this point with fresh complete culture medium, p- 

galactosidase expression was assessed by staining on day 3 and the 

percentage of blue transfected cells was counted. The values are the mean of 

triplicate assays ± SEM.
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6.3.4 Time of exposure

The corneas were exposed to the transfecting medium containing 30 

pg/ml poly-K-molossin, 10 pg/ml pCMVp DNA and 500 pM chloroquine for 

different time periods (6.2.2). After which, the complexes were removed and 

replaced with complete cornea culture medium containing regular 

concentrations of all supplements, p-galactosidase gene expression was 

observed on day 3.

The optimal time of exposure to the transfection medium was 4 hr, as 

shown in Figure 6.5. Loss in efficacy beyond this incubation time may be related 

to cell toxicity associated with prolonged exposure of cells to chloroquine, as 

discussed below.

6.3.5 Toxicity of chloroquine for corneal endothelium

In an attempt to improve transfection efficiency, the period of incubation 

of the corneas in the peptide/DNA/chloroquine mixture was extended. In the 

modified cornea transfection protocol 6.2.2, the transfection medium was 

removed at the end of the 4 hr incubation period and replaced with complete 

cornea culture medium. Further modification was investigated, similar to that 

carried out on cell lines (5.3.6). The transfection medium was not removed at 

the end of the 4 hr incubation. Instead, an equal volume of MEM medium with 

double the normal concentration of FCS, glutamine, and antibiotics was added, 

and this was cultured overnight. The transfection medium was then removed 

and replaced with complete cornea culture medium. This extended the period of 

exposure to chloroquine from 4hr to approximately 24hr. Viability was assessed 

using the confocal microscope. The cells were stained with acridine orange and 

ethidium bromide according to the method 6.2.4. Percentage viabilities were 

calculated by counting the number of cells of each type in a field of view on the 

microscope.

The graph in Figure 6.6a illustrates the viability of the endothelial cells, 

comparing 4 hour (line) and overnight (dashed) chloroquine exposure. With 100 

pM chloroquine, this modified protocol did not improve transfection rates (data 

not shown), and endothelial cell viability was unaffected. Overnight exposure of 

the corneas to 500 pM or higher concentrations of chloroquine however resulted
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in a marked loss of viability of the corneal endothelial cells by approximately 85 

% and, although a higher percentage of the remaining healthy cells were 

transfected, there was significant proportion of dead cells. This was therefore 

not a feasible modification.

In contrast to the cell lines, overnight exposure of the corneas to 

chloroquine was highly detrimental to the cells. However, this was five times the 

chloroquine concentration of that used in the endothelial cell lines and it is 

probable that the metabolism of primary cells such as the corneal endothelium 

is vastly different from an established cell line.

Figures 6.6b,c illustrate the viability of a sample area of cornea. A piece 

of cornea was initially stained with silver stain as described in 6.3.5 to identify 

the endothelial cell layer (data not shown). Figure 6.6b is a control piece with a 

full layer of healthy endothelial cells. In figure 6.6c the tissue has been exposed 

to 500 pM chloroquine for approximately 24 hours, cultured for a further two 

days and then stained with acridine orange and ethidium bromide. There is a 

substantial scattering of dead cells, shown in red and areas where the cells 

have lifted off are also visible. Exposure of the corneas to chloroquine must 

therefore be kept to a minimum.
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Figure 6.5
Time of exposure

The influence of time of exposure to the peptide/DNA vector complexes on 

gene transfection of the corneal endothelium. Cultured rabbit corneas were 

exposed to 30 pg/ml poly-K-molossin, 10 pg/ml pCMVp DNA and 500 (iM 

chloroquine for various times. Following a further 48 hour incubation with 

normal culture medium, the corneas were stained with X-gal and the 

percentage of blue transfected cells was counted per piece of cornea. All 

assays were done in triplicate and the values given as the mean ± SEM.

208



Figure 6.6
Viability of the cornea endothelium following exposure of cells to 

chloroquine.
Cultured rabbit corneas were exposed to a 4 hour (— ) or overnight (—) 

incubation of chloroquine at 100 pM or 500 pM, together with the poly-K- 

molossin/DNA vector at optimal concentrations. After a further 48 hour 

incubation, viability of the corneal endothelial cells was assessed by confocal 

microscopy (a). To illustrate the results, the photographs show a control piece 

of cornea (b) and a piece that has been exposed to 500 pM chloroquine for 24 

hours (c). Ethidium bromide stains dead cells red and acridine orange stains 

live cells green. Magnification X160.
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6.3.6 The presence of serum in the transfection medium

The standard transfection medium does not contain serum due to the 

dramatic effect of its presence in cell line transfections (discussed in chapter 7). 

The presence of 2% and 10 % FCS in the transfection medium was investigated 

because in clinical situations the presence of serum would be favoured. Using 

the modified cornea transfection protocol (6.2.2) varying amounts of heat 

inactivated foetal calf serum were added to the medium in which the poly-K- 

molossin/DNA complexes were prepared. Interestingly, 2% FCS did not appear 

to inhibit the transfection, however 10 % FCS did substantially reduce the 

transfection efficiency by approximately 50 % (Figure 6.7). The effect of serum, 

curiously, was not as harsh as that for cell lines but to avoid any potential 

interference from serum it remained absent during all corneal transfections.

6.3.7 The presence of HEPES buffer in the transfection medium

During the initial incubation of the poly-K-molossin/DNA for complex 

formation, the transfection medium becomes alkaline because it is buffered for 

a 5 % C 02 atmosphere. The complexes therefore must be equilibrated to 

physiological pH in the incubator before addition to the corneas (see method 

6.2.2). To avoid this pH change, an alternative HEPES-buffered MEM medium 

was tested. All transfections performed in this medium (using 500 |aM 

chloroquine, 30 jag/ml poly-K-molossin and 10 pg/ml DNA), however, achieved 

little or no reporter gene expression. Good results have been achieved using 

PBS for the transfection medium, suggesting that a phase of alkalinity is not 

necessary for the formation of effective poly-K-molossin/DNA complexes. These 

results indicate that HEPES, a polyanion, may interfere in some way with the 

formation of the transfection complexes.
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Figure 6.7
The influence of serum on the transfection of corneal endothelium 

with the poly-K-molossin/DNA vector.

Cultured corneas were exposed to 30 pg/ml poly-K-molossin and 10 pg/ml 

pCMVp DNA vector complexes and 500 pM chloroquine, together with various 

concentrations of heat-inactivated foetal calf serum, for 4 hours. After 48 hours 

in normal culture medium the level of reporter gene expression was assessed 

by staining the corneas with X-gal. All variables were done in triplicate and 

values are given as the mean % transfected endothelial cells ±SEM.
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6.4 Discussion

Since adenovirus requires av integrins for internalisation (Wickham et al. 

1993a) and they have been previously shown to efficiently transfect corneal 

tissue (Larkin et al. 1996), it was likely that the poly-K-molossin peptide would 

be able to deliver DNA to the corneal endothelial cells via these integrins.

Earlier experiments showed that chloroquine was essential for cell line 

transfection using the poly-K-molossin peptide and this was found to be equally 

true for corneal endothelial cells. A potential problem with chloroquine is that it 

is known to be toxic in high dosages and it was demonstrated that prolonged 

exposure (~24hr) to high concentrations (500 pM) of chloroquine was indeed 

toxic to the corneal endothelium. However, incubation in chloroquine for 4hr, 

sufficient to effect optimal gene transfer, was not associated with toxicity.

Histological sections of cornea tissue transfected under optimal 

conditions clearly showed that positive cells were restricted to the endothelium, 

with no observable expression in the stroma or epithelium. This is a similar 

observation to that reported by Larkin et al (1996) for cornea manipulation by 

adenoviral vectors. Although the lack of expression in the stroma could be 

attributed to inaccessibility due to the effective endothelial cell barrier, this does 

not explain the absence of epithelial cell transfection. It may be that these cells 

lack the appropriate cell surface receptor or necessary regulatory pathways for 

effective expression.

A major problem with the application of many non-viral vector systems is 

the inhibitory influence that the presence of serum has upon overall gene 

delivery (Keogh et al. 1997). This is discussed further in chapter 7, however it 

was found that for the corneal endothelial cell model, 2 % serum did not 

significantly reduce transfection efficiencies, although 10 % concentrations 

reduced expression by more than half. This is an important observation for in 

vivo applications.

Gene transfer to tissue for transplantation must occur with high efficiency 

to be of practical value, because selection of transfected cells is not possible. 

The high (-30%) transfection rates obtained in this study are, therefore, very 

encouraging. Gene expression is relatively transient since integration of the
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DNA occurs only at very low frequencies, if at all. It is therefore not an ideal 

system for permanent correction of genetic defects or prolonged gene 

expression. However retroviral vectors that produce permanent transgene 

expression are not suitable for gene delivery to the non-dividing corneal cells. 

Short-term expression may be sufficient for the investigation of approaches for 

suppression or prevention of rejection, e.g. selective cytokine expression or the 

local production of immunosuppressive proteins. Another approach may be to 

induce endothelial cell replication short-term, prior to transplantation, in order to 

reduce the risk of graft failure associated with endothelial cell loss.

With the rabbit and most other species except for man and mouse, 

definition of integrin expression is not easily possible because of the lack of 

suitable monoclonal antibodies. However, the results suggest that corneal 

endothelial cells of the rabbit express the homologues of the appropriate 

integrins. Transfection of pig and human corneas, using the poly-K- 

molossin/DNA vector system, was also briefly investigated. Conditions were not 

optimised but both species showed gene delivery to the endothelium, 

emphasising that this integrin-binding peptide vector is likely to be effective in 

many species.
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CHAPTER 7

A detailed investigation of factors likely to influence
in vivo applications

7.1 Introduction

The poly-K-molossin/DNA vector system has been developed as a 

successful gene delivery vehicle, for efficient transfection of cell lines in vitro 

and also cultured tissue pieces. The versatility of cell culture manipulation 

allows extensive characterisation of a new DNA vector. However, there are tight 

restrictions applied to any in vivo procedure. For example, perfusion of organs 

for genetic manipulation before transplantation would have strict time and 

temperature constraints to comply with organ preservation requirements. As a 

consequence, taking this vector system from in vitro to in vivo might result in 

many difficulties. It is impossible to mirror the conditions optimised in cell 

culture, for organ perfusions or other in vivo gene delivery.

The absolute requirement of chloroquine in vitro is a major problem for 

the application of this system in vivo. Although chloroquine is commonly used in 

the treatment of malaria, it is toxic at high doses. As a consequence, it was 

important to determine the precise requirements of chloroquine on the poly-K- 

molossin transfection system, in order to reduce length of exposure time and 

concentration down to minimal levels, but still produce maximum transgene 

expression.

The presence of serum has been shown in several non-viral vector 

systems to inhibit gene delivery (reviewed by Gao and Huang, 1995). Since it is 

virtually impossible to eliminate serum from an organ before vector 

administration, this potential problem must be addressed.

A system that works excellently in vitro is just as likely to produce little or 

no gene expression in vivo due to cellular influences that cannot be tested in 

cell culture. It is therefore vital to dissect the movement of the DNA vector, its 

requirements and the external influences from cell surface attachment to 

nuclear delivery. Subsequently, experiments in vivo can be performed and
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careful analysis of the results should determine the future success of the DNA 

vector.

7.2 Materials and Methods

7.2.1 Perfusion and transplantation of rat hearts.

Inbred DA (RT1av1) rats were used as donor and recipient. Donor hearts 

were removed using standard techniques, with the aorta ligated and cut distal to 

the origin of the left subclavian artery. The innominate artery was cannulated 

with a 3TG cannula (Portex, Kent, UK) and the hearts was placed in ice cold 

0.15M NaCI. 5 ml ice-cold 0.15M NaCI was initially perfused to remove blood 

from the heart, using a perfusion pump at 1 ml/min (equivalent to approximately 

1 metre water pressure). The peptide/DNA complexes were prepared in saline 

at 30 pg/ml poly-K-molossin and 10 pg/ml pCMVp DNA (2.6). Perfusion was 

with a total of 3 ml poly-K-molossin/DNA complexes over a period of 4 hours: 1 

ml for 1 min to saturate the heart with the vector, followed by 1 ml over 1 hour 

and finally 1 ml over 3 hours.

After 4 hours, 5 mm sided cubes of the heart were harvested as pre-flush 

samples and frozen in liquid nitrogen.

Following the 4 hour perfusion with the vector, another group of hearts 

was flushed with 5 ml 0.15M NaCI at 1 ml/min and tissue samples were taken 

and frozen as post-flush samples.

Finally, one group of hearts were transplanted heterotopically to the 

abdominal vessels of DA recipients using microsurgical techniques following 

perfusion and flushing. End-to-side anastomoses with 10-0 nylon sutures (donor 

aorta to recipient abdominal aorta, donor pulmonary artery to recipient inferior 

vena cava). Ischaemia times from cessation of cold perfusion to 

revascularisation were in the range of 30 to 40 minutes. 30 minutes after 

revascularisation, the hearts were removed and blocks taken for frozen 

sections. Pre-flush, post-flush and post-transplantation samples were taken for 

staining for poly-K-molossin localisation.

There were three animals in each group.
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7.3 Results

7.3.1 Precise determination of transfection requirements

The standard transfection protocol involves exposure of the cells to the 

poly-K-molossin/DNA vector complexes and chloroquine in medium without 

serum for 2 hours, followed by the addition of serum-containing medium. After 

24 hours fresh normal complete culture was added. Thus, the ECV304 cells 

were exposed to all components of the transfection medium for 24 hours, but at 

half the initial concentration and in the presence of serum, following the initial 2 

hour incubation.

It was important to dissect the situation. The ECV304 cells were 

therefore incubated with the poly-K-molossin/DNA complexes (30 pg/ml poly-K- 

molossin and 10 pg/ml pGL2 DNA), with and without chloroquine (100 pM), as 

in the standard transfection protocol, for 2 hours. The transfection medium was 

then removed and the cells washed with PBS, and for the next 24 hours the 

cells were incubated in culture medium containing the individual components of 

the transfection medium. The results are shown in Figure 7.1.

The open columns illustrate the results of cells transfected for the first 2 

hours with peptide/DNA complexes and 100 pM chloroquine. Subsequent 

overnight culture in medium alone resulted in very poor transfection rates, but if, 

following removal of the transfection medium, the overnight culture was in 

medium containing chloroquine (50 pM), the transfection was high. The 

efficiency rates were identical to those where overnight culture was with both 

chloroquine and the vector/DNA complexes. The critical component of the 

overnight culture is clearly the chloroquine. To support this observation it was 

noted that overnight incubation with the peptide/DNA complexes alone did not 

improve the poor transfection efficiency.

The initial 2 hour incubation was additionally carried out with the poly-K- 

molossin/DNA vector complexes without chloroquine as illustrated by the 

shaded columns in Figure 7.1. High transfection efficiencies were still achieved 

when chloroquine at 50 pM was in the overnight culture medium, suggesting 

that chloroquine is not required in the initial stages of gene transfection.
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The requirement for chloroquine is therefore not immediate. Results 

show that a two hour incubation with the poly-K-molossin/DNA is sufficient for 

optimal transfection and it is not until after this point that chloroquine is 

necessary.
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Figure 7.1
Determination of transfection requirements

ECV304 cells were incubated with DNA alone (control), or with poly-K- 

molossin/DNA complexes (30 pg/ml poly-K-molossin and 10 pg/ml pGL2 DNA) 

for 2 hours either with (unshaded columns) or without (shaded columns) 100 pM 

chloroquine. At this point the complexes were removed, the cells washed and 

incubated overnight with culture medium alone, culture medium with 50 pM 

chloroquine, culture medium with poly-K-molossin/DNA complexes at 15 pg/ml 

poly-K-molossin and 5pg/ml DNA, or culture medium with poly-K-molossin/DNA 

complexes (at 15pg/ml poly-K-molossin and 5 pg/ml DNA) and 50 pM 

chloroquine. The medium was replaced with normal culture medium for a further 

24 hours and luciferase reporter gene expression was measured. Values are 

given as RLU/mg protein ± SEM.
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7.3.2 Exposure time to poly-K-molossin/DNA complexes required for

optimal gene delivery

Because the cells did not require 24 hour exposure to the poly-K- 

molossin/DNA vector complexes it was important to determine the action of the 

complexes during the initial 2 hour incubation in transfection medium.

It could be hypothesised that the time taken for saturation of the cell 

surfaces with the vector/DNA complexes should be the maximum exposure of 

the cells to the vector required to achieve optimal transfection efficiencies.

Flow cytometry was carried out to visualise binding of the complexes to 

the surface of endothelial cells. ECV304 cells were incubated with poly-K- 

molossin/DNA complexes at saturating concentrations (30pg/ml poly-K- 

molossin and 10 pg/ml pGL2 DNA) for different lengths of time from 5 minutes 

to 2 hours. After which time the cells were washed, pelleted and binding was 

detected with the LC2-64 antibody followed by the fluorescein-labelled rabbit 

anti mouse immunoglobulin as described in section 2.9.

Maximum binding occurred within 5 minutes of exposure of the cells to 

the poly-K-molossin/DNA complexes, as illustrated in Figure 7.2a, with no 

further increase in binding at longer exposure times. This suggests therefore, 

that only very short exposure times of target cells to the poly-K-molossin/DNA 

complexes might be required in order to achieve maximal transfection.

ECV304 cells were exposed to poly-K-molossin/DNA complexes 

(30pg/ml poly-K-molossin and 10 pg/ml pGL2 DNA) for periods of 5 minutes to 

3 hours, washed and then incubated overnight with complete culture medium 

containing 50 pM chloroquine. After the overnight incubation the wells were 

drained and replaced with fresh complete culture medium. The results, shown in 

Figure 7.2b, demonstrate that, even though the cell surface binding sites are 

saturated with the vector/DNA complexes, the shorter incubation times give 

very poor transfection efficiencies. An incubation of 1 hour in transfection 

medium is required for substantial gene transfection and optimal reporter gene 

expression levels require 2-3 hour’s incubation.
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Figure 7.2
Exposure time to poly-K-molossin/DNA complexes for optimal 

transfection.
a) Flow cytometry profiles for ECV304 cells incubated with poly-K- 

molossin/DNA complexes (at 30 pg/ml poly-K-molossin and 10 pg/ml pGL2 

DNA) for 5 minutes (red line) and 30 minutes (blue line). Cells incubated with 

medium only are shown in the shaded profile. Binding was detected with the 

LC2-64 monoclonal antibody and fluorescein-labelled rabbit anti mouse 

immunoglobulin.

b) ECV304 cells were incubated with poly-K-molossin/DNA complexes (30 

pg/ml poly-K-molossin and 10 pg/ml pGL2 DNA) for different lengths of time. At 

each time point, the complexes were removed and replaced with complete 

culture medium containing 50 pM chloroquine and cultured overnight. Following 

a further 24 hours culture in medium the luciferase expression was measured 

and is given as RLU/mg protein ± SEM.
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7.3.3 Initial cold incubation with poly-K-molossin/DNA complexes

Due to the strict requirements for organ preservation, ex vivo perfusion of 

transplant organs must be performed at 4 °C or on ice. At this temperature 

endocytosis does not occur, which is a potential cause of concern in the 

development of successful organ genetic manipulation.

Earlier flow cytometry studies showed that poly-K-molossin/DNA 

complexes are able to bind efficiently to the surface of ECV304 cells at 4 °C. It 

may be then, that if an organ is perfused for 2 hours on ice, binding of the 

vector complexes to the cells surface will be sufficient and result in vector 

internalisation and gene expression once the organ has been transplanted and 

warmed to body temperature.

To explore this suggestion, ECV304 cells were exposed to peptide/DNA 

complexes (30 pg/ml poly-K-molossin and 10 pg/ml pGL2 DNA) for 2 hours at 4 

°C. If, following this cold incubation, the cells and vector/DNA complexes were 

warmed to 37 °C for 2 hours, excellent DNA transfection occurred (Figure 7.3). 

However, if the cold transfection medium was removed and replaced with warm 

complete culture medium lacking peptide/DNA vector complexes, transfection 

efficiency was greatly reduced. This supports the results in the preceding 

section that indicated that a substantial period of active endocytosis in the 

transfection medium is necessary for efficient gene transfer.

An interesting observation was that target cells saturated with 

vector/DNA complexes gave similar levels of gene transfer when incubated at 

37 °C in medium with or without serum. This suggests that 10 % serum does 

not interfere with the endocytosis of the peptide/DNA complexes at the target 

cell surface.

This study clearly suggests that incubation of the peptide/DNA 

complexes, followed by removal of the complexes, is not effective at 4 °C, which 

is a major problem for in vivo application.
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Figure 7.3
The effect of an initial cold incubation on cell transfection.

ECV304 cells were incubated with DNA only (control) or with poly-K- 

molossin/DNA complexes (30 pg/ml poly-K-molossin and 10 pg/ml pGL2 DNA) 

for 2 hours at 4 °C. After this cold incubation, 4 different conditions were 

assessed: one set of cultures was warmed to 37 °C for 2 hours (complexes); in 

all the other cultures the cold transfection medium was removed and replaced 

with warm complete culture medium without serum, warm complete culture 

medium with serum, or warm complete culture medium with 50 pM chloroquine, 

and incubated at 37 °C for 2 hours. At the end of the 2 hour incubation the 

medium was removed and replaced with complete culture medium with 50 pM 

chloroquine for overnight culture. A further 24 hours culture in medium and the 

cells were harvested and measured for luciferase reporter gene expression. 

Levels are given as RLU/mg protein ± SEM.
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7.3.4 Exposure time to chloroquine for optimal gene delivery

The preceding work has established that the poly-K-molossin/DNA 

complexes must be incubated for 1-2 hours with the cells at 37 °C and that 

chloroquine is not required at this time. The next stage was to investigate the 

minimal exposure time to chloroquine necessary to produce maximum gene 

delivery.

ECV304 cells were incubated with peptide/DNA complexes (30 pg/ml 

poly-K-molossin and 10 pg/ml pGL2 DNA) for 2 hours without chloroquine. After 

this time, the cells were cultured with complete culture medium containing 50 

pM chloroquine for periods of 1-24 hours. At each time point the medium was 

removed and replaced with fresh complete culture medium.

Figure 7.4a shows that essentially no gene transfection occurred with 

exposure times of up to 2 hours, and 10-12 hours was required for optimal 

transfection. This indicates that the peptide/DNA vector complexes that are 

endocytosed or bound to the cell surface in the initial 2 hour incubation, require 

10-12 hours in the presence of chloroquine for endocytosis and endosomal 

release.

There was not a significant decrease in protein content of wells that were 

exposed to the chloroquine for long periods of time, suggesting that cell toxicity 

at 50 pM concentrations was not a big problem (Figure 7.4b). The presence of 

serum in the medium may have helped retain cell viability, since earlier 

experiments in its absence, have shown decrease in protein concentration per 

well.
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Figure 7.4
Exposure time to chloroquine for optimal gene delivery.

ECV304 cells were incubated with DNA alone (control) or with poly-K- 

molossin/DNA complexes (30 pg/ml poly-K-molossin and 10 pg/ml pGL2 DNA) 

for 2 hours without chloroquine. The transfection medium was then replaced 

with complete culture medium containing 50 pM chloroquine and incubated for 

varying lengths of time as indicated. At each time point the medium and 

chloroquine were removed and replaced with complete culture medium alone. 

Luciferase gene expression was measured as described and given as RLU/mg 

protein ± SEM (a). The protein concentration of each well was also measured 

using Bradfords reagent and expressed as mg protein/well ± SEM (b).
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7.3.5 The effect of serum on gene delivery

Serum has been reported to interfere with several (but not all) non-viral 

DNA vector systems, particularly those relying on electrostatic interactions for 

the binding of vector to DNA. This is a major concern for progress of these 

delivery systems in vivo.

To investigate the effect of serum on the poly-K-molossin/DNA vector 

system, ECV304 cell transfection was carried out under standard transfection 

conditions in the presence of different concentrations of heat-inactivated foetal 

calf serum. In the preceding experiments the addition of 10 % serum after the 

poly-K-molossin/DNA vector complexes had bound to the target cells did not 

appear to interfere with the overall gene delivery. However, the addition of foetal 

calf serum to the poly-K-molossin/DNA complex solution prior to their addition to 

the cells was found to have a dramatic effect.

Figure 7.5a shows that in the presence of just 1 % serum there was 

reduction of transfection efficiency by more than 50 %. At 20 % serum 

concentrations, there was very little transfection and 50 % serum completely 

inhibited delivery. The protein concentration, indicated in Figure 7.5b, 

suggested that at low or zero serum concentrations the viability of the cells is 

slightly reduced.

It has been suggested that serum interacts and disrupts some non-viral 

gene delivery systems by electrostatic interaction with charged complexes, 

which presumably disables the vector for cell internalisation. To establish 

whether it was possible to visualise the disruption of the vector complexes with 

serum, ECV304 cells were incubated with poly-K-molossin/DNA complexes (30 

pg/ml poly-K-molossin and 10pg/ml pGL2 DNA) at 4 °C in the presence of 10 % 

serum and without serum. The LC2-64 antibody was used to detect binding of 

the peptide/DNA complexes as described in 2.9. Figure 7.5c shows that there 

was no detectable change in the binding of the peptide/DNA complexes in the 

presence in 10 % serum, compared to in its absence.

For both the above experiments, 10 % foetal calf serum was present 

during complex formation and remained throughout the transfection, but 

experiments were repeated, adding serum only at the point that the complexes 

were added to the cells (i.e. no serum present during complex formation).
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However, there was no difference observed between the two sets of results 

(second set of data not shown). Therefore, it was not possible to detect any 

specific disruption by the serum upon poly-K-molossin/DNA complex formation 

or endothelial cell binding. Nevertheless, the presence of 10 % serum during 

the cell transfection did have an enormous inhibiting effect upon gene delivery. 

The precise mechanism of serum action upon the poly-K-molossin/DNA vector 

system is not known.
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Figure 7.5
The effect of serum on gene delivery.

ECV304 cells were incubated with DNA only (control) or poly-K-molossin/DNA 

complexes (30 pg/ml poly-K-molossin and 10 pg/ml pGL2 DNA) and 100 pM 

chloroquine using the standard transfection protocol. Different concentrations of 

heat-inactivated foetal calf serum were added to the transfection medium 

immediately after the mixing of the complexes. Luciferase reporter gene 

expression was measured as RLU/mg protein ± SEM (a) and the protein 

concentration was also measured and expressed as mg protein/well ± SEM (b).

Figure c shows flow cytometry profiles for ECV304 cells incubated with poly-K- 

molossin/DNA complexes (30 pg/ml poly-K-molossin and 10 pg/ml pGL2 DNA) 

without (red line) or with 10 % heat-inactivated foetal calf serum (blue line) for 

30 minutes on ice. Cells incubated with medium only are shown in the shaded 

profile. Binding was detected with the LC2-64 monoclonal antibody and 

fluorescein labelled rabbit anti mouse immunoglobulin.
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7.3.6 Organ perfusions and transplants

The perfusion protocol described in Materials and Methods was designed 

with clinical feasibility in mind. The whole procedure was carried out at 4 °C and 

the initial flush was added to remove serum from the organ, following the 

observation that the presence of serum severely reduced gene delivery in vitro.

Rat hearts were removed, perfused at low pressure (to avoid vascular 

damage) with ice cold poly-K-molossin/DNA vector complexes (30 pg/ml poly-K- 

molossin and 10 pg/ml pCMVp DNA) for 4 hours as described in 7.2.1. Tissue 

samples were frozen and sectioned and the LC2-64 antibody was added to the 

sections (1/20 dilution in 0.5 % BSA/PBS) for 30 minutes, followed by 

peroxidase-labelled rabbit anti mouse antibody, as described in the general 

immunohistological staining technique (2.12). Negative control slides were 

incubated with the F15-42-1 irrelevant antibody and positive control slides were 

preincubated for 1 hour with 10 pg/ml poly-K-molossin in saline, before the LC2- 

64 antibody incubation. This tissue section illustrated the maximal binding that 

could be achieved with the peptide on the particular tissue type.

It was clear from the pictures in Figure 7.6 that perfusion via the 

vasculature did not result in maximal distribution of the poly-K-molossin peptide 

(compare positive control b, with experimental samples c, d and e). In the pre

flush sample (Figure 7.6c) there was significant positive staining on the vascular 

smooth muscle and endothelium but much less staining in the myocardium. 

Following the saline flush, there was a slight reduction in staining throughout the 

tissue section (Figure 7.6d), suggesting the some vector/DNA complexes may 

have been washed away from the cell receptors with the saline. There was still, 

however, patchy positive staining between the myocardial cells and the vascular 

smooth muscle remained positive. Since the peptide was mainly localised to the 

vasculature, it may be that the movement of the large vector complexes is 

restricted by the structure of the heart tissue.

Immunohistological staining of heart samples that had been transplanted 

for 30 minutes showed a very low level of diffuse staining throughout the tissue 

section (Figure 7.6e).

The major problem with the application of the poly-K-molossin vector 

system in vivo is the requirement for chloroquine. Preliminary experiments were
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carried out with the initial 5 ml saline flush containing 100 pM chloroquine at 

room temperature, instead of 4 °C. However, the heart did not commence 

beating after transplantation and release of vascular clamps, in spite of 

excellent perfusion. The tissue turned rock hard with raised arteries on its 

surface. Chloroquine is, therefore, highly unsuitable for direct heart perfusion.
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Figure 7.6
Heart perfusion studies and transplants.

Rat hearts were perfused ex vivo, via the coronary arteries with ice-cold poly-K- 

molossin/DNA complexes (30 pg/ml poly-K-molossin and 10pg/ml DNA). Blocks 

for frozen sections were taken at the end of the 4 hour cold perfusion (c), 

following a 5 ml saline flush (d), or 30 minutes after heterotopic transplantation 

to the abdominal vessels of syngeneic recipients (e). Background staining was 

established with the istotype control antibody F15-42-1 (a) and localisation of 

vector was performed with the LC2-64 antibody. To identify all potential vector 

binding sites, the frozen sections were exposed first to 10 pg/ml poly-K- 

molossin peptide and then the LC2-64 antibody (b). Sections were developed 

with peroxidase-labelled rabbit anti mouse immunoglobulin and counterstained 

with haematoxylin. Magnification X 250.
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7.4 Discussion

Further understanding of gene delivery using the poly-K-molossin/DNA 

vector system is required before its potential impact in vivo can be ascertained. 

If the minimal requirement for exposure time and concentration of individual 

components are established, this will facilitate assessment of in vivo potential.

The standard transfection on cell lines involves exposure of the cells to 

the vector complexes and chloroquine for two hours, followed by addition of 

complete culture medium containing twice the concentration of serum. Further 

dissection of the process has shown that the peptide/DNA complexes are 

actually only required for that initial two hour period and afterwards the 

presence of chloroquine is the main influencing factor. Flow cytometry 

suggested that saturation binding of the vector complexes to the cells occurs 

within minutes. However, this short time was not sufficient for maximal gene 

expression level production.

Incubation of the poly-K-molossin/DNA complexes with the cells for the 

initial 2 hours in the cold instead of at 37 °C produced only very low level gene 

delivery. At these temperatures there is no internalisation through the plasma 

membrane, although cell attachment can still occur as normal. This suggests 

that there must be several cycles of cell attachment and endocytosis of the 

vector complexes during the initial two hour incubation, which are vital to 

efficient gene expression.

An important observation was the drastic effect of serum upon overall 

transfection efficiency. Even concentrations of 1 % reduced gene delivery by 

more than half. It was interesting to note that a two hour period during the 

incubation with the vector/DNA complexes, without serum, was sufficient to 

produce maximal gene expression. Following the two hour incubation, the 

added medium contained 10 % serum and this was not shown to affect 

transfection and, moreover, the viability of the cells was maintained due to its 

presence.

The requirement for chloroquine, following the poly-K-molossin/DNA 

complex incubation, for a minimum of 10-12 hours was an important finding, not 

previously investigated. Chloroquine promotes endocytic escape of the DNA
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from the endosomes following internalisation and Mellman et al (1986) have 

previously reported that it takes endocytosing macromolecules from 30 minutes 

to a few hours to reach the lysosomal compartment. The delay in chloroquine 

requirement in the poly-K-molossin vector system therefore corresponds to this 

time course.

There are numerous reasons why the successes of the preliminary 

perfusion experiments were limited. Localisation of the poly-K-molossin/DNA 

vector following 4 hour cold perfusion showed that vector binding was mainly 

found in the vasculature, The vector/DNA complexes may have a problem 

leaving the capillary bed, as a consequence of their size.

Another factor contributing to poor binding levels in vivo is that, since the 

perfusion was performed in the cold, there would have been very limited uptake 

of the vector/DNA complexes during the perfusion.

In clinical situations it is virtually impossible to eliminate serum from the 

path of action of a DNA vector. Previous reports suggest that the charged 

serum proteins may bind and neutralise the vector, disabling the receptor 

targeting and internalising properties (Keogh et al. 1997). Additionally, 

susceptibility of the DNA to degradation by serum nucleases is an important 

factor in the design of the vector (Chiow et al. 1994). However, there is no way 

of avoiding serum if the vector is introduced directly into an individual. 

Moreover, the risk of leaving tissues or cells ex vivo, without serum for any 

length of time, can be damaging.

The requirement for chloroquine is, however, the major stumbling block 

to success in vivo. Chloroquine was found to be required for 10-12 hours 

following the two hour incubation with the vector complexes. Preliminary in vivo 

experiments have been carried out with a pre-flush containing chloroquine 

through the organ at room temperature. There was no detectable gene delivery 

in the tissue sections as expected, presumably because the chloroquine in the 

organ would have been flushed out almost immediately on reperfusion. The 

chloroquine perfusion additionally appears to have a highly toxic effect on the 

heart. Since the time scale of chloroquine requirement has now been identified, 

systemic administration is being attempted, keeping blood levels high for 12 

hours or more. It may, however, be necessary to investigate alternative agents 

to aid endocytic escape, such as cationic lipids (Hart et al. 1998) or fusogenic

238



peptides (Wagner et al. 1992a) for this vector system to become effective for in 

vivo situations.

The results in this chapter begin to define the problems involved in 

moving from single cells to whole organs, and from in vitro to in vivo. The lack of 

reliable data reporting efficient non-viral vector delivery of genes in vivo 

supports the difficulty that scientists have had in overcoming the body’s barriers 

to genetic intervention. The more that is understood about the requirements of a 

gene delivery vehicle, the greater success that non-viral vectors will achieve in 

future clinical environments.
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CHAPTER 8 

General discussion

This thesis reports the successful design and development of a novel 

non-viral DNA vector that is able to efficiently deliver reporter genes to cell lines 

and corneal endothelium in vitro. The vector, poly-K-molossin, consists of the 

integrin-binding moiety of the venom from the American pit viper, Crotalus 

moiossus molossus (Scarborough et al. 1993b), synthesised together with a 

sixteen lysine chain for electrostatic binding and condensation of DNA.

Previously, peptides containing the amino acid sequence arginine, 

glycine and aspartic acid, and a lysine chain have been reported to successfully 

confer reporter gene delivery to a number of cell lines (Hart et al. 1995; Hart et 

al. 1998). The RGD peptides were isolated, for possessing strong integrin 

targeting properties, using a phage display library (Koivunen et al. 1993). The 

molossin peptide, used in this work, represents a natural peptide with integrin 

binding properties. In its natural state it acts in soluble form which suggests that 

targeting affinity is likely to be high.

Precise binding studies with integrin-targeted/polylysine vectors have not 

previously been investigated. For this work, not only the whole vector was 

synthesised, but also its individual molossin and polylysine components and a 

monoclonal antibody to the molossin component was raised.

The poly-K-molossin peptide was initially shown to bind to cells 

expressing the a v  and a 5 integrin subtypes. Lack of available monoclonal 

antibodies to integrins meant that determination of the precise range of integrin 

receptors targeted was impossible. Nevertheless, cell lines not expressing the 

a v  and a 5 integrin subclasses were unable to be transfected effectively.

Cyclisation of poly-K-molossin, and other RGD peptides, was required to 

stabilise the integrin-binding motif into the correct conformation. In the cyclised 

form, specificity of binding to the cell surface was established to be at least 

partially conferred by the RGD-integrin interaction. However both cell binding 

assays, flow cytometry and immunohistological staining additionally indicated 

that the electrostatic interaction of the charged lysine tail played an important
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part in cell binding. Cell transfection studies with the sixteen lysine peptide 

alone complexed to DNA did not result in reporter gene expression which 

confirms that, although the charged lysine chain plays an important part in cell 

attachment, it is only at the point of integrin binding that internalisation of the 

vector complexes occurs.

To establish the potential of the poly-K-molossin as a vector in vivo, the 

targeting specificity of the peptide to cell and tissue types needed to be 

identified. For this study, a monoclonal antibody specific for the molossin 

peptide portion of vector was used and different tissue samples from both rat 

and pig models were screened. The molossin peptide was found to bind to a 

wide range of cell targets with particularly strong binding to smooth muscle 

cells, heptocytes, and respiratory epithelium. Poly-K-molossin showed greater 

binding to most tissues with especially strong additional staining of vascular 

endothelium and connective tissue. There were small, but significant, 

differences between species.

The family of receptor-mediated gene delivery systems includes a wide 

variety of ligand and targeting designs. Recently it has become more apparent 

that the differences in characteristics, not least charge and size, of the vectors 

is diverse and highly important. The charge and size properties of the poly-K- 

molossin/DNA vector system were defined. It was previously reported that other 

RGD peptide vector systems rely on a positive charge (Hart et al. 1995). 

Similarly, the ratio that gave the highest gene delivery levels in the ECV304 

endothelial cells was 3:1 poly-K-molossin to DNA (weight /weight). At this ratio 

the complex has an overall positive charge.

The size of the poly-K-molossin/DNA complexes was found to be in the 

order of 1 pm under physiological conditions. This is larger than the known size 

limit of clathrin coated receptor mediated endocytic pathways. However 

internalisation via integrin receptors has been previously reported to allow 

particles, such as bacteria, to pass through effectively (Isberg, 1991). This is an 

important advantage of the poly-K-molossin vector that may allow wider 

applications for delivery of larger sized DNA in the future. Of particular interest 

was the influence that the surrounding ions play upon the overall size of the 

vector complexes. In water the complexes were more than 10 times smaller
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than in physiological salt conditions. The buffer that the vector is prepared in is, 

therefore, a major consideration in every procedure.

Once the binding characteristics of the poly-K-molossin and the 

properties of the poly-K-molossin/DNA vector had been established, it was 

important to assess its ability to function as a DNA vector. Saturating DNA 

concentrations and length of exposure of the vector complexes to the ECV304 

endothelial cells were carefully defined. The standard transfection procedure for 

ECV304 endothelial cells consisted of an initial 2 hour incubation with the poly- 

K-molossin/DNA vector complexes (at a 10 pg/ml DNA concentration and a 3:1 

ratio of poly-K-molossin to DNA, w/w) and 100 pM chloroquine, after which an 

equal volume of complete culture medium containing twice the concentration of 

serum, was added overnight. The cells were then incubated with fresh culture 

medium for 48 hours before assessing reporter gene delivery.

Chloroquine was found to be essential to the efficiency of gene delivery. 

In its absence there was very little cell transfection. Chloroquine aids 

endosomal escape of the DNA following internalisation of the vector. 

Unfortunately, at high concentrations it was shown to have a toxic effect upon 

the cells. However, at the 100 pM concentrations, that result in optimal gene 

delivery in the endothelial cell line in vitro, the chloroquine has very limited 

effect on the viability of the cells. Under optimal transfection conditions the poly- 

K-molossin vector was able to deliver the p-galactosidase reporter gene to 

approximately 50 % of ECV304 endothelial cells.

The next stage was to assess the poly-K-molossin/DNA vector on a 

model midway between in vitro and in vivo conditions. Transformed cell lines 

are far from the ideal representation of a functioning cell in the body of an 

animal. For this reason the rabbit cornea model was chosen, since corneas can 

be maintained in culture for weeks and still remain viable. The poly-K- 

molossin/DNA vector was tested on cultured cornea. DNA concentration, 

exposure time and chloroquine concentrations were optimised and viability of 

the corneal endothelium assessed throughout. The transfection procedure was 

very similar to the cell line method, except that a 4 hour incubation of the poly- 

K-molossin/DNA vectors with 500 pM chloroquine were optimal. Under these 

conditions the poly-K-molossin vector system was able to transfect
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approximately 30 % of corneal endothelial cells, with very little effect on the 

overall viability of the cell layer. There was, however, no observable expression 

in the epithelium or stroma.

A more detailed look at the precise requirements of gene delivery 

discovered that the only a 2 hour incubation of the ECV304 endothelial cells 

with the poly-K-molossin/DNA vector was necessary and, after this time, the 

only vital component of the transfection mixture was the chloroquine. Incubation 

of the cells with 50 pM chloroquine for 12 hours resulted in optimal transfection 

and no observable toxicity upon the cells.

The initial incubation of the vector complexes with the cells had to be 

carried out for 2 hours at 37 °C for optimal transfection. This is a concern for in 

vivo application of the vector since the organ must be kept cold at all times 

during incubation with vector/DNA complexes to prevent tissue damage. 

Another problem for in vivo work is the observation that the presence of even 

very low levels of serum in the transfection mixture severely inhibits gene 

delivery. It is very difficult to eliminate serum completely from an organ.

It is perhaps for the above reasons that the distribution of the poly-K- 

molossin vector following heart perfusion was limited mainly to the vasculature. 

It may also be that the vector might be too large to traverse the capillary bed.

However, the major problem with the genetic manipulation of transplant 

organs using the poly-K-molossin/DNA vector system is the requirement of 

chloroquine, since it has a highly toxic effect on the heart. A systemic 

administration of chloroquine may be the answer, but even this is clinically, far 

from ideal. An alternative is to investigate other agents that have similar 

properties but are less toxic.

Despite problems in the preliminary experiments in vivo, the poly-K- 

molossin/DNA vector system, nevertheless, has been shown to be a highly 

effective DNA delivery vehicle in vitro. There is wide potential of such a non- 

viral vector in clinical applications, with major advantages over many other 

vectors. It is hoped that future developments of alternative endosomolytic 

agents and better characterisation of the precise requirements for intracellular 

passage of foreign DNA, will solve the problems that have been encountered in 

vivo. It is anticipated that the poly-K-molossin vector will be used in the future
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for the delivery of therapeutic genes. Additionally, it is hoped that the 

characterisation of its design and the associated requirements for successful 

gene delivery, that have been detailed, will be able to be applied to future DNA 

vector designs.
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APPENDICES:
Appendix 1
DNA plasmid maps
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Appendix 2

Amino acid symbols

Amino acid 3 letter code 1 letter code

Alanine Ala A

Arginine Arg R

Asparagine Asn N

Aspartic acid Asp D

Cysteine Cys C

Glutamine Gin Q

Glutamic acid Glu E

Glycine Gly G

Histidine His H

Isoleucine lie I

Leucine Leu L

Lysine Lys K

Methionine Met M

Phenylalanine Phe F

Proline Pro P

Serine Ser S

Threonine Thr T

T ryptophan Trp W

Tyrosine Tyr Y

Valine Val V
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Appendix 3
Statistics

Standard deviation

The standard deviation (a) is a measure of how widely values are 

dispersed from the average value.

Where n is the number of experimental samples taken and Xj is the result 

of experiment i (i=1 ...n).

Standard error of the mean

The standard error of the mean (SEM) is a measure of the accuracy of 

an estimation of the mean of a distribution. It is calculated from the standard 

deviation of the distribution and the number of samples used to estimate the 

mean.

Analysis of Variance

Analysis of Variance (ANOVA) is a statistical test of the hypothesis that 

the averages of two or more groups of samples are equal (are drawn from the 

same population). It compares the variance (the square of the standard 

deviation) within each of the groups of samples with the variance of all the 

samples to determine whether differences between the groups are statistically 

significant.
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