
2807168507

iW A rU  T n t  T W b ili 1444

\ A  V ^

MODELLING GENE THERAPY FOR HAEMOPHILIA

BY

Gaynor Miller

ROYAL FREE HOSPITAL 
HAMPSTEAD 
NW3 2PF

Submitted in accordance with the requirements for the 
degree of Doctor of Philosophy

Royal Free Campus 
Royal Free and University College Medical School 

The Katharine Dormandy 
Haemophilia Centre and Haemostasis Unit 

&
The Department of Anatomy & Developmental Biology 

August 1999

The candidate confirms that the work submitted is her own and that appropriate credit 
has been given where reference has been made to the work of others.

1



ProQuest Number: U145603

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U145603

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



i-kïEDiCAL
ABSTRACT

NW3 2PF

Gene therapy is a proposed new treatment for haemophilia, an X-linked disorder caused 

by a deficiency of either factor VIII or IX. However, many problems of safety, efficacy 

and long term expression need to be overcome before it becomes a reality. Muscle cells 

secrete biologically active clotting factors (Yao et ai, 1994), and research from this 

laboratory previously described a muscle-specific expression system which expressed 

low levels of factor VIII (Steinbrecher et al, 1993).

I tested whether this expression system would be more successful for human factor VII. 

Biologically active fVII was detected in cultured mouse muscle cells, and in adult 

C57/B16 mice 4-5 days after direct intramuscular injection in vivo (Miller et a l 1995). 

However, I could not determine whether the expression occurred over a longer time 

course due to an anti-human fVII antibody response.

In an attempt to overcome this problem, murine fVII (mfVII) was expressed with either 

a C- or N-terminal tag. However, expression of C-terminal tagged mfVII could only be 

detected in transfected cells by immunofluorescence, and not by any other tested 

methods. When N-terminal tagged mfVII was used, biologically active mfVII was 

detected in vitro, but the N-terminal tag was cleaved off, precluding its use in vivo.

Finally, as endothelial cells may be a suitable alternative to muscle for haemophilia 

gene therapy, expression levels of the CAT reporter gene, from muscle-derived 

promoter and enhancer elements, were compared to those from the viral SV40 early



gene promoter, in both primary human umbilical vein cells and the ECV304 line. 

However, no improvement upon expression from the SV40 promoter was found with 

any of the non-viral promoter and enhancer combinations used.

The results demonstrated that muscle-derived elements can drive expression of 

biologically active coagulation factor VII in muscle, and that this system may have the 

potential to correct the phenotype of fVII-deficient mice. This data also suggests that a 

non-viral promoter and/or enhancer could be used to control the expression of a 

biologically active coagulation factor in endothelial cells.
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CHAPTER 1 

INTRODUCTION

1.1 Overview

Patients with haemophilia, an X-linked disorder caused by a deficiency of either 

coagulation factor VIII or factor IX, are currently treated by plasma-derived or 

recombinant factors to replace their absent or defective clotting factor. This classical 

“protein therapy” treats only the symptoms of the disease. By contrast, gene therapy- the 

introduction of a functional copy of the cDNA into the patients own cells, offers the 

prospect of a cure. Although improved vectors for haemophilia gene therapy have been 

devised over the past few years, with promising results (Snyder et al., 1997, 1999, 

Monahan et al., 1998, Herzog et al., 1997), problems of safety, efficacy and duration of 

expression still remain. Thus, basic research is needed to investigate new approaches to 

identify potentially better approaches.

Muscle cells can secrete biologically active coagulation factors (Yao et al, 

1994) and DNA directly injected into muscle can be maintained episomally and 

expressed for up to 19 months (Wolff et al, 1992a). Initial experiments from this 

laboratory, using muscle cells in culture to express coagulation factor VIII, the defective 

gene in haemophilia A patients, under the control of a muscle-specific promoter and 

enhancer (Steinbrecher et al, 1993) were disappointing. Research reported in 1993 

indicated that there may be regions in the A2 domain of the factor VIII coding sequence 

that might inhibit mRNA accumulation in the cytoplasm (Lynch et al, 1993). 

Additional evidence suggested sequences in the C2 domain of factor VIII inhibited the 

transcription and processing of fVIII mRNA (Shima et al, 1993). Later studies
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indicated that the A2 domain acts as either a transcription silencer (Hoeben et al, 1995) 

or an inhibitory sequence (Koeberl et al, 1995). These regions led to a 100-fold 

reduction in the expected factor VIII mRNA levels when compared to factor IX levels 

obtained from the same expression vectors. Therefore, we chose to use the coagulation 

factor VII cDNA to replace the factor VIII cDNA in the same muscle-specific 

expression vector to continue our gene therapy studies.

Factor VII plays a key role in coagulation and its activation is the primary event 

in blood coagulation. Factor VII is synthesised in the liver and circulates in the plasma 

at a low concentration (10 nM, Fair, 1983). In common with factor VIII, only a small 

amount of factor VII is needed for effective haemostasis. Unlike factor VIII, which has 

no enzymatic activity of its own but acts as a cofactor in the coagulation cascade, factor 

VII, like coagulation factor IX, the defective gene in haemophilia B patients, is a 

vitamin K-dependent serine protease. Both coagulation factor VII and IX undergo many 

of the same post-translational modifications including y-carboxylation. The similarities 

between the coagulation factors VII, VIII and IX enabled our studies for haemophilia 

gene therapy to be continued using the cDNA for factor VII to replace the cDNA for 

factor VIII in the same muscle-specific expression construct.

The remainder of Chapter 1 will cover the coagulation cascade, coagulation 

factor VII in detail, the disease haemophilia and its treatment and a comprehensive 

review of gene therapy approaches, with particular reference to muscle and those aimed 

specifically at haemophilia gene therapy. The aims of the thesis are detailed at the end 

of the chapter.
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1.2 The Coagulation Cascade

Blood coagulation must be able to respond quickly to any loss of blood, but 

blood must also flow to all tissues; therefore a complex system with numerous positive 

and negative feedback mechanisms has evolved. This system, called the “ coagulation 

cascade” (Figure 1.1), occurs through a series of sequential enzymatic reactions, 

allowing an initial small stimulus to be amplified many times so that the final outcome 

is the localised generation of thrombin and thus the rapid formation of a fibrin plug 

(reviewed by Tuddenham and Cooper, 1994).

The outline of the coagulation cascade and its control that follows is represented 

for clarity in an oversimplified diagram (Figure 1.1) but aims to demonstrate the 

essential roles of the coagulation factors VIII, IX and VII in coagulation, thus 

explaining the severe effects of the inherited deficiencies of fVIII and IX (haemophilia 

A and B respectively) and providing an insight into why factor VII was used as a 

reporter gene to model gene therapy for haemophilia in this thesis.

The extrinsic pathway of coagulation initiates clotting whilst the intrinsic 

pathway sustains it (Gailani & Broze, 1991), hence the terms “ initiating pathway” and 

“ sustaining pathway” are now more commonly used. The initiating pathway is initiated 

by tissue factor, a protein constitutively expressed in some extravascular cell types and 

inducibly expressed in several vascular cell types, including monocytes, vascular 

endothelial cells and vascular smooth muscle cells (Mackman, 1997).
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Figure 1.1: The coagulation cascade

Initiating pathway

Sustaining pathway

Vascular damage
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KEY
a= activated factor 
Ca^= calcium ions 
PI = phospholipid 
n  = prothrombin 
Ha = thrombin
This figure is reproduced from Gailani & Broze. (1991)
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Tissue factor promotes the assembly of two plasma proteins factors VII and X 

(Figure 1.2). Tissue factor in complex with activated factor VII (fVIIa) activates factors 

X and IX. Factor Xa then subsequently activates thrombin production (Figure 1.1), 

which acts as a positive feedback mechanism to activate the sustaining pathway. The 

production of factor Xa by the extrinsic pathway is then restricted by the tissue-factor- 

pathway-inhibitor (TFPI, Figure 1.3).

Therefore, if the current model is correct, the sustaining pathway protein factor 

XI, is activated by thrombin produced by the initiating pathway. Factor XIa catalyses 

the conversion of factor IX to factor IXa. The next step; the activation by factor IXa of 

factor X, is facilitated by the cofactor, factor Villa and takes place on a phospholipid 

membrane (supplied by activated platelets) in the presence of calcium ions. Before 

factor Vin can take part in this "tenase complex" it is proteolytically activated by 

thrombin or factor Xa (Figure 1.4, left-hand side). This also releases factor VIII from 

von Willebrand factor. In addition to the stabilisation of factor VIII, von Willebrand 

factor itself has important roles in blood coagulation, such as platelet adhesion to 

subendothelium, sometimes called primary haemostasis. Activated factor X (factor Xa) 

then converts prothrombin to thrombin in another multi-component reaction 

concentrated on a phospholipid membrane, this time with factor V as the essential 

cofactor (Figure 1.4, right-hand side). Finally, thrombin attacks fibrinogen thus 

converting it to fibrin. The fibrin "plug" is stabilised by another plasma protein called 

factor Xllla. As mentioned above, thrombin also acts as a positive feedback, activating 

factor XI, factor VIII, factor V and factor XIII.
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Figure 1.2: The initial reactions of the extrinsic pathway of coagulation.

Reproduced from Tuddenham & Cooper. (1994). See text for explanation.

X X

Figure 1.3 :The operation of the tissue factor pathway inhibitor. Reproduced from 

Tuddenham & Cooper. (1994). See text for explanation.

Lipoprotein

TFPI

C a**
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Figure 1.4: Formation of the ^tenase complex’ (left-hand side) and the 

‘prothrombinase complex’ (right-hand side). Reproduced from Tuddenham & 

Cooper. (1994).

VWF

VIII

AcOvated platelet

Fragment 1.2
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In addition to the coagulation factors there are several enzyme inhibitors 

important for the regulation of the cascade, such as antithrombin III and protein C. 

Protein C is activated by thrombin, in association with a receptor present on intact 

epithelial cells, thrombomodulin, and with its cofactor, protein S inactivates factors VIII 

and V. Additionally, factor IXa has also been found to inactivate factor VIII, thus 

providing a mode of regulation within the tenase complex (Lamphear and Fay, 1992).

As described above, factors VII, VIII and IX are essential in blood coagulation. 

Their function, structure and details of their cDNA and genes is summarised in Table

1.1. Section 1.3 describes in more detail the structure, function, gene and deficiency of 

the coagulation factor VII, the protein used throughout this thesis as a model for the 

gene therapy of haemophilia. Aspects of the disease haemophilia and its current 

treatment will be described in Sections 1.4 and 1.5.

1.3 The factor VII protein, gene and cDNA

1.3.1 Structure and function

Factor VII plays a key role in coagulation and its activation is the primary event 

in blood coagulation (Figure 1.1 & 1.2). Factor VII is synthesised in the liver and 

circulates in plasma as a single chain 50 kDa glycoprotein of 406 amino acids (Figure 

1.5). It is found in the plasma at a concentration of 0.5 pg/ml, approximately 10 nM, 

with the shortest half-life of the classical coagulation factors at 3-4 hrs (Fair, 1983).
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Figure 1.5: Amino acid sequence of pre-pro-factor VII.

Residues ringed are as follows: R152,1153, activation scissile bond; H193, D242, S344, 

the catalytic triad. The light arrows denote nonsense and missense mutations associated 

with factor VII deficiency. The heavy arrows denote the location of the introns. y, y- 

carboxyglutamic acid residues; p, p-hydroxyaspartic acid. Reproduced from Cooper et 

a l  (1997).
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The complete amino acid sequence of fVII (Figure 1.5) was inferred from a full- 

length cDNA clone isolated by Hagen et al, in 1986. It is synthesised with a 38 amino 

acid prepro leader sequence which contains a hydrophobic signal domain (residues -36 

to -24) targeting the protein for secretion and a prosequence (residues -1 to -17 ) 

signalling for the y-carboxylation of ten residues (6, 7, 14, 16, 19, 20, 25, 26, 29 & 35) 

thereby forming the Gla domain of the protein. The pre-pro sequence is highly 

conserved in the six human vitamin K-dependent proteins: prothrombin, factors VII, IX 

and X and proteins C and S (Figure 1.6). The mature protein is produced by cleavage of 

an Arg-Ala bond; this serves to remove the propeptide prior to secretion into the 

circulation and leaves a single chain of 406 residues. The post-translational y- 

carboxylation of the vitamin K-dependent proteins during protein synthesis is shown in 

Figure 1.7.
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Figure 1.6: Pre-pro sequence of six human vitamin K-dependent proteins.
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Figure 1.7: Post-translational y-carboxylation of the vitamin K-dependent proteins 

during protein synthesis. The signal recognition particle binds to the signal peptide, 

leading to the formation of a ribosome-particle-messenger RNA complex on the 

endoplasmic reticulum. The signal peptide is translocated to the luminal aspect of the 

rough endoplasmic reticulum. After signal peptide cleavage, the propeptide is expressed 

on the nascent polypeptide chain. The propeptide, containing the y-carboxylation 

recognition site binds to the vitamin K-dependent carboxylase associated within the 

endoplasmic reticulum. Specific glutamic acids are converted to y-carboxyglutamic 

acids, then the protein is transported to the trans-golgi where the propeptide is cleaved. 

The fully processed protein is secreted into the circulation. Reproduced from Furie & 

Furie. (1990).

33



Unlike the other serine proteases of the coagulation cascade (thrombin, factor 

IX, factor X & factor XII), the fVII protein has no, or virtually no, activity in the 

absence of tissue factor (TF). Factor VII becomes activated to factor Vila by factor Xa 

(Butenas & Mann, 1996, Radcliffe & Nemerson, 1975 & 1976). It has been reported 

that the serine proteases, factor Xlla (Broze & Majerus, 1980, Kisiel et al, 1977, 

Radcliffe et al, 1977 and Seligsohn et al, 1979), factor IXa (Seligsohn et al, 1979) and 

thrombin (Radcliffe & Nemerson, 1975) are also biologically relevant for factor VII 

activation, although this is still controversial. Activation results in the cleavage of a 

single internal bond between arginine and isoleucine at residues 152/153, a step which 

does not require tissue factor (Butenas & Mann, 1996). The cleavage leads to the 

formation of an enzyme composed of two polypeptide chains; a light chain of 152 

amino acids and a heavy chain of 254 amino acids held together by a disulphide bond 

from Cysl35 to Cys262. The light chain contains the y-carboxyglutamic acid (Gla) 

domain, an amphipathic helix and two epidermal growth factor like domains, while the 

heavy chain contains the catalytic triad His 193, Asp242 and Ser344, typical of the 

serine proteinases.

When activated, the tissue factor:factor Vila complex is then capable of 

activating factors IX and X and autocatalytically factor VII itself. Activated factor VII 

still requires calcium ions and tissue factor to exhibit significant proteolytic activity. It 

was a long held belief that factor X was the primary physiological substrate of the factor 

Vlla/tissue factor complex. However, detailed re-evaluation of the kinetics of activation 

of factor IX versus factor X by factor Vlla/tissue factor suggests that factor IX is the 

more important substrate (Komiyama et al, 1990, Repke et al, 1990). This explains the 

reduced level of factor Vila associated with haemophilia B (Wildgoose et a l, 1992) and
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the serious bleeding disorder associated with factor IX and VIII deficiency that would 

be puzzling if the primary route of coagulation only flowed directly from fVII to fX.

1.3,2 The factor VII gene and cDNA

The cDNA for human factor VII was cloned in 1986 (Hagen et al. 1986). The 

full-length gene is comprised of 9 exons spanning 12kb (Figure 1.8) and is located at 

chromosome 13q34, 2.8kb upstream of the factor X gene. It has a 1389bp coding region 

and a 5’ and 3’ non-coding region which are greater than 35bp and 1026bp respectively. 

Exon lb (66bp encoding amino acids -39 to -18) is absent from one of the cDNA clones 

characterised (Hagen et al. 1986). It is frequently absent from factor VII mRNA 

transcripts and over 90% of factor VII mRNA does not contain it (Berkner et al 1986).

Figure 1.8: General structure of the gene for human factor VII.

8
R1 R2 R3 R4 R5

_ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I- - - - - - - - - - - - - - - - - - - - - - - - - - 1- - - - - -
2000 4000 6000 8000 10000 12000

The locations of the restriction sites used in sub-cloning the gene are shown (all of the 

sites for the included restriction enzymes are shown). The positions of the eight 

essential and one optional (exon lb) exons are shown as solid boxes [la= exon la  -100 

base pairs (bp) in length; lb = exon lb, 66bp; 2 = exon 2, 161bp; 3 = exon 3, 25 bp; 4 = 

exon 4, 139bp; 5 = exon 5, 141 bp; 6 = exon 6, 110 bp; 7 = exon 7, 124 bp; 8 = exon 8, 

1600 bp] connected by lines representing the introns (Al, A2, B-G). The locations of 

five regions of minisatellite tandem repeats are shown as open boxes (R1-R5). 

Reproduced from O’Hara et al. (1987).
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Full length cDNAs from rabbit (Brothers et al, 1993) and mouse (Idusogie et 

a l, 1996) and partial cDNAs from the rhesus monkey and dog have been characterised 

(Murakawa et a l, 1994). The synthesis of active factor VII is dependent on vitamin K 

and therefore, acquired factor VII deficiency is very common as levels of vitamin K fall 

rapidly during liver disease or upon commencement of oral anticoagulation with vitamin 

K antagonists. However, inherited factor VII deficiency is a rare, autosomal recessive 

disorder. The clinical features are quite variable with a rather poor correlation between 

the reported coagulant activity and clinical bleeding tendency (Ragni et a l, 1981, 

Triplett et a l, 1985). Thirty different point mutations and four short deletions have been 

described that cause fVII deficiency (Cooper et a l, 1997). Of the 30 point mutations, 26 

are missense, 1 is nonsense (Figure 1.5) and 3 occur in donor splice sites of introns 3, 4 

and 7 (review by Cooper et al, 1997). Elevated levels of factor VII have been 

associated with an increased risk of coronary thrombosis (Meade, 1983) and, 

paradoxically, there is also a report of several families in whom a decreased level of 

factor VII was also apparently associated with a thrombotic tendency (for a review see 

Goodnough fl/., 1983.)
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1.3.3 Why use factor VII as a model for haemophilia gene therapy?

The coagulation factor VII protein circulates at a low concentration (10 nM) and 

in common with factor VIII, only a small amount is needed for effective haemostasis. 

However, unlike factor VIII, which has no enzymatic activity of its own but acts as a 

cofactor in the coagulation cascade, factor VII is a vitamin K-dependent serine protease 

and its main action is to catalyse the conversion of factor IX into factor IXa. Factor IX, 

also a vitamin K-dependent serine protease, undergoes many of the same post- 

translational modifications as the factor VII protein including y-carhoxylation (Figure 

1.8, Furie & Furie, 1990).

The properties that factor VII share with factors VIII and IX, the deficiencies of 

which cause haemophilia A and B, respectively, enable factor VII to be used as an 

alternative coagulation factor gene to study an approach, based on the use of muscle, to 

haemophilia gene therapy. A comparison of some of the properties of the three 

coagulation factors is shown in Table 1.1.
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Table 1.1 : A summary o f some of the properties o f the coagulation factors VII, VIII and IX

Factor VII Factor VIII Factor IX
Protein

U)
00

Half-life (hrs) 
Structure

MW (kDa)
No. of amino acids 
Major site of synthesis 
Concentration in plasma 
Essential post-translational 
Classification 
Action

Activators
Activation

3 to 4
Gla domain, followed by 2 growth 

factor domains and the serine 
protease domain 

50 
406  
liver

0.5pg/ml 
gam m a carboxylation 

serine protease  
converts: IX to IXa, X to Xa & 

VII to Vila 
Xa, Vlla/TF, thrombin, Xlla 

cleavage of internal bond

8 to 12 
repeating domain 
(A1-A2-B-C1-C2)

265  
2351 

liver major site 
lOng/ml 

0-linked glycosylation 
co-factor 

essential cofactor in fIXa 
activation of X to Xa 

thrombin, Xa 
removal of the B-domain and release  

from vWF

16 to 24
Gla domain, followed by 2 growth 

factor dom ains and the serine 
protease domain 

68 
415  
liver 

5pg/ml 
gam m a carboxylation 

serine protease  
converts: X to Xa

Vila, XIa 
removal of the activation 

domain
cDNA and gen e no. of exons  

Date cloned  
Size of cDNA (bp) 
Prevalence

Hagen et al. 1986  
2450  

rare autosomal

26
Gitschier et ai. 1984 & Toole et ai. 1984  

9010  
1/5,000 male births

8
Anson et ai 1984  

1389
1/30,000 male births

Inherited deficienc Phenotype Poor correlation between  
coagulant activity and bleeding 

tendency  
Also associated  with thrombotic 

tendency

bleeding tendency: 
mild= 5-30%  

moderate = 1 -5% 
severe  = <1% 

of normal clotting activity

bleeding tendency  
mild= 5-30%  

m oderate = 1 -5% 
sev ere  = <1% 

of normal clotting activity
Mutations 30 point mutations 

4 short deletions
Point mutations, deletions, insertions 

and an inversion in intron 22.
Majority point or short 
deletions or additions 

remainder partial or com plete  
deletions or additions



1.4 Haemophilia

Haemophilia is caused by defective production of one of the plasma protein 

components of the blood clotting cascade (see Section 1.2 and Figure 1.1). It can be a 

life threatening and disabling disorder. The most characteristic symptoms of 

haemophilia are bleeding into the joints, particularly the major load bearing 

articulations, and into larger muscle groups. Any vascular organ or tissue of the body 

can be affected by bleeding in haemophilia, with particular threat to life when the local 

pressure of a haematoma affects a vital structure e.g. intracranial or paratracheal 

bleeding. With increasing severity of disease, bleeding can occur spontaneously with no 

obvious precipitating event preceding the bleed. Presumably minor tissue damage, 

consequent on everyday activities, is responsible for the initiation of bleeding.

The commonest form of haemophilia is haemophilia A, which is caused by 

insufficient activity of clotting factor VIII. Haemophilia B (Christmas disease) is caused 

by faulty production of clotting factor IX. Both forms of the disease are recessive and 

the genes encoding these factors are found on the X-chromosome. Therefore, the disease 

primarily affects males, occurring at a frequency of about 1/5000 and 1/30000 

respectively (Hedner & Davie, 1989). With few exceptions (Windsor et al., 1995, 

Panarello et al., 1992, Migeon et al., 1993, Gilgenkrantz et al., 1986), females can carry 

the genetic defect for haemophilia and may pass it on to their male offspring, but are not 

themselves affected.

Apart from haemophilia, other diseases result from deficiencies of the various 

clotting cascade proteins. They fall into two main categories; those that decrease 

coagulation (cause bleeding) and those that increase coagulation (cause thrombosis). 

Other bleeding disorders include the highly variable von Willebrand disease and the
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much rarer autosomal recessive deficiencies of factor XI (mild phenotype), factor X, 

factor V, factor VII (Section 1.3.2), prothrombin and fibrinogen. Thrombotic disorders 

are less well defined as they usually result from the interaction of both environmental 

and genetic factors. Individuals with haemophilia A have a decreased risk of 

thrombosis, whereas the risk for those with raised levels of factor VIII may be higher 

than average (Rosendaal, 1992, Koster et al, 1995).

1.5 Treatment for Haemophilia

The current treatment for haemophilia A and B is to replace the missing 

coagulation factor. Plasma-derived or recombinant Factor VIII or IX concentrates are 

injected intravenously to raise the patients clotting factor level to a protective, 

prophylactic level, usually 4% of normal (Hedner & Davie, 1989). The frequency of 

infusion required is dependent on the severity of disease and can be two to three times 

weekly for severe haemophilia (Nilsson et al, 1992) and may be twice daily for acute 

bleeding episodes (Hedner & Davie, 1989).

To ease administration in small children a totally implantable venous access 

system (Port-A-Cath) can be used (Ljung et a l, 1992, Liesner et a l, 1996). Parents see 

Port-A-Caths as much more acceptable than using peripheral venous access, despite the 

risks of infection and thrombosis (Liesner et a l, 1996). With the aid of a Port-A-Cath, 

prophylactic home treatment of children can begin at an early age. Although prophylatic 

therapy increases factor concentrate usage and is expensive it allows children to grow up 

with near normal joints and their use of clotting factors as adults should prove to be less.

Continuous infusion of coagulation factors is now increasingly used to cover 

major surgery and bleeding episodes (Martinowitz & Schulman, 1997). When
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administered in this way the amount of factors used for an operation can be reduced by 

at least a third.

1.5.1 Complications o f haemophilia treatment

Due to the pooling of plasma from a large number of donors (up to 25 000 

donors) to make factor “concentrates”, many haemophiliacs became infected with 

viruses e.g., hepatitis A, B and C, parvovirus, Epstein Barr virus and the human 

immunodeficiency virus (HIV).

Despite the precautions of donor selection/screening, anti-viral treatment of 

blood products e.g. by dry heating, pasteurisation or detergent /solvent treatment and 

patient vaccination, haemophiliacs are still considered to be at risk from viral infection 

especially by non-enveloped viruses e.g. hepatitis A and parvovirus B19 (Maimucci et 

al, 1995). Indeed in 1995, 4 haemophilia A patients and 1 haemophilia B patient were 

infected with hepatitis A virus following treatment with solvent detergent-treated 

plasma products (Goodman, 1996).

Due to the continuing transmission of non-lipid coated viruses from plasma- 

derived concentrates and the current concern about the possible transmission of new 

variant CJD by blood products (Ludlam, 1997a) recombinant factor VIII and IX are now 

the recommended treatment for haemophilia A and B patients (Ludlam, 1997b). 

Recombinant factor VIII and IX are derived from cultured mammalian cells (Anson et 

a l, 1985, Kaufrnan et a l, 1986, Gomperts et a l, 1992 & Boedeker, 1992, White et a l, 

1997) and should carry no risk of transmitting blood borne viruses. However, there is a 

theoretical risk of transmission of other pathogenic viruses that may be associated with 

the mammalian cells, the bovine albumin in the culture media, the murine monoclonal
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antibodies used to purify the recombinant protein and the human albumin used to 

stabilise it. Although the current licensed recombinant factor VIII concentrates 

(Helixate®, Bioclate®, Centeon Pharmaceuticals, Kogenate®, Bayer & Recombinate®, 

Hy-land-Baxter) contain albumin and bovine serum albumin is used in the manufacture 

of one, second generation concentrates, without human or animal proteins are at an 

advanced stage of clinical trial (Ludlam, 1998). These new concentrates along with 

Refacto, a B-domainless recombinant factor VIII concentrate that is manufactured 

without added bovine or human proteins (Bemtorp, 1997, Fijnvandraat et al., 1997a), 

are likely to become available soon.

In addition to the safety aspects, the present treatment for haemophilia even with 

recombinant factors is not without risk; severe haemophiliacs can still suffer serious 

bleeding events and are at risk following injury. Ten to thirty percent of patients treated 

with intermittent, intravenous fVIII protein infusions develop an inhibitory antibody 

response (White & Roberts, 1996). This response to the infused factor known as 

‘inhibitor formation’ (Karachi et al., 1993) is not unique to haemophilia A and also 

occurs in haemophilia B patients. Although the majority of patients with inhibitors have 

severe haemophilia caused by large gene deletions, inhibitor formation can also occur in 

patients with point mutations and mild or moderate-severity haemophilia (Giannelli et 

al., 1996b, Hay et al., 1998a). This indicates that factors other than severity of mutation 

play a role in inhibitor formation. The missense mutations in moderate and mild severity 

haemophilia that lead to inhibitor formation may do so by giving rise to conformational 

changes in the structure of the molecule, thus rendering their own factor VIII molecule 

to be antigenically distinct from “wild-type” factor VIII. Replacement with factor VIII 

would predispose the patient to inhibitor formation as the wild-type molecule would be
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recognised as “non-self’ (Hay, 1998b, Schwaab et a l, 1990, Fijnvandraat et a l, 1997b). 

The perceived increased risk of inhibitor formation from recombinant products (Growe 

et a l, 1992, Bray, 1992 & Lusher et a l, 1993) is also being assessed. However, there 

are a variety of treatment protocols aimed at tolerisation which favour administering a 

high dose of the factor concentrate twice daily until the inhibitor is undetectable and the 

half life of the infused factor is normal (Mariani, 1995). Recombinant factor Vila has 

also been developed as an alternative treatment for haemophilia patients with inhibitors 

to factor VIII or IX (Hedner, 1990, Smith & Hann, 1996), since this by-passes the 

requirement for factors VIII and IX (see Figure 1.1).

An alternative strategy for the production of recombinant coagulation factors is 

to direct transgene expression to the mammary gland to enable production of 

recombinant proteins in the milk of mice (Yuli et a l, 1995) with the ultimate aim of 

production in sheep or cattle. Human factor IX transgenic sheep have been engineered 

by transfer of nuclei from transfected fibroblasts to express human factor IX in their 

milk (Schnieke et al, 1997).

Despite the reduced risk of viral contamination and the reduction in frequency 

and severity of bleeding due to prophylaxis, the use of recombinant products would still 

not overcome the other problems associated with replacement therapy such as the 

inconvenience, bleeding into joints and the risk following injury. Additionally, clotting 

factor replacement therapy is still unavailable in 80% of the world.

In the following sections of this introduction I will define gene therapy and 

introduce the application of gene therapy to haemophilia (Section 1.6 & 1.7). Also, I 

will describe the properties of skeletal muscle that make it a suitable target for gene
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therapy using direct gene injection, both viral and non-viral mediated gene transfer, 

intravenous DNA injection and encapsulation (sections 1.8 & 1.9).

1.6 Gene therapy

The ultimate goal of treatment of genetic disease is repair of the genetic defect,

i.e. gene therapy (for reviews see Anderson, 1992, Mulligan, 1993, Levine & 

Friedmann, 1993, Marshall, 1995). Gene therapy can be defined as: ^the introduction o f 

a form o f nucleic acid into the cells o f a patient fo r the amelioration o f human disease’ 

(Levine & Friedmann, 1993). A human single gene disorder which is an inherited 

disease resulting from the defect of a single gene e.g. haemophilia, cystic fibrosis, 

Duchenne muscular dystrophy, could be cured by replacing the defective gene with a 

functional one in cells that express the gene - a procedure termed ‘gene replacement’. 

However, current gene therapy protocols aim at equipping a cell with a functional gene 

while the defective gene still remains in the genome - a procedure termed ‘gene 

addition’.

The possibility of gene therapy was first discussed in the late 1960s and early 

1970s after the demonstration that mammalian cells could take up and express 

exogenous DNA (Szybolska & Szybolski, 1962, Friedmann & Roblin, 1972). The 

immediate application of gene therapy for human patients was delayed by several major 

technical problems that included the difficulty of achieving gene delivery to a 

sufficiently large number of cells and the maintenance of therapeutic levels of gene 

expression for prolonged periods of time. To overcome these problems and achieve the 

goal of long term, stable expression of a transferred gene required by many gene therapy 

applications, three major elements need to be considered: the disease model, the target
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cell or tissue and the gene transfer method. The disease model determines which cells or 

tissues are appropriate targets for gene transfer, the gene transfer method in turn is 

determined by the target cell characteristics, e.g. whether the cell is dividing or not. A 

large number of target cells and tissues are currently being used for various gene therapy 

studies (Table 1.2). The disease model, the cells or tissues ability to be manipulated in 

vitro and in vivo and their amenability to gene transfer determine which cells or tissues 

are used.
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Table 1.2: The target cells and tissues used iu human gene therapy studies

Route Protocols
Number %

Patients
Number %

Airways 25 8 187 8.0

BMT 42 13.5 175 7.5

Intraarterial 4 1.3 47 2.0

Intraarticular 2 0.6 2 0.1

Intradermal 12 3.9 66 2.8

Intrahepatic 5 1.6 26 1.1

Intramuscular 12 3.9 361 15.4

Intraperitoneal 10 3.2 61 2.6

Intrapleural 1 0.3 26 1.1

Intrathecal 1 0.3 12 0.5

Intratumoral 89 2&6 664 28 3

Intravenous 51 16.4 208 8.9

Intraventricular 2 0.6 3 0.1

Intravesical 1 0.3 0 0.0

Not known 9 2.9 4 0.2

Subcutaneous 45 14.5 502 21.4

Total 311 100 2344 100

Some protocols use more than one route of administration in the same patient 
(for example, intratumoral plus intrapleural). When this is the case, only the 
principal route of administration is indicated.

Reproduced from www.wiley.co.uk/genetherapy/routes.html. (March 1998)
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1.7 An introduction to gene therapy for haemophilia

In theory, gene therapy offers the potential of a life-long cure for even severe 

haemophiliacs (see review, Brownlee, 1995). By introducing a functional copy of the 

clotting factor gene into a somatic cell of a haemophiliac, the patient would be able to 

express and secrete biologically active clotting factor into his circulation and circumvent 

the need for replacement therapy. Because the disorder is recessive, it is not necessary to 

replace the defective gene; merely expressing the correct copy will be efficacious. In 

reality, gene therapy is unlikely to produce a complete cure, at least not using current 

technology. However, because individuals within the normal population can produce 

anywhere between 30-180% of average clotting activity (Barrow et al., 1982), there is 

no need for strict regulation of transgene expression. In addition, because patients with 

>10% clotting activity lead essentially normal lifestyles, and the fact that effective 

maintenance at 2-3% clotting activity using replacement therapy can prevent bleeding 

into joints (Hedner and Davie, 1989), any increase in a patient’s clotting activity as a 

result of gene therapy would make effective prophylaxis more attainable, even if a 

complete cure were not possible. Haemophilia has therefore been considered a model 

disease for investigating gene therapy (e.g. Kay et al, 1993). Furthermore, because 

factors VIII and IX are active in the bloodstream, any tissue, not just the liver, is a 

possible candidate for gene transfer so long as it is amenable to genetic modification and 

can subsequently secrete fully biologically active factor VIII or IX into the circulation 

(e.g. Anson et al, 1987, Palmer et al, 1989, Dai et al, 1992a & b).

In any gene therapy protocol, the particular target tissue and gene delivery 

system have to be jointly considered and are often limited by the pathological 

requirements of the disease (for a general review of gene therapy, see Mulligan, 1993).
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For instance, cystic fibrosis treatment requires CFTR (cystic fibrosis transmembrane 

conductance regulator) gene expression to be directed to the lung epithelial cells, which 

are not obviously immediately amenable to retroviral, or ex vivo, targeting (Rosenfeld et 

al, 1992, Hyde et al, 1993). Fortunately, few such limitations apply to gene therapy for 

haemophilia, which has therefore resulted in a highly diverse set of approaches, which 

are summarised in Table 1.3.

Broadly speaking these approaches can be divided into two: "ex vivo ", where a 

tissue biopsy from the patient is grown in culture, the gene of interest is introduced and 

the cells are transplanted back, or "direct in vivo", where the gene is directly introduced 

into the patient's cells m (Mulligan, 1993).

48



Table 1.3: Production of recombinant factor VIII and IX in vivo

Tissue G ene Vector Delivery Recipient Promoter Ag/ml plasma Activity Duration R eference
Liver hfIX AAV in vivo C57BL/6J mice RSV 0.9ng ND 5m Koeberl et a l. , 1997
Liver hfIX AV in vivo mice RSV >250ng 100% 4-5w Smith e ta !., 1993
Liver hfIX AAV in vivo C57BL/6 SCID MLV 2000ng 89% 30wk Snyder et a!., 1997
Liver BDDhfVIII AV in vivo C57BL/6 mice RSV 307 322mU wk Connelly eta!., 1995
Liver BDDhfVIII AV in vivo C57BL/6 mice MA 2.063ng ND 5m Connelly eta!., 1996a+b
Liver BDDhfVIII AV in vivo haem  dog MA ND >8U/ml 1-2wk Connelly eta!., 1996c
Liver BDDhfVIII AV in vivo haem  mice MA ND 960mU 9m+ Connelly etal., 1998
Liver hfIX AV in vivo CD-1 mice CMV 140pg 20-25pg 12-16wk Walter e t a l ., 1996
Liver hfIX liposome in vivo Balb/c mice MoMLV LTR 190-650pg ND 2-7d Baru e ta l., 1995
Liver cfIX R W in vivo haem . dog 5' LTR 10ng 20 min* 9m+ Kay e ta l., 1993
Liver fix A W in vivo haem . dog RSV lOpg 150 s* 80d Kay e ta l., 1994
Liver CfIX AAV in vivo haem  dog MLV 90ng 1% 8m+ Snyder e ta l., 1999
Liver hfIX AAV in vivo haem  mice MLV 1700ng 25% 17m Snyder ef a/., 1999
Fibroblasts fix R W ex vivo rabbit CMV 400ng ND lOOd Zhou e ta l., 1993
Fibroblasts hfIX R W ex vivo human haem LTR. CMV 300ng 4% 420d+ Qiu et al., 1996
Fibroblasts hfIX R W ex vivo nude mice various 20-200ng ND 7-40d Palmer ef a/., 1989
Fibroblasts fix R W ex vivo nude mice CMV 60ng ND lOd Scharfmann e ta l.,  1991
Fibroblasts hfIX R W ex vivo C57/BI6 mice 5’LTR lOOng ND 10-12d St.Louis & Verma, 1988
Fibroblasts hfVIII R W ex vivo SCID mice LTR 120ng ND >1wk Dwarki e ta l.,  1995
Fibroblasts hfVIII RMAV ex vivo C3H/He mice CMV 17.4ng ND 24h Zatloukal ef a /. ,1994

VO

KEY
Vector AV= adenoviral vector, R W =  retroviral vector, AAV= adeno-associated  viral vector, RM= receptor mediated endocytosis targeted  
by DNAiligand com plexes

Promoter CMV= human cytomegalovirus, cpactin= cardiac p actin, MA= m ouse albumin, MLV= promoter from the 5' long terminal repeat of murine



Table 1.3: Production of recombinant factor VIII and IX in vivo 

Moloney leukaemia virus, HPV-16=human papilloma virus-16, MCK= m uscle creatine kinase, RSV= Rous sarcom a virus,
HSV-1= herpes simplex type 1, h= human or hours, haem = haemophilic, c=canine, ND= not determined, d=days, m=months, BDD= B-domain deleted

Tissue G ene Vector Delivery Recipient Promoter Ag/ml plasma Activity Duration R eference
Fibroblasts hfX R W ex  vivo Rabbit MLV 20 ng ND 600 d+ Chen et al., 1997
Myoblasts cflX/hfVIII R W ex vivo SCID mice MLV 295 ng/38 ng ND 1 5 d Dwarki et ai., 1995
Myoblasts cfIX R W ex vivo nude m ouse CMV/MCKe 10 ng ND 180 d+ Dai et ai., 1992a
Myoblasts hfIX R W ex vivo SCID mice MLV 10-30 ng ND 100 d+ Yao et ai., 1994
Myoblasts fix R W ex vivo nude m ouse MLV, CMV 5 ng ND 60 d+ Roman e ta !., 1992
Muscle CfIX AAV in vivo haem  dog CMV 70 ng ND 17m Herzog ef a/., 1999
Muscle hfIX AAV in vivo haem  dog CMV <1-2 ng 29 min* 1 wk Monahan et ai., 1998
Muscle hfIX R W in vivo SCID mice cpactin 1.4 ng ND 33 d B aru efa /., 1995
Muscle hfIX AAV in vivo R agi mice CMV 350 ng ND 6 m Herzog et ai., 1997
Kératinocytes hfIX R W ex vivo nude m ouse MLV 1-3 ng 87+/-13% 7 d Gerrard e ta !., 1993 & 1996
Kératinocytes hfIX R W ex vivo nude m ouse MLV 1-3 ng ND 3-5 wk Fenjves et al., 1996
Kératinocytes hfIX R W ex vivo nude m ouse HPV-16 1.5 ng ND 50 d P age & Brownlee, 1998

o

KEY
Vector AV= adenoviral vector, R W =  retroviral vector, AAV= adeno-associated viral vector, RM= receptor mediated endocytosis targeted 
by DNAiligand com plexes

Promoter CMV= human cytomegalovirus, c(3actin= cardiac (3 actin, MA= m ouse albumin, MLV= promoter from the 5' long terminal repeat of murine



1.8 Skeletal muscle as a target for gene therapy

The breadth of knowledge we have of the molecular biology, physiology, cell 

biology and structure/function relationship in skeletal muscle make it one of the best 

understood of any tissues. DNA can be introduced into skeletal muscle by a variety of 

methods and so this tissue readily lends itself to experimentation.

Muscle exists in two distinct states: proliferative and differentiated. The 

proliferative myoblasts exit permanently from the cell cycle before fusing together to 

form stable multinucleated myotubes, which then synthesise the major structural 

proteins of skeletal muscle as they develop into muscle fibres. When in the proliferative 

state, myoblasts are capable of being transfected or infected in vitro and the introduced 

DNA is reasonably stable when the myoblasts fuse to form myotubes. As muscle is a 

highly vascular tissue, proteins secreted from transfected muscle cells readily enter the 

circulation (Barr & Leiden, 1991). Therefore, genetically engineered myoblasts can be 

used for the delivery of recombinant proteins into the circulation. This section will 

cover the three approaches used to introduce genes into skeletal muscle namely; 

myoblast transplantation, direct DNA injection and viral-mediated DNA transfer.

1.8.1 Myoblast transplantation

The ability of myoblasts to differentiate and fuse to existing myofibres (Yao & 

Karachi, 1993) has been exploited in many studies to modify the genetic constitution of 

skeletal muscle (Hoffman, 1993, Partridge, 1991). Replicating myoblasts can carry a 

gene into the myofibres in which the nuclei enter Gq and become committed to stable 

expression of skeletal muscle genes. In addition, myoblasts can be easily obtained by 

biopsy of muscle tissue from an individual who is a candidate for gene therapy and the
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genetically modified cells transplanted back with minimal damage to the patient’s 

muscle.

Myoblast transplantation has been used in animal studies to modify the 

cytoplasmic enzymes e.g. phosphorylase kinase (Morgan, 1988) and glueose-6- 

phosphate isomerase (Watt et al., 1984) of skeletal muscle and to introduce dystrophin 

into the skeletal muscle of dystrophin-deficient mdx mice (Partridge et at., 1989).

Non-muscle genes, such as the E.coli p-galactosidase gene, can also be 

expressed in skeletal muscle when introduced by retroviral vectors ex vivo, into the 

genome of the proliferating myoblasts (Thomason & Booth, 1991). A more practical 

application of this technique was the production and secretion of human growth 

hormone in mouse skeletal muscle generated by transplantation of the C2C12 myogenic 

cell line, genetically modified by using either plasmid DNA (Barr & Leiden, 1991), or a 

retrovirus (Dhawan et al., 1991). Myoblasts engineered to express human erythropoietin 

by retroviral gene transfer have also been transplanted into mice and secrete 

erythropoietin into the blood stream (Bohl et al., 1997).

Of particular interest for the gene therapy of haemophilia was the reasonably 

long-term expression (180 days) of the human factor IX protein (1 to 10 ng/ml) in vivo 

after the transplantation of retrovirally modified primary myoblasts (Dai et al., 1992a). 

An advance on that study, using the viral promoter from the 5’ LTR of Moloney murine 

leukaemia virus, has enabled more physiologically significant levels of factor IX (10-30 

ng/ml) to be produced (Yao et al., 1994). More importantly, the above two studies 

established that skeletal muscle is able to perform y-carboxylation and propeptide 

cleavage both essential for the production of functional clotting factor IX. No known
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y-carboxylated protein was previously shown to be secreted by myotubes so it could not 

be assumed that the enzymes required would be present in this tissue.

One of the major problems of myoblast transplantation is the matter of obtaining 

a sufficient number of cells capable of further proliferation and normal myogenic 

differentiation in vivo (^Sopper et al., 1994). Myoblasts derived from primary cultures 

seem unable to undergo more than a small number of divisions before they cease to 

proliferate (Webster & Blau, 1990). They may lose their ability to differentiate after a 

few divisions (Karpati et al, 1993a). Clonally produced rodent myoblasts seem to show 

the same kind of senescence, but unlike the human cells, they occasionally produce 

spontaneous immortal lines such as C2, L6 and MM 14 which remain proliferative and 

myogenic for many generations. However, the implantation of such immortal myogenic 

lines into the postnatal mouse has resulted in tumour formation by 6 months (Wemig et 

a l, 1991, Morgan et al, 1992). However, tumours were not detected when MM14 cells 

were transplanted into the limb muscles of foetal dystrophic mice for up to 12 weeks 

(Sopper et a l, 1994). This observation may be peculiar to the MM14 cell line, or due to 

the 12 week observation time being too short to detect tumours. Alternatively, this cell 

line may be more effectively regulated in a foetal environment than in the postnatal 

mouse.

The same principles may not be applicable to humans, as no human immortal 

muscle cell lines have been identified to date. Two alternative strategies may be either 

to isolate a myogenic stem cell population or to transfect myogenic cells with a 

construct that would allow controlled immortalisation. The latter approach has been 

attempted by transfection of myogenic cells with various constructs containing the 

temperature-sensitive SV40 large-T antigen immortalising construct (lujvidin et a l,
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1990). However, variable results have been obtained, probably due to the variation in 

integration site and number of copies integrated. Recently, transfection of human 

myoblasts with the SV40 large T antigen under the control of the human vimentin 

promoter has increased their proliferative capacity from 5 to 19 passages. The cells also 

retained their capacity to differentiate fülly (Deschenes et a l, 1997).

It is possible to generate controllable immortalisation of myoblasts as 

demonstrated by a mouse transgenic for the temperature-sensitive large-T antigen gene, 

linked to a promoter which is activated by exposure to y-interferon (Jat et a l, 1991, 

Morgan et a l, 1994). The mouse develops normally; therefore, non-physiologically 

high concentrations of y-interferon are required for expression of the large-T antigen 

gene and non-physiologically low temperatures (33°C) for retention of the 

immortalizing activity of the large-T antigen. These conditions can be used to drive cell 

proliferation almost indefinitely in tissue culture but are not attainable in vivo. In 

summary, it is possible to clone myogenic cells from a particular source or carrying a 

particular genetic modification and cause them to form normal muscle on 

transplantation into the muscles of a host mouse (Morgan et al., 1992).
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1.8.2 Direct DNA injection

Plasmid DNA injected directly into muscle enters a minority of muscle fibres 

very efficiently and once in the muscle fibre the plasmid DNA persists and continues to 

be transcribed and translated for months, even years (Wolff et al., 1990). This is in 

contrast to most cells where such transfection is transient. This observation has led to 

many studies using this technique to genetically engineer skeletal muscle (see Table 

1.4). Injected plasmid DNA does not integrate into the host genome but remains 

episomal and shows surprising persistence of expression within muscle fibres 

independent of the method of introduction used.

Since only a few myofibres become transfected following the injection of DNA, 

this technique was initially thought to have only a limited use either in situations where 

a low level of genetic modification was required, as in the evaluation of tissue-specific 

promoters, or practically as a means of vaccination. However, attempts have been made 

to improve the efficiency of transfection by a variety of strategies (for review see Wells, 

1995).
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Table 1.4: Summary of direct injection into muscle gene therapy studies

LA
O n

G ene Vector Promoter Host In v/Vo ng/ml 
of plasma

Duration R eference

Therapeutic
CfIX AAV CMV Haem dog 70 17m Herzog et ai. 1999
hfIX AAV CMV C57/bl6 & rag 1 mice 200-350 6m+ Herzog et ai. 1997
hfIX retroviral chicken p-actin SCID mice 1.83-2.04 lOd Baru et al. 1995
hfIX AAV CMV Haem dog 1-2ng Iwk Monahan et al. 1998
h dystrophin plasmid CMV/RSV mdx mice 1 % of myofibres ND Acscadi et al. 1991
human epo AAV CMV Balb/c mice 769mU/ml 40w K essler et al. 1996
human apo-E plasmid CMV Yoshida mice 5000 45d+ Fazio et al. 1994
murine epo plasmid CMV mice 40mU/ml 90d Tripathy et al. 1996
Reporter
luciferase plasmid CMV/RSV mice NA 7d Hartikka et al. 1996
luciferase plasmid CMV Balb/c mice 1 pg/m uscle 2wks Danko et al. 1997
luciferase plasmid CMV mice 1.04x106 19m+ Wolff ef a/. 1992
luciferase plasmid RSV monkey NA 4m+ J ia o e fa /. 1992
luciferase plasmid RSV mice 320pg/m uscle 2m+ W olffefa/. 1990
lue or p-gal adenoviral MCK mice NA 30d Larochelle et a /1997
GFP Lentiviral hCMV Rat NA 8wk+ Kafri et al. 1997
CAT plasmid Various m uscle specifi mice NA ND Skarli et al. 1998
P-gal HSV-1 CMV SCID mice NA 6d Huard et al. 1997
P-gal AAV CMV C57/bl6 mice NA 240d Fisher et al. 1997
P-gal adenoviral MLCe & MSAp C57/bl6xSJL NA 75d Quentin et al. 1992
P-gal adenoviral CMV lac Z  transgenic mice NA 84d+ Chen et al. 1997
P-gal plasmid CMV mice NA 14d Doh et al. 1997
All levels shown indicate the highest level achieved and not necessarily the sustained level. AAV- adeno-associated  viral vectors,
CMV= human cytomegalovirus promoter, MLCe= the myosin 1/3 light chain enhancer, MSAp= the m ouse skeletal actin promoter,
MCK= m uscle creatine kinase promoter, RSV= Rous sarcom a virus promoter, HSV-1= herpes simplex type 1 promoter, 
p-gal= bacterial beta galactosidase gen e, luc= firefly luciferase gene, GFP= green fluorescent protein, hflX= human factor nine, cflX= 
canine factor IX, apo-E= apolipoprotein-E, Epo= erythropoietin, CAT= chloramphenicol acetyltransferase, h= human, haem = haemophilic. 
NA= not applicable, where reporter g en e  expression is detected by staining in situ, ND= not determined, d=days, wk= w eek s, m= months.



The remainder of this section will describe the factors that have to be considered 

when attempting to optimise the outcome of direct DNA injection. They include: the 

quality and quantity of DNA to be injected, in what solution e.g. saline, the injection 

technique, what promoter is used to drive expression and the physiological state of the 

muscle to be injected. The optimal conditions for successful direct DNA injection into 

muscle, taken from the literature, are summarised in Table 1.5 and described in more 

detail below.

In rodents the best expression in short-term studies has been obtained using one 

of three viral promoters: cytomegalovirus (CMV), Rous sarcoma virus long terminal 

repeat (RSV) and the simian virus 40 (SV40) early promoter. The CMV promoter was 

found to be the most active (Manthorpe et al., 1993). Modifications to constructs 

containing the CMV promoter to include a chimeric intron (Danko et al., 1997, Hartikka 

et al., 1996) and replacement of the kanamycin gene for the ampicillin gene, removal of 

SV40 origin of replication, modification of vector backbone and the addition of 

improved transcription terminators (Hartikka et al., 1996) have brought about 8 & 46- 

fold increases in expression levels of the luciferase gene after intramuscular injection 

respectively. However, expression levels from these constructs were unstable.

Other viral promoters e.g. Moloney murine leukaemia virus, herpes simplex 

virus type I, and a range of eukaryotic promoters e.g. phosphoglycerol kinase, muscle 

creatine kinase, have also been used successfully for in vivo gene transfer via 

intramuscular plasmid injection (for examples see Table 1.4 & 1.6).
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Table 1.5: The optimal conditions for successful direct gene injection into skeletal
muscle

Promoter

Viral

Eukaryotic

CMV

p-cardiac MHC

Quality of DNA Resin-based purification of ccc DNA

Quantity of DNA 50-100 pg in 50 pi

Plasmid size 4 to 7 kb normally but up to 16.7

Injection technique Percutaneous, without massage or contraction 

following injection, delivery of a square-wave electric 

pulse increases expression levels 100-fold

State of muscle Young, male and regenerating.

Myotoxic agent Bupivacaine, cardiotoxin or barium chloride

Optimal time to 

adminster DNA after 

the induction of 

regeneration

5 days

KEY
CMV = human cytomegalovirus 
MHC= myosin heavy chain 
ccc= covalently closed circular

Note: s e e  text for relevant references and further information
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Table 1.6: Promoters used for plasmid gene transfer into mammalian muscle in vivo

Promoter Reference

Viral

RSV* Wolff et al. (1990, 1991), Acscadi et al. (1991a,b) 

Lin et al. (1990), Kitsis er a/. (1991)

CMV* Acscadi et al. (1991a,b), Davis et al. (1993b), 

Manthorpe et al. (1993).

SV40 Wells & Goldspink (1992), Wells (1993), 

Davis et al. (1993a), Skarli et al. 1998.

MMLV Dunkley et al. (1994), Gal et al. (1993)

HSV IE Vitadello et al. (1994),

MSV Acscadi et al. (1991 a),von-Harsdorf et al. (1993).

HTLV-1 Manthorpe et al. (1993).

AD promoter Manthorpe et al. (1993).

Eukaryotic

PGK Acscadi er a/. (1991a)

Albumin Acscadi er a/.(1991a)

aCMHC
PCMHC

alA T
CTC
MCK

MLC
HbMHC
DHFR
Actin
a-Globin
Myoglobulin

Kitsis er fl/. (1991), Buttrick et al. (1992) 
LeBlanc et al. (1992), Edwards et al. (1992), 
von-Harsdorf et al. (1993),Skarli et al. (1998). 
LeBlanc et al. (1992)
Parmacek et al. (1992)
Vincent et al. (1993), Manthorpe et al. (1993), 
Skarli et a/. (1998)
Skarli era/. (1998)
Skarli era/. (1998)
Manthorpe er a/. (1993).
Manthorpe et al. (1993).
Manthorpe et al. (1993).
Bassel-Duly et al. (1993).

KEY
RSV= Rous sarcoma virus
CMV= human cytomegalovirus
SV40= simian virus 40 early
MMLV=moloney murine leukaemia virus
HSV IE= herpes simplex virus immediate early
MSV= murine sarcoma virus
HTLV= human T cell leukaemia virus
AD= adenovirus
PGK= phosphoglycerol kinase
aCM HC=a-cardiac myosin heavy chain
pCMHC= p-cardiac myosin heavy chain
a1AT= a1 anti-trypsin
CTC= cardiac troponin C
MCK= muscle creatine kinase
DHFR= dihydrofolate receptor
MLC= myosin light chain
HbMHC= human p-cardiac myosin heavy chain
*= This promoter has been used in many studies only a few of which are cited in this table
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In general, eukaryotic promoters e.g. muscle creatine kinase (Manthorpe et al, 

1993) produce a lower level of expression than viral promoters e.g. CMV (Manthorpe et 

al, 1993). However, studies in our laboratory (Steinbrecher et al, 1993) used a rabbit 

myosin heavy chain promoter in combination with a rat myosin light chain enhancer to 

drive expression of the chloramphenicol acetyltransferase (CAT) reporter gene. In 

muscle cell culture, the levels of expression derived from this combination of elements 

equalled or improved upon those driven by the viral SV40 early promoter (Steinbrecher 

et a l, 1993). More recent studies (Skarli et al, 1998) have also shown that this 

combination of a rabbit myosin heavy chain promoter and a rat myosin light chain 

enhancer produced the highest levels of CAT expression when compared to a variety of 

combinations of promoter and enhancer, in vitro and when injected into either the slow 

or fast muscles of the mouse.

The earlier studies (Wolff et a l, 1992a & b. Jiao et a l, 1992, Davis et a l,  1993a, 

1993b) used plasmid DNA prepared by alkaline lysis and double caesium chloride 

gradient centrifugation for intramuscular injection. However, several authors (Wells & 

Goldspink., 1992, Davis & Jasmin, 1993, Fazio et a l, 1994) have now reported the use 

of resin-based plasmid DNA purification procedures, such as that produced by Qiagen 

(Qiagen GmbH, Hilden, Germany). These procedures are much quicker and avoid the 

risk of contamination with ethidium bromide a known mutagen and caesium chloride, 

which can induce myofibre necrosis.

Injection of linear DNA produces less efficient gene expression than covalently 

closed-circular DNA (Buttrick et a l, 1992, Wolff et a l, 1992b). Also considerable 

variation has been observed between different batches of DNA preparations and those 

produced by different methods (Wolff et a l, 1991, Manthorpe et a l, 1993).
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The consensus now is that there is an approximately linear relationship between 

the amount of DNA injected and the level of gene expression achieved, reaching a 

maximum when saturation of the injection site occurs. The majority of studies in mice 

have used between 50-100 pg of plasmid DNA per injection. Increasing the number of 

injections of a P-galactosidase reporter gene to more than two and injecting greater than 

25 pg of plasmid DNA did not increase the number of p-galactosidase positive fibres 

(Wells et a l, 1998). However, examination of total muscle expression (mean pg of p- 

galactosidase /muscle/10 pm section) showed substantially more expression when 50 pg 

of DNA was injected (Wells et a l, 1998).

In nearly all cases relatively small plasmids (4-7kb) have been used for direct 

gene injection (DGI) into muscle as it was initially believed that the access of high 

molecular weight DNA to the muscle membrane is restricted by the external lamina 

(Wolff et al., 1992b). However, a plasmid containing the full-length dystrophin cDNA 

(16.7 kb) has successfully been transferred into mdx mouse muscle using intramuscular 

injection (Acsadi et al., 1991b). A recent study has also indicated that plasmid size does 

not effect the number of transfected fibres (Wells et al., 1998). When a constant amount 

of DNA (25 pg) was injected for three different sized plasmids there was also no 

difference in the number of transfected fibres, despite a 50 % reduction in copy number 

between the smallest (7.2 kb) and largest (16 kb) plasmids (Wells et al, 1998).

Usually a small volume of concentrated DNA is injected into the muscle using a 

small gauge needle (e.g. 25 to 30 gauge) and a low volume syringe (e.g. 1 ml). In early 

studies the muscle was injected following a small skin incision to accurately localise the 

site of injection (Wolff et al., 1990, 1991). Subsequently many investigators have 

adopted a percutaneous approach that avoids inflammatory responses to the surgery and
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ensures the connective tissue structures remain intact thus keeping the plasmid DNA 

within the muscle (Wells & Goldspink, 1992, Davis et al., 1993c, Manthorpe et al, 

1993).

The variation in the protein expression levels and the numbers of positive fibres 

in different injections (Doh et a l, 1997) may be explained by considering that the most 

commonly used volume to inject DNA into mouse skeletal muscle (50 p.1), is 100 times 

more than the available extracellular space volume of the entire mouse rectus femoris 

muscle (Doh et a l, 1997). Since the DNA solution is accommodated by the muscle 

without significant back-fiow along the needle track, the DNA solution may physically 

distend the extracellular space of the muscle, probably longitudinally along paths of 

least adhesion or resistance. Such variations in distension could easily result in the 

localisation of DNA in pockets in different parts of different muscles.

Massage of muscles (Davis et al., 1993c) and the stimulation of muscle 

contraction in anaesthetised mice (Wolff et al., 1991) following injection markedly 

reduces reporter gene expression. However, the delivery of square-wave electric pulses 

to muscle previously injected with plasmid DNA has recently been shown to give rise to 

100-fold higher levels of expression that were stable for at least 9 months (Mir et al, 

1998).

The physiological state of the muscle to be injected can also markedly affect the 

efficiency of uptake and the level of expression of plasmid DNA (Wells, 1995). The 

injection of mice has shown that young (Wells & Goldspink, 1992, Danko et al, 1997), 

male (Wells & Goldspink., 1992), regenerating muscle (Wells, 1993, Davis et a l, 

1993a, Danko et a l, 1994, Vitadello et a l, 1994) gives rise to a higher level of gene 

expression than older, female, non-regenerating muscle with a higher number of fibres
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expressing the gene. Strain differences have also been observed (Wells et al, 1993, 

Danko et a l, 1994, Manthorpe et a l, 1993, Danko et a l, 1997) but may be explained 

rather by age or sex differences.

However, the increase in gene expression associated with regeneration appears 

to decline over time and could be due to a decline in transcription/translation activity 

(Danko et a l, 1994) or as a result of destruction of transfected fibres by elements of the 

immune system e.g. cytotoxic T cells (Vitadello et a l, 1994, Danko et al., 1997, Wells 

et a l, 1997). Foreign gene expression was still 10 to 20-fold higher in the regenerating 

muscle than in the controls after 60 days (Vitadello et a l, 1994).

1.8.2.1 Gene therapy applications for intramuscular injection o f plasmid DNA

Direct DNA injection into skeletal muscle offers an attractive method of gene 

therapy for the treatment of muscle disorders such as Duchenne muscular dystrophy 

(Acsadi et a l, 1991b) and as a site for the production of secreted gene products such as 

apolipoprotein E (Fazio et a l, 1994), erythropoietin (Tripathy et a l, 1996), and 

potentially factors VIII and IX for the treatment of haemophilia. With careful 

preparation the DNA should be free of any potentially immunogenic protein 

contaminants and no adverse side effects were noted in a non-human primate study (Jiao 

et a l, 1992) even after repeated administrations. A further advantage of using skeletal 

muscle as a target organ for systemic expression is its ease of accessibility and good 

regenerative capacity allowing, in the worse case scenario, the resection of the muscle 

containing the foreign genes if problems arise with the treatment.

The use of strong viral promoters has to date not appeared to carry any 

significant risks and the poor uptake and expression of plasmid DNA by other tissues
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will limit the possible problems associated with gene transfer into inappropriate tissues. 

Low and variable efficiencies currently limit application. Experiments with rats and 

mice bave demonstrated some of the factors that influence the efficiency of uptake and 

expression of plasmid DNA (Table 1.5). However, it is not clear wbat problems may be 

encountered when scaling up the procedure for bumans as the studies in primates (Jiao 

et al., 1992) were not as successful as those in rodents.

1.9 Alternatives to plasmid DNA for intramuscular injection

1,9.1 Viral vectors

Retroviral (Thomason & Booth, 1990, Hughes & Blau, 1992), adenoviral 

(Quantin et al., 1992, Stratford-Perricaudet et al., 1992) and adeno-associated viral 

vectors (Kessler et al, 1996, Fisher et a l, 1997, Herzog et a l, 1997 & 1999, Monahan 

et a l, 1998) bave ail been used to successfully transfer genes directly into muscle in 

animal model studies. Davis et al, (1993a) compared the efficiency of DNA transfer 

into both normal and regenerating muscle using adenoviral, retroviral and plasmid DNA 

and found, that as previously demonstrated (Wells, 1993) all vectors produced better 

results when injected into regenerating muscle and that plasmid DNA was the best.

Retroviral vectors can infect approaching 100% of cells induced to divide in 

culture (Garlick et a l, 1991) and are therefore ideal for use in ex vivo approaches to 

gene therapy. The provirus integrates into the host chromosome and so is passed on 

during cell division increasing the risks of insertional oncogenesis and the generation of 

replication competent virus.

However, the direct intramuscular injection of retrovirus has still been used to 

transfer the genes for p-galactosidase into the rat (Thomason & Booth, 1990) and mouse
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(Fassati et a l, 1995) and a mini-dystrophin gene into mouse (Dunckley et a l, 1993). 

Since retroviruses can only transduce dividing cells the muscle had to be damaged prior 

to injection to induce cell division by causing muscle regeneration in these studies.

A later study has avoided such muscle damage by using six-week old mice that 

were in the growing phase and injecting a retrovirus producer cell line to increase the 

amount of retrovirus available (Baru et al., 1995). Low levels of human factor IX were 

detected in the blood stream of injected mice for up to 82 days after injection of a cell 

line producing recombinant retrovirus containing the human fIX cDNA under the 

transcriptional control of the chicken P-actin promoter. However, the observed levels of 

factor IX were too low to be therapeutic (70-1800 pg/ml). Repetitive intramuscular 

injection of the producer cells during the growing phase and the use of stronger 

promoters may increase the level of gene expression and its duration. Since the producer 

cells were immortal and thus, tumourigenic, the cells had to be treated with a cytostatic 

drug prior to injection. SCID mice were used for the study and so no immune response 

to the injected cells or to the retrovirus was expected.

Adenoviral vectors are more suitable than retroviral vectors for direct injection 

into muscle because they can be purified to very high titres (>10^) and are capable of 

transfecting post-mitotic cells (Quantin et a l, 1992). They are thought to be safer than 

retroviral vectors as they remain episomal and they do not carry the risk of insertional 

oncogenesis. However, initial experiments showed limited replication in vivo and 

transient expression, due not only to the episomal nature of the vector but to strong 

humoral and cytotoxic immune responses to both the viral proteins and the transgene 

(Dai et al., 1995, Kay et al., 1995, Fang et al., 1995, Lochmuller et al., 1995, Vilquin et 

al, 1995, Yang et a l, 1996). However, an adenoviral vector containing the E.coli p-
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galactosidase gene has been directly injected into muscle of an immunocompetent 

mouse and expression was detectable in approximately a sixth of the injected muscles 

for up to 10 weeks after injection (Quantin et al., 1992). An immune response was not 

observed in transgenic mice tolerised to p-galactosidase (Chen et a l, 1997) using a 

“gutless” adenoviral vector containing no viral genes (Kocbanek et al., 1996, Kumar- 

Singb & Chamberlain, 1996, Haecker et al., 1996, Fisher et al., 1996a). The study 

showed that expression of lacZ in the transgenic mouse muscle lasted for 84 days, 

whereas, in the non-transgenic immunocompetent mouse muscle, expression started to 

decrease as early as 42 days after injection and was undetectable by 84 days. However, 

vector DNA remained detectable in the non-transgenic muscle for as long as 84 days, so 

the observed loss of expression after 42 days can only be partly explained by the loss of 

vector DNA containing fibres due to the immune response to the foreign transgene. The 

strong immune response observed with adenoviral vector administration in 

immunocompetent mice has severely reduced the effect of a second dose (Smith et al., 

1993).

Since the tropism of adenovirus is non-selective muscle-specific expression was 

achieved in a recent study by the use of a 1.3 kb muscle creatine kinase 

promoter/enhancer (Larochelle et al., 1997). In immunodeficient mice, intramuscular 

injection of the recombinant adenovirus resulted in high levels of expression of the p- 

galactosidase reporter gene in muscles but only a low level in brain, kidney, liver and 

lung, although in situ PCR showed the vector was present in each of these tissues.

Recombinant viral vectors from the non-patbogenic parvovirus, adeno- 

associated virus-2 (AAV) can be modified such that all the viral genes are removed and 

replaced with an eukaryotic expression cassette, including the appropriate regulatory
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elements and the transgene. Previous in vivo studies have demonstrated that direct 

administration of AAV vectors results in gene expression in non-dividing or quiescent 

cells (Flotte et al, 1993, Flotte et a l, 1994, Kaplitt et a l, 1994, Fisher et a l, 1996b, Ali 

et a l, 1996) making them ideal for direct intramuscular injection. As such, AAV vectors 

have been used to deliver the genes for p-galactosidase (Kessler et al, 1996, Fisher et 

a l,  1997), human erythropoietin (Kessler et al, 1996) and human fIX (Herzog et a l, 

1997) to mouse skeletal muscle. All the studies showed a stable level of expression for 

up to six months (Herzog et al, 1997) with a therapeutic level of hfIX being obtained in 

that particular study. Recent studies have used a recombinant AAV vector injected into 

muscle to express the genes for human (Monahan et a l, 1998) and canine fIX (Herzog 

et a l, 1999) in the canine model for haemophilia B. Using the human cDNA, a transient 

reduction in the whole blood clotting time occurred within the first week after the 

injection, followed by the development of anti-human fIX antibodies which led to the 

loss of coagulation correction. Human fIX expression continued for 10 weeks as shown 

by immunohistochemical analysis of the injected muscle. PCR tissue analysis located 

the transferred DNA solely in the injected muscle and adjacent lymph node with no 

dissemination to other organs such as the gonads. Expression levels of canine factor DC 

were sufficient for partial phenotypic correction of the haemophilic dogs and were 

sustained for a period of at least 16 months. Immune responses were either absent or 

transient and the data support the feasibility of scaling up the procedure for human 

subjects.

Herpes-simplex virus I-based (HSV) vectors can infect non-dividing cells both 

in vitro and in vivo (Huard et a l, 1995, 1996 & 1997a). The large viral genome can 

accommodate multiple or large non-viral genes and upon entry into the nucleus
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circularises and remains episomal (Huard et a l, 1995). The gene for P-galactosidase has 

been directly injected into the muscle of new-born and adult mice using vectors based 

on herpes simplex type I (Huard et a l, 1997b). Expression was transient and had 

diminished 15 days post injection due to the cytopathic effects and/or immunorejection 

of the HSV transduced myofibres. UV-inactivated viruses dramatically reduce 

cytotoxicity and newer deletion mutant viral vectors lacking certain viral genes are 

being developed to overcome the virus associated cytotoxicity (Huard et al., 1997b).

Human lentiviral (e.g. HIV)-based vectors can transduce non-dividing cells in 

vitro and deliver genes in vivo (Naldini et al., 1996a, Naldini et al., 1996b). Expression 

of transgenes in the brain has been detected for > 6 months using lentiviral vectors 

(Blomer et al., 1997). Because they are pseudotyped with vesicular stomatitis virus G 

protein (VSVG) they can infect a broad range of cells and tissues (Bums et al., 1993) 

and have been used to transfer the genes for the green fluorescent protein (GFP) and P- 

galactosidase into adult rat muscle by direct injection (Kafri et al., 1997). Expression 

was sustained for > 8 weeks and -50% of the muscle at the site of the injection became 

transduced. No inflammation was detected at the site of injection and the lentiviral 

vector could be re-administered.
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1.9.2 Intravascular delivery o f  DNA into muscle

Plasmid DNA can also be transferred to muscle when injected intravascularly. A 

recent study has delivered the luciferase reporter gene via the femoral artery into the 

hind limb muscles of adult rats while the blood inflow and outflow was suppressed 

(Budker et al., 1998). The total amount of luciferase expressed two days after the 

intravascular injection was up to 40 times higher than levels following intramuscular 

injection.

1.9.3 Immune isolation devices

An application of gene transfer to skeletal muscle is the secretion of systemic 

proteins such as growth hormone (Barr & Leiden, 1991, Dhawan et al., 1991), 

erythropoietin (Kessler et al., 1996), kallikrein (Xiong et at., 1995) and the coagulation 

factor IX (Yao & Karachi, 1992). A novel approach to allogeneic gene therapy is the 

production of a universal cell line genetically engineered in culture to secrete the protein 

of choice and encapsulated in a semi-permeable bio-material to protect the cells from 

both the humoral and cellular immune responses of the patient, whilst allowing 

secretion of the transgene product. This approach would obviate the need to remove, 

culture and modify cells from each individual patient and would enable several patients 

to be treated with the same batch of cells, thus saving time and money.

Muscle cells are amenable to encapsulation as they are able to differentiate into 

post-mitotic myotubes, thus avoiding the gradual loss of viability observed with 

encapsulated fibroblasts that continue to divide (Liu et al., 1993). Additionally, muscle 

is capable of the post-translational modifications required to produce biologically active 

proteins as demonstrated by previous studies using myoblast transfer and direct gene
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injection (Section 1.8.1 & 1.8.2). Studies to date have used encapsulated genetically 

engineered myotubes to secrete human factor IX (Hortelano et a l, 1996), mouse growth 

hormone (Al-Hendy et a i, 1995), adenosine deaminase (Hughes et al., 1994) and 

human growth hormone (Vandenburgh et al., 1996) into the bloodstream of mice. A 

further advantage of this approach to gene therapy is the potential to remove the implant 

easily should the need arise. The recombinant protein rapidly disappeared from the 

circulation after removal of the implant in all studies (Hortelano et al., 1996, Al-Hendy 

et al, 1995, Hughes et a l, 1994 & Vandenburgh et al., 1996).

The final sections of this introduction outline the alternative approaches that can 

be taken for haemophilia gene therapy, the cells and tissues used to date and the aims of 

this thesis (Sections 1.10-1.12).

1.10 Alternative approaches to haemophilia gene therapy

1.10.1 Viral-based vectors

Retrovirus, adenovirus, adeno-associated virus, herpes simplex virus and 

lentivirus have all been mentioned in their applicability to direct DNA injection into 

muscle (Section 1.8.2). They can also be used as part of an ex vivo approach to deliver a 

gene into a patient’s cells in culture then transplant the modified cells back into that 

patient. Their use in haemophilia gene therapy studies is summarised in Table 1.3. Of 

note is the use of retroviral vectors for a phase I human gene therapy trial for 

haemophilia B (Hsueh, 1992, Lu et a l, 1993, Qiu et a l, 1996), although these studies 

remain controversial since they have never been repeated by other investigators. 

Furthermore, no follow up phase II, III or IV trials have been reported.
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Some DNA viruses have the ability to remain as stable episomes that can 

undergo autonomous replication within the host nucleus. Plasmid vectors have been 

generated containing elements required for episomal stability from the Epstein-Barr 

virus (Jensen et aL, 1994, Wohlgemuth et a l, 1996), the human papovavirus (Thierry et 

al., 1995) and the bovine papilloma virus (Ohe et al., 1995). Initial studies have shown 

that vectors containing these elements are capable of autonomous replication and are 

more stable than vectors that lack them. Vectors containing sequences derived from 

Epstein-Barr virus and segments of human genomic DNA have been developed to 

prolong gene expression in a variety of mammalian cells where plasmid DNA would 

otherwise have a short half-life (Wohlgemuth et al., 1996). Indeed, these vectors have 

been shown to prolong gene expression with plasmid DNA still detectable for up to 2 

months in human kidney cells (Wohlgemuth et al., 1996). As yet none of these 

approaches have been used in haemophilia gene therapy studies.

Vectors based on the Sindbis virus are capable of self-amplification by viral- 

mediated replication of cytoplasmic transcripts (Herweijer et a l, 1995). They produce a 

high but transient level of transgene expression that may be suitable for treating 

haemophiliacs following trauma.

1,10,2 Non-viral approaches

DNA: liposomes have been used to directly introduce genes into animal cells in 

vivo via the lung (Stribling et a l, 1992, Yoshimura et al., 1992, Hyde et al., 1993), skin 

(Alexander & Akhurst, 1995, Li & Hoffman, 1995), and the systemic circulation to 

target a number of tissues (Zhu et al., 1993, Philip et al., 1993, Thierry et al., 1995). 

Although the majority of studies have used highly expressed reporter genes (i.e.
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luciferase, lacZ or chloramphenicol acetyltransferase) to detect gene expression, 

transient expression of low levels of factor IX have also been reported after intravenous 

delivery of DNA:liposomes to mice (Baru et a l, 1995).

DNA can also be complexed with known ligands using polylysine and the 

receptor-mediated endocytosis pathway can be exploited to introduce DNA into cells in 

vitro (Cristiano et al., 1993, Lozier et al., 1994), ex vivo (Zatloukal et al., 1994) and in 

vivo (Gao et al., 1993). Transferrin-containing conjugates are endocytosed after binding 

to ubiquitous transferrin cellular receptors and have been used to express factor IX in 

vitro (Lozier et al., 1994) and factor VIII in vivo (Zatloukal et al., 1994). Hepatocytes 

can be targeted via the asiologlycoprotein receptor using asialoorosomucoid or 

galactosylated lysine. This has enabled factor IX expression to be targeted to the liver 

(Ferkol et al., 1993, Perales et al., 1994). Adenoviral particles have also been coupled to 

these conjugates enabling improved transgene expression by disruption of the lysosomal 

pathway and targeting to the nucleus (Cristiano et al., 1993, Lozier et al., 1994).

Calcium phosphate DNA-mediated transfection is the traditional method for 

introducing genes into cells in culture (Wigler et al., 1979, Graham & Van der Eb, 

1973). In the majority of cells expression is only transient but transgenic integration can 

be selected for. Due to the simplicity of the technique it has also been used successfully 

in ex vivo approaches to gene therapy (Teumer et al., 1990, Fenjves et al., 1994, 

Heartlein et al., 1994).

Particle bombardment utilises an electric discharge device (gene-gun) to 

accelerate DNA-coated microscopic gold particles into target tissues and requires 

minimal manipulation of the target organs. It is effective in a number of somatic tissues 

in vivo and in vitro (Yang et al., 1990) and high levels of reporter gene expression have
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been detected in both the skin and liver of rats and mice. Although this technique is 

probably not suitable for haemophiliacs due to the increased risk of bleeding it has been 

used to assess promoter activity and transgene expression in vivo (Cheng et al., 1993) 

and has been successful in immunisation studies using as little as 16 ng of plasmid DNA 

(Pertmer et a l, 1995).

1.11 Alternative tissues for haemophilia gene therapy

Since all cell types tested to date appear, to varying degrees, to be capable of 

producing and secreting biologically active recombinant factor IX in vivo, one could 

speculate that the same might be true for factor VII, also a serine protease that 

undergoes similar post-translational modifications as factor IX (Furie & Furie, 1995). 

Therefore, when selecting a cell for the gene therapy of haemophilia using factor VII as 

a reporter gene, the ease at which the cell can be modified/engineered becomes an 

important citerion. Hence the approach taken in this thesis of using direct gene injection 

into muscle to express the coagulation factor VII gene is justified even though this 

tissue does not normally secrete factor VII. Many other cells and tissue types have been 

used to produce both factors VIII and IX in vitro and in vivo, the remainder of section

1.11 details the various studies and Table 1.3 summarises the in vivo data.

1.11.1 Liver

As the liver is the endogenous site for secretion of factor IX and the majority of 

factor VIII, the hepatocyte would appear to be the ideal cell for gene therapy of 

haemophilia (Kurachi et a l, 1993). Targeting the liver is problematic as hepatocyte 

biopsy is highly invasive and the cells are difficult to maintain in culture. Damage to the
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liver as a result of gene therapy would severely affect the health of the patient. However, 

liver as well as muscle can be transduced by direct DNA delivery overcoming the 

aforementioned problems. Indeed, retroviral vectors (Kay et al., 1993), adenoviral 

vectors (Smith et al., 1993, Kay et al., 1994, Fang et al., 1995, Walter et al., 1996), 

adeno-associated vectors (Snyder et al., 1997 & 1999), lentiviral vectors (Kafri et al., 

1997), liposome encapsulated DNA (Baru et al., 1995) and plasmid-ligand conjugates 

(Ferkol et al., 1993, Perales et ah, 1994) have all been used to deliver and express the 

gene for factor IX in liver.

Factor Vlll has also been expressed from the liver of mice (Connelly et al., 

1995, 1996a, 1996b & 1998) and dogs (Connelly et al., 1996c) after intravenous 

administration of an adenoviral vector containing the cDNA for B-domain deleted 

human factor Vlll.

1.11.2 Fibroblasts

Skin fibroblasts are relatively easy to manipulate in vitro and can be efficiently 

infected with retroviral vectors (Palmer et al., 1987, St. Louis & Verma, 1988). They 

can be cultured from skin biopsies and expanded to large numbers in vitro before being 

returned to the animal from where they originated. Various techniques have been 

established for the transplantation of fibroblasts and they have even been encapsulated 

in a semi-permeable membrane prior to transplantation (Liu et al., 1993).

Recombinant human factor IX has been detected in the circulation of animals 

following fibroblast transplantation (St. Louis & Verma, 1988, Palmer et al., 1989, 

Scharfinann et a l,  1991). The first human haemophilia B gene therapy study used an 

implantation of transduced autologous skin fibroblasts to secrete factor IX into the
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circulation of two haemophilia B patients (Lu et a l, 1993, Qiu et a l, 1996). An attempt 

to repeat these experiments in rabbits (Chen et al., 1998) led to a low level (20 ng/ml) of 

human factor IX expression that persisted long term (> 600 days). No correlation was 

found between the experimental variables and successful factor IX expression. 

Therefore, the reproducibility of the procedure used in the Chinese human clinical trial 

is still questionable as is its applicability to humans (Chen et a l, 1998).

Human factor VIII has also been secreted into the circulation of mice after 

implantation of transfected fibroblasts (Zatloukal et al., 1994, Dwarki et al., 1995). 

Unfortunately transient expression limits this approach for long term secretion (St. 

Louis & Verma, 1988, Palmer et a l, 1989, Scharhnann et al., 1991, Dwarki et al, 

1995) and in at least one case this has been attributed to a decrease in promoter activity 

(Palmer et a l, 1989). Alternative promoters such as the phosphoglycerol kinase (PGK) 

promoter appear to have overcome this problem at least in part (Moullier et al., 1993, 

Naffakh er a/., 1995).

1.11.3 Kératinocytes

Kératinocytes, the major cell type of the epidermis, are also suitable for gene 

therapy, but they undergo differentiation and normally reside further from the 

circulation than fibroblasts. However the epidermis can be non-invasively biopsied to 

provide a source of kératinocytes that can be serially cultivated (Rheinwald & Green, 

1975; Rheinwald, 1989), expanded to large numbers (Green et al., 1979) and transduced 

by retroviruses (Garlick et al., 1991). Procedures for auto grafting kératinocytes onto 

bums victims are well established (Gallico et al., 1984) and the graft remains visible 

enabling easy monitoring and removal if necessary (e.g. if signs of malignancy
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develop). The epidermis is known to secrete a number of proteins (Boyce, 1994) and 

despite its distance from the circulation, factor IX amongst other proteins have been 

found secreted into the plasma of mice after transplantation of transduced kératinocytes 

(Gerrard et al., 1993 & 1996). Additionally, keratinocyte-specifrc expression of human 

factor IX has been detected in the circulation of a transgenic mouse (Alexander et al.,

1995) showing that proteins secreted from naturally formed skin and not just grafted 

skin can reach the bloodstream.

1.11.4 Bone marrow cells

Gene transfer into bone marrow would be particularly advantageous for 

producing a coagulation factor as factor production would amplify upon reconstitution 

of the donor marrow and the circulating cells would efficiently distribute the therapeutic 

product. Additionally the technique for harvesting and transplanting bone marrow is 

well established. Stem cells can successfully reconstitute a complete haematopoietic 

lineage in recipients and researchers have attempted to target the haematopoietic stem 

cells for gene therapy using an ex vivo retroviral approach (Kaleko et al., 1990). 

Persistent expression of a transferred gene has been shown in mice after transplantation 

of infected marrow (Dick et al., 1985, Keller et al., 1985, Eglitis et al., 1985). Adequate 

expression of therapeutically relevant genes has proved problematic and persistent gene 

expression has been unobtainable in larger animals (Williams et al., 1986, Mclvor et al, 

1987, Kantoff et al, 1987, Stead et al., 1988). The reasons for this may be due to poor 

stem cell infection or to inactivation of transferred genes during the extensive 

differentiation of haematopoietic cells. Murine haematopoietic progenitor cells have 

been used as a target for retroviral-mediated haemophilia A gene therapy (Hoeben et a l,
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1992). However, although vector DNA containing the factor VIII cDNA could be found 

in the haematopoietic progenitor cells, no factor VIII mRNA or protein could be 

detected.

Peripheral blood lymphocytes are more differentiated than bone marrow cells 

but are still amenable to retroviral transduction and the first clinical gene therapy trial 

used such an approach to express adenosine deaminase in the peripheral T lymphocytes 

of a patient with severe combined immunodeficiency disease (Bordignon et a l, 1995b). 

Subsequent trials have attempted to target the haematopoietic stem cell either from bone 

marrow (Bordignon et al., 1995a) or cord blood (Kohn et al., 1995). Despite the 

problems, interest still remains in them as a target for haemophilia gene therapy (Hao et 

al., 1995) as successful stem cell transduction would result in a large number of cells 

producing the protein directly into the bloodstream of the patient for the duration of 

their life.

1.11.5 Endothelial cells

Endothelial cells line the interior of blood vessels and therefore have direct 

access to the bloodstream making them an ideal target for haemophilia gene therapy. 

Published reports have shown that endothelial cells can be transduced by retroviral 

vectors (Wilson et al., 1989a & b, Nabel et al., 1989) and are capable of producing and 

secreting fully functional factor VIII (Powell et al., 1992) and factor IX (Axelrod et al., 

1990, Yao et al., 1991). However, the transplantation of modified endothelial cells back 

into the vessels poses obvious problems. Alternatively, the cells of a complete vessel 

could be modified in culture and then transplanted, this has proven successful for the 

expression of p-galactosidase (Kupfer et al., 1994) but is probably not suitable for the
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treatment of haemophilia patients due to the invasive nature of the transplantation 

procedure. The ability of endothelial cells to be transfected in vivo, without the use of 

viral strategies has been demonstrated by Nabel et al, (1990). Arterial segments were 

transfected directly in vivo using liposomes and a double balloon catheter technique. 

Expression was found to be site-specific. In contrast, intravenous injection of DNA and 

lipofectin has led to non-specific expression (Zhu et a l, 1993). Using similar 

catheter-based techniques to Nabel et a l (1990), successful in vivo direct gene transfer 

to arterial wall of femoral, coronary, pulmonary or peripheral vessels has been 

performed with plasmid DNA and cationic liposome complexes (Nabel et al, 1992, 

Nabel et al, 1993a, Nabel et a l, 1993b, Muller et a l, 1994) in several animal models. 

To avoid using the invasive catheter-based techniques, intravenous injection of 

DNA/lipofectin could be performed with constructs containing a tissue-specific 

promoter and/or enhancer to ensure tissue-specific expression (see Section 1.11.6 and 

Whelan & Miller, 1997).

1,11,6 Targeting

Alternatively, gene transfer can be directed to a particular class of target cell 

without administering the gene directly to the tissue (for review see Harris & Lemoine,

1996). Endogenous elements can be conjugated to or engineered on to the viral envelope 

or coat of retroviral and adenoviral vectors or various ligands and antibodies can be 

conjugated to liposomes, to target delivery to selected cells or tissues. The expression of 

a transgene can also be restricted to a specific cell by the use of various promoter and 

enhancer systems with well-characterised and predictable patterns of transcription 

(Miller & Whelan, 1997). The ability to direct gene transfer and expression to a
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particular cell or tissue is important not only for achieving the desired therapeutic effect 

but also for limiting potential adverse effects. As mentioned earlier the cell or tissue 

targeted may not be important for haemophilia gene therapy, as many cells are capable 

of producing fully functional factor VIII and IX (Table 1.3). However, systemic delivery 

of a vector targeted to the liver or muscle would circumvent the need for invasive 

surgical procedures and intramuscular injection respectively, that would require 

additional coagulation factor cover for the haemophiliac and pose potential risks. 

Liposomes have been targeted to hepatocytes in vitro (Wu et al., 1998, Wilson et al, 

1992, Ferkol et al., 1993, Perales et al., 1994) and current studies are attempting to 

identify ligands for receptor-mediated delivery to myogenic cells (Feero et a l, 1997). 

The tropism of adenovirus is also being modified to target vectors to muscle (Douglas & 

Curiel, 1997).

In summary, many vectors and approaches have shown great promise in gene 

therapy in cultured cells and animal models. However, major issues of the extent of 

gene expression, its duration and possible adverse affects still remain. Thus basic 

research, investigating new approaches inconvenient animal models is still required in 

the hope that new and better procedures can be devised.
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1.12 Aims of the work described in this thesis

Direct DNA injection into muscle is an attractive approach to gene therapy due 

to the accessibility of muscle, the ease of administration, the potential longevity of gene 

expression and safety of the approach. However, preliminary studies from this 

laboratory using the human factor VIII cDNA in a muscle-specific expression vector 

were disappointing in muscle cell cultures. Studies have discovered a 1.2 kb fragment in 

the A2 domain of fVIII that apparently inhibits mRNA accumulation in the cytoplasm 

(Lynch et ah, 1993). Later studies have shown that this region acts as a repressor 

element at the level of transcription initiation (Hoeben et al,, 1995, Fallaux et al., 1996). 

There is also additional evidence to suggest that sequences within the C2 domain of the 

factor VIII cDNA inhibit the transcription and processing of factor VIII mRNA (Shima 

et al, 1993). The cDNA for factor VII was used to replace the factor VIII cDNA since 

factor VII stability is not dependent on any other proteins, such as the vWF protein, 

neither does it appear to have any of the problems that are inherent to the factor VIII 

gene. Additionally, the factor VII cDNA is small (2.4 kb) and easy to assay specifically 

with the availability of antibodies capable of distinguishing between the human and 

murine proteins.

The initial aims of the work described in this thesis were as follows:

1) To rule out the possibility that the approach, using a muscle-specific expression 

vector to produce and secrete a coagulation factor in muscle, was the reason for the lack 

of high level gene expression of factor VIII, by using factor VII as a coagulation 

reporter gene.

2) To ascertain if muscle could secrete a fully functional clotting factor VII in vivo.
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When the generation of an anti-human factor VII antibody was found to limit the in vivo 

expression from the muscle-specific factor VII construct in the mouse (see Chapter 3), 

the murine factor VII cDNA was used instead to:

3) Attempt to overcome the immune response.

4) Determine the duration of gene expression from the murine factor VII construct in 

vivo.

A concurrent study was carried out to:

5) Establish if human endothelial cells could be utilised as a target for gene expression 

under the control of the muscle-derived elements used in our earlier studies.
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CHAPTER 2 

MATERIALS AND METHODS 

MOLECULAR BIOLOGY

2.1 Bacterial growth

2.1.1 Bacterial strain

Escherichia coli, strain XL 1-blue (Stratagene), were used and have the genotype recAX, 

end A l, gyrA96, thi, hsdRl7{r^', supE44, relAl, lac, [F', proAB^, lac UZAM15, 

::TnlO(Tef)].

2.1.2 Bacterial growth

All bacteria were grown in standard Luria-bertani media (LB) [10 g Bacto-tryptone™, 

5 g Bacto-yeast™ extract, (Difco, Detroit, Michigan, USA) 10 g NaCl per litre 

autoclaved and used aseptically]. Ampicillin (Amp) when required was added after the 

medium had cooled to <50 °C, to a final concentration of 100 pg/ml.

2.1.3 Agar plates

15 g/1 Bacto-agar (Difco) was added to LB media prior to autoclaving, after autoclaving 

the solution was allowed to cool to <50 °C, ampicillin was added if required and the 

solution poured into 90 mm petri dishes. After setting, plates were stored at +4 °C and 

before use the plates were dried at 37 °C, with the lids ajar for 30 min.

2.1.4 Glycerol stocks

For long term storage, 900 pi of stationary phase bacterial culture was mixed with 

100 pi of sterile glycerol and frozen in cryovials at -80 °C.
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2.2 Transformation oi Escherichia coli

2.2.1 Preparation o f competent E. coli cells

Bacteria were made competent by using the following protocol. Bacteria were streaked 

onto LB agar plates and grown overnight at 37 °C. 5 ml of LB broth was inoculated with 

a single bacterial colony and grown overnight with aeration in a shaking incubator at 

37 °C, 250 rpm. The method by Nishimura et a l 1990 was then followed: a 50 ml 

culture of medium A (LB broth supplemented with 10 mM MgSO^. 7 H2 O and 0.2% 

glucose) was inoculated with 0.5 ml of the overnight culture and grown with aeration to 

mid-logarithmic phase (in the case of XLl blue E.coli cells this was indicated by an 

optical density of 0.4 at 600nm). The cells were kept on ice for 10 min, then pelleted at 

1500 X g for 10 min at 4 °C. The cells were resuspended gently in 0.5 ml of medium A 

precooled on ice and 2.5 ml of storage solution B (36% glycerol, 12% PEG 7500, 12 

mM MgS0 4 .7 H2 0  added to LB-broth and sterilised by filtration) was added, and mixed 

well without vortexing. The competent cells were divided in 0.1 ml aliquots and stored 

a t-80 °C.

2.2.2 Transformation o f competent E.coli

50 pi of competent XLl-blue E.coli cells (prepared as in Section 2.2.1) were thawed on 

ice and the entire ligation added and mixed by gently flicking the tube. The cells and 

DNA were left on ice for 30 min and mixed periodically. The cells were heat shocked 

for 45 seconds in a 42°C water bath and then incubated on ice for 2 min. 500 pi of pre

warmed (37°C) LB was added to each tube of cells, and the tubes were then shaken at 

37 °C, 225 rpm for 30 min. 250 pi of each transformation was plated out onto pre

warmed (37 ®C) LB/Amp plates (Section 2.1.3) and incubated at 37 °C overnight.
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2.3 Plasmid DNA Isolation

2.3.1 Mini-preps (1-2 ml o f a 5 ml overnight culture)

2.2.1 a) Rapid method (TENS)

Single colonies were inoculated into a 5 ml culture of LB media containing 50 |ig/ml 

ampicillin, using aseptic technique and grown overnight at 37 °C, 225 rpm. 1.5 ml of the 

overnight cultures were centrifuged at 13,000 rpm for 10 seconds. The supernatant was 

discarded in one shake and the pellet resuspended in the remaining 50-100 pi of LB. 

300 pi of TENS (10 mM Tris pH 7.5, 1 mM EDTA pH 7-8, O.lM NaOH, 0.5% SDS) 

was added and vortexed for 2-5 seconds (the samples were stored on ice if  left for more 

than 10 seconds before the next step). 150 pi of 3M sodium acetate pH 5.2 was added 

and the samples vortexed for a further 2-5 seconds. The samples were then centrifuged 

at 13,000 rpm for 2 min and the supernatant transferred to a fresh tube. 900 pi of 

absolute ethanol was added and centrifuged at 13,000 rpm for 6 min. The pellet was 

washed twice with 70% ethanol then dried at 37 °C for 5-10 min and resuspended in 

100 pi TE pH 8 (10 mM Tris HCl pH 8.0, 1 mM EDTA pH 8.0).

2.3.1 b) Qiagen QIAprep Spin Plasmid Kit

This procedure was used when a cleaner DNA sample was required e.g. for sequencing. 

2 ml of the overnight cultures were centrifuged at 13,000 rpm for 2 min. The 

supernatant was discarded and the pellet was resuspended in 250 pi of resuspension 

buffer P i (100 pg/ml RNAse A, 50 mM Tris/HCl, 10 mM EDTA pH 8.0). 250 pi of 

lysis buffer P2 (200 mM NaOH, 1% SDS) was added and the samples were inverted to 

mix and incubated at room temperature for 5 min. 350 pi of chilled buffer N3 

(containing guanidine hydrochloride) was added, and the samples mixed immediately
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by gentle inversion. The samples were incubated on ice for 5 min. The samples were 

then centrifuged at 13,000 rpm for 10 min. A QIAprep spin column was placed in a 

2 ml microcentrifuge tube and the supernatant from the samples was added to the 

column. These were centrifuged at 13,000 rpm for 1 minute, and the flow-through 

fraction was drained from the tube. An optional wash with buffer PB was carried out 

when using E.coli strains with high nuclease activity, by adding 0.5 ml of buffer PB to 

the column and centrifuging at 13,000 rpm for 1 minute. The column was washed once 

with 0.75 ml of buffer PE and centrifuged for 1 minute. The column was centrifuged for 

a further minute to remove residual wash buffer. The column was placed in a clean 1.5 

ml microcentrifuge tube and the DNA was eluted by the addition of 100 pi water 

followed by centrifugation at 13,000 rpm for 30 seconds. The DNA was stored at -20 

°C.

2.3.2 Qiagen maxi-prep

Used for the preparation of up to 500 pg of DNA used for in vitro studies.

A single bacterial colony was used to inoculate a starter culture of 5 ml of LB media 

containing ampicillin and grown for approximately 8 hours at 37 ®C, 225 rpm. 250 pi of 

the starter culture was inoculated into 250 ml of LB media containing ampicillin and 

grown overnight at 37 °C, 225 rpm. The following day the culture was pelleted by 

centrifugation at 6,000 x g, 4 °C for 10 min, the supernatant was removed and the 

protocol in the Qiagen® plasmid handbook was followed: the pellet was resuspended in 

10 ml buffer PI (50 mM Tris-HCl, pH 8.0; 10 mM EDTA; 100 pg/ml RNAse A), 

leaving no cell clumps, 10 ml of Buffer P2 (200 mM NaOH, 1% SDS) was added and 

mixed gently, the solution was then incubated at room temperature for 5 min. 10 ml of
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chilled buffer P3 (3.0 M potassium acetate, pH 5.5) was added, the solution mixed 

immediately but gently and incubated on ice for 20 min. Following incubation, the 

sample was centrifuged at 20,000 x g for 30 min at 4 °C and the supernatant promptly 

removed; if the supernatant was not clear a second shorter centrifugation was performed 

or the supernatant was filtered over a pre-wetted, folded filter paper. A QIAGEN-tip 

500 was equilibrated by applying 10 ml of Buffer QBT (750 mM NaCl; 50 mM MOPS, 

pH 7.0; 15% ethanol; 0.15% Triton X-100) and allowing the column to empty by 

gravity flow. The clear supernatant from the previous step was applied to the QIAGEN- 

tip 500 and allowed to enter the resin by gravity flow. The QIAGEN-tip 500 was 

washed twice with 30 ml of Buffer QC [1.0 M NaCl; 50 mM (3-[A- 

Morpbolinojpropanesulfonic acid buffered saline (MOPS), pH 7.0; 15% ethanol) and 

the DNA eluted from the tip by adding 15 ml of Buffer QF (1.25 M NaCl; 50 mM Tris- 

HCl, pH 8.5; 15% ethanol]. The DNA was precipitated with 10.5 ml of isopropanol 

(equilibrated to room temperature) and was centrifuged immediately at 15,000 x g for 

30 min at 4°C. The supernatant was carefully removed to avoid disturbance of the 

pelleted DNA. The DNA was then washed with 5 ml of 70% ethanol, air dried for 5 min 

and dissolved in approximately 300pl of sterile water. The DNA was stored at -20 °C.

2.3.3 Qiagen mega-preps

Used for the preparation of up to 2.5 mg of DNA for use in in vivo studies. A starter 

culture was prepared as described in Section 2.3.2. For each mega prep 2 x 250 ml of 

LB media containing ampicillin were inoculated with 250 pi of the starter culture and 

grown overnight at 37°C, 225 rpm. The following day the bacteria were pelleted as for 

the maxi prep and DNA prepared according to the protocol in the Qiagen® plasmid
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handbook, using the solutions described in the maxi prep protocol (Section 2.3.2). The 

bacterial pellet was resuspended in 50 ml of Buffer PI, 50 ml of Buffer P2 was added, 

mixed gently and incubated at room temperature for 5 min. 50 ml of chilled Buffer P3 

was added, mixed immediately but gently and incubated on ice for 30 min. The sample 

was mixed again and centrifuged at 20,000 x g for 30 min at 4 °C and the supernatant 

removed promptly. If the supernatant was clear then the next step was carried out; if not 

a further centrifugation was performed or the sample was filtered over a pre-wetted, 

folded filter paper. A QIAGEN-tip 2500 was equilibrated by applying 35 ml of Buffer 

QBT to the column and allowing it to empty by gravity flow. The clear supernatant was 

applied and allowed to enter the resin by gravity flow. The QIAGEN-tip 2500 was 

washed 4 x with 50 ml of Buffer QC and the DNA eluted with 35 ml of Buffer QF. The 

DNA was precipitated immediately with 24.5 ml isopropanol (equilibrated to room 

temperature) and centrifuged at 15,000 x g for 30 min at 4 °C. The supernatant was 

carefully removed and the DNA washed with 7 ml of 70% ethanol, air dried for 10 min 

and dissolved in sterile water for injection. The DNA was stored at -20 °C.

2.4 Quantification of DNA

DNA samples were diluted 100-fold in water (i.e. 10 pi of DNA + 990 pi water), a 

blank of water was used and the absorbance at 260 nm and 280 nm was measured on a 

Ultrospec III spectrophotometer (Pharmacia). At 260 nm an absorbance of 1 is equal to 

50pg of double-stranded DNA/ml. The DNA concentration (pg/ml) was calculated from 

A2 6 0 X 50 X 100 (dilution factor) or Â ô x 5 (pg/pl). The value of Agĝ /Agso for pure DNA 

should be 1.8.
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2.5 Restriction digestion of DNA

2.5.1 TENS mini-prep DNA

To 5 |il of DNA, 1.5 |il of the appropriate lOx restriction enzyme buffer, 1 pl of 

endonuclease (Boehringer Mannheim), 0.5 pi of RNase (10 mg/ml) and 7 pi of water 

was added. Incubation was carried out at 37°C for 3 hours. Double digests were carried 

out as above except a total of 2 pi of enzyme (1 pi of each) and 2 pi of the appropriate 

lOx buffer was added and the solution made up to 20 pi with water.

2.5.2 Qiagen mini-prep

As above, but the RNase was replaced with water as RNase was used in the extraction 

procedure.

2.5.3 Maxi-prep DNA

1 pi of DNA was digested with 1 pi of endonuclease in a solution containing 1 pi of the 

appropriate buffer and 7 pi of water. Double digests were performed as above but a total 

of 2 pi of enzyme, 2 pi of lOx buffer and 15 pi of water was added, the incubations 

were carried out as for the mini prep DNA.

2.6 DNA Ligations

These were carried out using DNA concentrations in the ratios of 1:1 and 3:1 insert to 

vector, using 5 U T4 DNA ligase (Boehringer Mannheim), 2 pi 1 Ox ligase buffer (Tris- 

HCl, 660 mM; MgCl^, 50 mM; dithioerythritol, 10 mM; ATP, 10 mM; pH 7.05) made 

up to a total volume of 20 pi with sterile water and incubated at 14 °C overnight. Where 

dephosphorylation was required the method in Section 2.7 was followed and a control



of vector and no insert was set up.

2.7 Dephosphorylation of vector DNA

To prevent re-ligation of linearised veetor in subcloning ligation reactions, the terminal 

phosphate was removed by phosphatase treatment with alkaline phosphatase from ealf 

intestine. DNA was digested for approximately 3 hours with the appropriate restrietion 

enzyme (see Section 2.5). 3 pi of lOx Alkaline phosphatase buffer (0.5 M Tris-HCl, 1 

mM EDTA, pH 8.5) and 2 pi of alkaline phosphatase (1 U/pl, Boehringer Mannheim) 

were added to the digested DNA and ineubated at 37 °C for 1 hour, a further Ipl of 

alkaline phosphatase was added and the sample ineubated for 1 hour at 37 °C. To 

remove any undigested vector, 5 pi of 6x loading buffer was added and the sample 

loaded on an ethidium bromide stained agarose gel (in Ix TAE) and electrophoresed 

(see Section 2.8). The gel was visualised under ultraviolet (UV) light on a 

transilluminator and the band corresponding to digested vector excised. The DNA was 

purified using the QIAquick kit (Qiagen GmbH, Hilden, Germany see Section 2.9).

2.8 Agarose gel electrophoresis

An agarose gel of the required pereentage was made by dissolving agarose (Type lEE 

agarose Sigma Chemical Company, Poole, Dorset BH17 7NH) in either Ix Tris-borate 

(TBE) buffer (5x buffer contains 54 g Tris base, 27.5 g boric acid and 20 ml 0.5 M 

EDTA (pH 8.0) made up to one litre with de-ionised water) or Ix Tris-acetate (TAE) 

buffer (5Ox buffer contains 242 g Tris base, 57.1 ml glacial acetic acid, 100 ml 0.5 M 

EDTA (pH 8.0) made up to one litre with de-ionised water). To visualise the DNA, 

ethidium bromide (a DNA intercalating agent) was added to a final coneentration of
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0.5 )ig/ml. The gel was poured into a pre-taped casting tray, a comb was inserted which 

when removed formed wells for loading the samples. Once set the tape and comb were 

removed the gel placed into a tank containing the appropriate Ix buffer, i.e. TAE or 

TBE, depending upon which the gel was made with. 10 pi of sample was mixed with 

5pl of 6 x loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF and 40% 

(w/v) sucrose in water - stored at 4 °C) and loaded alongside 1 pg of a molecular weight 

marker e.g. marker X (Boehringer Mannheim, Bell Lane Lewes East Sussex BN7 ILG). 

By applying a voltage across the gel the negatively charged DNA migrated towards the 

anode. The DNA was visualised using a UV transilluminator and photographed with a 

Polaroid black and white camera system.

2.9 Isolation of DNA fragments from agarose gel

The protocol from the QIAquick Kit (Qiagen GmbH) was followed. The DNA fragment 

was excised from the agarose gel (made with Ix TAE) with a clean, sharp scalpel and 

placed in a microcentrifuge tube. The weight of the gel slice was determined and 3 

volumes of buffer QXl was added to one volume of gel and the mixture incubated at 

50 °C for 10 min. To help the gel dissolve the tube was flicked several times during this 

incubation period. A QIAquick column was then placed into a 2 ml collection tube and 

the molten sample loaded onto the column. The tube and column were centrifuged at

13,000 rpm for 1  min in a bench top microcentrifuge and the flow-through fraction 

drained from the collection tube. The QIAquick column was then washed; 750 pi of 

Buffer PE was added to the column and left to stand for 1 min, it was then centriftiged 

for 1 min at 13,000 rpm. The flow-through was drained from the collection tube and the 

QIAquick column centrifuged for an additional 1 min to remove any residual buffer.
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The QIAquick column was then placed into a clean 1.5 ml microcentrifuge tube and the 

DNA eluted by adding 30 pi of sterile water directly to the column leaving it to stand 

for 1  min then centrifuging at 13,000 rpm 1  min.

2.10 Plasmids and expression vectors used in this thesis

2.10.1 pCH llO

The plasmid pCHl 10 (Pharmacia Biotech Ltd., Grosvenor Road, St Albans, Herts ALl 

3 AW), contains the lacZ reporter gene driven by the SV40 (Figure 2.1 A).

2.10.2 CAT-Control

The CAT reporter vector, pCAT-Control (Promega Ltd, Delta House, Chilworth 

Research Centre, Southampton SO 16 7NS), contains the chloramphenicol acetyl 

transferase gene, SV40 enhancer and promoter sequences (Figure 2. IB).

2.10.3 pCAT^-Basic

The pCAT®-Basic vector (Promega) contains the the chloramphenicol acetyl transferase 

gene but lacks eukaryotic promoter and enhancer sequences. Expression of CAT 

activity in cells transfected with this construct is dependent on insertion of a functional 

promoter into the multiple cloning site upstream of the CAT gene. Enhancer elements 

can also be cloned into the BamHi site downstream of the CAT gene (Figure 2.1C).
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Figure 2.1: Commercially available 
plasmids
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S V 40pAmpR

CAT
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SV40enhancer

B) p C A T - C o n t r o l

KEY
gpt= E.coli gpt promoter 
trp S= structural E.coli tryptophanyl- 

tRNA synthetase gene 
AmpR= ampicillin resistance gene 
lac Z= the gene for beta galactosidase 
SV40p= SV40 promoter region 
CAT= gene for chloramphenicol 

acetyltransferase
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2.10.4 ppPASe9

ppPASe9 is a muscle-specific expression construct that was previously generated in the 

laboratory by Ricarda Steinbrecher. It contains the promoter element of the rabbit p~ 

cardiac myosin heavy chain gene, originally described by Cribbs et a l in 1989 

(Dr.Patrick Umeda, University of Alabama, Birmingham, USA), a 920 bp enhancer 

element of the rat myosin light chain 1/3 gene locus originally described by Donoghue 

et a l 1988 (Dr.Nadia Rosenthal, Boston, MA, USA), and a 45 bp 3' polyadenylation 

signal sequence, designed according to consensus sequence requirements (McLauchlan, 

1985), cloned into the HinâMl, BamRl and between the SalV and BamRl sites of pUC19 

respectively. The resulting construct ppPASe9 is shown in Figure 2.2 A and has been 

described previously (Steinbrecher et al, 1993).

2.10.5 pCDMS/hfVII

The cDNA for hfVII, was supplied by Dr. John McVey (Haemostasis Research Group, 

Royal Postgraduate Medical School, UK). It was cloned into the EcoBl site of 

expression vector pCDM 8  (Invitrogen BV, De Schelp 12, 9351 NV Leek, The 

Netherlands) which had had its 358bp stuffer replaced with a linker which inserts EcoBJ 

and BamHl restriction sites (Figure 2.2B). The human factor VII insert is flanked by 

Xhol restriction enzyme sites in the pCM 8  vector and therefore can be removed by 

digesting with Xhol.

93



Figure 2.2: Plasmids used for the production of a human factor VII
expression construct
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KEY
AmpR= ampicillin resistance gene
MHCp= myosin heavy chain promoter
MLC920= myosin light chain enhancer
RBS= ribosomal binding site
PAS/pA= polyadenylation signal sequence
hfVII= human factor VII cDNA
pCMV= human cytomegalovirus promoter
M13 ori= ml3 origin of replication
ColEl= origin of replication for growth in E.coli
SupF= suppressor tRNA for maintenance in E.coli
SV40/ polyoma ori= origin of replication for episomal replication in cells
expressing the SV40 large T antigen or latently infected with the polyoma virus
SV40 intron /pA= transcription termination and RNA processing signals from SV40

94



2.10.6pcDNA3.1/His C & pcDNA 3.1/HisB/lacZ

pcDNA3.1/His C is a fusion vector (Invitrogen®) and contains the human 

cytomegalovirus immediate-early (CMV) promoter, an N-terminal polyhistidine tag to 

permit purification of recombinant protein on metal-chelating resin and an Anti- 

Xpress™ epitope tag which allows detection of the recombinant protein with the Anti- 

Xpress™ antibody (Figure 2.3A, Invitrogen®). The N-terminal polyhistidine tag can be 

removed from the recombinant protein using an enterokinase which has a cleavage site 

in the vector immediately after the polyhistidine residues. The vectors 

pcDNA3.1(-)/Myc-His and pcDNA 3.1/His (Invitrogen®) are supplied with three 

different versions (A, B & C), of the multiple cloning site to allow cloning of inserts in 

the three different reading frames. pcDNA 3.1/HisB//acZ is the vector version B with a

3.2 kh fragment containing the p-galactosidase gene cloned in frame with the N- 

terminal peptide. It is used as a positive control for transfection, expression and 

purification.

2.10.7pcDNA 3.1/Myc-His & pcDNA3.1(-)Myc-HisAacZ

pcDNA3.1(-)/Myc-His (Figure 2.3B, Invitrogen®) is a fusion vector containing the 

human cytomegalovirus immediate-early (CMV) promoter to provide high level 

expression in a wide range of mammalian cells, a C-terminal polyhistidine tag to permit 

purification of recombinant protein on Nickel-chelating resin (ProBond'^’̂ and a myc 

epitope (c-myc) which allows detection of the recombinant protein with an anti-myc 

antibody (Invitrogen®, Evan et al, 1985). pcDNA3.1(-)/Myc-His//acZ is the 

pcDNA3.1(-)/Myc-His vector version A with a 3.2 kb fragment containing the p- 

galactosidase gene cloned in frame with the C-terminal peptide.

95



Figure 2.3: Plasmids used for the C and N terminal tagging of mFVII
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KEY
^CMV/CMVp~ cytomegalovirus immediate-early promoter
BGH pA= bovine growth hormone polyadenylation signal 
T”= T7 promoter/priming site 
His polyhistidine tag,
term= termination codon from the vector
NeoR= neomycin (0418) resistance gene
AmpR= ampicillin resistance gene
ColEl= origin of replication for growth in E.coli
EK= enterokinase site for removal of the anti-xpress epitope
S\'40 pA= RNA processing signal from SV40
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2.10.8 pCIS/mJVII

pCIS/fVII (Dr E Rosen, University of Notre Dame, Indiana USA) has previously been 

described (Idusogie et al., 1996) briefly the mfVII cDNA cloned into the pBluescript 

SK' vector with EcoRl was cut out and cloned into pCIS2M (Zhang & Castellino. 1991) 

with the restriction enzymes Xba\ and Xhol (Figure 2.4).

2.10.9 pPCA T and ppCAT920

ppCAT and ppCAT920 are based on pCAT®-Basic (2.10.3, Figure 2.1C), both contain 

the 780 bp promoter element of the rabbit p-cardiac myosin heavy chain gene (Dr 

Patrick Umeda, University of Alabama, Birmingham, USA, Cribbs et al. 1989) cloned 

into the //m dlll site. ppCAT920 also contains a 920 bp enhancer element of the rat 

myosin light chain 1/3 gene locus (Dr Nadia Rosenthal, Boston, MA, USA Donoghue et 

al, 1988) cloned into the BamlAl site (Figures 2.5 A & B).

2.10.10 pM LClCAT and pMLClCAT920

(Rosenthal et al, 1989). These are pUC19-based plasmids with the myosin light chain 

promoter (Periasamy et al, 1984) and enhancer (Donoghue et al, 1988) elements 

cloned between the EcdBHHindini and BarnHl sites respectively. The two constructs 

differ in that pMLClCAT has the promoter but no enhancer (see Figure 2.5 C & D).
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Figure 2.4: Plasmid pCIS2M containing the cDNA for mfVII
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KEY
HCMV =human cytomegalovirus early immediate promoter-enhancer
DHFR= cDNA for dihydrofolate reductase
mfVII= murine factor VII DNA
ColEI = origin of replication for growth in E.coli
AmpR= ampicillin resistance gene
Intron= a chimeric intron consisting of a 5' splice sequence from the early 
immediate promoter region of the human cytomegalovirus fused onto a 
synthetic 3' splice site 
Poly A= early polyadenylation sequence
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Figure 2.5: CAT expression plasmids containing various muscle specific
elements
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KEY
CAT= chloramphenicol acetyltransferase gene 
Amp= ampicillin resistance gene 
MHCp= myosin heavy chain promoter 
MLC920 = myosin light chain enhancer 
MLClp= myosin light chain promoter 
SV40= large T antigen region
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2.11 Recombinant plasmids generated during this thesis 

2.1L1 pPF7PASe9

The cDNA for hfVII, nucleotides 1-2462 (Hagen et al, 1986), was excised from the 

expression vector pCDMS (Figure 2.2B) using the restriction enzyme Xhol and cloned 

into Sail restriction digested ppPASe9 (Figure 2.2A). Note, digestion with Xhol and 

Sail generates compatible sticky ends. The presence of inserts and their orientation was 

tested by BamlXl and XbaUHinôXR restriction digests respectively (see Section 2.5) as 

there is a unique Xbal site within the hfVII cDNA. One colony had an insert in the 

correct orientation and the resulting DNA construct ppF7PASe9 is shown in Figure 2.6.

2.11.2 GMl the mfVIIN-terminalfusion vector

The murine cDNA was excised from the vector pCIS2M (Section 2.10.8, Figure 2.4) 

using the restriction enzymes BamlXi and Xhol and cloned into those sites of the fusion 

vector pcDNA3.1/HisC (Invitrogen®) (see Figure 2 .3A and Section 2.10.6) to generate 

the N-terminal murine factor VII fusion construct, GMl (Section 2.11.2 and Figure 2.7).
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Figure 2.6: Human fYII muscle specific expression construct pBF7PASe9
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KEY
AmpR= ampicillin resistance gene 
MHCp= myosin heavy chain promoter 
MLC920= myosin light chain enhancer 
RBS= ribosomal binding site 
PAS= polyadenylation signal sequence 
hfVII= human factor VII cDNA
Sall= the cloning site in the multiple cloning site used to 
insert the hfVII cDNA
Xbal= a unique restriction site to allow the orientation of 
hfVII to be ascertained
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Figure 2.7: Plasmid GMl the murine factor VII N-terminal fusion vector

mfVII cDNA

ATG (His)g Anti-xpress epitope EK site ■ 5  CT3 C t J ,
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KEY
CMVp= cytomegalovirus immediate-early promoter
BGH pA= bovine growth hormone polyadenylation signal 
T7= T7 promoter/priming site 
His polyhistidine tag
NeoR= neomycin (G418) resistance gene 
AmpR= ampicillin resistance gene 
ColEl= origin of replication for growth in E.coli 
mfVII= the cDNA for murine fVII
EK= enterokinase site for removal of the anti-xpress epitope 
SV40 pA= RNA processing signal from SV40
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2.11.3 GM2 a murine factor VII C-terminal fusion vector

The cDNA for murine factor VII was supplied by Eliot Rosen, in the plasmid pCIS2M 

(Figure 2.4, Idusogie et a l, 1996, Zhang and Castellino, 1991). In order to successfully 

3' tag the translation product from the murine factor VII cDNA it was necessary to 

delete the termination codon, insert the nucleotides for the amino acid tags and then 

terminate translation. This was achieved by PCR amplification using a primer 

(HBCtagL) designed to overlap the termination codon of mfVII and mismatch in two 

locations allowing the engineering in of a restriction endonuclease site and the 

disruption of the termination codon. The engineered restriction enzyme site allowed the 

mfVII cDNA minus its own termination codon to be cloned into an expression vector 

pcDNA3.1(-)/Myc-His (Section 2.10.7, Figure 2.3B, Invitrogen BV) which contained 

the nucleotides for a Myc-His fusion tag and a termination codon. Section 2.11.3 is 

shown schematically in Figure 2.8.
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Figure 2.8: A Schematic diagram of the C-terminal tagging of mfVII
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Removing the stop codon o f murine factor VII

PCR amplification was carried out to remove the termination codon of the murine factor

VII cDNA using the sense and antisense primers shown below:

mfVII : 5 '-TACTGTAGCTÇCTTGGATAGCCCA- 3'

anti sense primer: 3' -ATGACTTCGAAGAACCTATCGGGT- 5'
H3CtagL

Sense PCR primer: 5' TGGGCTATCCAAGAAGCTTCAGTA 3'
UlCterm

The bases in bold correspond to the stop codon for mfVII and the HinéSl site for the 

primer, the underlined bases are the two mismatched bases.

PCR amplification of a 622 base pair fragment of the murine cDNA was performed 

using approximately 50 ng of pCIS2M, linearised by digestion with the restriction 

enzyme Xbal (see Section 2.5), in a single round of PCR. The reaction mixture was as 

follows: 1 pi linearised DNA, 16 pi 1.25 mM dNTPs (Boehringer Mannheim), 100 

pmoles of each primer (synthesised by Oswel DNA service. Lab 5005, Medical and 

Biological Sciences Building, University of Southampton, Boldrewood, Bassett 

Crescent East, Southampton SO 16 7PX UK), 10 pi Dimethylsulphoxide (DMSO), 10 pi 

10 X Native Pfu buffer (200 mM Tris-HCl pH 8 , 20 mM MgClj, 100 mM KCl, 60 mM 

(NHJ 2 SO4 , 1% Triton®X-IOO, 100 pg/ml nuclease-ffee BSA) and 5U Native Pfu DNA 

polymerase (Stratagene®) in a final volume of lOOpl. Pfu DNA polymerase is a 

proof-reading DNA polymerase isolated from Pyrococcus furiosus and exhibits the 

lowest error rate of any thermostable DNA polymerase studied (Cha and Tilly, 1995, 

Lundberg et al, 1991 and Flaman et al, 1994). It was used for the PCR amplification to 

minimise the risk of incorporating mutations into the cDNA for mfVll.
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Reaction conditions comprised a single cycle of 94 for 4 min, three cycles of 94 

for one minute, 55 °C for 1 minute and 74 °C for 3 min, followed by thirty cycles of 

94 °C for 1 minute, 59 °C for one minute and 74 for 3 min with a final extension of 

74 °C for 7 min (Cetus 480 thermal cycler, Perkin Elmer ). The PCR product was 

visualised on a 1% agarose gel using ethidium bromide (see Section 2.8).

The murine cDNA was excised from the vector pCIS2M (Figure 2.4) using the 

restriction enzymes BamHi and iTmdlll and then cloned into these sites of the fusion 

vector pcDNA3.1/Myc-His version A (Section 2.10.7, Figure 2.3B, Invitrogen®).

Cloning the termination codon deleted fragment o f mfVII

20 pi of the termination codon deleted mfVII PCR product, and 5 pi of a mini prep of 

pcDNA3.1/Myc-HisA/mfVII (see above) were digested with SacW and Tfmdlll. The 

digests were electrophoresed using 1.5% agarose and 0.5% agarose TAB gels 

respectively. The bands corresponding to the linear vector minus the 650 hp of mfVII 

containing the native termination codon and the 500 bp digested mfVII PCR product, 

were excised and the DNA extracted (Section 2.9). The two fragments were ligated 

overnight at 14 °C and the ligation reaction used to transform 50 pi XL 1-blue E.coli 

cells (Sections 2.6, 2.2.2 and Figure 2.8).

Colonies were picked and grown overnight in LB/ampicillin and 1.5 ml of each were 

used to prepare DNA (see Section 2.3). Each DNA sample was restriction digested with 

EcoBl (one site now absent as removed by cloning) and also with the restriction 

enzymes SacW. and Hmdlll to check for inserts. 23 out of the 24 clones had an insert of 

the correct size. DNA was prepared fi*om four of the clones using the Qiagen kit 

(Section 2.3.1b) and 15 pi of each DNA sample sequenced (Oswel DNA Service) using
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the primer UlCterm. Clones were sequenced to ensure that 1) the termination codon had 

been successfully removed, 2) the 3'end was in frame with the C-terminal peptide of the 

vector and 3) the PCR/cloning procedures had not introduced any mutations. One clone 

was picked for use in further studies as the sequence of this matched that of 

pCIS/mfVII, it had the correctly engineered sites and the 3'end was in frame with the C- 

terminal peptide of the vector. This clone was further sequenced using the T7 primer 

(which anneals to pcDNA3.1 (-)ZMyc-His 5' to the mfVII insertion site) and a primer 

designed to anneal between nucleotides 1481 to 1501 of pCIS2M which is within the 

coding region of mfVII. This should provide complete sequence data for the whole 1383 

bps of the modified murine fVII cDNA. The resultant plasmid, GM2, is shown in Figure 

2.9.
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Figure 2.9: Plasmid GM2 the murine factor VII C-terminal fusion
vector

myc epitope

- 1
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KEY
mFVII= 3' modified murine factor VII cDNA 
PCMV- cytomegalovirus immediate-early promoter
BGH pA = bovine growth hormone poly adénylation signal 
T7= T7 promoter/priming site 
His polyhistidine tag
term= termination codon from the vector pcDNA3.1(-)Myc-His 
NeoR= neomycin (0418) resistance gene 
AmpR= ampicillin resistance gene
myc epitope^ allows detection of recombinant proteins using 
an anti-myc antibody
ColEl= origin of replication for growth in E. coli
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2.12 TnT™ T7 Coupled reticulocyte Lysate (Promega)

The use of rabbit reticulocyte lysate offers a cell-free protein synthesising system for 

obtaining protein from plasmid DNA containing either the SP6, T3 or T7 prokaryotic 

phage RNA polymerase promoter for the initiation of transcription whilst translation is 

under eukaryotic control. On this particular occasion it was used to ensure production of 

full-length protein from the plasmid DNA GM2.

To each 1 pi of sample (approximately 1 pg), 12.5 pi of rabbit reticulocyte lysate, 1 pi 

of reaction buffer, 0.5 pi of TNT RNA polymerase (T7), 0.5pl of amino acid mix minus 

methionine (aa-met) 1 mM, 2.0 pi ^^S-methionine (Amersham International Pic), 0.5 pi 

RNasin Ribonuclease inhibitor (40 U/pl) and 7 pi nuclease-free water was added to give 

a total volume of 25 pi. The solution was then incubated at 30 °C for 1 hour. 

PCIS/mfVII was used as a negative control as it lacks the T7 prokaryotic phage RNA 

polymerase promoter. Vector pcDNA3.1(-)/Myc-His without an insert provided a 

second negative control. A PCR product known to give a positive TNT result and 

pcDNA3.1(-)/Myc-His//flcZ were used as positive controls. Following transcription and 

translation a 5 pi aliquot was mixed with 5 pi of 5x sample buffer (60 mM Tris-HCl 

pH6.8, 25% glycerol, 2% SDS, 6-mercaptoethanol 14.4 mM, 0.1% bromophenol blue), 

heated to 100 °C for 2 min and the samples run on a 12% SDS denaturing 

polyacrylamide gel (see Section 2.17) alongside a rainbow [’"‘C] methylated protein 

molecular weight marker (Amersham International Pic). Following electrophoresis the 

gel was fixed for 30 min in 15% methanol, 5% acetic acid, incubated in 

Amplify™(Amersham International Pic) for 15-30 min and vacuum dried at 80 °C for 30 

min. The gel was then exposed to X-Omat AR film (Kodak, Kodak Eastman Company, 

Rochester, NY) for 4-6 hours at -70 °C.
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This procedure was repeated for samples GM2, pCIS2M and pcDNA3.1(-)/Myc- 

His//flcZ, using amino acid mix minus leucine instead of the ^^S-methionine as well as 

the amino acid mix-methionine. The gel was blotted onto polyvinylidene difluoride 

(PVDF, Boehringer Mannheim) and western blotted with the anti-myc antibody (see 

Section 2.17.2) to determine whether the protein was tagged with the myc epitope or 

not.

MAMMALIAN CELL CULTURE

Tissue culture practice was standard as described in Davis (1994). Cells were grown and 

passaged at 37 °C, in a humidified incubator (LEEC Ltd, Colwick Industrial Estate 

Nottingham NG4 2AJ) at 5% CO2  All work was carried out in a class 2, Microflow 

biological safety cabinet (MDH Ltd, Walworth Road, Andover, Hampshire SPIO 5AA).

2.13 Myoblast cell culture

2.13.1 Growing myoblasts

C2 mouse myoblasts (Yaffe and Saxel, 1977) and C2C12 mouse myoblasts (European 

collection of animal cell cultures [ECACC], Porton Down, Salisbury, UK) were grown 

in Dulbecco's modified Eagle's medium (DMEM, Gibco BRL, Life Technologies Ltd, 

Renfrew Road, Paisley PA3 4EF) supplemented with 10% foetal bovine serum, 2 mM 

L-glutamine, 100 pg/ml streptomycin and 100 U/ml penicillin. Cultures were incubated 

at 37 °C at 5% CO2  in a humidified atmosphere in either 75 cm  ̂culture flasks, or 90 mm 

tissue culture dishes. Growth medium was replaced two to three times per week.
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2.13.2 Harvesting/splitting myoblasts

When approximately 70-80% confluent, the cells were trypsinised. The medium was 

aspirated and the cell monolayer washed three times with Hanks balanced salt solution 

(HBSS, Gibco BRL), shaking gently. The HESS was completely removed and 1-2 ml of 

0.25% trypsin/HBSS was added. The flask/dish was incubated at 37 °C for 15-30 min 

until most of the cells had detached from the bottom of the flask (monitored under the 

microscope). The cell suspension was removed and added to a 50 ml Falcon containing 

growth medium to inactivate the trypsin, the flask/dish was washed with growth 

medium and the suspension also transferred to the Falcon tube. The cell suspension was 

centrifuged at 700-1000 rpm for 5 min, the supernatant removed promptly and the cells 

resuspended in 5 ml of growth medium. The cells were counted using an improved 

Neubauer haemacytometer and the cells plated. If the cells were to be transfected in the 

next two to three days or to be kept as stocks, 100-150,000 cells were plated per 90 mm 

dish, if the cells were to be transfected the same day then 500,000 cells were plated per 

90 mm dish.

2.13.3 Freezing and storing myoblasts

Cells were split as above and counted. Approximately 2x10® cells were resuspended in 

1ml of 10% dimethylsulphoxide (DMSO)/90% foetal calf serum (FCS), transferred to 

cryovials, frozen at -20 °C for 2 hours then placed at -80 °C. When required cells were 

thawed rapidly at 37 °C.
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2.13.4 Transfecting myoblasts

2.13.4 a) Calcium phosphate DNA co-precipitation

At 80% confluence (approximately 1.5 x 1Q6 cells) the cells were transfected with 20 pg 

of test plasmid DNA by the calcium phosphate DNA co-precipitation method (Wigler et 

al., 1979, Graham and Van der Eb, 1973, Sambrook et al, 1989). The 

calcium-phosphate-DNA co-precipitate was prepared by mixing 20 pg of recombinant 

test plasmid DNA and 10 pg of control plasmid DNA (e.g. pCHllO) with sterile water 

in a final volume of 440 pi. 500 pi of 2x Hepes buffered saline (HBS) was added and 

the solution mixed. Slowly, over a period of approximately 45 seconds, 62 pi of 2M 

CslCIj was added drop-wise and the mixture left to precipitate for 20-30 min at room 

temperature. The mixture was pipetted up and down once to resuspend the precipitate. 

The medium was aspirated fi*om the plates and the calcium-phosphate-DNA co

precipitate applied. After a 15 minute incubation at room temperature, 10 ml of growth 

media was added and the dishes returned to the incubator (37 °C, 5% CO2 ) for 4-24 

hours. The medium and DNA precipitate were then removed, the cell monolayer 

washed once with HBSS and the appropriate medium applied. The cultures were then 

returned to the incubator. Co-transfections were carried out with 10 pg pCHllO. Mock 

transfections were treated as above but substituting sterile water for the DNA.

2.13.4 b) Transfection using LipofectAMINE™

For each 90 mm dish of cells to be transfected two solutions were prepared: Solution A: 

10 pg control DNA (e.g. pCHllO) + 20 pg test DNA (e.g. ppPASf7e9) was diluted in 

800 pi of serum-free media (optimem from Gibco BRL is recommended). Solution B: 

the LipofectAMINE™ (1 pg/pl)was diluted in 800 pi serum-free media (variety of
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ratios of DNA:LipofectAMINE™). The two solutions were combined, mixed gently, 

and incubated at room temperature for 15-45 min to allow liposome-DNA complexes to 

form. During the incubation the cells were washed once with serum-ffee media. After 

the incubation, serum-free media was added to the DNA: lipofect AMINE™ mixture to 

make the total volume up to 6.4 ml, it was then mixed gently and overlaid onto the 

rinsed cells. The cells were incubated at 37 °C, 5% CO2  for between 2 and 24 hours. 

Following incubation the DNA liposome complexes were removed, the cells washed 

once with Earle’s balanced salt solution (EBSS, Gibco BRL) and 10 ml of 

differentiation media (DMEM + 4% horse serum) was added.

Note, for the experiments carried out in Chapter 4, cells were transfected with 10 pg of 

the murine factor VII expression vector GMl and 20 pg of the control vector pcDNA 

3.1/His//<2cZ (Invitrogen®) using LipofectAMINE™ at a ratio of test DNA: 

LipofectAMINE™ of 1:4 and 1:6 (see Section 2.13.4 b). The experiment was performed 

in quadruplicate and samples of media and cell lysate were collected 24, 48, 72 and 96 

hours after transfection and assayed for factor VII clotting activity (section 2.18.2b) and 

P-galactosidase activity (2.16.3).

2,13.5 Collagen coating

The petri dishes were coated with rat tail collagen Type I (Sigma Chemical Co.) to 

prevent the muscle cells detachment during contraction and therefore maintain culture 

viability over a longer period of time. A 1 mg/ml solution of collagen was made by 

diluting lOmg of collagen in 100 ml H2 O plus one drop of IN HCl. 5 drops of the 

collagen solution was added to each petri dishes and spread using a sterile spreader. The 

coated dishes were covered and left to dry overnight at room temperature.
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2.13.6 Inducing differentiation

Fusion and differentiation of myoblasts into myotubes was induced by replacing the 

media with one containing a lower concentration of serum e.g. 4% horse serum.

2.14 Endothelial cell culture

2.14.1 Culturing primary endothelial cells

Endothelial cells were isolated from human umbilical cord (Jaffe et al, 1973b) by Dr K 

Yong (Royal Free Hospital, London). They were grown to confluency in Iscove’s 

modified eagle medium (IMEM, Gibco BRL), 20% foetal calf serum (FCS, Gibco 

BRL), 50 pg/ml endothelial cell growth supplement (EGGS, Sigma Chemical Co.) from 

bovine neural tissue (Sigma Chemical Co.) and 20 U/ml heparin, on either gelatin 

(Sigma Chemical Co., Section 2.14.2), or fibronectin (Sigma Chemical Co., Section 

2.14.3) coated dishes or flasks at 37 °C, 5% COj.

2.14.2 Coating o f flasks with gelatin

A 0.2% solution of gelatin (Sigma Chemical Co.) was made using a sterile solution 

diluted with PBS. Flasks were flooded with the solution and left from 6 hours to a few 

weeks at 4 °C. When required, the excess gelatin was aspirated and the flask washed 

with medium prior to seeding.

2.14.3 Coating o f flasks with Fibronectin

A 1 mg/ml stock solution of fibronectin (Sigma Chemical Co.) was made with sterile 

distilled water. This solution was stored in glass containers at -20 °C and then diluted to 

a working concentration of 100 pg/ml. The surface of the container to be used was
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flooded with the solution and left for a minimum of 20 min at room temperature. The 

solution was then removed. When using fibronectin only glass pipettes and storage 

containers were used as fibronectin binds to plastic.

2.14.4 Culturing the endothelial cell line ECV304

This cell line was purchased from the EC ACC (no. 92091712). It is human in origin, 

isolated from the umbilical cord and is spontaneously transformed. Cells were grown to 

confluency in medium M l99 (Gibco BRL) + 2mM glutamine + 10% FCS (Heat 

inactivated, Gibco BRL) at 37 °C, 5% CO2  in 75 cm  ̂tissue culture flasks.

2.14.5 Splitting endothelial cells

Once confluent, the cells either primary or ECV304 were washed once with pre-warmed 

HBSS. 3 ml of Ix trypsin/EDTA (Gibco BRL) was then added and the cells incubated at 

37 °C for approximately 2 min. The cells were checked for detachment under the 

microscope and pipetted into growth media containing at least the same amount of 

serum as trypsin, and the flask rinsed with media to remove any remaining cells. The 

cells were rescued by centrifugation at 700-1000 rpm for 5 min and the media promptly 

removed. The cells were resuspended gently in growth media, counted and seeded at a 

density of approximately 10,000 cells/ cm .̂ Gelatin or fibronectin coated flasks were 

used for primary cells.
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2.14.6 Transfection of Primary Endothelial cells

2.14.6 a) Transfecting with LipofectAMINE™

When confluent the endothelial cells were transfected using 10 g-g of test DNA (either 

pCAT-Control or pBCAT920) and three ratios of DNA to LipofectAMINE™- 1:2, 1:3 

and 1:4. A negative control in which water was substituted for the DNA was included in 

all experiments. The manufacturer’s protocol was followed and is outlined in Section 

2.13.4b. The experiments were carried out in either duplicate, triplicate, or 

quadruplicate and on two separate occasions. The cells were lysed at 24, 48 and 72 

hours after transfection using the lysis buffer supplied with the CAT ELISA kit and 

following the manufacturers protocol (Section 2.16.4). The lysates were assayed for 

protein content using the Biorad protein assay reagent (Section 2.16.2), for 

beta-galactosidase (B-gal) activity (Section 2.16.3) to ensure successful transfection and 

for CAT activity (Section 2.16.4) to assess the efficacy of the muscle-specific elements 

used.

2.14.6 b)Transfecting with Transfectam®Reagent

Transfectam® Reagent (Promega) for the transfection of eukaryotic cells (Behr et al, 

1989) is dioctadecylamidoglycyl spermine (DOGS), a synthetic, cationic lipopolyamine 

molecule. The spermine group is covalently attached through a peptide bond to the lipid 

moiety. The strong positive charge contributed by the spermine headgroup gives the 

molecule a high affinity for DNA, whilst coating the DNA with a cationic lipid layer 

facilitates binding to the cell membrane.

Cells were plated the day before transfection at a density of about 5 x 10̂  cells per 

60 mm culture dish. The manufacturer’s protocol was followed observing the assay
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protocol for transfecting cells in the presence of serum. Immediately before transfection, 

the media was removed from the cells and replaced with 1,5 ml of fresh media minus 

heparin. In a sterile tube 10 pg of plasmid DNA (pCAT-Control or pBCAT920) was 

added to 50 pi of 150 mM NaCl and vortexed (Solution A). In a second sterile tube lOpl 

of Transfectam® Reagent (2.5 pg/pl) was added to 50 pi of 150 mM NaCl and vortexed 

(Solution B). Solutions A and B were added together, mixed immediately and incubated 

at room temperature for 10 min. The solution was then briefly vortexed and overlaid 

onto each dish of cells. The DNA/Transfectam® mixture was left in contact with the 

cells for 2 hours at 37 °C, 5% COj. At the end of the incubation period the cells were 

gently overlaid with 4 ml of complete medium containing heparin and the incubation 

continued at 37 °C, 5% COj. All experiments were carried out in quadruplicate. Cells 

were lysed using the lysis buffer and protocol from the Boehringer Mannheim CAT 

ELISA kit (Section 2.16.4), 48 and 72 hours after transfection. The lysates were assayed 

for protein content, B-gal activity and CAT activity (Sections 2.16.2, 2.16.3, 2.16.4 

respectively).

2.14.6 c)Electroporation

5x10^  cells were harvested by a brief exposure to trypsin/EDTA (Section 2.14.5) and 

washed twice in electroporation buffer (HEPES-buffered saline (HBS) 20 mM HEPES 

pH 7.05, 137 mM NaCl, 5 mM KCl, 0.7 mM Na^HPO^, 6mM dextrose). The cells were 

then resuspended in 1 ml of electroporation buffer together with; 50 pg of control 

plasmid DNA pCHllO (Figure 2.1 A), or 50 pg of control DNA pCHllO and 50 pg of 

test pCAT-Control DNA (Figure 2.IB), or 50 pg of sterile water as a negative control. 

The cell/DNA solution was then transferred to a 4 mm electroporation cuvette and
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electroshocked at 200V, 250|liF using a Gene Puiser (Biorad). After electroporation the 

cells were resuspended in an appropriate volume of complete media and seeded onto 

fibronectin coated 90 mm dishes or 75 cm  ̂flasks. The cells were incubated at 37 °C, 5% 

CO2 . Due to the large numbers of cells required, it was unfeasible to carry out the 

experiment in duplicate. The experiment was performed on two separate occasions. 48 

hours after transfection cells were either lysed and assayed for CAT activity, B-gal 

activity or, stained for B-gal using the Boehringer kit (Sections 2.16.4, 2.16.3, 2.16.6 

respectively).

2.14.7 Transfection o f ECV304 cell line

The method used was a modification of the classical calcium phosphate DNA co

precipitation method (Wigler et a l, 1979, Graham and Van der Eb, 1973, Section 

2.13.4a).

When 80-100% confluent, cells were trypsinised and resuspended in 6.5 ml complete 

medium and put into a fresh 75 cm  ̂ flask. 1.3 ml of transfection solution (20 pg of test 

plasmid DNA and 20 pg control plasmid DNA diluted in 0.65 ml 2x HBS: 1.5 mM 

Na2 HP0 4 ; 25 mM HEPES; 250 mM NaCl; pH7.1 and mixed with 0.65 ml 10 mM 

HEPES, 250 mM CaClg, pH7.1) was added and the cells incubated at room temperature 

for 20 min. 12 ml of complete medium containing 100 pg/ml chloroquine (Sigma 

Chemical Co) was added and the cells incubated at 37 ®C for 6 hours. Cells were then 

shocked with 15% glycerol (1.7 ml 87% glycerol, 5 ml 2xHBS, 2.4 ml HjO sterilised 

through a 0.22 pm filter) for 1 minute, the medium replaced with complete medium and 

the cells incubated at 37 °C, 5% CO .̂ The cells were lysed 96 hours post transfection 

using the lysis buffer provided with the CAT ELISA kit and the lysate was analysed for
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B-gal and CAT activity (Sections 2.16.3 & 2.16.4).

For the experiments carried out in Chapter 4, cells were transfected with 10 p g o f  GMl 

and 20 pg pcDNA 3.1/His//acZ (Invitrogen®) using LipofectAMINE™ at a ratio of test 

DNA: LipofectAMINE™ of 1:4 and 1:6 (see Section 2.13.4 b). The experiment was 

carried out in quadruplicate and samples of media and cell lysate were collected 24, 48, 

72 and 96 hours after transfection and assayed for factor VII clotting activity (section 

2.18.2b) and p-galactosidase activity (2.16.3).

2.15 Cos? monkey kidney cells

2.15.1 Culture and transfection o f Cos? cells

Cos? cells (ECACC) were cultured in DMEM + 10% FCS + penicillin/streptomycin (50 

pg & 50 mU/ml respectively) and passaged using 0.25% trypsin. They were transfected 

when approximately 80% confluent in 90 mm dishes with 10 pg GMl and 20 pg 

pcDNA 3.1/His//flcZ (Invitrogen®) using LipofectAMINE™ at a ratio of 

test DNA:LipofectAMINE™ of 1:4 and 1:6 (see Section 2.13.4 b). The experiment was 

carried out in quadruplicate and samples of media and cell lysate were collected 24, 48, 

72 and 96 hours after transfection and assayed for factor VII clotting (section 2.18.2b) 

and p-galactosidase activity (2.16.3).

PROTEIN ANALYSIS

2.16 Preparation of cell lysates and assays

2.16.1 Preparation o f protein extracts

Adherent cells (all cells used in this thesis) were washed three times with PBS and
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harvested by scraping them off the bottom of the petri dish with either, a rubber 

policeman or, cell scraper (Greiner Labortechnik Ltd, Station Road, Dursley, 

Gloucestershire G Lll 5NS). and transferring them to a microcentrifuge tube. Following 

centrifugation and resuspension in 0.25 mM Tris-HCl, the cells were lysed by three 

cycles of liquid nitrogen freeze/thawing. Following further centrifugation, the 

supernatant (CL) was stored at -20°C.

2.16.2 Protein Assay

A modified version of the Biorad (Bio-Rad Labs Ltd, Marylands Ave, Hemel 

Hempstead, UK) protein assay method was followed which is based on the colour 

change of Coomassie brilliant blue G-250 dye in response to various concentrations of 

protein. The dye binds to primarily basic (especially arginine) and aromatic amino acid 

residues. A standard curve was prepared using Bovine serum albumin (BSA, Sigma) 

diluted in PBS to make the following standards: 800 pg/ml, 600 pg/ml, 400 pg/ml, 200 

pg/ml, 100 pg/ml and 50 pg/ml. These samples were loaded in duplicate alongside a 

blank of PBS and undiluted BSA stock solution of 1 mg/ml into a well of a 96-well 

microtitre plate (Nunc Maxisorb, Roskilde, Denmark). 10 p 1/well of neat and 1:10 

diluted samples were added in duplicate alongside the standards. The protein assay 

reagent (Biorad) was diluted 1:5 with de-ionised water and 200 p 1/well was added. The 

plate was left at room temperature for 5 min and the absorbance read at 620 nm on an 

MS2 Titertek plate reader (ICN, Flow Biomedicals Ltd, Eagle House, Peregrine 

Business Park, Gomm Rd, High Wycombe, Buckshire). A standard curve was plotted 

and the sample concentrations read from the curve.
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2.16.3 P-galactosidase assay

The cells were washed twice with 10 ml of PBS. 1.5 ml of PBS was added and the cells 

scraped from the dish using a cell scraper (Greiner Labortechnik Ltd). The suspension 

was transferred into a 1.5ml microfuge tube and the cells pelleted at 13,000 rpm for 5 

min at 4 °C. The supernatant was aspirated, discarded, and the samples microfliged at

13,000 rpm for 30 s. Any residual supernatant was removed, and the cells were 

resuspended in 200 pi of lysis buffer supplied with the kit (Stratagene Ltd, Milton Road, 

Cambridge CB4 4GF) and incubated for 5 min at room temperature. The cell debris was 

spun down at 13,000 rpm for 5 min at 4 °C and the supernatant transferred to a fresh 

microfuge tube. The macro assay procedure was then followed: 100 pi of the cell lysate 

was pipetted into a 2 ml microfuge tube and 900 pi of freshly prepared Buffer A-p- 

mercaptoethanol (10 mM NaH2 P 0 4 , 10 mM KCl, 1 mM MgSO^, 50 mM 13- 

mercaptoethanol) was added. The samples were mixed and incubated at 37 °C for 5 min. 

200 pi of 0-nitrophenyl p-D galactopyranoside (ONPG) substrate (4 mg/ml in 100 mM 

NaH^PO^ buffer pH 7.5) was added, the samples vortexed for 5 seconds and incubated at 

37 °C for 30 min or longer, until the sample had turned a bright yellow colour. The 

reaction was then stopped with 500 pi of Stop solution (IM Na^COJ and the incubation 

time recorded. The optical density (OD) at wavelength 420 nm was read on a 

spectrophotometer and the specific activity determined using the following formula: 

OD4 2 0 / 0 .0045=nmoles formed per ml 

nmoles/ml x total assay volume (ml) = nmoles 

nmoles/time= nmoles/minute (units)

Units per pi of lysate used in the assay/protein concentration of 1 pi lysate in 

milligrams^ Units per mg of lysate (where the protein concentration of the cell lysate in
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mg was determined using the Biorad protein assay reagent described in Section 2.16.2).

2.16.4 Chloramphenicol acetyltransferase (CAT) ELISA Assay 

Ceils were lysed using the cell lysis buffer provided with the Boehringer Mannheim kit. 

The culture media was removed and the cells washed 3 times with 5 ml of pre-cooled 

phosphate buffered saline (PBS, Gibco BRL). The excess PBS was carefully removed, 

1ml of lysis buffer (3-[7V-Morpholino]propanesulfbnic acid (MOPS) buffered saline 

containing Triton®X-100) added, and the cells then allowed to stand for 30 min at room 

temperature. 1  ml of cell extract was transferred to a microfuge tube and spun at 

maximum speed for 10 min at 4 °C. The supernatant was removed and an aliquot taken 

for protein determination (Section 2.16.2). The remainder was stored at -70 ®C. The cell 

extracts were diluted with sample buffer (PBS containing blocking reagents) so that the 

total protein concentration was approximately 250 pg/ml i.e. 50 pg/well. 200 pi of 

sample was added to each well and all samples were measured in duplicate.

The CAT enzyme standard was diluted with sample buffer to produce a calibration 

curve as follows: 40 pi of CAT enzyme stock (lot specific but approx. 100 ng/ml) was 

added to 3.96 ml of sample buffer (final concentration=l ng/ml). The stock solution was 

then diluted as described in Table 2.1 below.
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Table 2.1: Dilutions for the CAT ELISA assay

Step CAT enzyme 

working dilution 

(approx. 1  ng/ml)

Amount of sample 

buffer added

Approximate CAT 

enzyme concentration 

(ng/ml)

0 0 1 0 0 0  pi 0

1 1 0 0 0  pi 0 1 . 0

2 500 pi of step 1 500 pi 0.5

3 500 pi of step 2 500 pi 0.25

4 500 pi of step 3 500pl 0.125

200 |il of each dilution was used per well. Each being measured in duplicate.

The number of microtitre plate (MTP) modules (12 modules of 8  wells pre-coated with 

a polyclonal antibody to CAT from sheep and post-coated with blocking reagent, shrink 

wrapped, with a desiccant capsule) required for the particular experiment were placed in 

the frame in the correct orientation. 200 pi of CAT standard, working dilution, or 200 pi 

of cell extracts were pipetted in duplicate into a well. The MTP modules were covered 

with a cover foil supplied with the kit and incubated at 37 °C for 1 hour. The solution 

was removed and the wells washed 5 times with washing buffer (IxPBS containing 

Tween® 20) on a plate washer. Remaining buffer was removed carefully. 200 pi of 

anti-CAT-DIG (polyclonal antibody to CAT from sheep that is conjugated to 

peroxidase) working dilution (0.2 pg/ml) was pipetted into each well and the MTP 

modules covered and incubated at 37 °C for 1 hour. The solution was removed and the 

wells rinsed 5 times with washing buffer using a plate washer (Well Wash 5, Stacking
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Microtitre Plate Washer, Denley, Natts Lane, Billinghurst, Sussex). Any remaining 

washing buffer was removed by inverting the plate and gently blotting on to absorbent 

paper. 200pl of anti-DIG-POD (polyclonal antibody to digoxigenin from sheep that is 

conjugated to peroxidase) working dilution (150 mU/ml) was pipetted into each well, 

covered and incubated at 37 °C for 1 hour. The solution was removed and the wells 

rinsed 5 times with washing buffer on a plate washer. 200 pi of POD substrate (ABTS®) 

was pipetted into each well and incubated at room temperature until the colour had 

developed and was sufficient for photometric detection (10-40 min). The absorbance of 

the samples was measured at 405 nm using a microtitre plate reader. A calibration curve 

was established and the sample concentrations were read from the graph.

2.16.5 Trichloroacetic Acid (TCA) protein precipitation

To a 1 ml sample, i.e. cell culture media or cell lysate, containing a minimum of 5pg of 

protein, 100 pi of 100% trichloroacetic acid was added. The protein was allowed to 

precipitate for 30 min on ice or 15 min in the freezer then spun at 10,000 x g for 5 min. 

The supernatant was decanted and the TCA pellet washed with ethanol:ether (1:1) to 

remove the TCA, and then resuspended in 100 pi of phosphate buffered saline (PBS, 

Gibco BRL).

2.16.6 Staining for P-galactosidase

Cells were stained for fi-gal using the 13-gal staining set (Boehringer Mannheim). Cells 

were washed once with PBS. 3-5 ml of fixative (2% formaldehyde, 0.2% glutaraldehyde 

in PBS) was then added per 90 mm dish and the cells incubated for 15 min at room 

temperature. The fixative was removed and the cells washed three times with PBS. 3 ml
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of staining solution ( 1  part 3-indoyl-B-D-galactopyranoside (X-Gal) in DMSO to 19 

parts potassium ferrocyanide and potassium ferricyanide in PBS) was added to each 

90 mm dish and the cells incubated at 37 for up to 3 hours or until cells had stained 

blue. The staining solution was then removed and the cells washed 3 times in PBS. For 

long-term storage the PBS was replaced with mounting medium (70% glycerol in PBS).

2.17 Western blotting

2.17.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

The Mini Protean II system (Bio-rad Ltd) was used and the gel sandwich assembled 

according to the manufacturer’s instructions. The 12% separating gel was made (for 

10 ml: 3 ml of 40% Acrylamide/Bis 37.5:1 was mixed with 2.5 ml of 1.5 M Tris-HCl 

pH 8 .8 , 0.1 ml 10%SDS and 4.3 ml HjO). Prior to pouring, the polymerising agents - 

lOOpl of 10% Ammonium persulphate (APS) and 5 pi of 

N,N,N',N' Tetramethylethylenediamine (TEMED) were added. The mixture was swirled 

to mix and poured with the aid of a syringe and needle between the two glass plates 

avoiding the introduction of any bubbles, until the level of the gel was about 1.5 cm 

from the top of the front plate. The gel was gently overlaid with 0.1% SDS to generate a 

horizontal gel surface. 30-60 min were allowed for polymerisation to occur after which 

the surface of the gel was washed with HjO to remove the SDS overlay. The 4% 

stacking gel was then made (for 10 ml; 2.5 ml of 0.5 M Tris-HCl pH 6 . 8  was added to 1 

ml 40% Acrylamide/Bis 37.5:1, 0.1 ml 10%SDS and 6.4 ml HjO), just prior to pouring 

100 pi of 10% APS and 5 pi of TEMED was added the mixture swirled and poured 

until it reached the top of the front plate. The comb was then carefully inserted into the
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stacking gel. The stacking gel was allowed to polymerise for about 30 min, the comb 

removed and the gel attached to the electrode assembly and inserted into the 

electrophoresis tank. Electrophoresis buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) 

was added to both the inner and outer reservoirs and the samples loaded using a duck 

billed tip alongside a molecular weight marker (Biorad prestained broad range SDS- 

PAGE standards). The samples were electrophoresed at a constant current of 16 mA 

through the stacking gel, and 30 mA through the separating gel. When the appropriate 

marker had run a sufficient way through the separating gel, electrophoresis was stopped 

and the gel plates removed from the electrode assembly.

2.17.2 Transfer and blotting

The plates were prised apart by gently twisting a spacer so that the gel remained 

attached to one plate. The gel was cut to size and soaked for a few min in transfer buffer 

(48 mM Tris base, 39 mM glycine, 20% methanol, 0.0375% SDS). The poly- 

vinylidene-difluoride (PVDF, Boehringer Mannheim) membrane was wetted in 

methanol for a few seconds, water for 1 - 2  mins and transfer buffer, according to 

manufacturer’s instructions. Five pieces of Whatman 3MM were soaked in transfer 

buffer and laid on the bottom plate of the Fastblot semi-dry blotter (Biometra Ltd, 

Whatman House, Maidstone Kent ME 16 OLS). The prewetted membrane was placed 

onto the filter papers, then the gel was placed on top of the membrane followed by a 

further five pieces of Whatman 3MM soaked in transfer buffer. To ensure no air bubbles 

were trapped between the layers a pipette was rolled over the stack. The lid was 

connected with the body of the blotter taking care that the lid and body were parallel. 

The power supply was connected and run at a constant current of 60 mA for one hour.
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When the run was finished the current was switched off, power supply disconnected and 

the lid removed. The sandwich was carefully removed and the membrane placed into 

blocking solution; TBS/5% dried milk (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 5% 

w/v dried milk) shaking at room temperature for 1 hour. The gel was stained for 5 min 

in Coomassie blue (for 1 litre dissolve 1 g of coomassie Blue R-250 in 450 ml 

methanol, 450 ml water and 100 ml glacial acetic acid) and destained (10% 

methanol/1 0 % glacial acetic acid) for 1  hour to overnight to check the transfer 

efficiency. The membrane was washed twice for 5 min shaking at room temperature in 

20 ml TBST (TBS/0.05% w/v Tween 20) then placed into 10 ml primary antibody 

diluted according to manufacturer’s instructions in dilution buffer (TBST/1%BSA), and 

left shaking at room temperature for 1 hour or alternatively overnight at 4 °C. The 

membrane was washed twice for 5 min in 20 ml TBST, then placed in 10 ml secondary 

antibody diluted according to manufacturers instructions in dilution buffer and 

incubated, shaking at room temperature for 1 hour. The membrane was washed twice in 

20 ml TBST for 5 min with shaking at room temperature, washed once for 5 min in 

TBS to remove the detergent, rinsed in alkaline phosphatase buffer (AP: 100 mM 

diethanolamine; 100 mM NaCl; 5 mM MgClz, pH 9.5) and placed in staining solution 

[one Fast™ BCIP/NBT (5-Bromo-4-chloro-3-indoyl phosphate/ nitro blue tétrazolium] 

tablet (Sigma Chemical Co) dissolved in 10 ml distilled water by vortexing for 2-4 min) 

for between 10 min and 1 hour. The colour development was stopped by rinsing for 10 

min in distilled water changing the water at least once during the incubation. The 

membrane was then air-dried.
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2.18 Factor VII Assays

2.18.1. Human factor VII Ag ELISA

A  modified FVILAg ELISA (Asserachrom VILAg Diagnostica stage, Asnieres-sur- 

Seine, France) was used. A Nunc polysorb microtitre plate (Nunc Maxisorb) was coated 

with 100 pl/well of a 1:200 dilution of murine monoclonal antibody to human factor VII 

(Clone HVII-I, Sigma immunochemicals) in bicarbonate coating buffer pH 9.6 (15 mM 

Na^CO^, 35 mM NaHCO^, Azorubin SF red dye [BDH-Merck Ltd, Hunter Boulevard, 

Lutterworth, Leicestershire LEI7 4XN]) and incubated overnight at 4 °C. The plate was 

washed 5 times with Ix wash buffer (2.5mM NaH2 ?O 4 .2 H2 0 , 7.5 mM Na2 HPO4 . 1 2 H2 0 , 

480 mM NaCl, 5% Tween 20) on a plate washer (Denley). All unbound sites on the 

plate were then blocked by adding 100 pl/well of dilution buffer (2.5 mM 

NaH2 PO4 .2 H2 0 , 7.5 mM Na2 HPO4 .1 2 H2 0 , 480mM NaCl, 5% Tween 20, 3% PEG 8000, 

green dye) containing 2% foetal calf serum (PCS) and incubating at room temperature 

on a plate shaker/incubator (Amersham). During the incubation samples were prepared 

for the standard curve. 2 0 0  pi of 2 0  normal pooled plasma was added to 800 pi of 

dilution buffer/2% FCS and a range of standards prepared by doubling dilutions of this

H dilution buffer 0%

stock:

A 1:5 1 0 0 %

B 1:10 50%

C 1:20 25%

D 1:40 12.5%

E 1:80 6.25%

F 1:160 3.13%

0  1:320 1.56%
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The samples of media and mouse plasma were used undiluted in this assay and the 20 

normal pooled plasma was diluted 1:10 and 1:5 in dilution buffer to serve as a quality 

control (QC) sample. 100 pi of the standards and tests were added in duplicate to the 

coated and blocked plate using dilution buffer as a blank. The plate was covered with a 

plate sealer and incubated at room temperature on a plate shaker for 1 hour. The plate 

was then washed 5 times with wash buffer on a plate washer (Denley), the excess buffer 

was tapped out. 100 p 1/well of diluted tag antibody (Biotinylated anti-FVII Tag 

antibody diluted 1 : 2 0 0 0  in dilution buffer), was added and the plate covered and 

incubated for 1 hour at room temperature on the plate shaker. The plate was washed 5 

times with wash buffer on the plate washer. The substrate solution was prepared as 

follows: one 10 mg OPD tablet (o-phenylenediamine. Sigma) was added to 15 ml of 

H2 O2  pH 5.0, the solution was kept in the dark and allowed to reach room temperature 

before use. 1 0 0  p 1/well of substrate solution was added to the plate and incubated on the 

bench for 10 min. The reaction was stopped by adding 50 pl/well of 1.5 M H2 SO4 . The 

plate was mixed on the plate shaker and the absorbance read at 490 nm on a plate reader 

(ICN, Flow Biomedicals Ltd). A standard curve was plotted and the sample 

concentrations read from the graph. Human VILAg was shown not to be cross reactive 

with murine VILAg in this assay system.

2.18.2 Detecting fVII biological activity

2.18.2 a) Prothrombin time-based factor VII clotting assay

Biological activity was determined in a one-stage prothrombin time-based (FT) factor 

VII assay using both unmodified samples and samples adsorbed with aluminium 

hydroxide (see Section 2.18.2 c). The assay of factor VII is based on the PT (Kitchen et
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al., 1992). The deficient plasma used contains no factor VII (<1 U/dl) but normal levels 

of factors I, II, V and X, and was obtained from a commercial source as 

immuno-depleted plasma (Diagnosic Reagents Ltd, Thame, Oxon).

The deficient plasma was reconstituted according to the manufacturer’s instructions. 

1:10-1:40 dilutions of reference plasma (known fVII activity), test samples and QC 

plasma were made in Owren’s buffered saline (OBS; 20% Owren’s barbiturate buffer 

pH 7.35: 28 mM sodium barbitone; 125 mM NaCl; 20 mM HCl; 0.9% saline), stored on 

ice and tested as soon as possible. 100 pi of each dilution of reference, test and QC 

plasma (see Section 2.18.1) was pipetted into cuvettes in the heating block of a KCIO 

coagulometer (Amelung GmbH, Medizinische Laborgerate, Lehbrinksweg 59, D-4920 

Lemgo 1-Lieme), including a blank of just OBS to test the deficient plasma, the clotting 

time of which should be longer than the standard with 1 U/dl FVII activity read from the 

graph. 100 pi of factor Vll-deflcient plasma was added to each cuvette along with 

100 pi of well-mixed tissue thromboplastin suspension diluted 1:10 with saline. After 

exactly 2 min the samples were transferred to the KCIO and 100 pi of pre-warmed (37 

°C), 25 mM CaClj was added to each cuvette using the automatic pipette of the KCIO. 

The machine automatically recorded the time taken for a clot to form. Using three or 

four cycle log/linear paper the clotting time was plotted against the concentrations for 

the standard dilutions (concentration was plotted on the log scale, clotting time on the 

linear scale). The 1:10 dilution of the reference plasma was arbitrarily assigned its 

certified value in U/dl, the 1:20 dilution thus contained half of that value etc. This was 

repeated for the test sample. Straight parallel lines should be obtained, if not the assay 

was repeated. The value of the test sample was intercalated from the graph according to 

the actual value of the standard.
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2.18.2 b) Modified prothrombin time-based factor VII clotting assay 

As a result of automation in the diagnostic laboratory, a change of available reagents 

necessitated a slight modification to the factor VII clotting assay in section 2.18.2 a. The 

KCIO was still used to detect and time clot formation (Section 2.18.2a). The deficient 

plasma (Diagnosic Reagents Ltd, Thame, Oxon) was reconstituted with 1 ml of sterile 

distilled water and left at room temperature for 5 min, mixed thoroughly, then stored on 

ice. The rabbit brain thromboplastin (PT HS-PLUS, Instrumentation Laboratories (UK) 

Ltd, Kelvin Close, Birchwood Science Park, Warrington, Cheshire) is a lyophilised 

extract from rabbit brain with the addition of an optimal concentration of calcium ions. 

The thromboplastin was reconstituted by adding the 8  ml bottle of supplied buffer to 

one vial of the PT HS-PLUS thromboplastin, mixed gently and allowed to dissolve at 

room temperature for 30 min before use. Controls of media and cell lysates from 

non-transfected cells (-ve), human plasma (+ve) and saline (-ve) were used alongside 

the test samples. All were used neat as follows: 60 pi of test or control sample was 

mixed with 60 pi of the reconstituted deficient plasma and 1 0 0  pi added to a cuvette in 

the heating block of a KCIO coagulometer (Amelung GmbH). After 2 min, 100 pi of the 

pre warmed (37 °C) PT HS-PLUS thromboplastin reagent was added to each cuvette. 

Clot formation was recorded automatically by the machine. A sample was only deemed 

positive if it clotted the deficient plasma in less time than both the control of media 

from non transfected cells and the saline blank. This excluded any interference from the 

serum contained in the cell culture media.
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2.18.2 c) Adsorption o f samples with aluminium hydroxide

Based on a method by Biggs (Biggs 1976), one volume of 25% AlOH (1 g of 

aluminium moist gel (BDH-Merck Ltd) suspended in 4 ml of water) was added to 10 

volumes of media, pre-warmed to 37 °C. The samples were mixed thoroughly and 

incubated at 37 for 2 min. After the incubation, the samples were spun at 13,000 rpm 

for 20 min and the supernatant removed and stored at -20 until tested in the PT- 

based FVII assay (Section 2.18.2 a).

2.18.3 Chromogenic assay for factor VII

The assay is based on a two-stage principle. In stage one. Factor X is activated to Factor 

Xa via the extrinsic pathway (FVII-thromboplastin). Factor VII is completely converted 

to F Vila during this process and accordingly there is no interference in the assay of 

preactivated FVII. In stage two, the generated Factor Xa hydrolyses the chromogenic 

substrate S2765 (N-oc-Cbo-D-Arg-Gly-Arg-pNA), thus liberating the chromophoric 

group, pNA. The colour is then read photometrically at 405 nm. The generated factor 

Xa, and thus the intensity of colour, is proportional to the FVII activity in the sample.

50 pi of sample was added neat in duplicate to a multiwell ELISA plate and a standard 

curve was made using normal plasma diluted 1:500, 1:1,000, 1:2,000, 1:4,000 and 

1:8000 with Tris-BSA buffer (Tris 50 mmol/1 pH7.4, 0.2% BSA) made from reagents 

supplied with the kit. A blank comprising Tris-BSA alone was included on each plate. 

The plate was incubated at 37 °C for 3-4 min, 50 pi of pre-warmed (37 °C) combined 

reagent (1 part Thromboplastin, 3 parts FX 0.5 U/ml and 3 parts CaClj 40 mmol/1) was 

added and the plate incubated at 37°C for 7 min. 50pl of the pre-warmed (37°C) 

substrate S-2765 (1.87 mmol/1) was then added to each well and further incubated at
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37°C for 5 min or up to 2 hours if the colour was slow to develop.

The colour reaction was stopped by the addition of 50 pi of 20% acetic acid and the 

absorbance of each well read at 405 nm. The value obtained for the reagent blank alone 

was taken as zero and was subtracted from all other samples. The absorbance was then 

plotted against the factor VII concentrations for the standards (200%, 100%, 50%, 25% 

and 12.5%). The % FVII value for the corresponding absorbance for the unknown 

samples could then be derived from the standard curve.

2.19 Detection and purification of tagged recombinant proteins 

2.19.1 His purification under native conditions

ProBond^^ (Invitrogen) is a nickel-charged Sepharose resin that can be used to purify 

recombinant proteins containing a polyhistidine-binding domain. Proteins bound to the 

resin may be eluted with either a low pH buffer or by competition with imidazole or 

histidine. Therefore, recombinant proteins expressed from the pcDNA3.1 (-)Myc-his 

vector i.e. GM2 (Section 2.11.3 Figure 2.9), can be purified using this resin. Since the 

stability, particularly under conditions of low pH, of any recombinant protein expressed 

from GM2 is unknown, the imidazole elution procedure was followed under native 

conditions of purification. A spin column containing ProBond™ resin (Invitrogen) was 

prepared for each sample. The resin was resuspended by repeatedly inverting and gently 

tapping the column. To pack the resin the column was centrifuged at 800 x g in a 

swinging bucket rotor for 2 min. The buffer was removed from the top of the resin and 

7 ml of sterile distilled water added, the resin resuspended as before and the column 

centrifuged at 800 x g for 2 min to pack the resin. This water wash was repeated once 

more, 7 ml of native binding buffer (20 mM sodium phosphate; 500 mM sodium
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chloride, pH 7.8) was added to the resin and the resin resuspended as described earlier, 

this native binding buffer wash was repeated twice more. 4 ml of media was added to 

the equilibrated column and the column rotated for 1 0  min to keep the resin resuspended 

and allow the poly-His containing protein to bind. The resin was spun at low speed, 

800 X g for 2 min and the supernatant carefully removed. The protocol for imidazole 

elution was then followed: the column was washed twice with 4 ml of native binding 

buffer pH 7.8 by re-suspending the resin, rotating for 2 min and then separating the resin 

from the supernatant by low speed centrifugation. The column was then washed with 

4 ml of native wash buffer pH 6  (20 mM sodium phosphate; 500 mM sodium chloride, 

pH 6 ) by resuspending the resin rotating for 2 min and then separating as before. This 

procedure was repeated twice for a total of 3 washes. The protein was then eluted by 

sequentially resuspending the resin in increasing concentrations of imidazole using the 

elution buffers prepared from the kit reagents (50 mM, 250 mM, 300 mM and 500 mM 

imidazole) gently rotating for 5 min and separating the resin from the supernatant by 

centrifugation. 1  ml aliquots of the supernatants were then precipitated using 

trichloroacetic acid (Section 2.16.5) and the protein was then western blotted (Section 

2.17).

2.19.2 His/my c ELISA

An ELISA for the detection of both His and Myc tagged proteins was developed by 

Paul Murdock (Haemophilia centre. Royal Free Hospital, London). All buffers and 

reagents were stored at 4 °C. Prior to performing the assay, the plate was prepared by 

diluting the anti-myc monoclonal mouse antibody (Invitrogen®) 1:1000 in red 

bicarbonate coating buffer (Section 2.18.1) and 100 pi was added to each well of a Nunc
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Maxisorb microtitre plate (Nunc Maxisorb), covered with a plate sealer, and then stored 

at 4 °C overnight. A 1% BSA assay buffer was made by adding 0.5 g of BSA to 50 ml 

of green ELISA dilution buffer (Section 2.18.1). This was left to stand overnight at 4 

to allow the BSA to dissolve. On the day of the assay, the plate was washed 5 times on a 

Denley Wellwash 5 platewasher (Denley). The plate was then blocked by adding 

100 pl/well of 1% BSA buffer and incubating at room temperature for 1 hour. After 

blocking the plate was washed 5 times with standard PBS-Tween wash buffer (Section 

2.18.1). Standards were made using a cell lysate positive for 13-gal activity, expressed 

from the vector pcDNA3.1 (-)/Myc-His//acZ (Section 2.10.7), hence it was a protein 

known to express both the myc and His epitopes. The standard was applied to the plate 

neat, and then in doubling dilutions (in 1% BSA dilution buffer) to give a standard 

curve/positive control with at least 4 points plus a blank containing 1% BSA buffer. The 

exact value for each dilution was not known. The only indication of the concentration of 

the fusion protein was the activity value obtained from the 13-gal assay i.e. mU/mg of 

protein. 2 0 0  pi of each sample was applied neat to each well and a detailed record of the 

position of each sample on the plate made. If there was sufficient material, standards 

and samples were run in duplicate.

When loaded, the plate was covered with a plate sealer and incubated at room 

temperature for 2 hours. The plate was shaken by hand before but not during the 

incubation to ensure that the entire flat bottom surface was covered by sample.

The plate was washed 5 times as before, and 100 pl/well of the detection monoclonal 

antibody, anti-His (term)-HRP (Invitrogen®), diluted 1:1000 in TBST/1%BSA (10 pi in 

10 ml) was added to the plate. The plate was shaken, covered with a plate sealer and 

incubated at room temperature for 2 hours without shaking. The substrate buffer was
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prepared not more than 10 min before use by adding one 10 mg 0-Phenylenediamine 

(OPD) tablet (Sigma Chemical Co) to 15 ml of HjOj pH 5.0, bringing the solution to 

room temperature before use. The plate was washed 5 times as before and 100 pl/well 

of substrate buffer added. The plate was left at room temperature while the colour 

developed for less than 60 min and the reaction stopped by adding 100 pl/well of 1.5 M 

sulphuric acid. The absorbance was measured on a plate reader at a wavelength of 492 

nm and a sample was deemed positive if it gave a value within the range of the standard 

curve.

2.19.3 Immunofluorescent staining o f myc tagged protein in situ

Cells for immunofluorescent staining were grown on Thermanox® coverslips (Nunc) in 

a 6  well Nunclon™ delta surface multi dish (Nunc). 1x10^ cells were plated the day 

before transfection and the two wells/dish transfected with either 2 pg GM2 (Section

2.11.3 Figure 2.7B), 2pg of vector pcDNA3.1(-)/Myc-His//flcZ (Section 2.10.7) as a 

positive control, or not transfected as a negative control. The cells were transfected 

using LipofectAMINE™ (Section 2.13.4b) at a ratio of DNArLipofectAMEME™ of 1:4 

and 1:6 . The experiment was performed in duplicate. Cells were stained 48 and 72 hours 

after the addition of differentiation media. Cells were washed gently three times with 

PBS and placed on ice. 4% paraformaldehyde/PBS precooled to 4 ®C was added and the 

cells incubated at 4 ®C for 30 min. The paraformaldehyde was decanted. To 

permeabilize the cells, they were washed once in 0.05% saponin/PBS and incubated at 

room temperature for 10 min in 2 ml of the saponin solution. The saponin solution was 

decanted and the cells washed twice for 5 min with PBS. 1 ml/well of the 1° mouse 

anti-myc antibody (Invitrogen®) diluted 1:500 in PBS/1%BSA was added and the cells
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incubated at room temperature for 2 hours or overnight 4 °C. The cells were washed 

three times in PBS 1 x 10 sec, 1 x 2  min, 1 x 1 0  min. 500 pi fluorescein isothiocyanate 

(FITC) conjugated goat anti-mouse 2° antibody (Sigma), diluted 1: 100 in PBS/0.25% 

BSA, was added to each well and the dish covered with aluminium foil and incubated at 

room temperature for 1 hour. The cells were washed six times in PBS allowed to dry, a 

drop of DAPI/anti-fade mounting medium (Appligene) added and the cover-slip 

transferred to a slide. The cells were then looked at using a blue filter on an Axioskop 

fluorescent microscope (Zeiss, Germany), and where appropriate photographed.

As a further control one cover-slip of cells transfected with the control vector for each 

ratio of DNAiLipofectAMINE™ was stained for B-gal (Section 2.16.6) 24, 48 and 

72 hours after transfection, alongside the negative control of non-transfected cells. This 

would allow the pattern of fluorescence to be compared with the pattern of staining and 

ensure it was the same for both hence, indicative of the presence of recombinant tagged 

B-gal.

ANIMAL EXPERIMENTS

2.20 Plasmid DNA injection

Anaesthesia was maintained by inhalation of halothane and injections were performed 

as previously described by Wells and Goldspink (Wells & Goldspink, 1992). 50 pg of 

recombinant plasmid DNA in a hypertonic solution (20% sucrose final concentration) 

was injected directly into both the right and left quadriceps muscles of 25 g male mice, 

strain C57/B16. At daily intervals, from 1 to 10 days and at days 14 and 21 after 

injection mice were sacrificed and bled by intracardiac puncture into a 1  ml citrated 

sample container. Plasma samples were obtained by centrifugation at 1000 rpm for
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1 min and the plasma was removed from the top into a fresh tube. Plasma samples were 

assayed for FVIPAg (see Section 2.18.1) and anti-human fVII antibodies (see Section

2.22). All animal experiments were performed in duplicate and the experiment was 

performed on two separate occasions.

2.21 Detection of human factor VII

100 pi of mouse plasma was applied neat to two wells of an anti-human factor VII 

coated microtitre plate (Section 2.18.1) and the ELISA protocol followed in Section

2.18.1.

2.22 ELISA to detect anti-human FVII antibodies

Microtitre plates (Nunc Maxisorb) were coated overnight at 4 °C with a recombinant 

preparation of human factor VII (Dr J McVey), diluted in bicarbonate buffer pH 

9.6/2%FCS (Section 2.18.1) at 5 pg per well. The plate was washed 5 times on the plate 

washer with Ix wash buffer (Section 2.18.1). Following washing, unbound sites on the 

plate were blocked by adding 100 pl/well of dilution buffer/FCS (Section 2.18.1) and 

incubating at room temperature on the plate shaker for 1 hour. Whilst blocking, samples 

were prepared for the standard curve. The murine monoclonal antibody to human factor 

VII (MAh, Sigma Immunochemicals) was diluted 1:1,000,000 in dilution buffer 

(Section 2.18.1). Six doubling dilutions were then made ending with a blank of buffer 

alone. The plate was washed a further 5 times as before. 100 pi of the standard curve 

starting with the 1 ,0 0 0 , 0 0 0  dilution and ending with the buffer was pipetted in duplicate 

into the first 2  columns of the plate. 1 0 0  pi of negative control (normal pooled plasma) 

and test (murine plasma) samples were pipetted in duplicate into each of the remaining
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wells. The plate was covered and incubated for 1 hour, on a plate shaker, at room 

temperature. The plate was washed 5 times and 100 pi of tag antibody (peroxidase 

conjugated rabbit anti-mouse IgG (Sigma Immunochemicals), was added to each well 

and the plate incubated for a further hour as before. Following further washing lOOpl of 

0.53% O-phenylenediamine chromogen, in 0.1 M citrate phosphate buffer, pH 5, was 

added. The reaction was stopped after 10 min with 100 pi per well of 1.5 M sulphuric 

acid, and the absorbance read at 490 nm on the plate reader. As no standards exist for 

anti-human fVII antibodies, this assay cannot be quantified. Results are expressed as 

positive or negative and the standard curve was used for reference purposes only.
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CHAPTERS

EXPRESSION OF FACTOR VII IN MUSCLE CELLS IN  VITRO AND IN  VIVO 

3.1 Introduction

As discussed in Chapter 1, muscle is a good target tissue for gene therapy 

because it can take up, episomally maintain and express plasmid DNA (Wolff et al., 

1990, Wolff et al., 1992b and Jiao et al, 1992). Recombinant proteins can also be 

secreted from muscle fibres (Barr & Leiden, 1991, Dhawan gr ah, 1991, Blau et al, 

1993) and as they are terminally differentiated and do not divide, expression is stable for 

long periods of time (Wolff et al, 1992a).

Although strong viral promoters e.g. CMV, could be used to express proteins in 

muscle, this promoter also drives expression in all tissues. Therefore we decided to use 

a muscle-specific promoter and enhancer combination used previously in this laboratory 

(Steinbrecher et a l, 1993), i.e. the p-cardiac myosin heavy chain promoter (Cribbs et 

al, 1989) and the rat myosin light chain enhancer downstream of the promoter 

(Donoghue et al, 1988). These two elements, along with a polyadenylation signal 

sequence designed according to consensus sequence requirements (McLauchlan, 1985), 

were engineered into a pUC19 backbone by R Steinbrecher to form the muscle-specific 

construct ppPASe9.

The cDNA for human factor VIII (bps 1-7080), the deficiency of which leads to 

haemophilia A, had previously been inserted into ppPASe9 between the promoter and 

enhancer elements. Although expression of factor VIII could be shown at the mRNA
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level by reverse transcription polymerase chain reaction (RT-PCR), no detectable factor 

VIII protein was detected in the culture media or cell lysate of transfected cells 

(Steinbrecher et al., 1993, personal communication, Steinbrecher). Research reported in 

1993 indicated that there might be regions in the A2 domain of the factor VIII coding 

sequence that may inhibit mRNA accumulation in the cytoplasm (Lynch et al., 1993). 

Additional evidence suggested sequences in the C2 domain of factor VIII inhibited the 

transcription and processing of fVIII mRNA (Shima et al., 1993). Later studies 

indicated that the A2 domain apparently acts as either a transcription silencer (Hoeben 

et al., 1995; Fallaux et a l, 1996) or an inhibitory sequence (Koeberl et a l, 1995).

The B domain of fVIII is proteolytically removed during activation and 

secretion and is not required for in vitro or in vivo coagulation activity (Burke et al, 

1986; Eaton et al, 1986; Toole et al, 1986; Pavirani et al, 1987; Pittman et al, 1993). 

The use of B-domainless factor VIII cDNA clones in expression studies has given 

higher yields of factor VIII expression (Domer et al, 1987, Pittman et al, 1993). Indeed 

B-domain deleted fVIII is currently used for the generation of recombinant factor VIII 

for patient treatment (Bemtorp, 1997). Although unrelated to expression levels the light 

chain of B-domain deleted recombinant factor VIII (rfVIII) is cleaved 5 times more 

rapidly by thrombin than wild-type (WT) rfVIII (Pittman et al, 1993).

To establish whether the limited results obtained using ppPASe9 to express the 

human fVIII gene were due either to problems inherent to the fVHI gene (i.e. the A2 and 

C2 domains or the inclusion of the B domain) or with this approach to gene therapy, the 

cDNA for human factor VIII was replaced with the cDNA for human factor VII.

Factor VII, (see section 1.3.2) is a relatively small gene with a cDNA of only

2.4 kb, making it smaller than B-domain deleted factor VIII (-4.5 kb). Unlike factor
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VIII, fVII produces a relatively stable gene product that does not require von Willebrand 

factor or any other additional factors for stability in vivo. Although only expressed at a 

fairly low level (500 ng/ml in plasma), fVII has successfully been expressed in vitro 

(Kemball-Cook et a l, 1994, Greenberg et al, 1995, Pinotti et a l,  1998, McVey et a l, 

1998). The methodology to detect human factor VII antigen and activity was available 

in the diagnostic laboratory at the Royal Free Hospital where an antibody was available 

which was specific for human factor VII.

Additionally, factor VII plays a critical role in establishing coagulation (see 

Chapter 1) and has properties similar to other vitamin K-dependent coagulation factors 

(X, prothrombin, proteins C and S) including fIX, the deficiency of which leads to 

haemophilia B. FVII deficiency is an autosomal recessive disorder which affects 

1/500,000 of the normal population and can lead to a bleeding tendency similar to

haemophilia. Recombinant fVIIa has also proved effective in the treatment of

haemophilia patients who have developed inhibitors to fVIII or fIX (Hedner, 1990). 

These facts make factor VII the ideal protein to use as a model for haemophilia gene 

therapy and to establish whether the low levels of expression obtained with fVIII and 

the muscle-specific construct ppPASe9 were due to the approach per se and/or the

vector. This chapter aims to determine whether it was the approach to gene therapy or

the fVIII gene itself that inhibited expression of fVIII from ppPASe9 in muscle.
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3.2 Results

3.2.1 Expression o f factor VII in vitro

C2 mouse myoblasts were transfected with the human factor VII expression 

vector ppF7PASe9 (Section 2.11.1, Figure 2.6) by the calcium phosphate DNA 

co-precipitation method (Section 2.13.4a, Wigler et al., 1979, Graham & Van der Eb, 

1973, Sambrook et ah, 1989). The cells were also co-transfected with 10 pg of the lacZ 

control vector, pCHllO (Figure 2.1 A Section 2.10.1) and a mock transfection was 

performed by substituting sterile water for the plasmid DNA. After induction of 

differentiation by replacing the media with one containing a lower concentration of 

serum (Section 2.13.6), the media was removed every 48 h and after 96 h, the myotubes 

were lysed (Section 2.16.1). Both the cell lysate and medium were tested for factor VII 

antigen (Ag) by ELISA (Section 2.18.1) and the media samples taken 96 h after the first 

addition of differentiation media, were also tested for biological activity in a one-stage 

prothrombin time-based assay (see Section 2.18.2a).

Factor VII antigen was detected in both the cell culture media and the cell lysate 

sampled 96 h after the addition of differentiation media (Figure 3.1). However it was 

not detected in the cell lysate or media sampled at 48 h. The level of factor VII Ag in 

the cell culture media was two to three-fold higher than in the cell lysates (Figure 3.1) 

which demonstrates the secretion of factor VII by the transfected muscle cells. When 

tested in a one-stage prothrombin time-based (PT) assay system, media samples taken 

96 h after the addition of differentiation media were also found to possess biological 

activity (Figure 3.1) but at approximately a two-fold lower level than the level of Ag 

detected. The mean production of factor VII in the culture media was calculated to be 

108 ng per 10̂  cells per 24 h. This calculation is based on the following: 1.5 x 10  ̂cells
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fused to form myotubes in a 90 mm petri dish overlaid with 5 ml of media, and 100 U/dl 

is equivalent to 0.5 p,g/ml of fVIL

3.2.2 Prolonged expression o f hfVII in vitro

After approximately 96 h in culture, the C2 myotubes started to contract and 

detach from the bottom of the petri dish resulting in cell death. To inhibit this process 

and allow a longer period of expression from pPF7PASe9 to be established, cells were 

plated onto collagen-coated petri dishes (Section 2.13.5) prior to transfection.

The myotubes now survived for up to 12 days and continued to secrete hfVII 

throughout this period (Figure 3.2). An average of 183 ng of fVII/24 h/lO^cells was 

secreted over the 12 days. The activity of hfVII in the media from cells 168 h after the 

first addition of differentiation media was reduced to less than 1 U/dl after adsorption 

with aluminium hydroxide (Section 2.18.2c) suggesting correct y-carboxylation of the 

recombinant human fVII produced.
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Figure 3.1: Detection of human factor VII in the culture media and cell lysate of C2 cells transfected with
pPf7PASe9 96 h after the induction of differentiation
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Figure 3.2: Human factor VII activity in the media of C2 cells transfected with ppf7PASe9 over a
prolonged period of time
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3.2.3 Expression o f Factor V llin  vivo

The expression of human fVII from the plasmid ppF7PASe9 was investigated in 

vivo by injecting 50 pg of the plasmid DNA, in a hypertonic solution, directly into the 

quadriceps of male, C57/B16 mice (see Section 2.20).

The mice were sacrificed and bled by intracardiac puncture at daily intervals 

from days 1 to 10 and at days 14 and 21 after the DNA injection. Plasma samples were 

assayed for fVILAg (see Section 2.18.1) and anti-human fVII antibodies (see Section

2.22). All animal experiments were performed in duplicate and the experiment was 

performed on two separate occasions. Hence the four sets of results shown in Table 3.1.

When compared to the background level of human fVII obtained from the 

plasma of non-injected mice, 1 mouse (day 5, Table 3.1) from the first experiment, 

showed an increase in factor VII antigen equivalent to approximately 8  U/dl (40 ng/ml). 

From the second experiment two mice (day 4, Table 3.1) showed an increase in factor 

VII antigen but at an approximately ten-fold lower level than the day 5 mouse from the 

first experiment. Since these samples were at the lower detection limits of the assay they 

are indicated by a + sign as an exact numerical value would be hard to assign with any 

accuracy. Anti-human factor VII antibodies were detected in all mice 7-10 days after 

injection, indicating that an immunogenic protein had been produced and secreted into 

the bloodstream of these animals (Table 3.1). Since the assay for anti-human factor VII 

antibodies was not quantitative (Section 2.22), samples are indicated as either positive 

(+) or negative (-) in Table 3.1.
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Table 3.1: Expression of human fVII in vivo following direct DNA injection of the plasmid ppF7PASe9 into C57BI6 mice

No. of days after fVII construct injected - ve  

controls1 2 3 4 5 6 7 8 9 1  0 1 4 2  1

FVII Ag

- - + + - 8 - -

FVII Ab

+ + + + + + + + + + + + + + + +

N ote: four an im als  w e re  tested  at each  tim e point as well as four non-injected an im als  as  neg ative  controls. 

+ =  factor V II A g /A b  detected; 8 =  8  U/dl of hum an factor V II -=  no factor V II A g /A b  d etec tab le .



3.3 Conclusions

The experiments performed here showed that the muscle-specific, factor VII 

reporter gene construct produced good levels of expression with significant levels of 

extracellular factor VII protein being produced in vitro, and somewhat lower levels 

following direct gene injection in vivo. The aim of the studies described in this chapter 

was to establish whether the approach to gene therapy i.e. the use of plasmid DNA for 

the expression of a coagulation factor in muscle, was the reason for the low expression 

levels obtained previously with fVIII (Steinbrecher et a l, 1993). Since the factor VII 

protein was expressed by muscle and secreted both in vitro and in vivo., we can conclude 

that the approach to gene therapy and the construct design were not at fault in the 

expression of factor VIII. It is worth noting that three reports in 1995 led to the 

successful expression of factor VIII in vitro (Chuah et al., 1995) and in vivo (Dwarki et 

al., 1995, Connelly et al., 1995, Table 1.3). These studies showed that the inhibitory 

sequences within the factor VIII coding region (Lynch et al., 1993, Shima et al., 1993, 

Hoeben et al., 1995, Fallaux et al., 1996, Koeberl et al., 1995) could be somehow 

compensated for by (i) the insertion of an intron, in the case of the retroviral vectors 

(Dwarki et al., 1995, Chuah et al., 1995) or (ii) by the use of a different promoter e.g. 

the mouse albumin promoter modified to contain three tandem hepatic nuclear factor 3 

binding sites, in the case of the factor VIII adenoviral vector (Connelly et ah, 1995). 

Therefore, if the studies with factor VIII were to be resumed, the insertion of an intron 

may have improved the expression levels of factor VIII in muscle using the 

muscle-specific expression construct used to express factor VII.

The experiments in this chapter were also performed to ascertain whether the 

gene for human fVII could be introduced into muscle cells and a biologically active
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protein secreted. At the time of this study, other studies expressed factor VII in vitro 

using the neomycin resistance gene (Toomey et al, 1991) to obtain stable 

fVII-producing lines and/or methotrexate to select for vectors containing DNA 

sequences associated with the DHFR gene (Wildgoose et a l, 1990, Kemball-Cook et 

al, 1994). The results with these expression vectors were also satisfactory, with a 

maximum of 5 pg of fVII/ml of serum-free media being produced by Kemball-Cook et 

al (1994). These approaches might prove advantageous for an ex vivo gene therapy 

approach, where stable, high-level human fVII producing cell lines could be selected for 

before being transplanted back into the animal model or patient. A stable hfVII 

expressing muscle cell line was not required at this stage of our investigations as we 

were more interested in testing whether the approach would be successful for direct 

gene injection in vivo and not in increasing expression levels in vitro. Furthermore, the 

other studies (Wildgoose et a l, 1990, Kemball-Cook et al, 1994) were designed 

primarily to produce factor VII with known amino acid substitutions and to establish 

their effects in vitro. Thus, although large amounts of protein could be produced, their 

possible benefit in an in vivo situation is questionable.

Also, at the time of this study, several gene therapy studies were being 

undertaken for haemophilia B using the cDNA for human factor IX (for review see 

Brownlee, 1995). The levels of factor VII obtained here were comparable with other 

studies using muscle as a target for fIX gene expression (Dai et al, 1992a, Roman et al, 

1992 Sl Y diO et al, 1992 & 1994). Since factor VII (500 ng/ml in plasma) is naturally 

synthesised at a lower level than factor IX (5 pg/ml in plasma), the results obtained here 

were considered to be promising.
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Correct post-translational modification of the recombinant protein produced in 

these studies was confirmed by the presence of activity in a one-stage PT-based clotting 

assay for human factor VII and the elimination of activity upon adsorption by 

aluminium hydroxide. There was a discrepancy between the values obtained from the 

ELISA and those obtained in the functional assay and this indicates that not all of the 

protein produced was y-carboxylated or correctly processed both of which could lead to 

inactivity. One possible explanation may be that although the y-carboxylase gene (a 

microsomal enzyme that performs the post-translational modifications to produce 

y-carboxyglutamic acid residues) must be present, muscle is not known for its ability to 

y-carboxylate proteins as there are at present no known y-carboxylated proteins which 

are normally secreted by muscle.

In addition, the lack of vitamin K, a cofactor for y-carboxylase activity, in the 

culture media, may also have contributed to the reduction of factor VII activity. 

Previously, it has been shown that depleting the cell culture media of vitamin K, can 

abolish y-carboxylation (Berkner et al, 1986 and Busby et a/., 1985). Also, the use of 

vitamin K supplemented culture media when expressing hfVII in vitro produces similar 

levels of both antigen and activity (Kemball-Cook et al, 1994). If further in vitro 

studies were to be undertaken, vitamin K would be added to the cell culture media, 

thereby ensuring sufficient vitamin K was available to produce complete 

y-carboxylation of any fVII produced. The aluminium hydroxide adsorbed media would 

also be tested in the ELISA enabling the percentage, of any inactive, non y-carboxylated 

hfVII produced to be ascertained.
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An independent study using muscle to express human fIX (Yao et a l, 1994) has 

shown differences in post-translational modifications between recombinant 

muscle-derived fIX and plasma fIX. Specifically, some heterogeneity in carbohydrate 

chains occurred (Yao et al., 1994). However, no discrepancy between antigen and 

activity was apparent and in a one-stage clotting assay the recombinant fIX produced 

had a specific activity ranging between 95-125% (Yao et aL, 1994). The culture media 

was supplemented with vitamin K in the above study.

Following direct gene injection of the muscle-specific hfVII expression vector 

ppF7PASe9 into the quadriceps muscles of mice, an elevation of systemic factor VII 

levels was observed. This result suggests that following intra-muscular injection, muscle 

can take up the DNA and produce sufficient secretable recombinant gene product to 

raise systemic factor VII levels. However, the protein was only detected transiently at 

four to five days after injection. This is comparable to previous studies where direct 

gene injection into fish muscle showed that plasmid DNA was expressed at this time 

(Hansen et al, 1991). It was also possible to demonstrate the development of an 

anti-human fVII antibody in animals from seven to ten days after injection (Table 3.1). 

This is not surprising as the human protein produced is foreign to the host and the 

antibody appears on a time-scale consistent with the development of a primary immune 

response. The development of this antibody also suggests that the recombinant hfVII 

produced was immunogenic and more than likely accounts for the transient detection of 

hfVII since antigen-antibody complexes are rapidly cleared from the circulation.

A recent study using a plasmid containing the p-galactosidase reporter gene 

driven by the CMV promoter directly injected into skeletal muscle (Wells et al, 1997) 

has shown that immune responses to the gene product are the cause of the decrease in
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long term expression rather than promoter inactivation. The immune responses observed 

by Wells et al. (1997) led to an elimination of fibres expressing the transferred reporter 

gene. Immune system responses to gene products other than the highly immunogenic 

p-galactosidase protein have also been observed when, for example, human 

erythropoietin (Tripathy et aL, 1996, Kessler et aL, 1996), human low density 

lipoprotein receptor protein (Kozarsky et aL, 1994) and perhaps of more relevance to 

this study, human ftX (Dai et aL, 1995, Herzog et aL, 1997, Monahan et aL, 1998) were 

expressed in muscle. Their findings indicate that the immune response that we observed 

to human fVII is not uncommon and suggest that it could have potentially led to the 

elimination of fVII expressing muscle fibres and contributed to the transient detection of 

hfVII. Since the injected muscles were not excised and investigated in our study, as yet 

we do not have any data to support this hypothesis. By replacing the human 

erythropoietin gene with the autologous murine gene, Kessler et aL (1996) showed that 

the immune response could be avoided and the duration of erythropoietin expression 

prolonged.

However, all of the other studies (Tripathy et aL, 1996, Kessler et aL, 1996, 

Kozarsky et aL, 1994, Dai et aL, 1995, Herzog et aL, 1997, Monahan et aL, 1998) used 

viral vectors to introduce the exogenous gene and the presence of viral proteins firom the 

vector or leakage of viral proteins from the replication-defective genome of such vectors 

may have influenced the nature of the immune response. By contrast, plasmid gene 

transfer does not introduce potentially immunogenic proteins at the time of transfer. 

Wells et aL (1997) also compared the immune response from the CMV-driven plasmid 

with an RSV-driven plasmid. The RSV promoter appears to express particularly well in 

muscle (Overbeek et aL, 1986) whereas the CMV promoter expresses ubiquitously.
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Wells et al. (1997) found a difference in IgG isotype induced by injection of the two 

plasmids which raises the possibility that there may also be a difference in the transient 

expression in non-muscle cells including the professional antigen presenting cells 

between the two promoters. Therefore, the muscle-specific expression vector ppPASe9, 

may induce less of an immune response than the CMV promoter due to its limited 

expression site. Preliminary studies have been performed in this laboratory by others 

using the CMV promoter to control expression of the hfVII gene in muscle to 

investigate the immune response induced (Fields et aL, 1998). Further work could be 

done to compare the immune responses observed with a CMV promoter construct and 

the muscle-specific expression construct ppF7PASe9.

The anti-human antibody generated in the mice may also have led to an 

underestimation of the concentration of fVII in the plasma of the mice as it may 

compete with the factor Vll-specific coating antibody in the ELISA system for binding 

to human factor VII. Interestingly this theory has recently been discussed by others and 

experiments were performed illustrating that this occurs both in vitro and in vivo 

(Hortelano et al, 1996). When measuring human flX Ag in murine plasma by ELISA, 

Smith et al. (1993) also noticed that the mouse plasma suppressed the expected ELISA 

values by 40%.

To conclude, these results show that the combination of muscle-derived 

promoter and enhancer elements used in our system produce a construct that is 

functional in muscle in vitro. In addition, it appears that muscle, in the absence of 

vitamin K, has the post-translational modification system required to effectively 

y-carboxylate or otherwise correctly process approximately half the hfVII produced and 

to secrete a biologically active protein. Direct gene injection into the quadriceps muscles
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of the mouse led to a transient elevation of fVII levels in the circulation and the 

production of an anti-human antibody, demonstrating that the system has the potential 

to work in vivo. These results were published (Miller et aL, 1995), see Appendix.

3.4 Future studies

The small volume of blood obtained from each mouse (<500 pi plasma), 

prevented the levels of fVII antigen, activity and anti-human antibodies from being 

established for each sample. Since the mice were sacrificed in order to obtain the 

maximum amount of blood by intracardiac puncture, repeat DNA injections could not 

be carried out to enable monitoring of the immune response and, if necessary, the 

administration of immunosuppressive reagents. These problems could be addressed in 

future studies by scaling down the assays, utilising the technique of tail bleeding for 

obtaining multiple blood samples, or the pooling of blood samples from a larger number 

of experimental animals.

In addition to the problems of small sample size, the animal experiments were 

somewhat limited by the generation of antibody to hfVII which prevented the duration 

of expression of these transferred plasmids from being ascertained. Experiments using 

SCID or nude mice would overcome this problem (see below).

Mutations in the human fVII DNA have been modelled molecularly (Bemardi et 

aL, 1994) and it might be possible by similar modelling methods to postulate which 

epitopes are most likely to be involved in eliciting an immune response in the mouse. 

Attempts could then be made to mutate the immunogenic sites to lessen or abolish the 

immune response.

Immune compromised mice such as SCID mice (Yao et aL, 1994), the
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administration of immune suppressants such as cyclosporin A (Fang et al, 1995), 

cyclophosphamide (Smith et a l, 1996), deoxyspergualin (Smith et a l, 1996) or 

anti-CD4 antibodies (Cobbold et al, 1990, Manning et a l, 1998) have all been shown 

to be effective in overcoming the immune response at least transiently in various 

situations. The special facilities required to house and care for immune compromised or 

suppressed animals were not available at the RFHSM and so this option, although 

desirable, was not available.

Therefore, an easier and safer option for continuing these studies was to utilise 

the autologous gene for murine factor VII that would avoid the immune response 

(Kessler et a l, 1996). The cDNA for murine factor VII (Rosen et al, 1997) became 

available during the course of this study. The next chapter continues this line of research 

by using the cDNA for murine fVII to replace the human cDNA in the plasmid 

ppF7PASe9. This approach should overcome any xenogeneic immune responses to the 

recombinant gene product and should allow the level and duration of expression of the 

native protein from the muscle-specific vector to be ascertained. However, since the 

native fVII protein would be present in mouse plasma, it would be difficult to ascertain 

whether any elevation in plasma levels of fVII was attributed to expression of 

recombinant fVII in vivo. The recombinant murine fVII protein could be tagged with a 

short peptide, to which an antibody is raised to allow distinction between it and the 

native protein in vivo. A  mammalian expression vector from Invitrogen that allows the 

C or N-terminal tagging of recombinant proteins was utilised for this purpose in Chapter 

4.

Additionally, work was being undertaken at the time of this study to develop a 

knock-out mouse for fVII (E Rosen, Notredame, Leiden) which would obviate the need
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for tagging. As the effects of having zero levels of fVII on the transgenic animals was 

unknown and no human homologue was known, to give an indication of viability or 

severity of this phenotype, we continued with the tagging experiments to allow 

expression of the gene product in immunocompetent mice (see Chapter 4).
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CHAPTER 4 

TAGGING OF MURINE FVII AND ITS EXPRESSION IN  VITRO

4.1 Introduction

The studies reported in Chapter 3, using human factor VII, were hindered in vivo 

by the immune response of the mouse. To overcome these problems and in the absence 

of an appropriate animal model, the cDNA for human factor VII (hfVII) was replaced 

with the cDNA encoding murine factor VII (mfVII). The cDNA for murine factor VII 

has recently been cloned (Idusogie et a l, 1996) and the translation product is composed 

of a 41 amino acid signal/propeptide region followed by a 405-residue mature protein. 

The mature mouse protein is highly homologous to that of human, bovine, rabbit. 

Rhesus monkey and canine factor VII (see Figure 4.1, Idusogie et a l, 1996). All protein 

domains of hfVII are strictly conserved in mfVII and the high degree of homology 

between mammalian amino acid sequences suggested that the propeptide sequences can 

function identically and are, therefore, interchangeable.

The aim of this study was to circumvent the immune response previously 

observed in the mouse, by cloning the native mouse cDNA into a fusion vector to 

express a tagged peptide, in order to distinguish between the endogenous and 

heterologously expressed protein. If successful, this would then provide a method for 

determining the duration of expression from the construct without the need for an 

animal model, any rigorous immune tolerance regimes or immune compromised 

animals which may be poor substitutes for the natural situation.
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Figure 4.1: Alignments of the amino acid sequences of mammalian fVII.

Human
Bovine
Rabbit

L C L L L O L Q G C A A G G V A K A  S G G E T R D M P W  K P G P H R V F V T  Q E E A H G V L H R

M A P O A R G L G  . 
M V P Q A H G L L L

L C S L L A L Q A S
L C F L L Q L Q G P

V F I T  Q É E A H S V L R R  
V F I T Q E E A H Q V L H R

* * * * * * * * * * * * * * * * *

Human R R A A F L E E L p 0 S L E R E c E E Q C S F E E A D A E T L F s D Q D Q C S S p C Q
Bovine
Rabbit
Mouse

* * * * * * * * * * * * * * * * * * * * * * * * * * * *

Human Q Q S C D Q L Q S C F c L p A F E 0 R C E D D Q C V E G G C E Q Y C S D T G T R S c c E G

Rabbit
Mouse

* * * * * * * * * * • * * * * * * * * * * * * * * * * * * * * * *

Human Y s L L A D G V S c T p T V E Y P C G 1 L E R A S p Q G V G G V C p G E C p Q V L L G A Q L
Bovine
Rabbit

* * * * * * * * * * * * * * * * * * * * * * * * * *

Human c Q 0 T L 1 T 1 V V s A A C F D R r A V L G E D L S E 0 G D E û S R R V A Q V p S T Y V p 0

Rabbit
Monkey
Canine
Mouse

* * * * * * * * * * * * * * * * * * * * * * * * * * *

Human T T A L L L Û p V V L T D V y p L C L p E T F S E R T L A F V R F S L V s 0 Q Q U L □ R Q A T A L E L
Bovine
Rabbit
Monkey

Mouse

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Human V L V p R L T Q D C L Q Q S R V G D S p T E Y F C A G Y S D G S D S C G D S G G p A T Y R G T Y

Rabbit
Monkey
Canine
Mouse

* * * *

Human 0 1 V s Q Q Q C A T V Q F G V y T R V s Q Y L Q R S E p G V L L R A p F p

Bovine
Rabbit
Monkey

Note: The * indicates residues that are identical in all species.

Reproduced from Idusogie et al. (1996).
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I used the pcDNA vectors (Invitrogen) to tag the murine factor VII cDNA. A tag 

can be placed either on the C-terminus or N-terminus of a recombinant protein by 

cloning the cDNA in frame with the sequence of an amino acid tag present in these 

vectors.

In this chapter the cDNA for mfVII was cloned into the fusion vector 

pcDNA3.I(-)/Myc-His (section 2.11.2 and Figure 2.8) which introduces both a His tag 

and a myc tag onto the C-terminus of the recombinant protein (GM2, Figure 2.9). 

Recombinant C-terminal tagged mfVII was extremely difficult to detect in the lysate 

(results not shown) and media (Table 4.1) from cells transfected with GM2. Therefore, 

the mfVII cDNA was also cloned into the fusion vector pcDNA3.1/HisB (section 

2.11.3) to introduce both a His and anti-Xpress tag (Invitrogen) at the N-terminus of the 

recombinant protein (GMI, Figure 2.7). Even though we expect the N-terminal tag to be 

cleaved off upon secretion, along with the signal sequence of mfVII, in vitro 

experiments could still be performed to check for expression of recombinant protein by 

its clotting activity.
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4.2 Results of the C-terminal tagging of murine fVII

4,2.1 In vitro expression o f C-terminal tagged mjVIIin C2C12 cells

GM2 (mfVII in the expression vector pcDNA3.1(-)/Myc-His) was completely 

sequenced to ensure no mutations had been introduced during the PCR and cloning 

reactions and that it was cloned in frame with the myc and His tags. When the sequence 

data was compared to the published mfVII cDNA sequence (Idusogie et aL, 1996), 

excluding the engineered 3' end, no mismatches were found, indicating that the cloning 

and amplification procedures had not generated any unwanted mutations.

The expression of mfVII in myogenic cells was tested by lipofection of GM2 

into C2C12 cells (section 2.13.4b). Media and cell lysate samples were taken 24, 48, 72 

and 96 h after the addition of differentiation media (media + 4% horse serum) and tested 

in several assays, the results of which are detailed below.

4.2.1. a) Human fV II clotting assay o f media and cell lysate samples o f C2C12 cells

FVII biological activity was not detected in a PT-based hfVII assay (Section 

2.18.2b). None of the samples significantly reduced the clotting time of human fVII 

depleted plasma when compared to the negative controls of saline and media from 

non-transfected cells shown in bold type (Table 4.1). The cell lysate results are not 

shown as they did not form a clot in less time than the saline control and so the assay 

was stopped manually.
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Table 4.1:Clotting assay of media samples taken from C2C12 cells transfected with
GM2

Hours after transfection Sam ple Actual clotting time (s)
24 GM2 A 61.6
24 GM2 B 60.7
24 GM 2C 59
24 GM2 D 54.7
24 GM 2E 56
24 BKA 58.4
24 BKB 54.7
24 BKC 55.3
24 BKD 55.7

OBS 63.9
48 GM2 B 55.5
48 GM 2C 57
48 GM2 D 55.6
48 GM2 E 56
48 BKB 59.5
48 BKC 54.7
48 BKD 57.5

20 NP 15.5
72 GM2C 65.8
72 GM2 D 76.8
72 GM2 E 88.7
72 BKC 58.4
72 BKD 58.7

20 NP 15
96 GM2 D 62.4
96 GM2 E 62.6
96 BKD 69.8

OBS/FVII 59

KEY

GM2 = cells transfected with murine factor VII construct GM2, five d ishes  
transfected labelled A, B, C, D, E
BK = blank controls media from cells not transfected with any DNA, four 
d ishes transfected labelled A, B, C, D 
20 NP= 20 normal pooled plasma, positive control for a ssa y  
OBS= Owrens Buffered Saline, negative control for experiment 
Numbers in bold type denote negative controls
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In order to establish if a protein lacking clotting activity in this assay was present, a 

chromogenic assay was also used to screen the samples (Section 2.18.3). The results are 

described below.

4.2.1 b) Chromogenic Assay o f media and cell lysate samples from transfected C2C12 

cells

The PT-based test may not have worked because it relies upon a functional 

phospholipid binding site in the recombinant protein, which may not be exposed or 

functional with the C-terminal modified mfVII of GM2. Therefore a different assay was 

used; the Coaset® chromogenic assay (Chromogenix AB), to test both media and cell 

lysates tested in the clotting assay. The assay is based on a two-stage principle. In stage 

one Factor X is activated to Factor Xa via the extrinsic pathway (FVII-thromboplastin). 

Factor VII is completely converted to F Vila during this process and accordingly there is 

no interference in the assay of preactivated FVII. In stage two the generated Factor Xa 

hydrolyses the chromogenic substrate S2765 (N-a-Cbo-D-Arg-Gly-Arg-pNA) thus 

liberating the chromophoric group, pNA. The colour is then read photometrically at 

405nm. The generated factor Xa and thus the intensity of colour is proportional to the 

fVII activity in the sample.

However using this method none of the cell lysate samples produced a colour 

change in the chromogenic assay which indicated that active protein was not present in 

the cytoplasm of the cells. This assay could not be used for the cell media samples, as 

the 20% citric acid used to stop the assay reacted with the phenol red in the cell culture 

media to give a yellow colour identical to that expected for a positive result. Rather than 

repeating these experiments with a modified protocol to prevent this colour change,
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western blotting and immunofluorescence were used instead to try and detect the 

recombinant protein.

4.2.1 c) Western blotting o f media and cell lysate samples from transfected C2C12 cells

To investigate the presence of mfVII in the cell lysate and media, samples of 

neat and TCA precipitated (Section 2.16.5) media and cell lysate from C2C12 cells 

transfected with GM2, pcDNA3.1(-)Myc-His//flcZ or mock transfected, were western 

blotted using the anti-myc antibody (Invitrogen, Section 2.17). No reactivity was 

observed in any of the test samples transfected with GM2 (results not shown). The 

positive control of a cell lysate from a cell transfected with the B-galactosidase 

construct, pcDNA3.1(-)Myc-His//acZ, showed an immunoreactive band of MW 

120 kDa, the expected size of B-gal. An explanation for these results may be that the 

expression level was too low to be detected by western analysis using the anti-wyc 

antibody.

Due to the relatively recent isolation and cloning of the murine factor VII gene, 

primary antibodies to murine fVII were not available commercially. The only 

polyclonal antibody available (Castellino FJ, University of Notre Dame, Notre Dame, 

Indiana, USA) was non-specific when tested in both a western blot and ELISA using 

mouse plasma as a control and the human fVII antibodies available did not react with 

murine plasma.
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4.2.1 d) Anti-myc/anti-his ELISA o f media and cell lysate samples from transfected 

C2C12 cells

Paul Murdock (RFHSM, London) developed a more sensitive assay to detect the 

presence of mfVII by means of ELISA. Both the anti-myc antibody to capture the 

recombinant fusion protein via the myc epitope and the anti-His HR? antibody to detect 

the protein via the six tandem histidine residues (Section 2.19.2) worked well with a 

known B-gal positive lysate from cells transfected with the B-gal control vector 

pcDNA3.1(-) Myc-His//âfcZ, which produces a protein fused to both the myc and His 

epitopes. However, when samples of media and cell lysate from C2C12 cells were 

incubated on the plate very variable results were seen including false positives from 

control samples, such as media and lysate from non-transfected cells. Therefore, this 

assay was not pursued further as it was thought to be too unreliable.

4.2.1 e) His purification o f media and cell lysate samples from transfected C2C12 cells

As the recombinant mfVII expressed from GM2 should also contain a His tag as 

well as the myc tag, I attempted to detect expression by purifying the protein from 

transfected cells and media by column purification using ProBond™ columns 

(Invitrogen).

Neither the cell lysate nor the media from GM2 transfected C2C12 cells, eluted 

with a range of different imidazole concentrations, showed a band of the correct 

molecular weight for mfVII when subsequently western blotted using the anti-wyc 

antibody (Section 2.17). However, a band of approximately 30 kDa was seen in all but 

two lanes, including the negative controls of media and cell lysate from mock 

transfected cells (results not shown). The two lanes negative for the 30 kDa band
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contained the 200 mM imidazole elution from media samples taken 1 and 3 days after 

transfection with the mfVII construct. This indicates the presence of a contaminating 

non-recombinant protein which would not only have to bind to the ProBond™ resin 

(Invitrogen) but which would also have to be immunoreactive with the anti-myc 

antibody suggesting it possessed the myc epitope as well as histidine residues. Cross 

contamination between samples was ruled out, as the band seen was not the size 

expected for murine fVII and was not detected in all of the samples.

4.2.1 f)  Immunofluorescent staining o f C2C12 cells

Immunofluorescent staining using the monoclonal mouse anti-myc antibody and 

a FITC conjugated anti-mouse secondary antibody (Section 2.19.3) was used to 

determine whether or not any recombinant protein was being trapped within the cell 

membrane. This method was used, as it was believed to be a more sensitive than the 

ELISA, clotting assay and western blot. A low level of fluorescence was observed in the 

cytoplasm of cells transfected with GM2 alone (Figure 4.2 C+D) and was very similar 

to the pattern of fluorescence observed in cells transfected with the p-gal control vector 

pcDNA3.1(-)Myc-His//flcZ alone, which also contains the myc epitope (Figure 4.2 

A+B). The negative controls from non transfected cells showed no fluorescence (not 

shown). When stained for P-gal (Section 2.16.6) the cells transfected with the control 

vector showed a pattern of staining (Figure 4.3) similar in shape to the pattern of 

fluorescence seen under the fluorescent microscope (Figure 4.2). I also observed that the 

most number of fluorescent cells, was found in cells transfected with a ratio of 

DNAdipofectAMINE™ of 1:6 (see Figure 4.2) so only this ratio is shown for the 

p-galactosidase stained cells (Figure 4.3).
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Figure 4.2: Immunofluorescent staining of GM2 and 

pcDNA3.1(-)Myc-His/IacZ transfected C2C12 cells 72 h after the addition of

differentiation media

SEE OVERLEAF

KEY

A + B = cells transfected with pcDNA3.1(-)Myc-His//acZ

C + D = cells transfected with GM2

A + C = cells transfected with a DNA: lipofectAMfNE ratio of 1:6

B + D = cells transfected with a DNA: lipo feet AMINE ratio of 1:4
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Figure 4.3: C2C12 cells stained for B-galactosidase 24, 48 and 72 h after
transfection

c D

im
KEY
A, C, E C2C12 cells not transfected
B, D, F C2C12 cells transfected with the lacZ control 
vector pcDNA3.1(-)Myc/His//czcZ
A + B samples stained 24 hr after transfection 
C + D samples stained 48 hr after transfection 
E + F samples stained 72 hr after transfection
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4.2.2 Tn T™ T7-coupled reticulocyte lysate cell-free protein synthesis

Since the only method capable of detecting any recombinant protein was 

immunofluorescence and it had been established that no mutations bad been introduced 

into the cDNA as determined by the full sequence data (see Section 4.2.1), we decided 

to test whether a full length mfVII protein could be obtained from the expression 

cassette GM2. Therefore, GM2 was used as a template in the Promega TNT^^ T7- 

coupled reticulocyte lysate cell-free protein synthesis system (Section 2.12).

A protein of approximately 50 kDa, the molecular weight expected for mfVII 

(Idusogie et al, 1996), was seen in the lane containing the TNT product generated by 

GM2 (Figure 4.4). Negative controls of pCIS/mfVII, which contains the cDNA for 

mfVII but no T7 RNA polymerase promoter and the vector pcDNA3.1 (-)Myc-His with 

no insert, produced no visible bands (Figure 4.4). Positive controls gave bands of the 

expected molecular weights; 120 kDa for pcDNA3.1(-)Myc-His//acZ, and 

approximately 46 kDa for a known TNT positive PCR product (see Figure 4.4).

However, the size and intensity of the band obtained for the GM2 TNT product 

is visibly less than both of the two positive controls (13-gal and the PCR product). A 

possible explanation could be that GM2 contains only 30% of the number of methionine 

residues that the B-galactosidase control contains. Therefore less radioactivity will be 

incorporated into the recombinant mfVII than the P-galactosidase control leading to a 

decrease in the intensity on the autoradiograph.
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Figure 4.4: Autoradiograph of TNT products

Lane 1 MW

(kDa)

46

30

21.5

14.3

KEY

Lanes: 1= PCR positive control; 2= pcDNA3.1(-)Myc-His//acZ; 3=pCIS2M negative 

control; 4= pcDNA3.1(-)Myc-HisC negative control; 5= GM2; 6= Rainbow [*̂ *0] 

methylated protein molecular weight marker (ovalbumin; carbonic anhydrase; trypsin 

inhibitor; lysozyme, Amersham)
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4.23 Western blotting o f the Promega TNT products

The Promega TNT products generated in Section 4.2.2 were western blotted 

using the anti-myc antibody (Invitrogen, Section 2.17), to detect if fusion of the myc tag 

to mfVII had been successful. Bands were seen at the expected molecular weights of 

approx. 120 kDa and approx. 50 kDa in the lanes corresponding to 

pcDNA3.1(-)Myc-His//<2cZ and GM2 respectively (Figure 4.5). There was no band 

visible in lane 1 containing the negative control of vector alone (see Figure 4.5).

The intensity of the band in the lane corresponding to GM2 is still much less 

intense than the band in the lane corresponding to pcDNA3.1(-)Myc-His//acZ. This 

cannot now be explained by the lower number of incorporated radioactively labelled 

methionine and suggests that less factor VII protein is being produced. Since the control 

vector has been optimised for transcription and designed to produce the maximum 

amount of protein, this may not be surprising.
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Figure 4.5 Western blot of TNT products using the anti-/«jc antibody (Invitrogen)

MW

Lane 1 2 3 4 (kDa)

210

: , 120 
V 84

20.1

KEY

Lanes: 1= pCIS2M negative control; 2= pcDNA3.1(-)Myc-His//acZ positive control; 

3= GM2; 4= prestained SDS-PAGE broad range standards (myosin; P-gal; bovine 

serum albumin; ovalbumin; carbonic anhydrase; trypsin inhibitor from soyabean; 

lyosozyme, Biorad)

The ■ indicates a band at the molecular weight expected for mfVII.
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4.3 Results of the N-terminal tagging of murine fVII in C2C12, Cos? and ECV304

cells

A tag positioned at the N-terminus of mfVII would be cleaved off along with the 

native signal sequence during secretion (Idusogie et al, 1996). However, it was unclear 

if some of the problems with the C-terminal tag were due to its position. We therefore 

decided to investigate the expression of an N-terminal tagged protein in some basic 

expression systems. Even though we suspected the tag would be cleaved off along with 

the native signal sequence of mfVII, the expression level of the recombinant protein can 

still be investigated by measuring the clotting activity of the culture media. Therefore, 

the effects of moving the tag to the N-terminus of the recombinant protein were studied 

in the second half of this chapter using the pcDNA3.1(-)His vector (Invitrogen), which 

will express recombinant proteins fused to both a His and Xpress™ tag. Two other cell 

types were used in addition to the C2C12 muscle cell line. Cos? cells were used for 

their ease of transfection and ability to express many proteins from a variety of DNA 

constructs. The endothelial cell line ECV304 was also used as these cells were being 

used in a parallel study for Chapter 5.
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4,3.1 In vitro expression o f N-terminal tagged mfVII in C2C12, Cos? and ECV304

cells

C2C12 (Section 2.13), CosV (Section 2.15) and ECV304 (Section 2.14.4) cells were 

lipofected with GMl (mfVII in the expression vector pcDNA3.1(-)/HisB Section 

2.11.2) and pcDNA3.1/His//acZ (Section 2.10.6) using 2 ratios of DNA to 

lipofectamine of 1:4 and 1:6 (Section 2.13.4b). Samples of media and cell lysate were 

taken 24, 48, 72, and 96 h after transfection and tested for biological activity in a 

one-stage PT-based fVII assay (Section 2.18.2b). None of the cell lysate samples 

reduced the clotting time of the human fVII-deficient plasma (not shown). Both the 

C2C12 and ECV304 cell lines expressed murine factor VII fi*om the first day after 

transfection, as shown by the reduction in clotting times (Table 4.2). The C2C12 cell 

line showed a reduction in both experiments (ratios of DNA: lipofectAMINE™ of 1:4 

and 1:6) as did the ECV304 cell line to a lesser extent. There does not appear to be 

much difference in the extent of the reduction in clotting time between the two 

experiments (ratios of DNA: lipofectAMINE™ of 1:4 and 1:6). However, the Cos? cell 

line started to produce a decrease in clotting time fi-om the first day after transfection 

when using the higher concentration of lipofectAMINE (ratio of DNA: 

lipofectAMINE™ of 1:6) as opposed to three days after transfection with the lower 

concentration (ratio of DNA: lipofectAMINE™ of 1:4, Table 4.2). The reduction in 

clotting time observed with the media from the transfected Cos? cell line was less than 

that observed with the transfected C2C12 and ECV304 cell line

All cells were co-transfected with the lacZ reporter gene construct, 

pcDNA3.1/His//acZ (Section 2.10.6). This allowed the transfection efficiency to be 

estimated by measuring the P-galactosidase activity in the lysate of the transfected cells.
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Figure 4.6 shows a comparison of the means of the reduction in clotting time and the 

transfection efficiencies of the Cos? and ECV304 cell lines for the four samples taken 

on consecutive days. The results suggest that the level of mfVII produced is 

independent of the transfection efficiency and that lower transfection efficiency is not 

the reason for the lack of, or lower levels of mfVII obtained firom Cos? transfected cells 

(Table 4.2 & Figure 4.6). A maximum reduction in clotting time of 18 s (22%) was seen 

in the C2C12 cell line four days after transfection.
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Table 4.2: The reduction in clotting time of human factor Vll-deficient plasma 

induced by the addition of media from C2C12, Cos? and ECV304 cells transfected

with the mfVII expression vector GMl

Cell line 
ECV304

D ays alter transfection Keduction in clotting tim e (s)
WF
5.9
4.1
11.3

Ü 0S 7 NlJ
0.8
3.6
4.7

Ratio of 
DNA:lipo 
of 1:4

14.2

2.3
6.6
10.8

Cos/
Ratio of 
DNA:lipo 
of 1:6

4.1 
2.5
8.2

9.8
11.5
12.3

Key
lipo= lipofectAMINE™ (Gibco BRL)
ND= none detected
Each transfection was carried out in quadruplicate using lOpg of plasmid GMl and 
20pg of the control plasmid pcDNA3.1/HisB//acZ The reduction in clotting time was 
calculated by subtracting the clotting time of human factor Vll-deficient plasma when 
mixed with a media sample taken from transfected cells from the clotting time of human 
factor Vll-deficient plasma when mixed with a media sample taken from untransfected 
cells taken on the same day.
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Figure 4.6: A comparison between the reduction in clotting time provided by the media and the p-gal 
activity in the cell lysate of ECV304 and Cos? cells transfected with pcDNA3.1/HisB//acZ and GMl

1000

□  Réduction in clotting time (s)

□  p-gal activity mU/mg of protein

100

oo

10

E CV304 Cos?

Ratio of DNA:LipofectAMINE of 1:4

ECV304 Cos?

KEY
Error bars represent the 
standard error of the 
means where the 
number of samples was 
4, taken on 4 
consecutive days after 
transfection.

Ratio of DNAilipofectAMINE of 1:6



4.4 Conclusions

The expression of mfVII was investigated using both an N and C-terminal tag. 

When the tag was positioned at the C terminus, recombinant protein was never detected 

in the cell lysate by western blotting or His purification or found to possess any 

biological activity in a clotting or chromogenic assay. Expression in an artificial in vitro 

system (the TNT system from Promega see Section 2.12) did produce a low level of 

protein expression. Recombinant C-terminal tagged protein was not detected in the cell 

culture media by any of the methods used to detect recombinant protein in the cell 

lysate. A possible explanation may be that the levels of protein production were too low 

to be detected by the majority of the techniques used. This is confirmed by the finding 

that only the most sensitive technique, immunofluorescence, detected recombinant 

C-terminal tagged protein within the cell. The sequencing of the mfVII expression 

vector and the production of protein in the TnT system ruled out the possibility that a 

nonsense mutation had arisen in the DNA during the cloning or amplification 

procedures. Although the N-terminal tag is cleaved off the resultant mRNA is stable and 

active protein was secreted into the cell culture media as determined by the clotting 

assay.

The most likely explanation for these results is that deleting the termination 

codon and removing 150 bps of the 3' untranslated region (UTR) of the native mfVII 

cDNA affected the translational efficiency and mRNA stability. Previously, the length 

of the y  UTR has been shown to affect both the translational efficiency and mRNA 

stability (Tanguay & Gallic, 1996, Munroe & Jacobsen, 1990). Additionally the 3' UTR 

affects the shortening of the poly(A) tail and subsequent mRNA degradation which 

occurs in the 3' to 5' direction (Jackson & Standart, 1990). The poly(A) tail and 5' CAP
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structure have been shown to function synergistically by possibly shunting the 

ribosomes after translation termination to the 5' UTR to enhance reinitiation of 

translation and consequently translational efficiency (Gallic, 1991, Sonenberg, 1994). 

Furthermore, mRNA stability has been shown to be altered when the translational stop 

codon is moved to a different site in the mRNA (Marzluff & Pandey, 1988, Daar & 

Maquat, 1988).

Residues in the C-terminal portion of the fVII protein are important for secretion 

along with the N-terminal signal sequence. Previously, a mutation (Thr^^^Met), 47 

amino acids from the C-terminus of the factor VII protein in a patient with hereditary 

fVII deficiency, was described that caused defective secretion of the factor VII molecule 

(Arbini et al, 1996).

A second possibility is that the myc and His tags may inhibit the correct folding 

of the recombinant protein and hence prevent the protein from being secreted. 

Abnormally or partially folded polypeptides have been shown to form aggregates during 

and directly after synthesis in the endoplasmic reticulum (ER) (Marquardt & Helenius, 

1992, Jaenicke, 1987) and are often non-covalently associated with the ER chaperone 

GRP78/BiP (Hurtley et a l, 1989) effectively preventing secretion. The aggregates are 

retained in the ER and often slowly degraded over several hours. Interestingly, the 

C-terminal portion of the A1-domain of factor VIII inhibits secretion in vitro, and has 

been found to contain multiple short peptide sequences that have the potential to bind 

BiP (Marquette et a l, 1995).

Although published data has shown both tags to have little effect on the function 

and secretion of the recombinant proteins; e.g. microtubule-associated protein 2C and 

human melanocortin I receptor in vitro (Cravchik & Matus , 1993, Schioth et al., 1996
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respectively) the alteration of the C-terminus of mfVII in the C-terminal tagging 

procedure may have led to a conformational change in the protein. Such a change could 

have exposed residues that might bind to GRP78/BiP and promote the formation of 

insoluble aggregates, thus preventing secretion and leading to degradation.

Retention in the ER by binding to GRP78/BiP could not be confirmed as a 

reason for the lack of secreted C-terminal tagged mfVII. This was because the levels of 

C-terminal tagged mfVII were undetectable in the majority of assays, so it was not 

possible to use EndoH digestion to assess ER retention in the cell lysates of GM2 

transfected cells. Sensitivity to EndoH digestion provides evidence for the protein not 

entering the golgi compartment (Arbini et al., 1996).

The problems encountered in this chapter prevented the testing of the 

muscle-specific elements used in Chapter 3 for expression of mfVII. Since a tagged 

protein was difficult to detect when driven by the strong and versatile CMV promoter 

within a vector optimised for expression and a system optimised for the purification of 

recombinant proteins, it seemed unlikely that any better expression would have been 

achieved with ppPASe9. Therefore, at present, we are unable to establish the duration 

and level of expression of a coagulation factor in vitro and in vivo under control of the 

myosin heavy chain promoter and myosin light chain enhancer.
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4.5 Future studies

In light of the problems encountered with tagging the native mfVII protein, a 

different approach to overcoming the immune response might be preferable. The use of 

immune compromised mice or an immune tolerance regime might prove beneficial as 

mentioned in Chapter 3.

However, during the course of this study a mouse model for fVII deficiency was 

reported (Rosen et aL, 1997). In theory the model could provide an excellent system for 

evaluating the murine fVII expression vector, without the need for tagging the 

recombinant protein. However, the severity of disease in these mice is such that, if they 

do not die during or shortly after birth they suffer severe and progressive bleeding, 

mainly intra-abdominal, which results in death within the first 24 h in 70% of the 

neonates. Mice that survive beyond 24 h all die within at most 24 days, primarily due to 

intracranial haemorrhage. Thus, if expression vectors containing the gene for mfVII 

were administered to these animals, special care and consideration would have to be 

taken to prevent excessive bleeding leading to fatality. However, heterozygous 

fVII-deficient neonates (-/+) have ~ 10% the adult plasma level of fVII and are 

protected from bleeding. Therefore, these animals could be used in future studies to 

establish if  a rise in the level of plasma fVII was obtained after administration of 

pPPASe9 containing the cDNA for mfVII without the need for tagging, tolerisation or 

clotting factor cover.

Without a mouse model, further work using mfVII might entail using an 

alternative tag, since the commercially available antibody to the myc epitope was 

actually raised in the mouse and therefore the myc epitope is likely to be highly 

immunogenic in the mouse.
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Avoiding altering the 3' end of the DNA by positioning an amino acid tag 5' to 

the termination codon, but still in frame with the fVII DNA, would locate the epitope 

for the tag at the end of the protein without excluding any of the 3' UTR. This may also 

have detrimental effects on RNA stability, protein folding and secretion but work could 

be done to find the ideal location and amino acid sequence for the tag to minimise these 

effects.

A recent study has utilised the technique of recombinant PCR mutagenesis to 

insert an epitope tag into an open reading frame (ORF) of the varicella-zoster virus 

(VZV) gL glycoprotein (Hatfield et aL, 1997). They first defined an unrelated linear 

epitope that was highly immunogenic and then found a non-critical site for insertion. 

The epitope was inserted into the non-critical location by recombinant PCR 

mutagenesis. This procedure allowed the protein to be immunoprecipitated and its 

intracellular location to be ascertained by immunofluorescence and confocal 

microscopy. This technique would allow the epitope tagging of mfVII whilst the DNA 

remained in the vector pCIS2M without the need to first shuttle the gene or consider the 

availability of unique restriction sites. Mutagenesis and expression could ascertain a 

non-critical location in mfVII. The tagged cDNA for mfVII could be cloned directly 

into ppPASe9 (Section 2.10.4, Figure 2.2A) for expression utilising the myosin heavy 

chain promoter and myosin light chain enhancer. This obviates the need to remove the 

3' UTR of mfVII and ensures the tag would not be cleaved off. It still retains the 

possibility of purifying and localising the tagged protein and would also allow 

distinction between the native mfVII and the recombinant mfVII in vivo.

The immunofluorescent data could be further confirmed by using the hfVII 

expression vector ppF7PASe9, used in Chapter 3, and also by replacing the mfVII
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cDNA in GM2 with the cDNA for hfVIL The mouse monoclonal anti-human fVII 

antibody used in the ELISA in Chapter 3 could be used alongside the anti-wyc antibody 

for immunofluorescent staining of transfected cells. This might serve as a better control 

than p-galactosidase staining and would allow the same technique (i.e. 

immunofluorescence) to be applied to the detection of both the tag and the fVII protein.
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CHAPTER 5

THE ENDOTHELIAL CELL: A TARGET CELL FOR HAEMOPHILIA GENE

THERAPY

5.1 Introduction

Vascular endothelial cells are particularly attractive as a target for gene transfer 

in vivo because of their large numbers, vast surface area and strategic location at the 

blood-tissue interface. Furthermore, endothelial cell gene transfer would allow secretion 

of a transgene product directly into the bloodstream.

Endothelial cells are metabolically active, controlling solute transport, 

coagulation, fibrinolysis, platelet aggregation, vascular tone, inflammation, immunity 

and angiogenesis amongst other fimctions. In addition to synthesising many 

procoagulant and anticoagulant molecules, endothelial cells also synthesise von 

Willebrand factor, one of whose roles is to prevent the proteolytic degradation of the 

factor VIII protein in plasma (Over et aL, 1981, Brinkhous et aL, 1985). Therefore, the 

endothelial cell is an attractive target for haemophilia gene therapy and has been used 

several times to date (Axelrod et aL, 1990, Yao et aL, 1991, Powell et aL, 1992). 

Furthermore, our initial approach to haemophilia gene therapy by direct gene injection 

into muscle may be inappropriate for haemophilia patients because of the risk of 

intramuscular bleeding. The endothelium could therefore be a more attractive site for 

gene transfer as one might be able to administer the DNA intravenously. However, 

although several groups have attempted to use endothelial cells for these purposes, so 

far, their success has been limited (for review see Takakura & Hashida 1996).
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Our initial experiments utilised primary human umbilical vein endothelial cells 

(HUVECs) as no human endothelial cell line is available that retains its differential 

phenotype. The culture of primary endothelial cells has been performed extensively to 

investigate their function in vitro. Their use has been limited to low passage cells 

because phenotype changes occur as the cells age in culture (Nathwani et aL, 1994). In 

comparison to established cell lines, DNA-mediated gene transfer of primary cultured 

cells is extremely difficult because of the requirement for large numbers of low passage 

cells. Recently, a reliable and efficient method for transfecting primary HUVECs in 

culture was reported (Nathwani et aL, 1994) and their method was applied in this study.

Much time was spent culturing large numbers of low passage primary cells and 

investigating various methods of transfection. Therefore, we proceeded to use the 

human ECV304 cell line that was reliably and efficiently transfected and easily 

obtainable.

I described earlier (Chapter 3) how the myosin heavy chain promoter and the 

myosin light chain enhancer elements were used to drive expression of a human factor 

VII (hfVII) cDNA in muscle. Sixteen percent of total endothelial protein comprises 

actin and myosin with a molar ratio of 16:2 which is close to the actin/myosin ratio in 

muscle (Schnittler et aL, 1990 & Stasek et aL, 1992). As the function of such proteins in 

muscle, endothelium and indeed platelets is broadly similar, i.e. contraction, we 

hypothesised that these elements and/or other muscle-derived elements may be capable 

of promoting/enhancing gene expression in the endothelial cell. Finally we decided to 

explore the possibility of using the endothelial cell as a target for gene therapy using the 

available muscle-derived elements and a well documented method for transfecting the 

ECV304 cell line.
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5.2 Results

5.2.1 Transfection o f primary human endothelial cells

Two methods of transfecting primary cells were tried; lipofection using two 

different commercially available liposome preparations and electroporation. Neither of 

these methods produced cell lysates with any CAT activity from cells transfected with a 

CAT reporter gene plasmid (see below).

LipofectAMINE™ (Gibco BRL) was used initially, on two separate occasions. 

The CAT ELISA was performed on samples of cell lysate obtained from pCAT-Control 

and PCAT920 transfected primary human endothelial cells taken 24, 48 and 72 h after 

transfection. Even when using the manufacturer’s modifications to increase the assay 

sensitivity (section 2.16.4), no CAT activity was detected (results not shown). This 

method had little observable toxic effect on the cells but was an ineffective method of 

transfecting primary endothelial cells.

Lipofection of the primary endothelial cells was then attempted using 

transfectam® reagent (Gibco BRL) and following the manufacturer’s protocol (Section 

2.14.6b). No CAT activity was obtained from any of the pCAT-Control vector or 

ppCAT920 transfected primary endothelial cell lysate samples taken 48 and 72 h after 

transfection (results not shown). As no CAT activity was observed from the cell lysate 

of cells transfected with the pCAT-Control vector, which contained the SV40 early gene 

promoter, it was probable that the method of transfection was inefficient and different 

vectors were not examined.

Finally, as the lipofection method of transfection did not appear to produce any 

cell lysate samples with CAT activity, the p-gal control vector, pCHllO (Promega, 

Section 2.10.1 & Figure 2.1 A) was used in the first of two electroporation experiments.
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Staining cells for P-gal was unsuccessful even after overnight incubation (results not 

shown).

A second electroporation using both pCHllO and pCAT-Control produced one 

cell lysate sample with a very weak p-gal activity of 16 mU/mg of protein when tested 

in the P-gal assay (Section 2.16.3). When a sample of this lysate containing 

approximately 280 mg of protein/well was tested in the CAT ELISA (Section 2.16.4), 

no CAT activity was observed. As the standard methods for transfection of the primary 

cells did not work, the cell line ECV304 was used instead.

5.2.2 Transfection ofECV304

Cell lysates from ECV304 cells transfected with the pCAT-Control vector 

(Promega) containing the viral SV40 early gene promoter showed a high level of CAT 

activity (Figure 5.1). However, lower levels of CAT activity were obtained from lysates 

of cells transfected with the plasmids pPCAT, pMLClCAT and pMLClCAT920 which 

contained the myosin heavy chain promoter, myosin light chain promoter and both the 

myosin light chain promoter and enhancer, respectively. ECV304 cells transfected with 

the remaining construct, ppCAT920, which contained the myosin heavy chain promoter 

and myosin light chain enhancer, showed no CAT activity (Figure 5.1).
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Figure 5.1: CAT expression in ECV304 cells: A comparison of various promoter and enhancer
elements
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The amount of p-galactosidase produced, an indicator of transfection efficiency, 

was determined (Figure 5.2 & Figure 5.3). The amount of p-galactosidase from 

pPCAT920 (19.2 mU/mg) transfected cells was 12-fold less than the next nearest value 

(232.8 mU/mg) obtained from MLC1CAT920 transfected cells. Therefore, the lack of 

CAT activity from the ppCAT920 transfected cells is probably explained by the low 

transfection efficiency. However, the mean P-galactosidase values were similar for the 

lysate samples from cells transfected with the remaining constructs including 

pCAT-Control indicating similar transfection efficiencies.

These results demonstrate that the difference in CAT activity obtained between 

pCAT-Control (208.4 pg/ml) and ppCAT (10.7 pg/ml), MLCICAT (21 pg/ml) and 

MLCICAT920 (13.8 pg/ml) were unlikely to be due to differences in transfection 

efficiency. Therefore, the differences in CAT activity might be attributed to the different 

level of expression from the different promoters and indicate that none gave a level 

superior to the SV40 promoter of pCAT-Control. The result that the addition of the 

myosin light chain enhancer element (920) had little effect (either positive or negative) 

on the level of expression in endothelial cells when under the control of the myosin light 

chain promoter (MLC1CAT920), might have been expected as this element has 

previously been shown to increase expression only in differentiated myotubes (Novo et 

aL, 1997, Donoghue et aL, 1988). The relevant muscle-specific factors are probably not 

produced by the endothelial cells.

190



Figure 5.2: A comparison between the CAT concentration and p-galactosidase activity in ECV304 cells 
transfected with CAT expression vectors under the control of various promoter and enhancer elements
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Figure 5.3: E C V  304 cells stained positive for B-gal

LEGEND The cells stained intensely blue indicate cells staining positive for 

P-galactosidase and therefore successfully transfected with the control plasmid pCHl 10.
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5.3 Conclusions

I found that I was unable to successfully transfect primary HUVECs. I also 

found that whilst it was possible to transfect the ECV304 cell line, the CAT activities 

obtained from the myosin-based promoters were very low in comparison to the SV40 

early gene promoter. Therefore, the myosin-derived elements would not be suitable for 

use in expression vectors for gene therapy in this particular cell type, unless the 

transfection efficiency was vastly improved to compensate for the approximately 

ten-fold lower level of expression.

Different groups have obtained contrasting results when using primarily 

physico-chemical methods (Takakura & Hashida, 1996) to transfect primary endothelial 

cells. Various groups have used the classical DNA co-precipitation with calcium 

phosphate or DEAE-dextran methods of transfection (Nathwani et al, 1994, Powell et 

al, 1992, von der Abe et al, 1993 and Bernstein et al, 1990) to deliver genes in vitro to 

endothelial cells. Physical methods such as electroporation (Nathwani et a l, 1994) and 

particle bombardment (Yung N-S et a l, 1994) have also been employed for gene 

transfer to endothelial cells but with variable levels of expression. However, when we 

attempted to electroporate primary endothelial cells using a published method 

(Nathwani et a l, 1994) we found that although a very low level of B-galactosidase 

activity was obtained in one cell lysate, no CAT activity was detected. This method also 

resulted in a high degree of cell death as reported previously (Nathwani et a l, 1994). 

The approach was not pursued further because of the requirement for large numbers of 

cells, the difficulty in obtaining them and the inapplicability of this technique in vivo.
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Two major ‘chemical’ approaches i.e., cationic lipid and polycation-ligand 

conjugate systems have been widely studied for plasmid DNA delivery and expression 

in endothelial cells with the aim of in vivo gene therapy (Powell et aL, 1992, Brigham et 

al., 1989, Nabel et al., 1990, 1992, 1993a, 1993b, Lim et al., 1991, Chapman et al., 

1992, Brookens et al., 1993, Zhu et al., 1993, Muller et al., 1994, Gao & Huang, 1991, 

Stewart et al., 1992 & Behr et al., 1989). Disappointingly, when we used 

LipofectAMINE™, which was successful for transfecting muscle cells in Chapters 3 and 

4, to transfect primary endothelial cells with either the pCAT-Control or pBCAT920 

vectors, the resulting lysates had no CAT activity. The cells tolerated the procedure well 

but even when the assay was repeated using the manufacturer’s recommendations to 

increase sensitivity and enhance the detection of weaker samples, no CAT activity was 

detected. The Transfectam® reagent was used as an alternative cationic lipid as it is 

known to be relatively non-toxic to cells and can also be used in the presence of serum. 

However, the Transfectam® reagent did not produce any cell lysates positive for CAT 

activity from cells transfected with either pCAT-Control or pBCAT920.

Gene transfer into endothelial cells is an approach that has considerable 

theoretical advantages, in particular the location of the endothelial cell at the 

blood-tissue interface and its large surface area. Possible means of increasing the 

transfection efficiency without the use of a viral approach, include DEAE-dextran 

transfection or possibly the use of LIPOFECTIN® reagent (Gibco BRL), a novel 

cationic lipid that has also proven successful in transfecting primary endothelial cells 

(Powell et al, 1992).

In contrast, the spontaneously transformed human umbilical vein endothelial cell 

line, ECV304 could be easily transfected and was used to test the myosin-derived
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elements. The method used to transfect this cell line was a modification of the classical 

calcium phosphate DNA co-precipitation (Graham & van der Eb, 1973). It proved to be 

very successful, as illustrated by the high levels of B-gal activity found in transfected 

cell lysates (Figure 5.2), or when transfected cells were stained for B-galactosidase 

(Figure 5.3). However, when comparing the effect of each muscle-derived element with 

that of the viral SV40 promoter alone, by assaying the cell lysates of transfected cells 

for CAT activity, none were found to be superior (Figure 5.1).

The endothelial cell as already discussed is a very attractive target for the 

production of coagulation factors and to date, has been used as a target for haemophilia 

gene therapy several times. Using the CMV promoter and a retroviral approach, bovine 

comeal endothelial cells (ACE) were infected with the cDNA for canine fIX (Axelrod et 

al, 1990). The ACE produced factor IX, had a specific activity of 83% when compared 

to a standard of normal pooled canine plasma. Using a retroviral-mediated approach and 

the retroviral LTR promoter the coagulation factor IX gene was introduced into rat 

capillary endothelial cells in vitro and produced human factor IX with full clotting 

activity (Yao et al, 1991). Endothelial cells were also transfected using a cationic 

liposome with a plasmid encoding human factor VIII under control of the RSV 

promoter (Powell et al, 1992). Factor VIII was secreted into the cell culture medium 

and accumulated to a concentration of 4-5 mU/ml.

The approach used in our studies, which proved successful in muscle, was not 

suitable for the endothelial cell. The feasibility of using endothelial cells to produce a 

coagulation factor was further demonstrated in Chapter 4. This chapter showed murine 

factor VII to be secreted into the cell culture media of ECV304 cells when under the 

control of the human cytomegalovims promoter. The amount of mfVII secreted from
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the endothelial cells over a four day period, detected by its ability to reduce the clotting 

time of human fVII-deficient plasma, was close to that secreted by the muscle cell line 

C2C12 (Table 4.2 & Figure 4.6).

The elements used in this chapter to drive expression of the CAT reporter gene 

were derived from skeletal and cardiac muscle and although endothelial cells have a 

contractile function, little is known about the role of the contractile proteins (i.e. 

myosin, actin, tropomyosin, vinculin and a-actinin) within endothelial cells. There is a 

general agreement that the increased vascular permeability observed during acute 

inflammation and in response to various endogeneous and exogeneous mediators 

follows a paracellular pathway. Under inflammatory conditions large gaps and holes are 

formed in the intracellular clefts between neighbouring endothelial cells. Since gap 

formation is accompanied by changes in cellular and nuclear shape it has been 

suggested that the intracellular gaps are produced by a contractile mechanism. As both 

actin and myosin are strategically located along the cytoplasmic aspect of the 

intracellular clefts they may indeed have a direct role in junction permeability 

(Schnittler et al, 1990). In hindsight, as the myosin that is found in the endothelial cell 

is a non-muscle myosin then we might not have expected the expression levels from the 

muscle-derived elements to improve upon or equal those from the SV40 early gene 

promoter.
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5.4 Future studies

If future studies using endothelial cells as a target for haemophilia gene therapy 

were to be pursued, then an endothelial-specific promoter might be a more successful 

alternative to a muscle-derived one. Studies using the vWF promoter (Ozaki et aL, 

1996), the human intercellular adhesion molecule 2 promoter (Cowan et aL, 1996) and 

the promoter from the tie gene, a gene which encodes a tyrosine kinase receptor 

expressed in the endothelium of blood vessels (Korhonen et aL, 1995) have shown 

endothelial-specific expression of heterologous genes.

In addition, if non-viral elements are to be used to drive expression in 

endothelial cells, then improved methods of transfection should be established to 

overcome the effects of the lower expression levels. The ability of endothelial cells to 

be transfected in vivo, without the use of viral strategies has been demonstrated by 

Nabel et aL (1990). Arterial segments were transfected directly in vivo using liposomes 

and a double balloon catheter technique. Expression was found to be site-specific. In 

contrast, intravenous injection of DNA and lipofectin has led to non-specific expression 

(Zhu et aL, 1993). Using similar catheter-based techniques to Nabel et aL (1990) 

successful in vivo direct gene transfer to the arterial wall of femoral, coronary, 

pulmonary or peripheral vessels has been performed with plasmid DNA and cationic 

liposome complexes (Nabel et al, 1992, Nabel et al, 1993a, Nabel et aL, 1993b, Muller 

et aL, 1994) in several animal models. To avoid using the invasive catheter-based 

techniques, intravenous injection of DNA/lipofectin could be performed with constructs 

containing a tissue-specific promoter and/or enhancer such as the ones described earlier, 

to ensure tissue-specific expression.
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CHAPTER 6 

FINAL DISCUSSION

Since each chapter contained a separate discussion, this chapter will summarise 

the findings of the entire thesis and will draw parallels with the literature.

Chapter 3 successfully demonstrated that the technique of direct gene injection 

using a muscle-specific expression construct was not the cause of the lack of factor VIII 

expression in the previous study (Steinbrecher et al, 1993). Factor VII was successfully 

secreted from muscle both in vitro and in vivo using this approach. The results reported 

here compare favourably with those from two recent reports where human factor VII 

was expressed in vitro in COS-7 cells (McVey et al, 1998) and baby hamster kidney 

cells (BHK, Pinotti et al, 1998). We achieved a level of expression measured at 108 ng 

of fVII/lQ® cells/24h with an activity of 550 mU/ml using lipofection of the p-cardiac 

myosin heavy chain promoter-driven construct, whereas McVey et a l achieved 35 mU 

of fVII/ml using electroporation and a CMV-driven construct and Pinotti et a l reported 

42.8 ng of factor VII/10̂  cells with an activity of 370 mU/ml using lipofection of a 

CMV-driven construct.

In addition, the results we obtained with human factor VII were comparable with 

haemophilia B studies using muscle as a target for factor IX expression (Dai et al, 

1992, Roman et al, 1992 & Yao & Karachi, 1992, Yao et al, 1994). Since factor VII 

(500 ng/ml plasma) is naturally synthesised at a lower level than factor IX (5 pg/ml of 

plasma), the results obtained were especially promising.

However, some discrepancy between the antigen and activity results we obtained 

suggested that not all of the factor VII produced was y-carboxylated or therefore, active.
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This may have been caused by a lack of vitamin K, a cofactor for y-carboxylase activity, 

in the culture media. Depleting the cell culture media of vitamin K, can abolish 

y-carboxylation (Berkner et al, 1986 and Busby et al, 1985) whereas supplementing 

media with vitamin K produces similar levels of both hfVII antigen and activity 

(Kemball-Cook et a l, 1994) in vitro. Although expressing human fIX in muscle cells 

(Yao et al, 1994) gave rise to heterogeneity in the carbohydrate chains between 

recombinant muscle-derived flX and plasma fIX, there was no discrepancy between 

antigen and activity and the recombinant fIX produced had a specific activity ranging 

between 95-125%. Vitamin K was used to supplement the culture media in their study.

My results for human factor VII expression in vivo in mice were limited by the 

generation of an immune response to the human protein. An immune response has also 

been observed in other direct gene injection studies, where a non-autologous gene was 

expressed in muscle (Kozarsky et al, 1994, Kessler et al, 1996, Tripathy et al, 1996, 

Wells et al, 1997) including human factor IX (Dai et al, 1995, Herzog et al, 1997, 

Monahan et al, 1998). The anti-human antibody generated in the mice may also have 

led to an underestimate of the concentration of fVll in the plasma of the mice described 

in Chapter 3, as it may compete with the coating antibody in the ELISA system for 

binding to human factor Vll. Interestingly, this theory has recently been discussed and 

experiments performed to illustrate its occurrence, both in vitro and in vivo (Hortelano 

et al, 1996). When measuring human fIX Ag in murine plasma, by ELISA, Smith et al, 

(1993) also noticed that the mouse plasma suppressed the ELISA values by 

approximately 40%.

To overcome the immune response, 1 went on (Chapter 4) to use the murine 

factor Vll cDNA and an epitope tag to detect expression of the recombinant protein in
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the mouse. The strong host immune response can be avoided by the intramuscular 

injection of the autologous protein (Tripathy et a l, 1996, Yang et a l, 1996 & Kessler et 

a l, 1996). However, I experienced problems with tagging murine factor VII at both the 

N and C termini and discussed the potential reasons of failure. However, murine protein 

was secreted into the cell culture media from muscle, endothelial and kidney cells and it 

was shown to be functional in a clotting assay where it reduced the clotting time of 

human factor Vll-deficient plasma.

During the course of this study a mouse model for factor VII deficiency was 

reported (Rosen et al, 1997). Since murine factor VII was secreted into the cell culture 

media there is no reason why the expression construct used in this thesis could not be 

used to rescue the factor Vll-deficient phenotype rendering the problematic tagging of 

the protein unnecessary. Although difficulties were experienced during the tagging 

study, recent data (Personal communication, T Smith, Haemophilia Gene Therapy 

Meeting 1997, Chapel Hill, Carolina, USA) has shown the expression of physiological 

levels of flagged hFVIII from adenoviral liver gene transfer in cynomolgus monkeys. 

This data is encouraging for future in vivo studies and may prove valuable for clinical 

trials.

Recently, some promising results have been obtained in muscle using 

intramuscular injection of factor IX. Therapeutic levels of human fIX have been 

obtained in the plasma of mice after the intramuscular injection of a recombinant adeno- 

associated virus (rAAV) vector into immuno-deficient mice (Herzog et a l, 1997). A 

stable therapeutic level of human factor IX was achieved for at least 6 months.

A transient decrease in the whole blood clotting time (WBCT) of a haemophilic 

dog has also been achieved using rAAV vector containing the cDNA for human factor
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IX (Monahan et al, 1998). As expected an anti-human factor IX antibody developed 

which corresponded with the loss of coagulation correction. The level of flX produced 

was below the limit of detection by ELISA; however, immunohistochemical analysis of 

injected muscle and PCR tissue analysis revealed that factor IX expression occurred at 

10 weeks after vector administration and was limited to the injected muscle tissue. This 

is the first large animal study using rAAV vectors for intramuscular gene delivery and 

suggests the approach may be safe.

Levels of factor IX sufficient for partial phenotypic correction in haemophiliac 

dogs have also been achieved and sustained for a period of at least 16 months using 

intramuscular injection of rAAV vectors containing the cDNA for canine fIX (Herzog et 

al, 1999). Immune responses were either absent or transient and the data support the 

feasibility of scaling up the procedure for human subjects. The time course of 

expression is quite different from that observed with adenovirus where therapeutic 

levels are obtained almost immediately. The level of plasma fIX rises gradually over a 

period of weeks with the use of a rAAV vector, due, it is believed, to the slow 

conversion of single-stranded input DNA of the vector into the transcriptionally active 

double-stranded form (Fisher et al, 1997). Therefore, patients would need additional 

factor concentrate cover for the period immediately before and for some time after the 

invasive intramuscular injections.

I also explored the use of endothelial cells as an alternative tissue for coagulation 

factor production (Chapter 5). However, I experienced problems obtaining adequate 

numbers of primary human umbilical vein endothelial cells (HUVECs) for transfection 

and in obtaining a high level of transfection efficiency. The endothelial cell line, 

ECV304, by contrast, was easy to culture and transfect and enabled several
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muscle-derived elements to be tested in endothelial cells. However, none of the 

muscle-derived elements tested equalled or improved upon expression from the viral 

SV40 early gene promoter. Although the elements used did not equal or improve upon 

expression from the SV40 promoter, all of them with the exception of ppCAT920, did 

still drive expression of the CAT reporter gene.

Murine factor VII was secreted from the ECV304 cell line and the media from 

these cells was able to reduce the clotting time of human fVII-deficient plasma. 

Intravenous injection of DNA and a cationic liposome has led to expression of the CAT 

reporter gene in the vascular endothelial cells and also in most of the extravascular 

parenchymal cells present in many tissues, including the lung, spleen, lymph nodes and 

bone marrow (Zhu et al, 1993). The tissue specificity of such an approach could be 

controlled by inserting tissue-specific regulatory elements into the expression vector e.g. 

the vWF gene promoter (Ozaki et al, 1996), the human intercellular adhesion molecule 

2 promoter (Cowan et al, 1996) or the tie gene promoter (Korhonen et al, 1995) 

thereby limiting transgene expression to the endothelium.

The endothelium has also been used several times to date as a target for 

haemophilia gene therapy (Powell et al, 1992, Axelrod et al, 1990 & Yao et al, 1991). 

The results from these studies and this thesis suggest that the endothelium still remains 

an attractive target for coagulation factor production.

In conclusion, this study has demonstrated the feasibility of using 

muscle-derived elements in a non-viral gene transfer system to drive expression and 

enable secretion of an immunogenic and biologically active coagulation factor. Due to 

the problems inherent with the tagging of murine factor VII our approach to avoiding 

the anti-human immune response could not be pursued further. However, the mfVII
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expression studies presented here, provide data for continuing with this approach to 

gene therapy and suggest it has potential to correct the phenotype of the recently 

generated fVII-deficient mouse (Rosen et al, 1997). We have also provided data to 

support the use of non-viral elements to control the expression and secretion of a 

biologically active coagulation factor in endothelial cells.
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Expression of factor VII by muscle cells In vitro and In 
vivo following direct gene transfer: modelling gene 
therapy for haemophilia

i
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Direct Injection of plasmid DNA Into skeletal muscle has 
been proposed as a method of effecting somatic gene 
therapy. This article describes the construction and testing 
of a plasmid derived expression cassette believed to 
confer skeletal muscle specific expression. Expression 
constructs were designed containing the fulNength cDNAs 
for both coagulation factor VIII and factor VII. The 
engineered genes were flanked by two muscle specific 
regulatory elements from different myosin Isoforms and by 
an artificial polyadenylatlon signal sequence. In vitro 
transfection of C2-myoblasts led to expression of the factor 
VIII gene, shown by reverse transcription and polymerase 
chain reaction, upon differentiation of the myoblasts. The 
expression of the FVll construct was tested In a C2 cell 
culture system and also when Injected directly Into mouse 
muscle. It was found that In cell culture the level of factor

VII antigen outside the cell, le In the cell culture medium 
M/as two- to three-fold higher than Inside the cell, le In the 
cell lysate. This level of expression was found to continue 
for the duration of cell culture maintenance and a fully 
functional protein was produced. In vivo transfection 
experiments in mice showed a substantial Increase In 
factor VII antigen compared with the background level 4-5 
days after Injection. An antl-human factor VII antibody was 
detected 7-10 days after Injection. We conclude that 
muscle cells In vitro secrete and efficiently carry out post- 
translational modifications of the engineered gene product 
and In vivo secrete the gene product resulting In elevation 
of systemic levels. The data provide the basis for the use 
of muscle cells as an In vivo expression system for 
coagulation proteins In the treatment of Inherited 
haemostatic and thrombotic disorders.

Keywords: myoblasts; plasmid DNA; myosin heavy chain promoter

Introduction

Haemophilia results from a deficiency of factor VIII 
(haemophilia A) or factor IX (haemophilia B). It is a 
disruptive disorder that is a life threatening, disabling 
disease. Current therapy is by replacement using con
centrates derived from pooled human plasma dona
tions or recombinant systems. For severely affected 
patients such treatment requires frequent intravenous 
infusions of concentrate. Although virus inactivation 
procedures are now widely used to eliminate blood- 
borne virus infection (eg HIV, HCV), there remain 
potential risks from the use of large pool factor 
concentrates. Furthermore, such treatment with 
concentrates is expensive and is not available in over 
80% of the world. Haemophilias A and B are single 
gene disorders and are therefore ideal candidates for 
gene therapy. In addition both factor VIII and IX are 
trace plasma proteins that vary widely in 
concentration in normal subjects, implying that 
precise regulation of an introduced factor VIII or IX 
gene would not be essential.
Correspondence: G Miller
Received 24 February 1995; accepted 20 May 1995

Skeletal muscle has been shown to be a promising 
target tissue for gene therapy using its capacity to 
take up, episomally maintain and express plasmid 
DNA.̂ -3 Skeletal muscle offers at least three 
advantages. First, in contrast to other methods of 
gene transfer, there is little theoretical danger of 
oncogenesis as the DNA appears to exist 
extrachromasomally as a circular plasmid.̂ Second, 
as muscle fibres are nondividing, plasmids are 
maintained long term and expression of the 
transfected plasmid has been shown for at least 
1 year in rodents,̂ and up to 4 months in nonhuman 
primates.3 This is notably longer than in other tissues, 
such as hepatocytes and other dividing tissues where 
episomal transfected plasmid is rapidly degraded.'̂ s 
Third, a comparison of direct intramuscular injection 
of recombinant plasmids, adenovirus and retrovirus 
in the mouse has shown that in mature muscle 
recombinant plasmid DNA was transfected far more 
efficiently than either adenovirus or retrovirus.̂
To ensure successful in vivo gene therapy by direct 

gene injection into skeletal muscle a fusion gene 
construct that is believed to confer muscle specific 
expression and that will ensure exotransport of the 
gene product is required. To achieve a muscle specific



Modelling gen e therapy for haemophilia
G Miller e /a /

expression the use of muscle specific regulatory 
elements is needed. Muscle is the most abundant 
tissue in the body and myosin is the most abundant 
protein in muscle. The myosin molecule is a hetero
dimer, composed of two heavy chains (MyHC) and 
four light chains (MyLC). MyHCs as well as MyLCs 
are members of multigene families, in which the 
different isoforms are tightly regulated in develop
mental and fibre type specific fashion.̂* With myosin 
being a major component of muscle, the MyHC 
promoter is not only muscle specific but also a strong 
promoter, the activation of which is increased by 
exercise.̂ Fusion of such a MyHC promoter to a gene 
of interest (eg a coagulation factor) together with a 
skeletal muscle specific enhancer element should 
enable high-level expression of the engineered gene 
product in a muscle specific manner.
The aim of this study was to examine the possi

bility of direct gene transfer into muscle, using a 
muscle specific expression cassette, as a potential 
gene therapy for haemostatic and thrombotic 
disorders. Initial studies focusing on factor VIII 
(FVIII) transfer as a model of gene therapy for 
haemophilia A are reported.̂o Here we report studies 
with a coagulation factor VII gene construct as a 
model to study the efficacy of the construct and of the 
transfer method. Factor VII, a vitamin K dependent 
protein, has a major role in the initiation of the 
extrinsic pathway of blood coagulation. Including the 
5' and 3' untranslated regions (UTRs), factor VII 
(FVII) is a relatively small gene (cDNA 2.46 kilobases 
(kb)) enabling easier cloning. The protein produced is 
relatively stable and an antibody is available that is 
capable of distinguishing between the human factor 
VII gene product and the endogenous murine factor 
VII making factor VII an ideal reporter gene to test the 
efficacy of this approach.

Results
Testing of the 0 .78-kb promoter elem ent from the 
rabbit ̂ -cardiac MyHC gen e  
pMyHC-781CAT was used to test the onset of 
(3-MyHC type I promoter activity and strength of 
expression. Transfected cells were harvested at days 1, 
3,5 and 6 after differentiation and tested for CAT 
activity (see Figure 1). An equivalent amount of CAT 
activity for days 1,5 and 6 was seen, suggesting the 
promoter to be active from the early stages of differ
entiation through to fully differentiated muscle tubuli.
Studies using the Factor VII expression construct in 
m yoblast cultures
FVIFAg was detected in culture medium and cell 
lysates sampled 96 h after differentiation. FVIFAg 
levels in the media were two- to three-fold higher 
than cell lysates. Cell culture media sampled at 48 h 
after differentiation were negative. Comparisons with 
mock transfected cell culture media (ie those cells 
transfected with no DNA), control transfected (ie 
those transfected with pCHllO) and cell lysates are 
given in Figure 2. Media samples taken 96 h after

737

Figure 1 Chloramphenicol acetyltransferase assays of differentiated 
muscle cells transfected with plasmid DNA. Details of constructs, 
transfection ofC2 cells and CAT assay are as in main text. CAT assays 
were performed on protein extracts from pMyHC-781CAT transfected 
cells 1,3,5 and 6 days after differentiation (lanes 1 to 4), on pCAT-Control 
transfected cells (lane 5) and mock transfected cells (lane 7). Une 6 was a 
test of a CAT vector with altered multiple cloning site. The extract from 
day 3 (lane 2) had a 10-fold lower reading for the assay than any of 
the other extracts, indicating a low transfection rate. Unes 1,3 and 4 
show approximately equal amounts of CAT activity

differentiation were tested for biological FVII activity 
and were shown to possess activity in a one-stage 
prothrombin time (FT) based assay system (see Figure 
3). The mean production of FVII was 229 ng per 10̂ 
cells per 24 h. In all cases FVII activity of media 
samples was reduced to less than lU/dl after 
adsorption with aluminium hydroxide.
Prolonged expression of factor VII In vitro 
Modified cell cultures, using rat tail collagen coated 
dishes, were sampled at 72,120,168,216 and 288 h 
after the first addition of differentiation media. FVII 
was shown to be present from the 120-h sample 
onwards and detected up to 288 h (12 days) after 
differentiation. Mean production of FVII over this 
period was 250 ng per 10̂ cells per 24 h.
Studies using the factor VII expression construct In 
vivo
The factor VII construct was injected into each 
quadricep of 48 mice, four mice were not injected 
with anything and these animals served as negative 
controls. Plasma samples from all animals were tested 
using the FVIFAg ELISA (as used to test the cell 
culture media). Three samples from a day-5 and two 
day-4 animals gave positive results substantially 
higher than the mean background of factor VIFAg 
(see Table 1). All other animals gave a lower than 
background result and were classed as negative. In 
addition all plasmas were tested for anti-human 
factor VII antibodies in the anti-human factor VII 
antibody assay. 16 Animals tested 7-10 days after 
injection gave positive results (see Table 1), indicating 
that these animals have developed an immune 
response to human FVII, implying expression of 
immunogenic human FVII protein.

Discussion
Previous studies directed towards a gene therapy 
treatment for haemophilia have employed a range of 
in vivo and ex vivo methods of gene transfer including
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Figure 2 FVII Ag EUSA of culture media and cell lysates from three repre
sentative experiments sampled 96 h after differentiation, demonstrating 
FVII Ag in both cell lysate and secreted into the culture medium. Note the 
significantly higher lei>el in culture medium compared with cell lysate

adenoviral and retroviral vectors. The use of viral 
transfer techniques poses potential risks, in addition 
some of these studies have involved surgical 
manipulations that are not ideal for patients with 
haemophilia."-̂  ̂Direct gene transfer into muscle, 
however, is theoretically a safe approach, and 
although at present still relatively inefficient provides 
an alternative method for effecting somatic gene 
therapy.
The studies described here focus on designing a 

potentially safe vector system which would produce 
reasonably high-level expression in a muscle specific 
manner following direct gene injection, thus deriving 
a model system to test this approach to gene therapy 
for bleeding disorders. The most commonly used 
promoters for expression in muscle are simian virus 
40 (SV40), cytomegalovirus (CMV) and Rous sarcoma 
virus (RSV). This study was aimed at providing an 
alternative expression vector for muscle expression 
and one believed to be tissue specific.’̂ Due to the

Figure 3 One-stage prothrombin time based assay of media samples taken 
96 h after differentiation, from three representative experiments. Note the 
biological activity is eliminated by aluminium hydroxide adsorption, 
indicating y carboxylation of the FVII

previous exposure of haemophiliacs to viral infections 
such as HCV and HIV and subsequent patient 
concerns about viruses, we also wanted a vector that 
did not contain any viral elements. The use of the 
MyHC promoter and MyLC enhancer elements 
obviates the need for such viral elements while still 
maintaining a substantial level of gene expression.
Use of an intracellular reporter gene, 

chloramphenicol acetyl transferase (CAT), has shown 
that muscle specific promoter elements such as the 
myosin heavy chain, when combined with a muscle 
specific enhancer element such as the myosin light 
chain E900 enhancer element, produced good 
expression in myoblast culture. The level of 
expression of this hybrid expression cassette in 
differentiating myotubes in vitro equals or improves 
upon that of CAT constructs driven by viral 
regulatory elements such as the SV40 promoter and 
enhancer (pCAT-control). Preliminary data from in 
vivo studies suggests that the P-myosin heavy chain

Table 1 A comparison of factor VII Ag and Ab detected in mouse plasma after intramuscular injection of the factor VII construct

No. of days after FVII construct injected 
4 5 6 7 8 9 W U 21

Negative
controls

FVII Ag 
FVIIAb ++++" ++++ ++++ ++++ f  1̂ -

Four animals were tested at each time-point as well as four noninjected animals as a negative control. +, factor VII Ag/Ab was detected; ■ 
no factor VII Ag or Ab detectable *
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type I promoter element 781 in combination with the 
enhancer element E900 is a strong muscle specific 
expression vector that is active in different fibre types 
(preliminary data from our laboratory). The ability to 
express in different fibre types makes the vector 
ppPASe9 an ideal expression cassette for direct gene 
injection into skeletal muscle.
Replacing the CAT reporter gene with the full- 

length factor Vni cDNA (pPF8PASe9) did not appear 
to yield similarly high levels of factor VIII production. 
Although expression of this construct could be shown 
at the mRNA level by reverse transcription 
polymerase chain reaction (RT-PCR), no detectable 
factor VIII protein could be detected in the culture 
medium. This may be due to a number of reasons - 
the secretion of factor VIII is limited by the presence 
of the B-domain.’̂ Therefore the use of a full-length 
factor VIII cDNA will reduce exotransport of the 
factor VIII protein. Use of B-domainless factor VIII 
cDNA clones has been shown to yield higher levels of 
factor VIII expression.̂7'1® Furthermore, there is recent 
evidence to suggest that sequences within the A2 
domain of the factor VIII cDNA inhibit the 
transcription and processing of factor VIII mRNA.’̂ In 
addition, the construct used in this study contained 
factor VIII cDNA from start to stop codon and did not 
contain any 5' or 3' untranslated regions which might 
hold another key for efficient factor VIII production 
and processing. The failure to produce protein with 
the factor VIII clone may therefore represent 
problems inherent with the factor VTH cDNA rather 
than with the muscle specific expression cassette used 
(pPPASe9). In view of these problems we adopted an 
alternative strategy using a coagulation factor 
reporter gene in the cassette wWch has allowed 
further testing of this approach to gene therapy.
Factor VII was employed as it is a smaller gene 
enabling easier handling and is known to be 
persistently expressed. More importantly, the 5' and 
3' untranslated regions of the factor VII gene were 
contained in this construct.
Studies employing the factor VII reporter gene 

construct revealed good expression with significant 
levels of extracellular factor VII protein being 
produced in vitro, and somewhat lower levels in vivo 
following direct gene injection. The levels of FVII 
produced in this study were comparable to the 
quantity of factor IX produced in other gene therapy 
studies.2o Our studies have shown that in vitro muscle 
cells in culture will not only take up the factor VLI 
construct, but will also express this foreign gene 
construct producing a fully functional protein which 
may then be secreted into the medium as 
demonstrated by the factor VII antigen level being 
two- to three-fold higher in the medium than in the 
cell lysate. In addition, the recombinant factor VII 
secreted into the medium could be adsorbed to 
aluminium hydroxide suggesting that the factor VII 
produced was y-carboxylated. This was also 
confirmed by the recombinant factor VII being active 
in a one-stage FT based assay for factor VII.
Following direct gene injection into the quadriceps

muscles of mice using the same construct, the 
elevation of systemic factor VII levels could also be 
demonstrated suggesting that following such direct 
intramuscular injection, the muscles in vivo will take 
up a foreign gene and produce sufficient recombinant 
gene product to raise systemic levels. This protein 
was, however, only transiently detected at 4-5 days 
after injection. This is comparable to previous studies 
using fish where plasmid expression was shown to be 
turned on at this time.̂  ̂It was also possible to 
demonstrate the development of an anti-human factor 
VII antibody in animals from 7 to 10 days after 
injection. The development of this antibody suggests 
that the recombinant factor VII was immunogenic 
and may account for the transient detection of factor 
VII.
These results show that the combination of a 

skeletal muscle specific promoter and enhancer, as 
used in our system, produces a functional construct 
and that muscle both in vivo and in vitro is capable of 
taking up this construct and producing a recombinant 
gene product from it. In addition, it appears that 
muscle has the necessary post-translational 
modification systems required effectively to y-carb- 
oxylate the engineered gene product to produce a 
biologically active protein. Direct gene injection into 
quadricep muscles in mice demonstrates that in vivo 
this system also works. However, to date, the animal 
experiments have been somewhat limited by the 
generation of antibody to human factor VII. The 
duration of expression of these transferred plasmids 
therefore remains unknown at present, further work 
using nude mice wiU be carried out to investigate this.
These results suggest that direct gene injection 

may produce a viable and relatively safe method of 
gene therapy for haemophilia. To elevate patients' 
levels of factor VIII or factor IX to 5-10% of the 
normal level could transform a patient's life, 
considerably reducing the number of hospital visits 
and the cost of treatment. On the basis of data 
obtained in these studies we feel that gene therapy for 
haemophilia by direct gene injection is an achievable 
goal and would be especially beneficial to patients 
with haemophilia living in the 80% of the world 
where replacement therapy is unavailable.

Materials and methods
Plasm ids an d  expression vectors  
pCHllO is a plasmid containing the P-gal reporter 
gene driven by the SV40 promoter, and pCAT- 
Control is a plasmid containing the CAT gene, SV40 
enhancer and promoter sequences (Promega, 
Madison, WI, USA). pMyHC781 and pMyHC781- 
CAT (Dr Patrick Umeda, University of Alabama, 
Birmingham, USA) are both clones containing the 
promoter element of the rabbit p-cardiac myosin 
heavy chain gene, originally described by Cribbs et 
aÛ The plasmid pMLClCAT920 contains a 920-bp 
enhancer element of the rat myosin light chain 1/3 
gene locus (Dr Nadia Rosenthal, Boston, MA, USA). 
This construct has been described previously.̂  The
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740 human factor VIII cDNA clone contains nucleotides -1 
to 7060,̂  and the human factor VII cDNA clone 
contains nucleotides 1-2462 (Dr John McVey, 
Haemostasis Research Group, Royal Postgraduate 
Medical School, UK).2“
Production of a m uscle-specific FVIII and FVII 
expression construct
The muscle specific elements, (3-MyHC type I 
promoter and the 920-bp MyLCl/3 enhancer, have 
been inserted into pUC 19 at Hmdlll and BamHl sites 
respectively. A 45-bp 3' polyadenylation signal 
sequence, designed according to consensus sequence 
requirements,̂  was spliced between the Sail and 
BflmHI sites (construct p(3PASe9). The 7-kb factor VIII 
cDNA and the 2.4-kb factor VII cDNA were spliced 
into the Sail site of pPPASe9 (constructs p|3PASF8e9 
and pPPASF7e9). This vector is shown in Figure 4. 
Escherichia coli (SURE cells; Stratagene, La Jolla, CA, 
USA; and XLl-blue cells) were transformed with 
these constructs and large-scale preparations were 
produced with DNA purification columns (Qiagen; 
Diagen, Hilden, Germany).
M yoblast culture and transfection 
C2 Mouse myoblasts were grown in Dulbecco's 
modified Eagle's medium (DMEM) supplemented 
with 10% fetal bovine serum, 2 m M  L-glutamine,
100 mg/ml streptomycin and 100 U/ml penicillin.26 
Cultures were incubated at 37°C at 5% carbon dioxide 
in a humidified atmosphere in 90-mm tissue culture 
dishes. At 80% confluence (approximately 1.5 x 10̂ 
cells) the cells were transfected with 20 pg plasmid 
DNA by the calcium phosphate DNA coprecipitation 
method.27-29 Cotransfections were carried out with 10 
pg pCHllO. Mock transfections were treated as above 
but substituting sterile water for DNA. The medium 
containing the DNA precipitate was removed 20-24 h 
after transfection, the monolayer washed once with 
PBS and 10 ml differentiation medium (medium as 
above with 4% horse serum instead of 10% FBS) was 
added to induce fusion and the formation of 
myotubes and to activate the muscle specific 
promoter and enhancer elements.
For the FVII construct the experimental trans

fections were carried out in triplicate and all media 
were removed after 48 h and stored until assay at 
-20°C. Five millilitres of fresh differentiation medium 
was supplied and incubation continued for a further 
48 h. The medium was again removed and stored.

FVni/FVII cDNA

Promoter Expression Gene Enhancer

Amp-R V

Figure 4 Muscle-specific FVIII expression cassette. The components of the 
expression cassette contained in pUClS are schematically outlined. In 
sequence they are a MyHC promoter, a ribosomal binding site (rbs), the 
fuil-length FVIII cDNA, an artificial polyadenylation signal sequence 
(pAS) and a MyLC enhancer element. For details see text. The vector is 
pUC19, containing the ampicillin resistance gene (Amp-R)

Adherent cells (myotubes) were then washed 
three times with PBS and harvested by scraping them 
off the bottom of the Petri dish with a rubber 
policeman and transferring them to a microcentrifuge 
tube. After centrifugation and resuspension in 0.25 
m M  TrisHCl, the cells were lysed by three cycles of 
liquid nitrogen freeze-thawing. After further 
centrifugation the supernatant (CL) was stored at 
-20°C until analysis.

To study prolonged expression tissue culture 
dishes were coated with rat tail collagen (Sigma, St 
Louis, MO, USA) to prevent the myotubes wrenching 
themselves off the dishes. Samples of medium were 
taken at 72,120(A), 168(B), 216(C) and 288(D) h after 
the first addition of differentiation medium.
Reporter g en e  a ssa y s
(3-Galactosidase assays were performed on protein 
extracts of transfected myoblasts to quantify 
transfection efficiency. Standard protocols were used 
as previously described.29 Tests for CAT activity were 
carried out on [3-gal standardised protein extracts 
from transfected myoblasts. A standard method modified after Gorman was a p p l ie d .2 9 3 o

RNA extraction of FVIII transfected ceils 
C2 Cell derived myofibrils were washed, 3-4 days 
after differentiation, twice with 15-20 ml PBS. The 
PBS was completely aspirated and the dish was 
placed on ice. The cells were lysed with 3 ml 4m GT-P- 
mercaptoethanol. The lysate was passed five times 
through a 21-gauge needle with a 10-ml syringe to 
shear chromosomal DNA to minimise DNA 
coprecipitation with the RNA. RNA was 
subsequently isolated using standard CsCl/EDTA 
methodology.29 RNA was stored in aliquots at -80°C.
RT-PCR
RT-PCR was employed to test for expression of factor 
VIII cDNA contained in the muscle specific 
expression cassette (pPP8PASe9). The RNA used was 
derived from a transfected myoblast culture (C2 cell 
line). The method used was based upon that 
described by Naylor et The primers used were 
oligo 2B (reverse primer, nucleotides 2317-2297, exon 
14) and oligo 2A (binding at nucleotides 1079-1099, 
exon 8). Nested PCR was carried out with primers 2D 
(reverse primer, binding at nucleotides 2262-2282, 
exon 14) and oligo 2C (binding at nucleotides 1114- 
1134, exon 8).
In vivo g en e  transfer
Anaesthesia was maintained by inhalation of 
halothane and injections were performed as 
previously described by Wells and G oldsp ink .22 50 gg 
of recombinant plasmid DNA in a hypertonic 
solution (20% sucrose final concentration) was 
injected directly into both the right and left 
quadriceps muscles of a 25-g male mouse strain 
C57/BL6. At daily intervals from days 1 to 10 and at 
days 14 and 21 after injection mice were killed and 
bled by intracardiac puncture. Plasma samples were
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assayed for FVILAg, All animal experiments were 
performed in duplicate (a and b) and the experiment 
was performed on two separate occasions.

Detection of faotor VII
A modified FVILAg ELISA (Asserachrom VILAg 
Diagnostica stago, Asnieres-sur-Seine, France) was 
used. Human VILAg was shown not to cross-react 
with murine VILAg in this assay system. Biological 
activity was determined in a one-stage prothrombin 
based factor VII assay using both unmodified samples 
and samples adsorbed with aluminium hydroxide.^^

Detection of antl-human FVII antibodies In vivo 
Microtitre plates (Nunc Maxisorb, Roskilde, Denmark) 
were coated overnight with a recombinant preparation 
of human factor VII (Dr J McVey) in bicarbonate buffer 
pH 9.6 at 5 mg per well. After washing, 100-ml samples 
of control (murine monoclonal antibody to human 
factor VII, clone HVII-1, Sigma Immunochemicals) and 
test (murine plasma) samples were pipetted into each 
well. Dilutions were made in PBS 0.1 % Tween 20 
containing 3% polyethylene glycol (PEG) 8000. Plates 
were incubated for 1 h at room temperature and then 
washed five times. One hundred millilitres of tag 
antibody (peroxidase conjugated rabbit anti-mouse 
IgG (Sigma Immunochemicals), was added to each 
well and the plate incubated for a further 1 h. After 
further washing, 100 |il 0.53% 0-phenylenediamine 
chromogen, in 0.1 m citrate phosphate buffer, pH 5, 
was added. The reaction was stopped after 10 min with 
100 ml per well of 1.5 M sulphuric acid, and the 
absorbance read at 492 nm.
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