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Abstract

Idiopathic pulmonary fibrosis (IFF) is a disease of unknown aetiology and pathogenesis, 

with an appalling prognosis and no effective treatment. Fibroblasts derived from people 

with pulmonary fibrosis exhibit a diminished capacity to upregulate cyclooxygenase- 2  

(COX-2) and reduced prostaglandin E2 (PGE2) synthesis. PGE2 modulates the 

inflammatory response and inhibits fibroblast proliferation and collagen synthesis. This 

thesis aims to address the hypothesis that pulmonary fibrosis is exacerbated by defective 

upregulation of COX-2, and that functional levels of COX-2 may be restored, in the lung, 

using a non-viral gene delivery system, the LID vector, composed of lipofectin (L), an 

integrin-targeted peptide (I) and DNA (D). In order to test the hypothesis, I have used 

COX-2 gene “knockout” mice, the highly selective COX-2 inhibitor NS398 and I 

developed the LID vector for use in the lung. I demonstrate, indirectly by using NS398, 

that COX-2 is upregulated following bleomycin induced lung injury, and that in animals 

without COX-2 there is a persistent and exaggerated neutrophilic inflammatory response 

following bleomycin. I show that successful COX-2 gene transfer stimulates PGE2 

production and inhibits fibroblast proliferation in vitro. I describe the in vivo 

development of this delivery system, demonstrating high levels o f pulmonary gene 

expression from both the luciferase and lac Z  marker genes. Although gene expression 

was transient, it lasted for at least one week and I was able to re-administer the LID 

vector with minimal toxicity. Furthermore, when optimised for maximal gene expression, 

COX-2 over-expression in the lungs o f mice generated high levels o f bronchoalveolar 

lavage PGE2 In summary this thesis describes the role of COX-2 in the evolution of 

bleomycin induced lung fibrosis and demonstrates that a non-viral gene delivery system 

can be used to augment COX-2 in the lung. Ultimately it offers the hope of a novel 

therapy for people with this devastating condition.
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Section 1

Overview

Idiopathic pulmonary fibrosis (IFF) is a disease of unknown aetiology, without a 

precisely defined pathogenic mechanism. The disease is characterised by destruction of 

normal pulmonary architecture and progressive replacement of the fine alveolar structure 

with excess matrix. What drives this process is currently unknown. It is most likely that 

an initiating event, either apparent or subclinical lung injury, is followed by aberrant 

repair. Under normal circumstances, the response to injury is highly regulated, with 

inflammation, epithelial regeneration, angiogenesis and matrix deposition all being 

temporally coordinated in balanced homeostasis. If one can determine where the defect in 

the injury-repair process is occurring, it might be possible to intervene at that level and 

prevent the fibrosis from continuing, possibly even to reverse the process.

The highly regulated process of wound repair is controlled by cell-cell and cell-matrix 

interactions that are coordinated by small molecules such as cytokines, growth factors 

and lipid mediators that transmit messages in an endocrine, paracrine and autocrine 

manner. It is possible that disruption of these extracellular signals may drive the 

fibrogenic process, and much attention has focused on molecules that promote 

fibrogenesis. Defective inhibition of fibrogenesis has been studied to some extent, but 

this process is less clear. Treatments that inhibit the action o f profibrotic mediators may 

be useful therapeutic strategies, however these molecules are vital to normal repair and 

the consequences of inhibiting their actions could have profound adverse effects.
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Therefore augmenting the resolution of fibrosis by over-expressing inhibitory mediators 

may be a more appealing strategy

Cyclooxygenases are the rate-limiting enzymes in prostaglandin synthesis. 

Cyclooxygenase-2 (COX-2) is the inducible form of the enzyme, and it is upregulated 

following injury. It leads to the formation of a number of prostanoids, including 

prostaglandin E2 (PGE2). COX-2 and associated prostanoids, especially PGE2, are 

generated at high levels during the inflammatory response and are responsible for 

inducing pain, swelling and fever, hallmarks of the systemic inflammatory response. 

Some of these effects are probably mediated via effects on the central nervous system and 

the precise role the cyclooxygenase pathway plays in the evolution of inflammation, 

repair and fibrosis in local tissues is still not clear. It would appear however, that COX-2 

is involved in coordinating the inflammatory response as it is upregulated early following 

injury, interacting with numerous proinflammatory mediators, and it is then further 

upregulated during the resolution of inflammation. Ultimately it is likely to be abrogating 

the fibrotic response in the lung as failure to upregulate COX-2 occurs in fibroblasts from 

patients with pulmonary fibrosis. Therefore, understanding the role of COX-2 in the 

evolution of fibrosis following lung injury and developing strategies that aim to correct 

any defect in its function may offer a potential treatment for pulmonary fibrosis.

One approach to correcting a defect in COX-2 upregulation is to use gene therapy. This 

approach has a number of advantages over more conventional strategies such as 

administration of a recombinant COX-2 protein, synthetic prostaglandin analogues or
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prostaglandin receptor agonists. COX-2 is an intracellular protein, and a recombinant 

protein would not get across the cell membrane. Furthermore, prostaglandin analogues 

have a very short half-life and therefore need to be administered intravenously, which 

leads to systemic side effects. Finally, prostaglandins, especially PGE2, have numerous 

receptors, with varying signaling effects, which are cell type specific. Successful 

intratracheal COX-2 gene therapy would permit intracellular generation o f COX-2 

protein, with prolonged duration of action, reduced systemic effects and offer the greatest 

chance of ameliorating pulmonary fibrosis. For gene therapy to be successful a system 

with high efficiency, prolonged duration of gene expression and minimal toxicity, even 

after repeated administration, would be desirable. Both viral and non-viral systems have 

been developed for use in the lung, and non-viral systems are both less efficient and less 

toxic than viral systems. Therefore enhancing the efficiency of a non-viral system would 

help achieve the goal o f successful gene therapy.

This thesis aims to determine the role of COX-2 in the development of lung injury by 

addressing the following hypotheses. Firstly that COX-2 is upregulated following 

bleomycin lung injury and secondly that failure to upregulate COX-2 gene expression or 

inhibition of COX-2 activity, in response to lung injury, will result in an enhanced 

fibrotic response. Having established that COX-2 is involved in the development of 

pulmonary fibrosis I will address the hypothesis that an integrin-targeted non-viral vector 

(the LID vector) can be delivered to the lung and generate measurable levels of gene 

expression with minimal toxicity. Finally I will address the hypothesis that over

expression of COX-2, using this system, can augment PGE2 production in the lung. In

29



this thesis I shall discuss the pathogenesis of pulmonary fibrosis, including a detailed 

account of the role of COX-2 following lung injury and I will consider some of the 

requirements for successful gene therapy. I thus aim to help determine the role of COX-2 

in the development o f pulmonary fibrosis and consider whether COX-2 gene therapy 

would be an appropriate strategy as a potential treatment for idiopathic pulmonary 

fibrosis.
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Section 2

Pathogenesis ofpulmonary fibrosis

1.2.1) Pulmonary Fibrosis

Pulmonary fibrosis is the end stage of a heterogeneous group of diseases, of known and 

unknown aetiology, in which there is excessive deposition of disorganised matrix with 

resultant loss of lung function. Patients present late with breathlessness or cough due to 

the insidious nature o f the disease and, at the current time, there is no effective therapy. 

This leads to severe disability and death o f affected individuals with 3,000 people dying 

each year in the UK from pulmonary fibrosis. Idiopathic pulmonary fibrosis (IPF) alone, 

sometimes termed cryptogenic fibrosing alveolitis in the United Kingdom, accounted for 

990 deaths in the UK in 1995 (Office of National Statistics figures) and the mortality rate 

more than doubled between 1979 and 1992 (Hubbard et al., 1996). The median survival 

for incident cases of IPF is 2.9 years with total life expectancy reduced by 9 years 

(Hubbard et al., 1998a). It is clear that pulmonary fibrosis is a significant clinical 

problem.

1.2.2) Aetiology of Pulmonary Fibrosis

Pulmonary fibrosis may be idiopathic, termed IPF (for clarity cryptogenic fibrosing 

alveolitis will be referred to as idiopathic pulmonary fibrosis -  IPF), or associated with 

numerous aetiological factors. These include: occupational dust exposure, drugs, 

connective tissue diseases, infectious agents, radiotherapy, allergens, hyper-eosinophilic 

syndromes, adult respiratory distress syndrome as well as genetic factors. Coal dust.
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asbestos and silica lead to pulmonary fibrosis in miners, laggers and quarry workers. 

Cytotoxic drugs such as bleomycin and busulphan as well as commonly prescribed drugs 

including anti-depressants, non steroidal anti-inflammatory drugs (Hubbard et ah, 1998b) 

and nitrofurantoin are also associated with pulmonary fibrosis. There is considerable 

clinical variability in pulmonary fibrosis in terms of systemic involvement, rate of 

progression of lung disease and overall prognosis. This could be due, in part, to the 

numerous aetiologies associated with pulmonary fibrosis, which may lead to fibrosis 

through differing pathogenic mechanisms, and in part due to host susceptibility factors. It 

is therefore likely that no single mechanism is responsible for the development of 

pulmonary fibrosis and thus it is unlikely that any single treatment will be curative in this 

condition. Thus, it is important to try to define pathogenic pathways in pulmonary 

fibrosis and tailor treatments accordingly. Fibrosis is likely to represent the culmination 

of progressive aberrant wound repair. Therefore, in order to determine the pathogenesis 

of pulmonary fibrosis it is important to have a basic understanding of the processes 

involved in the host response to lung injury.

1.2.3) Healing response to lung injury

Successful recovery from lung injury requires a cascade of events that result in the re

establishment of the normal architecture and function of the lung. In some cases this may 

be possible, recovery from pneumonia for example, in other circumstances injury may be 

followed by the development o f scarring or fibrosis. The processes of wound healing in 

the skin have been well characterised, and this process of repair is thought to be similar 

following lung injury (Crouch, 1990; Perkett, 1995). The process of wound healing
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involves the orchestrated processes of clot formation and resolution, inflammation, re- 

epithelialisation, granulation tissue formation and matrix production. For a detailed recent 

review see Clark, 1996. Underpinning this process are complex cell-cell and cell-matrix 

interactions which are coordinated by peptides, known as cytokines, chemokines and 

growth factors as well as lipid mediators, which communicate between cells. Whether an 

injury heals normally or with scarring may depend upon one or a number of factors: 

severity and extent of injury; destruction of normal tissue scaffolding; the aetiological 

agent and an appropriate host response to a given insult. It is clear, therefore, that there 

are many areas to consider when attempting understanding the process of pulmonary 

fibrosis.

1.2.4) Pathogenesis of pulmonary fibrosis

Current theories on pulmonary fibrosis propose that following injury there is damage to 

the alveolar epithelium, or vascular endothelium, with disruption of the shared basement 

membrane. The first processes o f repair occur with haemostasis and the recruitment of 

inflammatory and immune effector cells to the alveolar space and pulmonary interstitium. 

Fibroblasts then migrate and proliferate into the fibrin clot where they produce matrix 

proteins. The type II pneumocytes differentiate and re-epithelialise the wound depositing 

new basement membrane. If any o f the complex mechanisms controlling this process are 

disrupted, this may lead to uncontrolled matrix deposition, which can devastate an organ 

such as the lung (Reviewed by Crouch, 1990; McAnulty and Laurent, 1995a). It is 

evident that the repair process that can be disrupted at many levels. They include 

disordered haemostatic mechanisms (Goldsack et al., 1998), failure of re-epithelialisation
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(Crouch, 1990), excessive inflammation (Ward and Hunninghake, 1998) and an abnormal 

fibroblast phenotype with abnormal matrix deposition (Bienkowski and Gotkin, 1995). I 

will focus on the latter two as possible mechanisms of fibrogenesis as they are central to 

the development o f this thesis.

1.2.5) Inflammation in the development of pulmonary fibrosis.

The role of inflammation in the development of pulmonary fibrosis is currently one of the 

more controversial issues regarding the pathogenesis of IPF. Original theories on the 

evolution of pulmonary fibrosis suggested that chronic inflammation injures the lung and 

modulates fibrogenesis, leading to the end-stage fibrotic scar (Keogh and Crystal, 1982). 

This was partly based on the assumption that alveolitis represented the early changes of 

pulmonary fibrosis that would ultimately progress to “end stage” fibrosis. More recently, 

reanalysis of the natural history and reclassification of pathological subsets of patients with 

fibrosis (see table 1.1) has lead to a new hypothesis being developed. It has been suggested 

that the alveolitic forms of IPF (Desquamative and Non-Specific Interstitial Pneumonitis) 

are different disease processes compared with the fibrotic form of IPF (Usual Interstitial 

Pneumonitis). It has also been hypothesised that lung fibrosis can occur in the absence of 

inflammation, arising from so-called “fibroblastic foci” (Katzenstein and Myers, 1998; 

Selman et ah, 2001). However, what initiates the development of fibroblastic foci is not 

known. Despite this new hypothesis, there is considerable evidence that in the development 

o f pulmonary fibrosis there is a significant inflammatory component. Firstly, studies from 

patients with pulmonary fibrosis have shown increased inflammatory cells (described in 

introduction section 1.2.5.1 and 1.2.5.3). Secondly, animal models show a temporal
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relationship between inflammation and the development of fibrosis (described in 

introduction section 1.2.5.2 and 1.2.5.3). Finally, proinflammatory mediators have been 

demonstrated to be important in both animal and human studies of IPF (described in 

introduction section 1.2.5.4).

Table 1.1 Pathological classification and clinical features o f  histological subtypes o f IPF

Pathological

Classification

Usual

Interstitial

Pneumonitis

(UIP)

Non-Specific

Interstitial

Pneumonitis

(NSIP)

Desquamative

Interstitial

Pneumonitis

(DIP)

Respiratory

Bronchiolitis associated 

Interstitial Lung Disease 

(RBILD)

Acute

Interstitial

Pneumonitis

(AIP)

Frequency 63% 14% 8% 2% 2%

Mean age (Years) 57-65 49-57 42 36 49

Median Survival 2.8-5 yrs >10yrs 12yrs 1-2 months

Disease Progression Insidious Insidious Insidious Insidious Acute

(Adapted from Katzenstein and Myers, 1998 and Bjoraker et al., 1998)

1.2.5.1) Neutrophil inflammation in patients with pulmonary fibrosis

Despite the current controversy, many studies have associated inflammation with 

pulmonary fibrosis. For the purpose of this thesis, I will focus on neutrophils as the 

archetypal acute inflammatory cell and I will briefly describe the role of other 

inflammatory cells (see introduction section 1.2.5.3). Neutrophils are the predominant 

leukocyte in the blood and influx into the lung occurs early after injury. Neutrophils 

contain many reactive molecules, which can all potentially induce parenchymal cell injury, 

including proteases, acid hydrolases, lipid secretory products and reactive oxygen
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metabolites. These products can lead to extracellular matrix degradation and may thus 

promote the fibrotic response (Brown and Donaldson, 1988; Gadek et al., 1983; Nathan et 

al., 1979; Weiss, 1989). Neutrophils, and their products, have been shown to be increased 

in the bronchoalveolar lavage (BAL) from patients with IPF (Cantin et al., 1987; Gadek et 

al., 1983; Gadek et al., 1979; Strausz et al., 1990), and have been associated with severe 

disease and a reduced response to treatment (Gilligan et al., 1990; Rudd et al., 1981; 

Watters et al., 1987; Ziegenhagen et al., 1998). Two of the most potent neutrophil 

chemotractants, leukotriene B4 (LTB4) and interleukin- 8  (IL-8 ), have also been 

demonstrated at increased levels in IPF. LTB4, which increases both adhesion and 

chemoattraction of neutrophils, was increased in BAL (Wardlaw et al., 1989) and from 

tissue homogenates (Wilbom et al., 1996). IL- 8  was increased in BAL (Lynch, 3rd et al., 

1992; Car et al., 1994) and serum, and levels correlated with neutrophil numbers in the 

lung. Furthermore both IL- 8  mRNA, and IL8  secretion, fi*om alveolar macrophages were 

increased and again correlated with neutrophil numbers in the lung and the severity of 

pulmonary disease (Pantelidis et al., 1997; Carre et al., 1991). Although it is clear that 

neutrophils are involved in the fibrogenic process, whether they are responsible for 

advanced disease or merely represent the consequence of extensive injury or disease has 

still not been determined (Wells et al., 1998). This debate has been further complicated by 

the new hypothesis suggesting that pulmonary fibrosis can occur in the absence of 

inflammation. Determining whether there is progression from neutrophil alveolitis to 

persisting fibrosis, in human disease, will always be difficult because IPF presents 

insidiously. However, in animal models this relationship is more clearly established.
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1.2.5.2) Neutrophil mediated inflammation in animal models of flbrosis

A number of animal models of pulmonary fibrosis have been developed in various 

species including mice, hamsters, rats, rabbits, dogs, and non-human primates. It is 

beyond the scope of this thesis to describe all the models but they include asbestos, silica 

(both reviewed by Lemaire, 1995), radiation (reviewed by Pickrell and Abdel-Mageed, 

1995) and bleomycin (Thrall and Scalise, 1995). The bleomycin model will be described 

in detail in methods section 2.2.1. Inflammation is important in the development of fibrosis 

in animal models of lung fibrosis in respect to both duration and extent of fibrosis. The 

exact nature, and extent, o f the inflammatory response is dependent upon the initiating 

agent, the dose and the species used, but in general there are three phases of injury which 

has been most carefully characterised in the bleomycin model. Neutrophil alveolitis is 

often accompanied by a lymphocytosis (see introduction section 1.2.5.3c), and is followed 

by an influx of monocytes that differentiate into alveolar macrophages (see introduction 

section 1.2.5.3a). This precedes the onset of collagen production and matrix deposition (see 

introduction section 1.2.6). It has been shown to that bleomycin can stimulate alveolar cells 

to secrete neutrophil chemotactic factors, primarily LTB4 and IL- 8  (Sato et al., 1999), and 

asbestos stimulates alveolar cells to secrete IL- 8  (Rosenthal et al., 1994). The intensity of 

the inflammation has been associated with the intensity of fibrosis in rabbits (Shen et al., 

1988), and anti-inflammatory compounds inhibit the development of fibrosis, if given at 

the onset o f the injury (Thrall et ah, 1979; Mall et ah, 1991; Chandler and Young, 1989) 

but not if given after 10 days (Moore et ah, 2000). Bleomycin induced pulmonary fibrosis 

was ameliorated in neutrophil elastase gene deleted mice (Dunsmore et ah, 2001) and this
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was mirrored in studies using inhibitors of neutrophil elastase (Taooka et ah, 1997). 

Surprisingly, therefore, studies using neutrophil depleted mice have increased levels of 

total lung collagen compared with control suggesting a possible protective role for 

neutrophils (Clark and Kuhn, 3d, 1982; Thrall et ah, 1981). However, these studies only 

measured lung collagen at early time points (7-12 days). Collagen deposition is an integral 

part of the repair process and therefore increased lung collagen at early time points may in 

fact represent enhanced repair. Indeed these authors did not measure lung injury scores or 

total lung collagen at prolonged time points to suggest exacerbation of lung injury in 

neutrophil depleted mice (Clark and Kuhn, 3d, 1982; Thrall et ah, 1981). Overall the 

balance of the evidence would favour that neutrophils, or their proteolytic contents, 

contribute significantly to the fibrogenic process. The inflammatory response also consists 

of other cell types, and I will briefly outline their role in pulmonary fibrosis in the 

following sections.

1.2.5.3) The role of other inflammatory cells in pulmonary fibrosis

Most inflammatory cells have been implicated in the development of pulmonary fibrosis 

and it is beyond the scope of this thesis to discuss them all in detail but I will briefly 

summarise the main points. For recent reviews see Shaw and Kelley, 1995; Ruoss and 

Caughey, 1995; Agostini et ah, 1997 and Chan et ah, 1998.

1.2.5.3a) Macrophages

Alveolar macrophages are the resident inflammatory cell type in the lung and derive from 

circulating monocytes. They were the most abundant inflammatory cell type found in
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histological sections and bronchoalveolar lavage studies of both patients and animal models 

of pulmonary fibrosis (Shaw and Kelley, 1995). In the bleomycin model of fibrosis 

neutrophilia and lymphocytosis were short lived, whereas macrophage numbers were 

increased for many weeks (Thrall et al., 1982). Furthermore, depletion of alveolar 

macrophages using dichloromethylene diphosphonate led to a reduction in total lung 

collagen, in a model of immune mediated pulmonary fibrosis (Zhang-Hoover et al., 2001). 

Macrophages are phagocytic cells that generate both oxygen, and nitrogen, radical species 

(Segal, 1989; Nathan and Hibbs, Jr. 1991) as well as matrix degrading enzymes. Recent 

work has suggested that increased macrophage metalloproteinases are important in people 

with IPF (Lemjabbar et al., 1999) and in bleomycin induced pulmonary fibrosis (Swiderski 

et al., 1998). This suggests that macrophages might play a direct role in the tissue 

destruction, although their major role in pathogenesis of pulmonary fibrosis is probably in 

coordinating cellular responses within the lung, via secretion of numerous cytokines and 

other bioactive molecules (Shaw and Kelley 1995).

1.2.5.3b) Mast cells, basophils and eosinophils

Mast cells, basophils and eosinophils, like both neutrophils and macrophages, secrete 

numerous cytokines and preformed mediators that have the capacity to perpetuate 

fibrogenesis. They are usually involved in allergic responses and, with the exception of 

basophils, have also been implicated in pulmonary fibrosis (for a full review see Ruoss and 

Caughey, 1995). Patients with pulmonary fibrosis have increased levels of both mast cells 

(Hunt et al., 1992; Pesci et al., 1993) and eosinophils (Dunnill, 1990; Hallgren et al., 1989) 

and the presence of eosinophils in lavage has been associated with a worse prognosis
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(Peterson et a l, 1987; Watters et al., 1987). Bronchoalveolar lavage fluid (BALF) 

constituents have also demonstrated increased levels of mast cell tryptase (Walls et al., 

1991) and eosinophil cationic protein (Hallgren et al., 1989; Fujimoto et al., 1995). 

Although following bleomycin instillation mast cell numbers increase to a peak at 14 days 

post instillation there appears to be no difference in the development of fibrosis between 

wild-type mice and mice deficient in mast cells (Mori et al., 1991).

1.2.5.3c) Lymphocytes

Lymphocytes are involved in immune responses are most likely to be responsible for 

coordinating the fibrogenic process rather than directly contributing to it (for recent reviews 

see Agostini et al., 1997 and Chan et al., 1998). Although both B cells and T cells have 

been implicated in lung fibrosis (Kumar, 1989; Thrall and Barton, 1984), most work has 

focused on cellular immune responses rather than humoral immunity. Activated T cells can 

induce fibroblast proliferation and collagen synthesis (Wahl et al., 1978), and T cell 

numbers have been sown to be increased in the lungs of bleomycin challenged rodents 

(Chandler et al., 1983; Thrall and Barton, 1984). Inhibiting T cells using either athymie 

nude mice or treating with anti-CD4^ or anti CD8   ̂ antibodies, ameliorates pulmonary 

fibrosis (Schrier et al., 1983b; Piguet et al., 1993a). However, pulmonary fibrosis can occur 

in severe combined immunodeficiency (SCID) mice suggesting that T cells are not vital for 

the development of pulmonary fibrosis (Helene et al., 1999; Zhu et al., 1996). Furthermore, 

although T cells have been found in the lungs of people with pulmonary fibrosis their 

presence is non-specific and often associated with milder disease (Fireman et al., 1998; 

Watters et al., 1987; Rudd et al., 1981). T helper lymphocytes (Th cells) along with other
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inflammatory cells, most notably macrophages, secrete proinflammatory cytokines that are, 

in part, responsible for coordinating the response to lung injury. T cells secrete a pattern of 

cytokines that determine either a Thl or a Th2 response to injury. Recent work has 

investigated the role of Thl (IFNy, IL-2, IL-12, IL-18) and Th2 (IL-4, IL-5, IL-6 , IL-10, 

IL-13) responses in fibrosis, and has suggested that Th2 responses favour fibrogenesis 

(Hoyle and Brody, 2001; Lukacs et ah, 2001). The role of the archetypal proinflammatory 

cytokines, tumour necrosis factor a  (TNFa) and interleukin-ip (IL-ip), has been even 

better determined in the pathogenesis of pulmonary fibrosis.

1.2.5.4) Proinflammatory cytokines in pulmonary fibrosis

TNFa and IL-lp are prototypic proinflammatory cytokines. They are induced early 

following injury and lead to pain, fever and vasodilation. (For a recent review see 

Dinarello, 2000.) They stimulate the production of lipid mediators, nitric oxide, 

chemokines as well as stimulating fibroblast proliferation, and in the case of IL-ip, 

collagen deposition (Schmidt et al., 1982; Singh et al., 1988; Postlethwaite et al., 1988). 

Bleomycin challenge induces both TNFa and IL-ip in cell culture systems and in animal 

models of fibrosis (Everson and Chandler, 1992; Phan and Kunkel, 1992; Piguet et al., 

1989; Scheule et al., 1992; Suwabe et al., 1988). Over-expression of TNFa and IL lp in the 

lung leads to the development of fibrosis in the lung following intense neutrophil alveolitis 

(Kolb et al., 2001; Miyazaki et al., 1995; Sime et al., 1998), whereas mice that lack TNFa 

receptors are protected from lung fibrosis (Liu et al., 1998). Furthermore strategies that 

inhibit the function of TNFa or IL-1, using monoclonal antibodies or soluble receptors, 

prevents the development of pulmonary fibrosis in animal models (Piguet et al., 1993b;
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Piguet and Vesin, 1994). Studies from patients with pulmonary fibrosis have demonstrated 

increased levels TNF a  and IL-lp (Zhang et ah, 1993). Furthermore, in the study by Zhang 

and colleagues, macrophages isolated from BAL had increased expression of TNF a  and 

IL-ip mRNA. It is highly likely, therefore, that an excessive inflammatory response will 

exacerbate the course of pulmonary fibrosis.

1.2.5.5) Summary of the role of inflammation in pulmonary fibrosis

From the above sections it is apparent that there is still much to be discovered about the 

role of inflammation in the development of pulmonary fibrosis. However certain facts 

remain; in animal models of fibrosis inflammation plays a key role in the development of 

fibrosis and strategies that inhibit inflammation ameliorate fibrosis. Whether neutrophils 

are central to the pathogenesis of human disease is still uncertain. However, when 

neutrophils were observed in the lung in association with pulmonary fibrosis, they were 

associated with an adverse outcome. Strategies to inhibit neutrophil mediated damage 

either directly by inhibiting their enzymatic products, or indirectly via modulation of 

cytokines involved in mediating their functions ameliorate fibrosis. What determines the 

normal resolution of the inflammation response, or the progression to fibrosis is currently 

unknown. However recent evidence has suggested that COX-2 derived products such as 

cyclopentanone prostaglandins (Gilroy et al., 1999) or lipoxins may be crucial in 

terminating the inflammatory response and I will discuss this in subsequent sections (see 

discussion section 4.1.7.1 and 4.1.7.3). Crucially it is the regulation of collagen, and other 

matrix proteins, which will ultimately determine whether fibrosis will occur. Even in the 

presence of severe inflammation healing can occur with minimal fibrosis if there is not
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aberrant matrix deposition, most notably collagen, within the lung. I will describe the 

control of collagen deposition within the lung in the subsequent sections.

1.2.6) Collagen deposition in the lung

The control o f matrix deposition in the lung, following injury, is determined by a 

dynamic equilibrium between production of extracellular collagen, degradation of 

extracellular collagen and fibroblast proliferation. These processes will be described 

briefly in the following sections with particular emphasis on the control exerted by PGE2 .

1.2.6.1) Collagen production in the lung

In pulmonary fibrosis, a characteristic abnormality is excess collagen deposition within 

the lung which gives rise to the clinical observations of small, stiff lungs with 

radiographic honeycombing. For a full review of collagen production in the lung see 

Chambers and Laurent, 1996, but I will briefly summarise this process. The lung contains 

numerous collagens but predominantly collagen type I and type III. Fibroblasts, 

representing approximately 40% of all lung cells, are responsible for most o f the collagen 

production, although many cell types within the lung can also synthesise collagen. 

Procollagen DNA is transcribed and modified, both translationally and post- 

translationally to produce hydroxylated procollagen. The hydroxylation of proline and 

lysine residues in procollagen is vital for triple helix formation, which occurs prior to the 

secretion of the procollagen triple helix. Procollagen is then cleaved at the N- and C- 

termini by procollagen N- and C- proteinases allowing spontaneous formation of collagen 

fibrils. The concept that collagen was permanently deposited within the lungs is now
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thought to be incorrect. Collagen synthesis and degradation continue throughout life, with 

overall turnover rates of 10% in some rodents. Turnover o f newly synthesised lung 

collagen is even higher with 30% being degraded within minutes of synthesis. The 

proportion of collagen synthesised and degraded changes in certain pathological 

conditions including experimental models of pulmonary fibrosis. It is now recognised 

that modulation o f the proportion o f collagen synthesised or degraded can have a 

profound impact on total collagen deposited within the lung offering the hope that 

remodeling of the fibrotic lung may yet be possible.

1.2.6.2) Regulation of collagen synthesis

The rate of procollagen synthesis is usually regulated by steady state levels of pro

collagen mRNA, which in turn is determined by a dynamic equilibrium between the rate 

of procollagen gene transcription, mRNA processing and degradation. The ultimate 

determinant of collagen synthesis will be a result o f the quantity of procollagen 

synthesized by each fibroblast and the total number of fibroblasts. Fibroblast proliferation 

will be described in a subsequent section (see introduction section 1.2.6.4). Collagen gene 

transcription is controlled by mediators too numerous to describe in this thesis but are 

briefly outlined in table 1.2. However, it is important to note that one of the effects of PGE2 

is to down regulate a  1(1) collagen levels in lung fibroblasts. For a full review of collagen 

gene expression and regulation see (Ramirez and Di Liberto, 1990; Adams, 1989; 

McAnulty and Laurent, 1995b). It is likely that this effect is mediated by cAMP, and these 

effects have been duplicated with cAMP agonists and inhibited with antagonists (Baum et 

al., 1980; Saltzman et al., 1982). However, PGE2 has also been shown to downregulate
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Table 1.2 Effect of cytokines and growth factors on fibroblast collagen synthesis and proliferation

M ediator Effect on

collagen

production

Effect on

Fibroblast

proliferation

References

Angiotensin II Increases Increases (Marshall et al., 2001; Brilla et al., 1994)

Endothelin Increases Increases (Peacock et al., 1992; Dawes et al., 1996)

Insulin Increases (Goldstein et al., 1989)

Insulin like growth factor Increases Increases (Goldstein et al., 1989) 

(Phillips et al., 1987)

Interleukin-1 Increases Increases (Postlethwaite et al., 1988) 

(Singh et al., 1988)

Interleukin-4 Increases Increases (Postlethwaite et al., 1992) 

(Trautmann et al., 1998)

Interleukin-6 Increases (Duncan and Berman, 1991)

Interleukin-13 Increases (Kraft et al., 2001)

T N F a Increases (Vilcek et al., 1986)

CTGF Increases Increases (Frazier et al., 1996)

TGFP Increases (Varga and Jimenez, 1986)

PDGF Increases (Oliver et al., 1989)

PGE2 Decreases Decreases (Saltzman et al., 1982; Oliver et al., 1989)

Throm bin Increases Increases (Gray et al., 1990; Chambers et al., 1998)

Factor Xa Increases (Blanc-Brude et al., 2001)

Fibronectin Increases (Bitterman et al., 1983)

EGF Decreases Increases (Kurata and Hata, 1991)

Interferon a Decreases Decreases (Jimenez et al., 1984; Duncan and Berman, 

1987)

Interferon P Decreases (Tominaga and Lengyel, 1985)

Interferon y Decreases Decreases (Heckmann et al., 1989; Elias et al., 1987; Elias 

et al., 1990)

Retinoic acid Decreases (Oikarinen et al., 1985)

Fibroblast activating factor Increases (Wahl and Gately, 1983)

Tryptase Increases Increases (Akers et al., 2000; Caims and Walls, 1997)

a  1(1) collagen gene transcription independently of cAMP, and possibly acting via a PGE2
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inducible protein (Fine et al., 1992). Furthermore, PGE2 can down-regulate TGFp 

receptors, which could further limit collagen gene expression (Fine et al., 1995). Thus a 

defect in PGE2 synthesis could lead to aberrant matrix production and this will be described 

in greater detail in later sections (see introduction section 1.3.2).

1.2.6.3) Regulation of collagen degradation

Further dysregulation of matrix deposition could occur by aberrant collagen degradation, 

which occurs both intracellularly and extracellularly (For review see Chambers and 

Laurent, 1997). In human lung fibroblasts, PGEi inhibits collagen production partly via 

intracellular degradation of collagen (Barile et ah, 1988) and this effect is mediated via 

increased cAMP (Baum et ah, 1980). Studies in animal models of bleomycin induced 

pulmonary fibrosis have also demonstrated reduced intracellular collagen degradation 

(Laurent and McAnulty, 1983). Extracellular degradation of matrix occurs primarily due 

to the activation of the matrix metalloproteinases (MMP’s) such as the collagenases, 

gelatinases and stromelysins (Nagase and Woessner, Jr. 1999). The precise role that 

MMP’s and their natural inhibitors, the tissue inhibitors of metalloproteinases (TIMP’s) 

play in idiopathic pulmonary fibrosis is not clear. The levels o f both MMP’s, and 

TIMP’s, are increased in animal models of pulmonary fibrosis (Swiderski et ah, 1998; 

Hayashi et ah, 1996; Yaguchi et ah, 1998) as well as in human disease (Fukuda et ah, 

1998; Lemjabbar et ah, 1999; Ramos et ah, 2001). Relaxin, a cytokine that increases 

MMP activity, and decreases TIMP activity, ameliorated bleomycin induced pulmonary 

fibrosis (Unemori et ah, 1996). Furthermore, reduced collagenolytic activity has been 

associated with increased lung collagen (Selman et ah, 1986). However, treatment with
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the MMP inhibitor, batimastat, also ameliorated bleomycin induced fibrosis (Corbel et 

ah, 2001). Production of MMP’s, and TIMP activity, are both affected by PGE2 

dependent pathways (Wahl et ah, 1977; Wahl and Lampel, 1987; Shapiro et ah, 1993; 

Yamada et ah, 1996; Pentland et ah, 1995). Furthermore, bone resorption is mediated by 

PGE2 dependent MMP synthesis (Miyaura et ah, 2000). Therefore, a defect in 

prostaglandin synthesis following injury may alter the balance of matrix degradation in 

favour of fibrogenesis.

1.2.6.4) Fibroblast function

Fibroblasts are the major cell type responsible for matrix deposition in the lung (Tremblay 

et al, 1995). In pulmonary fibrosis there is an increase in fibroblast number (Wolff and 

Crystal, 1997) and an apparent phenotypic alteration that leads to increased proliferation of 

these cells (Raghu et ah, 1988; Jordana et ah, 1988). Primary cell lines, derived fi*om 

patients with pulmonary fibrosis, have an enhanced ability to proliferate in vitro in response 

to cytokines, serum, or autocrine production of their own growth factors (Ko et ah, 1977; 

Botstein et ah, 1982; Korn, 1985; Worrall et ah, 1986; Jordana et ah, 1987; Jordana et ah, 

1988). PGE2 and interferon y (IFNy) are two of the most potent inhibitors of fibroblast 

proliferation (Elias et ah, 1985; Bitterman et ah, 1986; Fine and Goldstein, 1987; McAnulty 

et ah, 1997; Oliver et ah, 1989; Elias et ah, 1987; Elias et ah, 1990), and both are reduced 

in biological samples Ifom patients with pulmonary fibrosis (Borok et ah, 1991; Lesur et 

ah, 1994; Wilbom et ah, 1995; Vancheri et ah, 2000; Keerthisingam et ah, 2001). In animal 

models, IFNy has been used to reduce collagen deposition in the lung (Giri et ah, 1986; 

Hyde et ah, 1988), and it can hinder progression the disease in people with pulmonary
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fibrosis (Ziesche et al., 1999). Therefore it is possible that PGEi may also have an anti- 

fibrotic effect mediated by its negative effect on fibroblast function.

1.2.7) Summary

The hallmark of pulmonary fibrosis is excessive and disorganised matrix deposition, 

especially collagen. It has recently become clear that the matrix is a much more dynamic 

structure than previously considered and regulation occurs at both molecular and cellular 

levels. Following injury, the degree of inflammation influences the extent of pulmonary 

damage. Although inflammation and repair occur in parallel with inter-related elements, in 

order to maintain an appropriate balance between synthesis and degradation of matrix 

proteins it is likely that termination of inflammation must occur before normal matrix can 

be deposited. COX-2 is involved in the evolution of this process at almost every level. 

COX-2 derived products, predominantly PGE2, but also other molecules, coordinate the 

inflammatory response and appear to be important in terminating inflammation (see 

introduction section 1.3.2 .1). PGE2 inhibits collagen gene transcription (see introduction 

section 1 .2 .6 .2 ), promotes both intracellular and extracellular matrix degradation (see 

introduction section 1 .2 .6 .3) and inhibits fibroblast proliferation (see introduction section

1.2.6.4). It is therefore likely that a failure to upregulate COX-2 following injury will 

promote fibrosis. In the following section, I will describe the evidence suggesting 

involvement of COX-2 in the pathogenesis of IPF.
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Section 3

Cyclooxygenase-2 and its role in pulmonary fibrosis

1.3.1) The cyclooxygenases

The cyclooxygenases are rate limiting enzymes in prostaglandin biosynthesis (see figure

1.1). At present two cyclooxygenase (COX) enzymes, COX-1 and COX-2 have been 

described. The COX enzymes are also known as prostaglandin synthases or prostaglandin 

endoperoxide H synthases. These terms can be used synonymously, and all further 

reference to these enzymes will be as cyclooxygenases (COX). COX-1 has been 

considered to control the “housekeeping” functions of cytoprotection and salt 

homeostasis, whereas COX-2 has been thought to be responsible for affects associated 

with inflammation, such as pain and tissue damage. However this view is somewhat 

simplistic and the roles of COX-1 and COX-2 may overlap (for a recent review see Smith 

and Langenbach, 2001). The major structural differences between COX-1 and COX-2 are 

in the signal peptide, the membrane binding domains and the catalytic site. COX-1 has a 

26 amino acid signal peptide, whereas COX-2 a 17 amino acid signal peptide. The first 

three amino acids of COX-1 are encoded by an exon in the COX-1 gene that is absent in 

COX-2 (Smith and De Witt, 1996). The functional significance o f these differences has 

not been fully elucidated, but could lead to different cellular locations of the COX-1 and 

COX-2 enzymes (Spencer et al., 1999). The active site and central channel of COX-2 are 

larger than in COX-1 (Kurumbail et al., 1996). A single amino acid difference between 

COX-1 and COX-2, at valine 509 to isoleucine, leads to a hydrophilic pocket that confers 

selectivity of COX inhibitors (Gierse et al., 1996; Kurumbail et al., 1996). Although both
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COX-1 and COX-2 have similar substrate specificity for arachidonic acid COX-2 has 

higher affinity for other substrates (Laneuville et ah, 1995). The structural differences 

between COX-1 and COX-2 are relatively minor and, although explaining selectivity, do 

not explain the different function of their products. This difference is probably due to the 

distinct temporal nature o f their gene expression. COX-1 and COX-2 are encoded on 

different genes, chromosome 9 and chromosome 1 respectively, but they have a similar 

intron/exon arrangement. However, the COX-1 gene has larger introns, leading to a size 

of 22.5kb, whereas COX-2 is much smaller at 8 kb. COX-1 has no TATA box, and the 

promoter region shows no inducible transcription and it is, therefore, considered 

constitutive. Whereas, COX-2 transcription is induced transiently by growth factors or 

cytokines during inflammation, due to the large number of transcription factor binding 

sites in its promoter region, explaining why it alone is responsible for ligand induced 

prostaglandin synthesis (Reddy and Herschman, 1994; Pruzanski et al., 1998). Despite 

being considered to have different functions both COX isoforms generate the same 

molecular product, PGH2, which is converted by cell specific synthases or isomerases to 

the active prostaglandin molecules (see fig 1.1). The profile of the many different 

prostanoid products (illustrated in fig 1.1) varies in different cell types. Prostanoids are 

unstable molecules, with a multitude o f receptors for each prostaglandin. These features, 

combined with their ability to provoke different responses in various tissues, make it 

difficult to define unequivocally the role of prostaglandins in different physiological 

processes (For a full review see DeWitt et al., 1990; DeWitt, D.L., 1991; Smith and 

Langenbach, 2001). However, they are implicated in normal renal function, modulating 

salt and water clearance, haemostasis, reproduction, control of bronchial and vascular 

smooth muscle tone, gastric function, immune function and inflammation. PGE2 is the
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PGDj, PGE2, PGF^

Figure 1.1) Schematic representation o f the prostanoid biosynthetic pathway

Free arachidonaic acid is released from the cell membrane by phospholipase A2 

(PLA2). This is then hydroxylated to PGG 2 prior to being oxydised to PGH 2, both 
reactions being catalysed by the cyclooxygenase enzymes. PGH 2 is then catalysed by 
cell specific synthases to the active prostanoids.

— cyclooxygenase, PGG 2 — prostaglandin G2, PGH2 — prostaglandin H2 , 
PGDj -  prostaglandin D^, PGEj -  prostaglandin PGF^^ -  prostaglandin
TXA2 -  thromboxane A2, PGI2 - prostacyclin
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major fibroblast, and neutrophil derived prostanoid (Maloney et al., 1998), and 

macrophages alter their prostanoid profile following activation to synthesise 

predominantly PGE2 (Brock et al., 1999) suggesting an important role for PGE2 in the 

inflammatory response and in fibrogenesis.

1.3.2) The role of COX-2 in pulmonary fibrosis

In the previous section I briefly described the role of inflammation and collagen 

deposition in the pathogenesis of pulmonary fibrosis. PGE2 is a molecule that has 

antifibrotic properties (see section 1.2.6 and 1.2.7) and plays a role in the inflammatory 

response (see section 1.3.2.1). In the subsequent sections I will discuss the role of PGE2 

and the molecule thought to be responsible for its synthesis following injury, COX-2, in 

the development of pulmonary fibrosis (sections 1 .3.2.1 to 1.3.2.3).

1.3.2.1) The role of COX-2 and PGE2 in inflammation

PGE2 and COX-2 are associated with inflammation, whereas prostanoids derived from 

COX-1 are considered to be responsible for “housekeeping” functions within the cell 

(Vane, 2000). However, the role of both COX isoforms in inflammation is currently the 

subject o f considerable debate (Tilley et al., 2001). Evidence for the proinflammatory 

role o f COX-2 is available from the widespread use of NSAID’s in the treatment of 

rheumatoid arthritis and other inflammatory diseases. Furthermore, powerful anti

inflammatory drugs, such as dexamethasone, have been shown to inhibit IL -ip induced 

COX-2 at both transcriptional and post-transcriptional levels (Mitchell et al., 1994; 

Newton et al., 1998). Recently studies using specific COX-2 inhibitors have
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demonstrated a reduction in pleural exudate and total cell number in carrageenin induced 

pleurisy (Gilroy et al., 1999), and they reduce inflammation in the joints of patients with 

rheumatoid arthritis (Simon et al., 1998). Furthermore, specific neutralising antibodies to 

PGE2 lead to reduced paw oedema, hyperalgesia and IL- 6  following carrageenin and 

adjuvant induced inflammation (Portanova et al., 1996). These effects may be mediated 

via systemic effects on vascular permeability, because at a cellular level PGE2 appears to 

be primarily anti-inflammatory. It is known that stimulated inflammatory cells, including 

macrophages (Brock et al., 1999) and neutrophils (Maloney et al., 1998) produce PGE2, 

via COX-2, and its effect on these cells is predominantly inhibitory. PGE2 also promotes 

macrophage deactivation (Strassmann et al., 1994), and reduces macrophage (Zeidler et 

al., 2000) and neutrophil, chemotaxis (Armstrong, 1995) and aggregation (Wise, 1996). 

Furthermore, PGE2 stimulates the production of anti-inflammatory cytokines (Strassmann 

et al., 1994) and inhibits the production of pro-inflammatory cytokines from 

macrophages (Fadok et al., 1998; Standiford et al., 1992) as well as reducing respiratory 

burst and degranulation in neutrophils (Fantone et al., 1984; Weksler and Goldstein, 

1980). Although PGE2 may have primarily inhibitory effects on inflammatory cells, there 

is evidence to suggest it may act to potentiate the effect of other proinflammatory 

mediators such as IL-1 (Agro et al., 1996). This is supported by data from m vivo studies 

that demonstrated that PGE2 , when administered alone, did not stimulate much pain, 

swelling, vascular permeability or neutrophil infiltration (Portanova et al., 1996; Serhan 

et al., 2000), however, it potentiated these features at sites o f inflammation (Williams, 

1979; Serhan et al., 2000) including bleomycin induced lung injury (Grant et al., 1991). 

Other COX-2 products are also of interest and recent reports have suggested roles for
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PPARy (Gilroy et al., 1999), a direct COX-2 metabolite, and lipoxins (Levy et al., 2001), 

an indirect product, in terminating the inflammatory response. It is apparent that the role 

of COX-2 in inflammation is very complicated and still not fully understood. However 

COX-2 products appear to be involved at every level of the inflammatory response and 

dysregulation of COX-2 could have profound effects on the evolution of the 

inflammatory response as well as effecting fibrogenesis. One important function of PGE2 

during inflammation is to modulate the actions of a number o f cytokines and growth 

factors implicated in the fibrogenic process.

1.3.2.2) The influence of PGE2 upon the fibrogenic effect of cytokines and 

growth factors

Proinflammatory cytokines such as IL-1 (3 and TNFa (see section 1.2.5.4), and pro- 

fibrotic mediators such as platelet derived growth factor (PDGF) and transforming 

growth factor p (TGFp) have been implicated in the pathogenesis o f pulmonary fibrosis 

(for references see table 1 .2  and 1.4). Furthermore, they all stimulate PGE2 production 

via upregulation of COX-2 (Endo et ah, 1995), which appears to lead to negative 

regulation. PGE2 inhibits TNFa and IL-1 synthesis and secretion from monocytes and 

macrophages (Haynes et al., 1992; Chensue et al., 1986; Viherluoto et al., 1991). 

Furthermore, PGE2 inhibits the fibroproliferative effects of TN Fa (Hori et al., 1991), and 

it is responsible for the antiproliferative effects of TGFp (McAnulty et ah, 1997), limiting 

stimulation of collagen synthesis by TGFp (Boak et ah, 1994; McAnulty et ah, 1995c). It 

has recently been shown that PGE2 downregulates expression of the PDGF-receptor a  

which is responsible for direct PDGF signaling and some indirect effects of TGFp (Boyle
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et al., 1999; Leof et al., 1986; Battegay et al., 1990). Within the milieu that might occur 

during the development of pulmonary fibrosis, the actions of PGE2 would appear to inhibit 

the fibrogenic effects of other proinflammatory and profibrotic mediators. I will now 

describe the evidence implicating PGE2 in the pathogenesis of pulmonary fibrosis.

1.3.2.3) The role of PGE2 in the pathogenesis of pulmonary fibrosis

In human studies, PGE2 levels were 50% lower in BALE from people with IPF compared 

with controls (Borok et al., 1991). Furthermore, macrophages cultured from the BALF of 

patients with IPF had reduced PGE2, which was inversely correlated with fibronectin 

production that was in turn inhibited by exogenous PGE2 (Ozaki et al., 1990). Fibroblasts 

from patients with pulmonary fibrosis have a reduced capacity to synthesise PGE2 in 

response to profibrotic mediators such as IL -ip and TGFp and this has been related to a 

defect in COX-2 regulation (Wilbom et al., 1995; Keerthisingam et al., 2001). In 

bleomycin challenged hamsters, plasma PGE2 was elevated early peaking four days after 

instillation, with levels of collagen rising later, peaking at 14 days (Chandler and Giri, 

1983). Furthermore, PGE levels were also elevated in hamster lung homogenates 14 days 

following bleomycin challenge (Giri and Witt, 1985). Although not direct evidence that 

PGE2 is involved in the pathogenesis of pulmonary fibrosis, these studies illustrate that 

PGE2 is upregulated following lung injury. Indomethacin, a non-specific COX inhibitor, 

has been used to assess the role of prostaglandins following bleomycin induced lung 

injury in rats (Thrall et al., 1979; Mall et al., 1991). Although neither of these studies 

investigated the effect of indomethacin on prostaglandin levels within the lung, 

indomethacin appeared to reduce the initial inflammatory response and ameliorate the
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fibrosis. However, a study using indomethacin in mice, at higher doses than in rats, found 

no effect on collagen deposition (Phan and Kunkel, 1986). Further studies have shown 

that exogenous PGE] enhanced BAL neutrophil levels in the first two weeks but with no 

overall effect on lung collagen (Grant et al., 1991). These studies appear to contradict the 

hypothesis that COX-2 derived PGE2 is an inhibitory mediator in pulmonary fibrosis. 

However, indomethacin is more selective for COX-1 both in vitro and in vivo at the doses 

used in the above studies, and the role of COX-1 in inflammation is still unclear (Wallace 

et al., 1998). Furthermore, the attenuation of pulmonary fibrosis by indomethacin may 

have been due to the cyclooxygenase-independent effects of this drug (Jones et al., 1999). 

Although the cyclooxygenase independent actions of indomethacin are not yet precisely 

determined both NS-398, a selective COX-2 inhibitor, and indomethacin can inhibit 

angiogenesis in vascular endothelial cells, however exogenous prostanoids can only 

reverse this effect in cells treated with NS398 (Jones et al., 1999). Furthermore, 

indomethacin may inhibit the lipoxygenase pathway, an important proinflammatory 

pathway (Uotila et al., 1981). A further explanation for the beneficial effect of 

indomethacin may be that it exerts anti-inflammatory effects on the initial phase o f the 

injury ameliorating fibrosis in this model. Although there is evidence that COX-2 is 

important in pulmonary fibrosis, its role in the pathogenesis of this condition is yet to be 

precisely defined and that is part of the purpose of this thesis.

1.3.3) Potential causes of COX-2 disruption in humans

The majority of people who develop pulmonary fibrosis are over the age of 40, and cases 

of familial pulmonary fibrosis are extremely rare. Therefore, it is unlikely that any defect
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in COX-2 is the result o f hereditary defects within the coding region of the gene. Several 

potential mechanisms could limit COX-2 expression and lead to aberrant repair following 

injury. It is possible an inherited defect, or polymorphism, within the COX-2 promoter or 

its regulatory regions could result in loss of COX-2 induction upon stimulation. 

Alternatively, the inability to induce COX-2 could be due to an acquired defect that is 

specific to the lung. For example, viral infection may suppress the promoter activity of 

the COX-2 gene. Such suppressive activity has been demonstrated for the tumour 

suppressor gene p53, which inhibits the formation of complexes between TATA-binding 

proteins and the murine and human COX-2 promoter (Subbaramaiah et al., 1999). Raised 

antibody titres to cytomegalovirus (CMV), herpes simplex virus (HSV) and Epstein Barr 

virus (EBV) have been found in pulmonary fibrosis (Yonemaru et al., 1997), suggesting 

that herpes viruses may play a role in pathogenesis. Furthermore, studies have suggested 

an association between the prevalence of the EBV and patients with pulmonary fibrosis 

(Egan et al., 1995; Stewart et al., 1999). Further circumstantial evidence supporting the 

role of herpes viruses comes from patients following lung transplantation where there 

was increased risk of chronic rejection, a fibroproliferative condition, if  the organ 

recipient demonstrated CMV infection (Keenan et al., 1991). In human B cells, the 

presence of EBV in either its wild-type or latent form resulted in a loss of the anti

proliferative effects of TGFp 1 (Arvanitakis et al., 1995). Other DNA tumour viruses such 

as the SV40, adenovirus and human papilloma virus also conferred resistance to TGFpi 

mediated growth inhibition in human kératinocytes (Pietenpol et al., 1990). There is 

potential, therefore, for both inherited and acquired disruption of COX-2 gene to occur. 

In recent years it has become possible to precisely determine the role of COX-2 in
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pulmonary fibrosis due to the development of selective COX-2 inhibitors and the 

generation of COX-2 gene deleted (COX-2 -/-) mice.

1.3.4) Cylooxygenase inhibitors

There are many cyclooxygenase inhibitors, otherwise known as non-steroidal 

antiinflammatory drugs (NSAID’s), currently available as therapeutic agents with over 

forty being available experimentally (Warner et ah, 1999), and the most familiar are 

illustrated in table 1.3. All these agents inhibit cyclooxygenase activity by stearic 

hindrance of the catalytic site and can be classified, either pharmacologically, or 

according to their selectivity for COX-2. Pharmacologically NSAID’s belong to one of 

four classes o f agents. Class 1 agents are simple competitive inhibitors that include 

ibuprofen, piroxicam and mefanamic acid. Class 2 NSAID’s are time-dependent 

reversible inhibitors where initial binding leads to a structural alteration in COX that 

reverses slowly over time and includes indomethacin and diclofenac. Class 3 inhibitors, 

essentially aspirin or other salicylate derivatives, are irreversible inhibitors due to 

covalent acétylation o f serine 530 (Smith and DeWitt, 1996). The new COX-2 selective 

inhibitors, NS398 and DuP697, have a slightly different mechanism being weak 

competitive inhibitors of COX-1 but time dependent irreversible inhibitors of COX-2 by 

slow structural transition of the COX-2 enzyme (Copeland et al., 1994). COX-2 selective 

NSAID’s are thought to be less toxic due to the reduced inhibition of COX-1 (Vane, 

2000). The COX selectivity o f compounds has been assessed in a number o f systems with 

some degree of variation (Gierse et al., 1999), however, it is generally accepted that 

whole blood assays are most reproducible and reflect most accurately physiological
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Table 1.3. R elative potencies o f non steroidal anti inflam m atory drugs as inhibitors o f prostanoid

formation.

NSAID COX-1 COX-2 COX-2/COX-1

ICSOpM IC80pM ICSOpM IC80pM IC50 ratio IC80 ratio

Aspirin 1.7 8.0 7.5 30 4.4 3.8

Celexocib 1.2 28 0.34 3.0 0.3 0.11

Diclofenac 0.075 1.0 0.02 0.23 0.3 0.23

Ibuprofen 7.6 58 20 150 2 .6 2 .6

Indomethacin 0.013 0.46 0.13 2.0 10 4.3

Ketorolac 0.00019 0.0034 0.075 1 395 294
M efenam ic acid 25 >100 2.9 >100 0.049 -

Naproxen 9.3 110 35 330 3.8 3.0

Nimusulide 10 41 039 7.0 0.038 0.17

NS398 6.9 65 0.042 1.0 0.0061 0.015

Piroxicam 2.4 15 0.17 7.0 0.1 0.47

Rofecoxib 63 >100 0.31 5.0 0.0049 <0.05

SC58125 >100 >100 2.0 10 <0.01 <0.01
Sulindac sulphide 1.9 38 1.21 11 0.64 0.29

Tomoxiprol 7.6 35 032 13 0.042 0.37

From W arner et al PNAS 1999.

conditions (Vane, 2000). There is potential for all NSAID’s to inhibit both COX 

isoforms, if  given at a dose high enough. Therefore, because the therapeutic effect of 

NSAID’s probably requires 80% inhibition of COX-2 activity, a comparison of IC80 

values may be more meaningful (Warner et al., 1999). One of the most selective COX-2 

inhibitors, at either IC50 or IC80 using a whole blood assay (see table 1.3), is NS398 

which has also been shown to be highly selective for COX-2 in a murine model (Wallace
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t al., 1998). Furthermore, NS398 appears not to have the COX independent activity 

associated with indomethacin (Jones et al., 1999). An alternative strategy avoiding any 

inhibition o f cyclooxygenase-1 activity, whilst guaranteeing complete suppression of 

COX-2 activity throughout the lung, is to use mice with specific gene deletions.

1.3.5) COX-2 gene disrupted animals

Mice with specific targeted mutations of both COX-1 and COX-2 genes have been 

generated. COX-1 mutant mice have a near normal phenotype, but they have reduced 

platelet aggregation and inflammatory responses (Langenbach et al., 1995). There are two 

strains o f COX-2 gene disrupted mice, and both were derived from SV/129 embryonic 

stem cells and C57B1/6 blastocysts (Morham et al., 1995; Dinchuk et al., 1995). Morham 

and colleagues disrupted exon 8 and Dinchuk and colleagues disrupted exon 1. Both 

groups found increased mortality in mice that were homozygous for the disrupted gene 

(referred to as COX-2 -/- mice and wild-type controls as COX-2 +/+), although the 

lifespan was shorter following exon 8 disruption (8-16 weeks) than exon 1 disruption 

(3.5-6 months). Mortality was due to chronic renal failure, secondary to renal 

developmental abnormalities. When analysed histologically the kidneys of embryonic 

day 14 null mice were normal but changes occurred in neonatal mice and got worse with 

increasing age. Histological changes are characterised by glomerular hypoplasia and 

tubular atrophy with an abundance of undifferentiated mesenchymal tissue and interstitial 

inflammation and fibrosis. Cardiac fibrosis was evident in 50% of adult null mice 

following exon 1 disruption and peritonitis with adhesion formation was noted in a small 

number o f mice following exon 8 disruption. Neither group found any alteration in
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inflammatory responses in COX-2 -/- mice, although subsequent studies have found 

alterations in the inflammatory response following challenge (Gavett et ah, 1999; 

Wallace et ah, 1998). These will be discussed in detail in discussion section 4.1.7, 

However, the fibrotic response, in the lungs of COX-2 -/- mice, either with or without 

challenge, has not been studied.

1.3.6) Summary

It is apparent that COX-2 derived PGE2 is a pivotal molecule in coordinating the injury and 

repair process. The role that it plays in the development of pulmonary fibrosis is complex 

and as yet poorly defined due, in part, to the multiple pathways that may be involved in the 

pathogenesis of this condition. However, it is clear that COX-2 metabolites help to 

coordinate the inflammatory response and PGE2 inhibits fibrogenesis. Therefore, failure to 

upregulate COX-2 and any subsequent deficiency in the synthesis of PGE2 may play a key 

role in the development of IPF. There are a number of mechanisms that might prevent 

appropriate upregulation of COX-2 following lung injury in humans. In recent years the 

necessary tools have become available in order to determine the mechanism by which a 

defect in COX-2 upregulation may promote pulmonary fibrosis. If COX-2 is important in 

ameliorating pulmonary fibrosis then strategies to over-express it may offer a useful 

therapeutic option.
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Section 4

Gene therapy for pulmonary fibrosis

1.4.1) Current treatments for pulmonary fibrosis

Despite the numerous compounds that aid resolution of bleomycin induced pulmonary 

fibrosis (see table 1.4), at the current time there is no good evidence that any treatment 

improves either survival, or quality of life, of patients with pulmonary fibrosis. Current 

recommended therapy is a combination of prednisolone and immunosuppression with 

either cyclophosphamide or azathioprine (ATS/ERS, 2000). Such treatment strategies 

may help in milder variants of pulmonary fibrosis, such as desquamative and non-specific 

interstitial pneumonitis, but are o f questionable benefit in the classical picture of usual 

interstitial pneumonitis. Other treatments such as D-penecillamine and colchicine, either 

with or without prednisolone, have been tried (Selman et ah, 1998; Douglas et ah, 1998). 

These studies found that there was no clinical benefit compared with prednisolone alone, 

which itself is o f doubtful value in the treatment of UIP (Douglas et ah, 2000). More 

recently two novel treatments, pirfenidone and interferon-y, previously shown to inhibit 

bleomycin-induced fibrosis (see table 1.4), have shown some benefit in limited clinical 

trials for pulmonary fibrosis (Raghu et ah, 1999; Ziesche et ah, 1999). It is clear that 

there is a need for improved and novel therapies for pulmonary fibrosis. Gene therapy is a 

strategy that could be of particular benefit for delivering intracellular molecules to the 

lung in a targeted and sustained manner, avoiding the need for continuous infusions or 

severe systemic side effects.
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T able 1.4 Selected successful strategies for am eliorating bleomycin induced pulm onary fibrosis

Strategy Treatment Administration Model Reference
Anti Soluble TNF receptor L/R.P. M (Piguet and Vesin, 1994)

inflammatory MAPK inhibitor (SB239063) S/P. R (Underwood et al., 2001)

HVJ-ILIO S/G.T. M (Aral et al., 2000)
Interferon-y S/R.P. M (Giri et al., 1986)

Arachidonic Indomethacin S/P. R (Thrall et al., 1979; Mall et

acid al., 1991)

modulation
Diclofenac S/P. H (Chandler and Young, 1989)
Nordihydroguiaretic acid S/P. M (Phan and Kunkel, 1986)
Fish Oil DM. R (Kennedy, Jr. et al., 1989)
PAF anatagonist (WEB 2086) S/P. H (Giri et al., 1995)
y-linoleic acid DM. H (Ziboh et al., 1997)
PLA2 inhibitor (CME) S/P. H (Breuer et al., 1995)

Anti growth Decorin L/R.P. H (Giri et al., 1997)

factor HVJ-PDGF receptor S/G.T. M (Yoshida et al., 1999)
Anti TGFp antibody L/R.P. M (Giri et al., 1993)

Soluble TGFp receptors L/R.P. H (Wang et al., 1999)
Adenoviral Smad 7 L/G.T. M (Nakao et al., 1999)
Pirfenidone S/P. H (lyer et al., 1995)

Antioxidant N-acetylcystein S/P M (Shahzeidi et al., 1991)
Superoxide Dismutase s/p. M (Tamagawa et al., 2001)
Amifostine s/p. H (Nici et al., 1998)
Dimethyl sulfoxide s/p. R (Pépin and Langner, 1985)
Deferoxamine s/p. H (Chandler and Fulmer, 1985)

Antiprotease SLPI S/R.P. H (Mitsuhashi et al., 1996)
Heparin S/P. R (Piguet et al., 1996)
N.E. inhibitor (ONO-5046) S/P. M (Taooka et al., 1997)
Relaxin S/R.P. M (Unemori et al., 1996)
Adenoviral uPA L/G.T M (Sisson et al., 1999)

Inhibition of 3,4-Dehydroproline S/A. R (Kelley et al., 1980)

Collagen Cis-4-hydroxy-L-proline S/A R (Greco et al., 1997)

Deposition
Halofuginone S/P. R (Nagler et al., 1996)

D-penecillamine S/P. H (Zuckerman et al., 1980)

P'Aminopropionitrile s/p. H (Zuckerman et al., 1980;

Riley et al., 1982)

S. - Systemic administration, L - local (intratracheal) administration
A - synthetic analogue, G.T.- gene therapy, P - pharmacological agent, R.P. -  recombinant protein, D.M. -
Dietary Manipulation
H -  hamster, M -  mouse, R -  rat
N.E. - Neutrophil elastase
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1.4.2) Gene Therapy

For gene therapy to be a therapeutic reality, the gene of interest has to overcome 

numerous hurdles (See figure 1.2). Initially there are physical barriers such as blood, 

mucus and extracellular matrix. Then the gene, negatively charged DNA, has to cross the 

negatively charged cell membrane. This usually happens by endocytosis or phagoctosis. 

The extremely low pH of the endosome and lysosome will degrade most DNA and any 

associated complex. Surviving DNA then has to avoid degradation by cytoplasmic 

nucleases prior to translocation to the nucleus. This can occur either through the nuclear 

pores, which are considerably smaller than plasmid DNA, or during cell division. Inside 

the nucleus the transcription of the gene is dependent upon the chemistry of the gene 

expression system or plasmid. For a recent review on current strategies to overcome these 

hurdles see Luo and Saltzman, 2001. However, for the purpose o f this thesis I will 

concentrate on mechanisms of cellular entry. Methods of gene delivery are 

conventionally divided into two approaches, infection or transfection. Infection exploits a 

viral mediated process where target cells are infected (transduced) with a virus carrying a 

cloned sequence of DNA (cDNA) in its genome which has been disabled to render it non 

pathogenic. Transfection is a process in which a gene of interest is introduced by 

biochemical or physical methods.
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Figure 1.2. Schematic drawing o f DNA delivery pathways with three major barriers; low uptake across cell 

membrane, poor endosomal release o f DNA molecules with limited stability, and lack o f nuclear targeting. 

A) DNA complex formation. B) Uptake C) Endocytosis o f complex. D) Endosomal release. E) Endosomal 

degradation. F) Intracellular release. G) Cytosolic degradation. H) Nuclear targeting. I) Nuclear entry and 

expression. Taken with permission from Luo and Saltzman Nature Biotechnology 2000.

1.4.3) Viral gene transfer

Viruses are sophisticated nucleic acid containing macromolecular assemblies that have 

evolved to transfer genes from one cell to another as they can only replicate their genome 

inside cells. Several viral vector systems have been developed, including adenoviruses 

(Reviewed by Graham, 2000), adeno-associated viruses (reviewed by Monahan and 

Samulski, 2000) herpes viruses (reviewed by Latchman, 2001) and retroviruses (reviewed 

by Wang et ah, 2000a). It is beyond the scope o f this thesis to discuss them in detail, but 

viral vectors all share some similar features. They are generated as recombinant viruses 

composed o f recombinant viral genomes and viral proteins forming a viral package (for a 

review o f viral vector generation, see Lehn et al 1998). They gain cell entry via cell 

surface receptors that usually have other ligands, thereby exploiting normal host cellular
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mechanisms. The receptor-virus interaction initiates conformational changes in the virus, 

this enables it to enter the cytoplasm either, via membrane fusion or receptor mediated 

endocytosis. The virus is then uncoated, and the viral genome is transported to the 

nucleus by molecular mechanisms that are poorly understood, but may involve nuclear 

shuttle proteins (for a review of mechanisms of viral vector transduction see Robbins et 

al., 1998 and Graham, 2000). Viral vectors have high transfection efficiencies but are 

laborious to create and have potential drawbacks that will be discussed in detail later (see 

section 1.4.5.1 and 1.4.5.2).

1.4.4) Non-viral gene transfer

As the name implies the process of non-viral gene transfer involves delivering the gene of 

interest into host cells without the aid of viral packaging. Numerous approaches have 

been tried with varying success including both physical and chemical gene transfer, as 

well as using synthetic cationic molecules such as liposomes. These will be discussed 

briefly in the following sections.

1.4.4.1) Physical gene transfer

Electroporation delivers cDNA by exposing cells to a brief electrical pulse of high field 

strength. Exposing a cell suspension to an electrical field induces temporary pores in the 

cell membrane. It is highly efficient at transfecting cells but very cytotoxic and in vivo 

use is likely to be limited to use in accessible sites such as skin and muscle (Luo and 

Saltzman, 2000). Microinjection introduces DNA directly into the cytoplasm or nuclei 

using a very fine needle (Capecchi, 1980) but is slow, laborious and not practical for in
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vivo use. Biolistic particle delivery, or particle bombardment, uses high velocity 

microprojectiles to introduce macromolecules into a cell (Daniell et al., 1990). It is 

widely used for DNA vaccination, where limited, local administration of DNA is all that 

is required (Qiu et al., 1996; Fynan et al., 1993). Although less toxic than electroporation, 

it has similar practical limitations (Luo and Saltzman, 2000).

1.4.4.2) Chemical gene transfer

The earliest studies complexed negatively charged DNA with positively charged 

chemicals such as calcium phosphate or diethylaminoethyl (DEAE)-dextran 

(Fleckenstein et al., 1975). The DNA interacts with the complex and is condensed into 

small, insoluble particles that adhere to the cell membrane and are internalised by 

endocytosis or phagocytosis (Loyter et al., 1982). However, calcium phosphate 

coprecipitation has detrimental effects on cell membranes and cannot be easily used in 

vivo (Smith et al., 1993).

1.4.4.3) Liposomal gene transfer

Cationic lipids are used extensively for gene transfer. They form small (100-400nm) 

unilamellar liposomes when formulated in water under optimal conditions. The overall 

positive surface charge of the cationic liposome interacts with the negative charge of the 

DNA backbone forming a stable DNA-liposome complex. Thus the ratio of lipid to DNA 

within each non-viral complex is dependent on the size of the plasmid, and would be 

about 4:1 for a 2.5kb plasmid (Feigner and Ringold, 1989). However, this may be 

simplistic, as this model does not take into account two factors. Firstly that plasmid 

cDNA is supercoiled prior to addition with liposomes, and is therefore considerably
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smaller than a single liposome, with an average length of 70nm, and the charge would not 

be evenly distributed along the plasmid surface (Smith et ah, 1993). Secondly, DNA 

itself may be fusogenic for lipids by causing aggregation and fusion of the particles 

(Beigel et ah, 1988). Regardless of the exact form the lipid-DNA complex may take, 

cationic liposome-DNA complexes are generally assumed to form electrostatically. The 

complex is thought to have a positive charge adhering it to the cell membrane, facilitating 

cellular internalisation of the negatively charged cDNA across the negatively charged cell 

membrane (for review see Smith et ah, 1993). Whether cationic liposomes influence 

endosomal, or cytoplasmic, degradation, or promote nuclear internalisation is currently a 

matter of debate. For recent reviews see Niven et ah, 1997 and Cullis and Chonn, 1998.

1.4.4.4) Receptor mediated non-viral gene transfer

Receptor mediated non-viral gene transfer is a technique that stems from the observation 

that viruses exploit host receptors for cell entry. Initially the plasmid DNA is condensed 

in a DNA-polycation complex, usually containing polylysine. Receptor binding ligands 

are then covalently attached to the polylysine. Numerous ligands have been incorporated 

into synthetic systems including, transferrin (Wagner et ah, 1990), epidermal growth 

factor (Cristiano and Roth, 1996), fibroblast growth factor (Sosnowski et ah, 1996), 

asialoorosomucoid (Wu and Wu, 1987; Wu and Wu, 1988; Wu et ah, 1991), 

galactosylated or mannosylated poly L-lysine (Perales et ah, 1994; Ferkol et ah, 1996) 

and antibody fragments (Ferkol et ah, 1995). Systems using galactose receptor ligands, or 

antibody complexes, have been delivered intravenously with some success in vivo (Wu et 

ah, 1991; Perales et ah, 1994; Ferkol et ah, 1996). Receptor mediated systems based on
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polylysine-DNA complexes appear particularly vulnerable to endosomal degradation and 

endosomolytic agents are often used in combination with the polylysine-DNA complex. 

Commonly chloroquine has been used in transfection media for in vitro studies but 

toxicity limits in vivo use. Inactivated adenoviruses have been incorporated into non-viral 

complexes, exploiting the membrane-destabilising capacity of the capsid. For a full 

review of endosomolytic strategies see (Wagner et al., 1998). The size and charge 

characteristics in these complexes can facilitate cellular internalisation in the absence of 

any receptor specificity, and the charge o f the complex is important for maintaining 

specificity for the receptor of these systems in vitro (Schaffer and Lauffenburger, 1998). 

Furthermore, receptor mediated endocytosis o f synthetic systems occurs via a clathrin- 

dependent endocytic process. Clathrin coated vesicles are about lOOnm in diameter and 

may be expected to limit the size of molecules that can be internalised by this pathway 

(Isberg, 1991). The importance of size and charge characteristics of non-viral complexes 

will be discussed in more detail in section 1.4.8.

1.4.5) Pulmonary gene transfer

Clinical trials employing gene therapy for the respiratory manifestations of cystic 

fibrosis, while indicating the promise of these approaches, have highlighted the need to 

develop a safe, efficient vector system for respiratory gene therapy to achieve its full 

potential. (Crystal et al., 1994; Bellon et al., 1997; Alton et al., 1999; Hyde et al., 2000) 

As illustrated in the above sections, there are many different strategies for delivering 

genes to cells within the body. Each system has advantages and disadvantages depending 

on the nature of the target cell or organ to be transfected. The lungs may possess inherent
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advantages for gene therapy since they are easily accessible via the airway, offer a large 

surface area for transfection and reduce the risk of systemic side effects. However, the 

lungs have also evolved mechanisms, such as mucociliary clearance and resident alveolar 

macrophages, to clear inhaled substances. Therefore the barriers to gene transfer in the 

lung are different to those in other organs and must be considered accordingly.

I.4.5.I.) Adenoviral gene transfer to the lung

Recombinant viral vectors, such as adenovirus or adeno-associated virus (AAV), are 

highly efficient but have limitations associated with their biological properties. 

Adenoviral vectors are trophic for respiratory epithelium and transduce pulmonary cells 

efficiently. They have the further advantage of being able to transduce non-dividing cells 

in culture and in vivo (Graham, 2000). However, adenoviral gene transfer induces non

specific inflammatory and specific anti-viral immune responses (Otake et al., 1998; Yang 

et al., 1996), limiting gene expression (Yei et al., 1994). Furthermore, humoral responses 

towards the adenovirus prevent repeat gene transfer. These problems may be ameliorated 

by co-administration of immunosuppressant agents, re-administering adenoviruses of 

alternative serotypes or using third generation ‘fully deleted’ adenoviruses (Graham, 

2000; Robbins and Ghivizzani, 1998). Despite these advances, host inflammatory and 

immune responses remains the major obstacle facing adenoviral pulmonary gene therapy.

1.4.5.2) Adeno-associated viral gene transfer to the lung

AAV is a member of the parvovirus family, and is a single stranded DNA virus that 

requires a helper virus, such as adenovirus, for replication. AAV can transduce non
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dividing cells and has been shown to transduce the lungs of rabbits leading to expression 

for up to six months (Flotte et al., 1993). This potential for long term gene expression 

may be due to its capacity to integrate into the host genome. In contrast to wild-type 

AAV, recombinant AAV does not integrate specifically into chromosome 19. Other 

limitations include a limited packaging capacity and difficulty in preparing high titres 

(Dong et al., 1996a). Recent work has exploited the intrinsic property of AAV to form 

concatemers in the head-to-tail orientation that could facilitate expression of larger, up to 

lOkb, transgenes (Nakai et al., 2000). AAV may therefore be a useful alternative to the 

adenovirus in clinical settings, such as cystic fibrosis, where long term gene expression of 

small genes is required.

1.4.5.3) Cationic liposome gene transfer to the lung

Cationic liposomes have been used in experimental models of lung disease as well as in 

cystic fibrosis clinical trials. They have been delivered both intratracheally (i.t.) and by 

aerosol. For treatment of chronic lung conditions aerosol delivery may well be required 

and may have the advantage o f preventing aggregation of liposome-DNA particles into 

large complexes, a major problem of liposomal mediated gene transfer (For a review see 

Alton and Geddes, 1998). However, there is also a risk o f nébulisation damaging the 

liposome, shearing the plasmid DNA or altering the structure of the lipid-DNA complex 

as well as the reduced fraction of deposited complex that will occur following inhalation 

(Alton and Geddes, 1998; Scheule and Cheng, 1998). Cationic liposomes are clinically 

well tolerated with few side effects but have relatively poor in vivo transfection efficiency 

(Alton et al., 1999; Ferrari et al., 1997; Zabner et al., 1997), which may be partly due to
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their inability to transfect non-dividing cells (Matsui et al., 1997). Therefore, non-viral 

vectors, based on polyplex/DNA complexes, may provide a more attractive alternative to 

recombinant viral vectors since they are non-pathogenic, are less immunogenic, less 

restricted by the amount of DNA that can be packaged and simple to prepare and use 

(Gotten et al., 1992). Vectors that combine the safety parameters o f non-viral vectors with 

the transfection efficiency of viral vectors would be desirable.

1.4.5.4) Integrin mediated gene transfer

As described in section 1.4.4.4, one approach to enhancing the transfection efficiency of 

non-viral vectors is to incorporate targeting elements that bind efficiently to cell-surface 

receptors, including integrins (Hart et al., 1994; Hart et al., 1995). Integrins are 

heterodimeric cell surface glycoproteins consisting o f a  and P subunits that are expressed 

on many cells including airway fibroblasts, epithelial cells and myeloid cell lines 

(Newham and Humphries, 1996). Their physiological functions relate to cell-cell and 

cell-matrix interactions. However, binding of cell surface integrins is also exploited by a 

number of pathogenic organisms including Yersinia pseudotuberculosis (Rankin et al., 

1992), adenovirus (Bai et al., 1994) and echovirus (Bergelson et al., 1992) to promote 

cellular internalisation. This mechanism of cell entry has been exploited in the 

development of a novel family of integrin-targeted non-viral vectors (Hart et al., 1994; 

Hart et al., 1995). These vectors consist of a cationic liposome (L), an integrin-binding 

peptide (I) with a sixteen-lysine tail, and plasmid DNA (D), which combine 

electrostatically to form the LID vector complex. The integrin targeting peptide is 

thought to bind cell surface integrins and the lipofectin to act as an endosmolytic agent
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(Hart et al., 1998). Integrin targeting peptides have also been combined with the 

polycation polyethylenimine (PEI) with enhanced in vitro transfection efficiency 

compared with PEI alone (Erbacher et ah, 1999).

1.4.6) Integrin distribution and polarity of pulmonary epithelial cells

For receptor mediated gene transfer to succeed the appropriate receptors have to be 

present on the target cell in the target organ. Integrins, as described in the previous 

section, are heterodimeric cell adhesion molecules and help regulate cellular morphology, 

differentiation and proliferation. There are a large number of integrins present on both 

bronchial and alveolar epithelium in normal lung (see table 1.5) with aS p i recently being 

demonstrated as a predominant interstitial integrin (Levine et ah, 2000). Despite the 

presence of such a large number of integrins in the lung they are predominantly located 

on the basolateral surface o f epithelial cells where they mediate adhesion to the basal 

membrane. This polarity o f pulmonary epithelial cells, with a sparsity of apically 

expressed receptors, may limit the efficiency of gene transfer by a number of viral 

vectors, including adenoviruses (Pickles et ah, 1998; Walters et ah, 1999), adeno- 

associated viruses (Duan et ah, 1998), and retroviruses (Wang et ah, 1998; Johnson et ah, 

1998) to differentiated epithelium. Certain integrins are expressed only at low levels in 

normal lung, such as aS p i and avps, but are induced following injury and are important 

in airway epithelial repair (Wang et ah, 1996; Herard et ah, 1996; Jabbour et ah, 1998). 

Levels of the av p s  integrin in the lung are thought to predict the susceptibility to 

adenoviral gene transfer (Takayama et ah, 1998). This may partly explain why injured 

epithelium is significantly more susceptible to gene transfer with adenovirus than intact
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epithelium as there is upregulation and redistribution of integrins on the epithelial surface 

(Pilewski et ah, 1997). However, injured epithelium will also have increased permeability 

and this may aid transfection.

Table 1.5) Localisation o f  epithelial integrins in norm al lung, and their principle ligands.

Integrin Principle Ligand(s) Localisation Reference

a i p i Collagen IV Alveolar basement membrane (Koukoulis et al., 1997)

a 2 p i Collagen I Bronchial epithelium (Koukoulis et al., 1997; 

Mette et al., 1993)

a 3 p i Laminin-5 Basal surface alveolar and bronchial 

epithelium

(Mette et al., 1993) 

(Koukoulis et al., 1997)

a S p i Fibronectin Alveolar and bronchial epithelium (Koukoulis et al., 1997; 

Wang et al., 1996)

a6p4 Laminin-5 Basal surface basal cells (Sheppard, 1998; 

Koukoulis et al., 1997; 

Mette et al., 1993)

a S p l Fibronectin, 

vitronectin, tenascin

Parenchymal interstitium (Levine et al., 2000)

a 9 p i Tenascin Diffuse expression basal cells (Weinacker et al., 1995)

avp 5 Vitronectin

(adenovirus)

Diffuse expression basal cells (Sheppard, 1998)

avP6 Fibronectin, 

vitronectin, tenascin

Rarely in bronchial epithelium (Wang et al., 1996)

a v p s Vitronectin Diffusely throughout bronchial epithelium (Sheppard, 1998)

1.4.7) Role of epithelial cell permeability in gene transfer

Although severe lung injury may facilitate receptor mediated gene transfer by 

upregulating and redistributing epithelial receptors, much lower levels of lung damage 

may facilitate gene transfer by increasing transepithelial permeability and increasing 

receptor-ligand interaction. Hypo-osmotic shock can increase permeability o f epithelial
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cell layers after only eight minutes exposure to deionised water (Widdicombe et al., 

1996). Cell layers become permeable to macromolecules due to increases in cellular 

permeability, resolving rapidly, and paracellular transepithelial permeability, which is 

more prolonged (Widdicombe et al., 1996). Hypotonic shock can increase cell membrane 

permeability by endocytosis (Okada and Rechsteiner, 1982), and transepithelial 

permeability by disruption of tight junction complexes (Anderson and Van Itallie, 1995; 

Gumbiner, 1993). Tight junctions are calcium dependent and intraepithélial permeability 

can be transiently increased using a number of calcium chelating agents (Wang et al., 

2000b). Treatment of human bronchial epithelial cell layers with either water, or the 

calcium chelating agent Ethylene glycol-bis ({3-aminoethyl ether)-N,N,N’,N’-tetraacteic 

acid (EGTA), can lead to increased transepithelial permeability in less than 60 seconds. 

Transduction efficiency of amphotrophic viruses in these cell layers was significantly 

enhanced following treatment with either water or EGTA, and remained receptor 

dependent (Wang et ah, 1998). These methods of increasing transepithelial permeability 

have also lead to increased gene transfer in vivo (Wang et ah, 2000b), and naked DNA 

dissolved in water, instilled intratracheally, has been shown to give higher gene 

expression than when dissolved in isotonic saline (Sawa et ah, 1996). Although deionised 

water may increase gene expression by increasing transepithelial permeability, it will also 

affect the physico-chemical properties of non-viral gene delivery systems.

1.4.8) Effect of physical characteristics of non-viral vectors on gene transfer

The size and charge of non-viral complexes can be affected in different ionic 

environments. How this affects transfection efficiency is currently poorly understood.
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This is partly because in vitro studies evaluating non-viral vectors depend on the cell type 

and vector being studied with few general rules emerging, although it is accepted that 

transfection is less efficient in the presence of serum (Scheule and Cheng, 1998). The 

surface charge of cationic liposome - DNA complexes, measured by zeta potential, is 

dependent on the complex buffer. When DC-Chol/DOPE, a cationic liposome, was 

complexed with DNA in water, the surface charge was proportional to the lipid: DNA 

ratio, becoming negative at a lipid: DNA ratio o f 4: 1. Whereas in DMEM, the zeta 

potential o f the complex was negative immediately on addition of DNA, and did not alter 

at any lipid: DNA ratio (Son et al., 2000). Increasing ionic strength, and in particular 

multivalent anions, facilitates lipid fusion (Monkkonen and Urtti, 1998) and when 

preformed lipid-DNA complexes are added to cell culture medium their size distribution 

changes with complex fusion taking place (Jaaskelainen et al., 1994). Lipid aggregation 

is also seen when cationic liposomes are administered intravenously (Mahato et al., 

1998). However, whether these changes are important is uncertain, as there does not 

appear to be a direct relationship between size, or charge ratio, and in vitro transfection 

efficiency of either lipofectin or DOTAP (Stegmann and Legendre, 1997). However, the 

size and charge characteristics may determine the distribution and duration of gene 

expression following intravenous delivery of liposomes (Mahato et al., 1998). Non-viral 

lipopolyplex complexes may also aggregate in the presence of serum (Li et al., 1998). 

Aggregation is also observed in physiological buffers and in vitro gene expression, using 

either transferrin conjugated or unmodified PEI complexes, is greater compared with 

transfection in hypotonic buffers where complex size is smaller and aggregation inhibited 

(Ogris et al., 1998). There is little data assessing whether physico-chemical
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characteristics of receptor mediated systems affects in vivo transfection, but would appear 

to suggest that smaller complexes are optimal. Perales and Ferkol have both reported 

successful targeting of lOnm and 25nm complexes respectively, and suggesting an 

optimal ratio o f 1:0.7 DNA to polylysine giving an overall negative charge ratio (Perales 

et ah, 1994; Ferkol et ah, 1995). Thus, when considering strategies for receptor-mediated 

gene transfer to the lung, there are a number of features worthy of consideration in an 

attempt to optimise levels of gene expression whilst minimising the risks of adverse 

effects. Clearly, the choice o f receptor ligand is crucial. Having determined this, the 

overall characteristics of the complex particularly the charge ratio of the complex and the 

size and surface charge of the complex are factors that may affect levels of transfection 

and pulmonary toxicity. By investigating these parameters it may be possible to design a 

complex that is suitable for the particular needs of the disease to be treated, in this case 

pulmonary fibrosis.

1.4.9) Summary

At the present time there is no effective treatment for pulmonary fibrosis. COX-2 is a 

molecule that may well be important in preventing the abnormal response to lung injury 

that occurs in this condition. It is an intracellular molecule and therefore can not be 

administered, either locally or systemically, as a recombinant protein. Gene therapy 

offers the potential to deliver the gene encoding COX-2 directly to the cells of the lung, 

the organ affected in pulmonary fibrosis. The major limitations of gene therapy relate to 

problems associated with delivery of the gene to the cell. Viruses are efficient, but lead to 

inflammation and immune responses that can be fatal. This limits the number of times the
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gene can be administered, whereas non viral systems have yet to be developed with 

transfection efficiencies that make them practical for therapeutic purposes. By exploiting 

receptor mediated cell entry, modification of non-viral systems may enable more efficient 

delivery systems, with minimal adverse effects, to be developed.
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Section 5

Summary and Aims o f  Thesis

Pulmonary fibrosis is a devastating disease with a rising incidence and mortality, but no 

effective treatment. Although the pathogenesis appears to be due to an abnormal response 

to injury following disruption of normal homeostatic processes, the precise mechanism 

by which this happens is yet to be determined. Pulmonary fibrosis has numerous 

aetiologies therefore understanding the mechanisms by which it develops will offer the 

best chance to discover novel therapies which are so urgently needed. The abnormal 

progression o f inflammation and dysregulation of collagen metabolism are two areas that 

are important in the development of fibrosis. Many of the cellular and molecular 

pathways involved in regulating these processes are inter-related.

PGE2 is an important regulatory molecule in both inflammatory and fibrotic pathways. It 

is upregulated at sites o f inflammation and fibrosis, via induction o f the COX-2 gene, by 

many proinflammatory and profibrotic mediators. PGEi appears to act in a paracrine and 

autocrine fashion to regulate the cytokines and cells involved in the inflammatory 

response. Furthermore, it has a generally negative role on matrix deposition inhibiting 

fibroblast proliferation and collagen synthesis, as well as promoting collagen degradation. 

There is evidence to suggest that people with pulmonary fibrosis have a diminished 

capacity to synthesise PGE2 and this is due to defective upregulation of COX-2. 

However, much of this evidence comes from the study of fibroblasts and does not 

consider the interaction between cell types following injury. The relationship between
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inflammation and matrix deposition in the development of pulmonary fibrosis is 

complex, but can be addressed in animal models of pulmonary fibrosis. The role of COX- 

2 in the development of such models has not previously been assessed. Therefore 

understanding how COX-2 affects the evolution of bleomycin induced fibrosis will aid 

attempts to modulate this molecule in order to ameliorate lung fibrosis.

If failure of COX-2 function is associated with the development of pulmonary fibrosis, 

one potential approach to treatment would be to use gene therapy to correct the defect. 

Pulmonary gene therapy has a number of potential advantages over currently available 

treatments such as prolonged duration of action, and reduced systemic side effects. Both 

viral and non-viral systems have been used in the lung with varying degrees of success. 

However, a novel integrin-targeted non-viral system has been developed with high in 

vitro transfection efficiency that could generate high levels of transfection in the lung 

with less adverse effects than viral systems. Furthermore, COX-2 gene therapy would 

represent a specifically targeted therapy, directed at the molecular defect and the site o f 

disease. This would represent a major breakthrough in the treatment of complex diseases. 

However, for it to become a reality a safe, efficient delivery system needs to be 

developed.

The aim of this thesis is to test the hypothesis that pulmonary fibrosis is exacerbated by 

defective upregulation o f COX-2, and that functional levels o f COX-2 may be restored, 

in the lung, using an integrin-targeted non-viral gene delivery system. 1 will use gene 

knockout and gene transfer technology, as well as pharmacological agents, in the
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bleomycin model of fibrosis, to address the specific role that the COX-2 gene has in the 

development o f pulmonary fibrosis. Specifically I will assess whether COX-2 is involved 

in bleomycin induced lung injury using selective COX-2 inhibitors and having 

established a breeding colony of COX-2 “knockout” mice I will assess their phenotype in 

response to bleomycin. I will develop an integrin targeting gene delivery system (the LID 

vector) for use in vivo, which will be used to deliver COX-2 cDNA to the lungs of mice. 

The ultimate aim o f this thesis is to evaluate the role of COX-2 in pulmonary fibrosis and 

develop a non-viral gene delivery system that can successfully over-express COX-2 in 

the lungs. In this way I aim to determine whether COX-2 gene therapy may offer hope of 

a therapeutic advance for the treatment of people with pulmonary fibrosis.
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Chapter 2

Materials and Methods
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Section 1

Disrupting COX-2 function in mice

2.1.1) Animals

Functioning COX-2 can be disrupted by either “knocking out” the gene or inhibiting the 

enzyme. Both of these techniques were used. COX-2 gene disrupted (COX-2 -/- mice) 

mice (Dinchuk et al., 1995) were obtained (Jackson Laboratory, Maine, USA) and bred at 

the central biological services facility. University College London. Homozygote females 

are infertile therefore homozygote males were bred with heterozygote females. Pups were 

weaned at three weeks and genotyped by polymerase chain reaction (PCR) immediately 

following weaning (see section 2.1.2). COX-2 knockout mice were generated from an 

SV129 stem cell and inserted into a C57B1/6 blastocyst, therefore SV129/C57B1/6 F2 

cross mice were supplied as controls. F3 generation control mice were then mated and F4 

generation mice were used as experimental subjects. A proportion o f SV129/C57B1/6 F4 

mice were treated with the highly selective COX-2 inhibitor (See methods section 2.1.3) 

in order to determine whether this would lead to the same response to lung injury as 

complete absence o f a functioning gene.

2.1.2) Genotyping of COX-2 -/- mice

2.1.2.1) Extraction and purification of DNA

Progeny from breeding pairs were genotyped at weaning (three weeks). Tail snips were 

performed with sharp scissors, 5mm from the end of the tail. Blood from the tail vein and 

the tail snip were collected in a 1.5ml eppendorf tube and immediately snap frozen in
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liquid nitrogen. Tail snips were then cut into 1mm thick strands, and together with blood, 

were mixed with 500pl of lysis buffer (IM  Tris 5% v/v, 5M NaCl 4% v/v, 0.5M EDTA 

20%, 1% SDS in H2O) before adding lOpl of fresh proteinase K (50mg/ml in water). The 

lysis reaction mixture was incubated at 55°C in a rotating water bath overnight. Samples 

were then centrifuged at 12,000 x g for five minutes. The supernatant was removed and 

placed in a clean tube. A further 500pi of lysis buffer was added to the pellet, which was 

re-suspended prior to re-centrifugation at 12,000 x g. The supernatant was then added to 

that removed after the initial centrifugation. The DNA was precipitated from the 

supernatant by adding 750pl of isopropanol. Following isopropanol precipitation, the 

pellet was washed in 70% ethanol and allowed to air dry. Once dry the pellets were re

suspended in lOOpl of water and allowed to stand at room temperature overnight. DNA 

was then quantified as described in methods section 2.3.5. The DNA was then diluted 

serially to 1 Ong/pl in water prior to genotyping.

2.1.2.2) The principle of the polymerase chain reaction (PCR)

Genotype was determined using PCR, which amplifies specific DNA sequences that may 

be present or absent dependent upon genotype. Extracted double stranded DNA is de

annealed at high temperature and each single strand o f DNA forms a template that 

hybridizes with complementary oligonucleotide primers on cooling. Taq polymerase, a 

heat stable DNA polymerase that does not denature on repeated heat treatments, 

selectively synthesises DNA downstream from the primers on the de-annealed template 

using added deoxyribonucleoside triphosphates (DNTP’s). This cycle o f de-annealing
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and hybridization can be repeated for subsequent reactions and can amplify the specific 

region of DNA numerous times depending on experimental requirements.

2.1.2.3) PCR for wild-type and disrupted COX-2 alleles

All mice were genotyped and, as parents were homozygous male and heterozygous 

female, the PCR product would be either homozygous for the disrupted allele or 

heterozygous for disrupted and the wild-type allele. Three primers were used. Two 

primers recognise specific sequence from the COX-2 gene (oIMR546 and oIMR547) 

giving a 922bp product and one primer specific to a region of the neomycin cassette, that, 

when used with a COX-2 specific primer (oIMR013 and oIMR547), gives a 1.4kbp 

product (for primer sequences see appendix 1). The PCR reaction had been previously 

optimised for duplex results (i.e. both alleles determined in one reaction using three 

primers simultaneously). Briefly, 2pl of DNA (lOpg/ml) was mixed with 3 pi of water, 

covered with mineral oil prior to addition of 5 pi PCR reaction mixture (20% 2mM dNTP, 

20% 50mM KCL in lOmM Tris pH8.3, 12% 25mM MgCb, 2% 20pM 013 and 20pM 

547 and 0.4% 20pM 546, 1.8% Taq polymerase (5U/pl) all v/v in water). The PCR 

reaction proceeded for three hours (3 min @ 94°C, then 34 cycles of 1 min @ 94°C, 2 

min @ 62°C, 2 min @72°C, before a final 5 min @72°C and then 10°C until PCR 

product analysed) prior to analysis on 2% agarose gel. PCR reaction product was loaded 

onto a gel containing ethidium bromide, with positive and negative controls, and run for 

30 minutes at 150 volts. Bands corresponding to 1.4kbp (knockout allele) or 922bp (wild- 

type allele) were visualised under UV light. Figure 2.1 demonstrates the results of one 

litter and is representative of all the PCR’s. This illustrates that the litters consisted of one
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1 2 3 4 5 6 7 8 9 10 11 12 13

llOObp

Figure 2.1) Genotyping of COX-2 “knockout” mice using PCR

Representative ethidium stained agarose gel demonstrating PCR produet from 12 unknown 
samples (lanes 2 - 11). Positive controls are in lanes 12 - 13. Molecular marker VIII used. 
Homozygote males are mated with heterozygote females therefore only heterozygote and 
homozygote progeny are detected.
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animal homozygous for the 1.4kbp product, the disrupted allele, and nine animals that 

were heterozygous for the 1.4kbp and 922bp product (wild-type allele).

2.1.3) NS398 treatment of wild-type control mice

In order to determine whether COX-2 gene deletion and COX-2 inhibition had the same 

effect on the development of bleomycin induced lung injury the highly selective COX-2 

inhibitor NS398 (N-[-2-cyclohexyloxy]-4-nitrophenyl methanesulphonamide. Cayman 

Chemicals, Cayman Islands) was administered to wild-type mice. NS398 was dissolved 

in dimethylsulfoxide (DMSO, Sigma, UK) at 25mg/ml and stored, as aliquots, at -40°C. 

Immediately prior to administration, NS398 was thawed at room temperature and diluted 

in PBS containing 1% Tween 80® (Sigma, UK) to a concentration of 750pg/ml. NS398 

is an unstable compound, and was therefore administered to all the mice within one hour 

of preparation. Each mouse received 3mg/kg NS398 administered orally, by gavage, 

every 12 hours as previously described (Gilroy et al., 1998). The first dose of NS398 was 

administered at least one hour prior to bleomycin instillation (See methods section 2.2.2). 

Control mice received vehicle alone, 30pl/ml of DMSO dissolved in 1% Tween 80-PBS. 

Administration of NS398, or vehicle alone, was continued for the duration of the 

experiment.
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Section 2

The bleomycin model ofpulmonary fibrosis

2.2.1) The bleomycin model of fibrosis

Bleomycin is an antineoplastic antibiotic isolated from a strain of Streptomyces verticillus 

and leads to a progressive pulmonary fibrosis in between 3-40% of patients treated with 

this drug. Although excreted by the kidneys, bleomycin is inactivated by bleomycin 

hydrolase, found in abundance in the liver and kidneys, but which is relatively scarce in 

the skin and lungs, explaining the localisation of bleomycin toxicity. Bleomycin has been 

administered intravenously, intramuscularly, intraperitoneally or intratracheally in animal 

models; all lead to lung damage mimicking the human disease, except that it is a non

progressive fibrosis. Intratracheal bleomycin has a number o f advantages over the 

parenteral models: it uses less bleomycin, there is a quicker kinetic development of 

fibrosis and a clear time of initiation of lung injury. However, following i.t. instillation, 

the distribution of fibrosis is patchy and with more peribronchial damage compared with 

administration via the other routes. It is thought that bleomycin induces lung injury by 

generating reactive oxygen radicals on binding DNA and iron, which in turn leads to 

DNA damage (Thrall and Scalise, 1995).

2.2.2) Bleomycin administration

COX-2 -/- mice, NS398 treated mice or controls, both male and female mice, between 6- 

8 weeks of age, were anaesthetised in halothane (3.5 1/min) and oxygen (2 1/min). The 

trachea was exposed by ventral incision and cannulated. They received bleomycin
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sulphate (Kyowa Hakko, Slough, UK) at doses of 0.5, 1 and 3mg/kg in 50pl of 0.9% 

saline (25 units/5Opl) or 0.9% saline as control. Animals were weighed regularly and 

killed at various time points between seven and 28 days. The lungs were lavaged (see 

methods section 2.2.4) and analysed for total cell number and differential cell counts 

(methods section 2.2.4.1), PGE2 (methods section 2.2.4.2). The lungs were removed and 

snap frozen in liquid nitrogen for assessment of hydroxyproline content (methods section 

2.2.5) and western analysis (methods section 2.2.6). The lungs of at least three animals 

per group were fixed in situ with paraformaldehyde, and kept for histological assessment 

as described in section 2.2.3.

2.2.3) Histological assessment of pulmonary fibrosis

Mice were euthanised 14 and 28 days following bleomycin instillation with 

pentobarbitone sodium (200mg/ml; Sanofi Animal Health, Watford, United Kingdom). 

Following laparotomy and exsanguination, the vasculature of the lungs was perfused with 

heparinised PBS and then freshly prepared ice-cold fixative (4% paraformaldehyde and 

0.2% glutaraldehyde) via the right atrium. Lungs were further fixed by intratracheal 

instillation of fixative at a pressure of 20cm H2O for five minutes. The trachea was 

ligated and the heart and lungs were removed en bloc, and immersed in fixative overnight 

at 4°C. Following fixing, the lungs were transferred to 15% sucrose in PBS prior to 

dehydration in alcohols (see table 2.1). Each individual lobe was dissected and all lobes 

were orientated in the same way for embedding in paraffin wax. Sections, 5 pm thick, 

were cut and placed onto slides. The sections were baked at 40° C overnight prior to 

staining with Masson’s trichrome (see methods section 2.2.3.1).
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Table 2.1 Dehydration and rehydration schedule for lung tissue

Dehydration schedule for lungs Rehydration schedule for mounted sections*

0.9% Saline 30 minutes Xylene 3 minute x2

50% ethanol in 0.9% saline 30 minutes 100% ethanol 1 minute x 2

70% ethanol** 30 minutes 70% ethanol 1 minute

80% ethanol 30 minutes Tap water 1 minute

90% ethanol 30 minutes

100% ethanol 30 minutes

Xylene 30 minutes x 4

Paraffin wax 30 minutes x3 

1 X overnight

% ethanol in v/v water unless otherwise stated

* Dehydration o f slides following staining was performed in the reverse order in half the time

** Lung tissue was stored in 70% ethanol until further processing

2.2.3.1) Masson’s Trichrome

Histological sections were rehydrated as above prior to staining (see table 2.1). Between 

immersion in each stain slides were washed for one minute in water. Sections were 

stained for 10s in Celestine Blue Solution (0.5% w/v Celestine Blue (Sigma), 5% w/v 

ferric ammonium sulphate (Sigma) both in water, Glycerin (Sigma) 14% v/v) then 10s in 

Mayers haematoxylin (BDH/Merck), then six minutes in 1% w/v ponceau red 

(BDH/Merck) in 1% v/v acetic acid (BDH/Merck) in water. Collagen was then 

decolourised in 1% w/v phosphomolybdic acid (PMA -  Sigma) in water prior to counter 

staining with 0.5% v/w soluble methyl blue (Sigma) in 2.5% v/v acetic acid in water. 

After staining the sections were dehydrated in graded alcohol prior mounting in DPX.

90



1.1 3 .1) Histological scoring of pulmonary fibrosis

The extent of pulmonary injury was assessed using a modified Ashcroft scoring system 

(Ashcroft et al., 1988, see Appendix 2) and scored by three independent observers. The 

extent of injury was assessed by estimating the amount o f inflammation and matrix in 

each lobe of the lung, as visualised following Masson’s trichrome staining, and graded 

between 0 and 4. The mean score was determined for each lobe and compared between 

treatment groups and genotype. All sections were assessed without knowledge of the 

treatment.

2.2.4) Bronchoalveolar lavage.

Seven, 14 or 28 days following instillation of bleomycin animals were euthanised with 

pentobarbitone sodium (200 mg/ml; Sanofi Animal Health, Watford, UK). Following 

exsanguination the trachea was cannulated and the lungs were lavaged ten times with 

0.5ml aliquots of PBS. Each aliquot was instilled slowly over 15 seconds and remained in 

situ for 30 seconds prior to gentle removal of the PBS over 15 seconds. The lavage fluid 

was stored on ice throughout the lavage procedure. Greater than 90% of the total instillate 

was recovered following lavage. Following bronchoalveolar lavage the samples were 

centrifuged at 300x g for five minutes at 4°C (Beckman Coulter, High Wycombe, UK). 

The supernatant, or bronchoalveolar lavage fluid (BALF), was removed and stored, as 

1ml aliquots, at -80°C until PGE] was analysed (see methods section 2.2.4.2) and the 

cellular pellet resuspended and analysed as described in the following section (2.2.4.1).
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2.2.4.1) Cytological analysis of bronchoalveolar lavage

Following removal of the BALF, the cell pellet was resuspended in 500pl of lOOpg/ml 

albumin in PBS, by vigorous pipetting. The cells were counted using a haemocytometer. 

Cell preparations were generated from lOOpl of single cell suspension, containing 

between 0.5 and 1x10^ cells/ml, by cytocentrifuge (Cytospin 3, Shandon, UK) at 1000 

rpm for three minutes. The cellular preparations were allowed to air dry on the slide for at 

least 30 minutes prior to methanol fixing, and staining with haematoxylin and eosin. 

Differential cell counts were performed, and at least 500 cells per sample were 

differentiated, using conventional morphological criteria for macrophage/monocytes, 

lymphocytes, or polymorphonuclear leukocytes. Slides were coded and assessed in a 

blinded fashion.

2.2.4.2) Principles of enzyme immune and enzyme linked immunosorbent

assays

For biochemical measurement of PGE2 an enzyme immunoassay (ElA) was used 

(Amersham, Little Chalfont, Buckinghamshire,UK). The principle of the assay is based 

on competition between unlabelled PGE2 (within sample or standard) and a fixed quantity 

of peroxidase-labeled PGE2 for a limited number of binding sites on a PGE2 specific 

antibody. The principle is similar to that of an enzyme linked immunosorbent assay 

(ELISA) but with minor differences. Firstly it does not require the molecule to bind both 

capture and detection antibodies and secondly due to competition for binding to the 

specific antibody, optical density is inversely proportional to the amount of molecule 

present. The principle of an ELISA is summarised briefly here. Antibodies that
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specifically recognise the molecule of interest are coated onto the wells of a plate (the 

capture antibody) and they bind to the molecule of interest. A second, biotinylated, 

antibody (the detection antibody) is then added and binds to the ‘captured’ molecule on 

the plate. The biotin forms a complex with avidin-horseradish peroxidase which catalyses 

the oxidation of substrate leading to a change in colour that can be measured on a 

colorimeter. The exact protocol is determined by the manufacturer’s specification and is 

described subsequently (see method section 2.5.5).

2.2.4.3) Assay of PGE2 in bronchoalveolar lavage fluid

Bronchoalveolar lavage fluid was obtained as described above (methods section 2.2.4). 

The enzyme immunoassay was stored at -20°C and thawed immediately prior to use. 

Standards were prepared by diluting PGE2, supplied at 256ng/ml in ethanol, in assay 

buffer (O.IM phosphate buffer pH 7.5, 0.9% (w/v) bovine serum albumin and 0.5% (w/v) 

kathon). Samples were assayed neat, or diluted in assay buffer. 50ql of standards, and 

samples, were loaded onto a microtitre plate coated with goat anti-mouse IgG within one 

hour of preparation. 50pl of reconstituted PGE2 antibody was added to all wells (except 

blank wells and wells to assess non-specific binding of PGE2 conjugate to goat anti

mouse IgG) and incubated at 4°C for three hours. Following the three-hour incubation, 

50|ul of reconstituted PGE2, conjugated to horseradish peroxidase, was added to all wells 

except the blanks. The plate was incubated for a further hour whilst maintaining the plate 

at 4°C. The plate was then washed, manually, four times with wash buffer (0.01 M 

phosphate buffer pH7.5, 0.05% (v/v) tween® 20) and 150p,l o f TMB substrate 

(3,3’5,5’tetramethylbenzidine/hydrogen peroxide in 20% (v/v) dimethylformamide)
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added to all wells. The plate was incubated at room temperature on a plate shaker for 30 

minutes and then lOOpl of IM sulphuric acid was immediately added to all wells. The 

optical density of the contents of each well was then immediately measured at 450nm on 

a colorimeter.

2.2.5) Determination of total lung collagen

The majority o f  data produced using this technique was generated by R. Hodges and C 

Keerthisingham.

High pressure liquid chromatography is used in this setting to separate amino acids using 

an acetonitrile gradient. Hydroxyproline produces a peak at about five minutes and this is 

quantified by comparison with standards prepared under identical conditions. Lungs were 

crushed to a dry powder in liquid nitrogen. An aliquot of between 10-20mg of powdered 

lung tissue was hydrolysed in 2ml of 6M hydrochloric acid at 110°C for 16 hours. The 

hydrosylate was then mixed with charcoal and filtered through 0.65pm filters to remove 

lipid components. The clear filtrate was then stored at room temperature until assessment 

of hydroxyproline. The filtrate was diluted 1:100 in double distilled H2O and 250pl 

transferred to 1.5ml eppendorf tubes and evaporated to dryness with a centrifugal vacuum 

concentrator. The dried residue was redissolved in lOOpl HPLC-grade water buffered 

with lOOpl 0.4 M potassium tetraborate (Sigma) and reacted with lOOpl of 36mM 7- 

chloro-4-nitrobenzo-2-oxa-l,3-diazole (NBD chloride) in methanol and incubated at 37 

°C for 20 minutes. The reaction was stopped by the addition of 50pl 1.5 M HCl; 150pl of 

167 mM sodium acetate in 26% (v/v) acetonitrile was then added. Samples were filtered 

with an HPLC low-dead-volume filter (pore size 0.22 pm, type GV; Millipore) and a
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100/^1 aliquot was injected on the HPLC column (LichroCART LiChrospher 250 mm><4 

mm, 5 mm particle size, RP-18; BDH/Merck) coupled directly to a precolumn 

(LiChrosorb, 4 mm><4 mm, 5 mm particle size, 100 RP-18; BDH/Merck) and then eluted 

with an acetonitrile gradient composed of a mixture of buffer A (8% v/v acetonitrile, 

50mM sodium acetate, pH 6.4) and buffer B (75% acetonitrile in double distilled H2O - 

see table 2.2). The hydroxyproline content of each sample was determined by comparing 

peak areas of samples from the chromatogram with those generated from standard 

solutions, derivatised and separated under identical conditions. Total lung collagen was 

calculated assuming that lung collagen contains 12.2% w/w hydroxyproline (Laurent et 

al., 1981).

Table 2.2 Table illustrating buffer concentration at various times determining the

acetonitrile gradient during HPLC

Time (Minutes) Percentage Buffer B

0 0

5 5

6 80

12 80

12.5 0

25 0
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2.2.6) Immunoblotting of cPLA2 and COX-1

This data was generated by Dr Caroline Wheeler-Jones at the Royal Veterinary College, 

London

2.2.6.1) Protein extraction from lung tissue

Samples of lung tissue stored at -70°C, were crushed to a powder in liquid nitrogen. An 

aliquot was placed in 1.5.ml centrifuge tubes containing 200 pi of lysis buffer (10 mM 

Tris.HCl (pH 7.2), 1 mM EDTA, 158 mM NaCl, 0.1% (w/v) SDS, 1% (w/v) sodium 

deoxycholate, 1% (v/v) Triton X-100, ImM NaVOg, 1 mM AEBSF, 5 pg/ml aprotinin, 

50 pg/ml leupeptin). Tissue samples were then snap-frozen in liquid nitrogen. Following 

four freeze-thaw cycles, samples were centrifuged (5 min, 10,000g, 4°C) and 

supernatants transferred to clean microcentrifuge tubes. 5 pi aliquots of supernatants 

were retained for measurement of protein concentration (see methods section 2.2.6.4). 

After addition of an equal volume of 2 x Laemlli sample buffer, lysates were heated at 

95°C for 5 mins, centrifuged (1 min, 10,000g), and stored at -20°C prior to analysis by 

SDS-PAGE.

2.2.6.2) Protein analysis by SDS-poIyacrylamide gel electrophoresis (PAGE)

Protein within the lung lysates were separated by polyacrylamide gel elctrophoresis 

(PAGE) using 10% resolving and 4% stacking gels as prepared as listed in table 2.3. Gels 

were constructed and electrophoresed using the PROTEAN II xi electrophoresis 

equipment (Biorad, Hemel Hemstead, UK). Gels were cast to a thickness of 1.5mm and 

the resolving gels were generally 16x14cm in dimension. The stacking gels were loaded 

with 30pl of Laemmli sample buffer (62.5mM Ris-HCl (pH 6.8), 10% v/v glycerol, 2%

96



SDS, 0.1% w/v bromophenol blue, 5% v/v p-mercaptoethanol). Each gel contained at 

least one lane of molecular weight markers (SeeBlue® Pre-Stained Standards). Samples 

were electrophoresed overnight for 20 hours in SDS-PAGE tank buffer (25mM Tris, 

192mM glycine and 0.1% w/v SDS) at a constant current of 25mA per gel while the 

samples moved through the stacking gels, and then at 15mA per gel. Prior to transfer, 

Immobilon®-P polyvinylidene difluoride (PVDF) membranes were cut to the appropriate 

size, submerged in methanol for 5-10s, washed for 5min with distilled H2O and then 

equilibrated in transfer buffer (39mM glycine, 48mM Tris, 0.0375%w/v SDS, 20% v/v 

methanol) for 30 min. Following electrophoresis, gels were submerged in transfer buffer 

and proteins electro-transferred onto PVDF membrane for 3hrs at a constant current of 

0.8mA/cm^ using semi-dry blotting apparatus (BioRad, UK). To determine the efficiency 

of transfer, gels were stained with a solution of 0.1% v/w Coomassie brilliant blue R-250, 

10% v/v methanol and 4% acetic acid for 2 hours and then destained using a solution of 

10% v/v methanol and 7.5% v/v acetic acid.

Table 2.3 Table detailing composition of 10% resolving gel and 4% stacking gels.

Resolving gel Stacking Gel

Solution com ponent Volume (ml) Solution C om ponent Volume (ml)

H2O 19.8 H2O 12.2

30% w/v acrylamide mix* 16.7 30% w/v acrylamide mix* 2.6

1.5M Tris-HCl (pH 8.4) 12.5 0.5M Tris-HCl (pH 6.8) 5

10% w/v SDS 0.5 10% w/v SDS 0.2

10% w/v ammonium persulphate 0.5 10% w/v ammonium persulphate 0.125

TEMED 0.02 TEMED 0.025

* PRO TO G EL®  (National Diagnostics, Hull UK)
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2.2.6.3) Immunoprobing

Non-specific antibody binding was blocked by incubating membranes for 2 hrs in 0.2% 

w/v I-Block® dissolved in TBS (20mM Tris, 137mM NaCl, pH 7.6). Membranes were 

incubated overnight at room temperature with the appropriate primary antibody (COX-1 

-  goat polyclonal, and cPLA2 - mouse monoclonal antibodies, both used 1:1000 (both 

Santa Cruz, Caine, Wiltshire UK)) diluted in TBST (50mM Tris, 150mM NaCl, 0.02% 

Tween-20®, pH 7.4). Blots were then washed with TBST (8xl5min) and incubated for 1 

hr with horseradish-peroxidase (HRP) conjugated goat anti rabbit IgG (1:10000 dilution 

in TBST). Following further washing (8x15min) in TBST, immunoreactive bands were 

visualised either colorimetrically with Rennaissance 4CN Plus® or by enhanced 

chemiluminescence (ECL) according to manufacturers instructions. Blots were initially 

probed with cPLA2 and then stripped and reprobed with COX-1. Blots were immersed in 

stripping buffer (62.5mM Tris-HCl (pH 6.7), 2% w/v SDS, 0.7% v/v (3-mercaptoethanol) 

and placed in a water bath maintained at 50°C for 30min. Following extensive washing in 

TBST, membranes were blocked, and reprobed with antibody as previously described.

2.2.6.4) Protein assay

Cell protein content was assessed using a bicinchoninic acid (BCA) protein assay (Pierce, 

Tattenhall, U.K.). The protein level was determined in aliquots o f lung lysate prepared 

for Western blotting to ensure that equal quantities of protein were applied to each lane. 

A working reagent was prepared by combining 50 parts o f reagent A (Na2COs, NaHCO], 

BCA detection reagent and C6H4 0 6 Na2 in 0.2N NaOH) with 1 part reagent B (4% w/v 

CUSO4 solution). 200pl of the working reagent was added to lOpl o f sample. Following
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incubation for 37°C for 30min the absorbance at 550nm was measured (MRX microplate 

reader Dynex Technologies, Chantilly, Virginia USA).
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Section 3

Preparation o f cloned DNA

2.3.1) Principles of subcloning of genes into eukaryotic expression vectors

Cloned DNA (cDNA) had to be subcloned into an appropriate expression vector prior to 

experiments in eukaryotic cells. The choice of expression vector was determined by the 

requirements o f the particular experimental design. The cDNA of interest was 

incorporated into a plasmid (circular bacterial DNA) which had an antibiotic selection 

gene. Only propagation of bacteria containing plasmid with the selection gene occurred, 

because they were cultured on media containing the appropriate antibiotic. The plasmids 

were designed such that bacterial and eukaryotic promoters permitted transcription in 

opposite directions permitting amplification of the plasmid in prokaryotic cells and 

transcription o f the cDNA insert in eukaryotic cells. Thus, cDNA could be amplified in 

bacteria that have been transformed to contain the plasmid containing the cDNA. Having 

amplified the plasmid, it was possible to manipulate the cDNA of interest and transfer it 

from one plasmid to another using bacterial restriction enzymes and ligation enzymes. In 

order to use it in experiments the cDNA needed to be transferred to a plasmid dependent 

upon the requirements o f the experimental system. For list o f plasmids and 

immunocompetent cells see appendix 3 and appendix 4.

2.3.2) Escheria Coll (E.Coli) transformation

Competent E. coli cells (See appendix 4) were thawed on ice and placed in chilled 

polypropylene tubes. Plasmid DNA containing the ampicillin resistance gene was added.

100



with gentle mixing, to cells (5ng to 100|l i 1), and incubated on ice for 30 minutes. The 

cells, which have pores in their cell walls that allow entry o f the plasmid, were incubated 

at 42°C for 45 seconds in a water bath followed by incubation, for 2 min, on ice. This 

step “heat shocked” the E. coli closing their pores preventing loss of the plasmid. 0.9 ml 

of Luria-Bertani (L.B.) medium was then added and the mixture incubated for 1 hour at 

37°C in a rotating incubator (Gallenkamp, Fisher Scientific, Loughbourgh UK) at 220 

rpm. The resulting mixture was spread onto agar plates containing lOOpg/ml ampicillin 

and incubated at 37°C overnight.

2.3.3) E. Coli amplification

Viable colonies, containing the ampicillin resistance gene grow on the agar following 

overnight incubation. Individual colonies were removed with a pipette tip and placed in 

lOmls of autoclaved L.B. medium (1% tryptone; 0.5% yeast; 0.1% NaCl w/v in dH20 pH 

7.0) containing Ipg/ml ampicillin (LB-amp) and incubated in a rotating incubator 

(220rpm Gallenkamp) at 37°C for 6 hours. The cloudy L.B. medium, containing 

increased numbers of bacterial B.coli, was then poured into 250 ml of LB-amp and 

similarly incubated overnight.

2.3.4) Plasmid DNA extraction

2.3.4.1) Miniprep recovery of plasmid DNA

In order to quickly determine whether the LB medium had amplified E. coli containing 

plasmid DNA a quick, but relatively crude, DNA extraction procedure was performed. 

2ml of bacterial culture was transferred to a microcentrifuge tube and centrifuged at 4°C
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at 13,000 X g for 30 seconds (Beckman, UK). The supernatant was discarded and the 

bacterial pellet lysed using modified alkali cell lysis (Sambrook J et ah, 1989). Briefly, 

the cell pellet was initially re-suspended by vortexing in lOOpi of ice-cold resuspension 

buffer (50mM glucose, 25mM Tris.HCl pH 8.0, lOmM EDTA pH 8.0). Then 200pi of 

lysis buffer (0.2N NaOH, 1% SDS) was added at room temperature. The contents were 

gently mixed, by inverting the tube five times, and then 150pl of ice-cold neutralising 

buffer (5M potassium acetate 60% v/v, glacial acetic acid 11.5% v/v in H2O) was added. 

The tubes were vortexed briefly in the inverted position before incubating on ice for five 

minutes and then centrifuged at 15,000 x g for five minutes at 4°C to precipitate bacterial 

cell debris. The supernatant, containing DNA, was transferred to a clean tube and an 

equal volume of phenol : chloroform added. The mixture was then vortexed and 

centrifuged at 15,000 x g for two minutes at 4°C. The supernatant was discarded and 

DNA precipitated by adding two volumes of 100% ethanol and vortexing prior to 

incubating for two minutes at room temperature and then centrifuging at 15,000 x g for 

five minutes at 4°C. The resulting pellet was washed in 70% ethanol and allowed to air 

dry. The pellet was resuspended in lOOpl o f water. The presence o f supercoiled plamid 

DNA was determined by analysing 8pi of the dissolved DNA on a 0.8% agarose gel in 

TBE (0.025M Tris-borate, 0.5mM EDTA) containing 5pi/100ml ethidium bromide.

2.3.4.2) Recovery of large quantities of endotoxin-free plasmid DNA 

(Maxiprep)

Once the presence of plasmid DNA had been confirmed (using methods described in 

section 2.3.4.1) large scale extraction was performed using 250mls of bacterial culture.

102



This was decanted into a 500ml container and centrifuged at 6000 x g for 15 minutes at 

4°C (Sorvall, UK). The supernatant was discarded and the DNA from the bacterial pellet 

was purified using a commercially available protocol (Qiagen, Crawley UK). The pellet 

was re-suspended in lOmls of a re-suspension buffer (50mM Tris.HCl pH 8, lOmM 

EDTA and lOOpg/ml RNase A). The resulting suspension was plaeed in 30ml centrifuge 

tubes (BDH/Merek, Lutterworth, UK) and lOmls of lysis buffer (0.2N NaOH, 1% sodium 

dodecyl sulphate (SDS)) added, liberating plasmid DNA from the cells. SDS solubilises 

the phospholipid and protein eomponents of the eell membrane and NaOH, as well as 

lysing bacteria, denatures protein ehromosomal and plasmid DNA. The lysate was mixed 

gently, but not vortexed as this leads to shearing of the plasmid DNA, and incubated at 

room temperature for five minutes. The lysate was neutralised by the addition of 1 Omis of 

chilled neutralisation buffer (3M potassium acetate pH 5.5). The high salt concentration 

causes SDS to precipitate, and the denatured proteins, chromosomal DNA and cellular 

debris become trapped in salt/detergent complexes. The plasmid DNA, being smaller and 

covalently closed, re-natures eorreetly and remains in solution. The solution was mixed 

and added to the filter cartridge (Qiagen) and ineubated for 10 minutes at room 

temperature. The solution was then eollected in a bottle after washing and filtration. 

Endotoxin was removed using a speeific Endotoxin Removal Buffer (Qiagen,Crawley 

UK) which was added to the filtered lysate and incubated on iee for 30 minutes. During 

this ineubation the anion-exchange, silica-diethylaminoethanol, resin column was 

equilibrated with equilibration buffer (750 mM NaCl; 50mM MOPS (3-(N- morpholino) 

propanesulfonic aeid) pH 7.0; 15% isopropranol; 0.15% Triton®X-100). The endotoxin 

free lysate was added to the eolumn and filtered through the resin by gravity flow.
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Endotoxin free water was used in all subsequent steps. The resin containing DNA was 

then washed twice with 30ml of a medium salt buffer (750 mM NaCl; 50mM MOPS, 

pH7.0; 15% isopropranol) before eluting the DNA with 15ml of a high salt buffer (1.6M 

NaCl; 50mM MOPS, pH 7.0; 15% isopropanol). To precipitate the DNA, 10.5ml of room 

temperature isopropanol was added, mixed and centrifuged at 15000 x g. Following 

centrifugation the DNA pellet was washed twice in 5ml 70% ethanol and re-centrifuged, 

removing precipitated salts and replacing the isopropanol with a more volatile solvent. 

The pellet was then allowed to air dry prior to re-suspension in lOOpl of double distilled 

water. DNA may be re-suspended in Tris EDTA (TE), being slightly alkaline this makes 

it easier to re-dissolve, however it makes subsequent digests more difficult.

2.3.5) Quantification of DNA

All plasmids were quantified and assessed for purity by ultraviolet (UV) 

spectophotometry, endonuclease restriction digestion and gel electrophoresis.

2.3.5.1) Quantification using UV spectophotometry

To quantify the amount of DNA dissolved in the water following maxiprep purification, 

2pi of the dissolved DNA was made up to 500pl in water and analysed by UV 

spectophotometry. Samples were analysed at 260 and 280nm. The 260:280 ratio 

determined the purity of the sample and a ratio between 1.6-2.0 enabled accurate 

quantification to be carried out using the following formula: 2601 reading x dilution ratio 

(500pl/2pl) X 50 = pg DNA/ml H2O. The optimal ratio is 1.8 in TE but readings from 

samples in water are generally slightly lower than in TE.
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2.3.5.2) Quantification using 1KB mass ladder

An alternative method for testing the quantity, purity and size of small linear DNA 

products is to use gel analysis with a mass ladder. 1 pi of DNA solution is run on a 1.2 % 

agarose gel with ethidium bromide. To assess size and quantity, 500ng of X/Hindlll 

ladder (Gibco, Paisley, UK) was incubated at 65°C for five minutes and run in an 

adjacent lane.

2.3.5.3) Restriction Digestion and analysis of plasmid DNA.

Ipl o f DNA (Ipg/pl) was digested with Ip l of appropriate restriction endonucleases. 

The endonuclease restriction enzymes used were dependent on which plasmid and gene 

were being assessed. The reaction mixture (digest) contained 2pi restriction enzyme 

buffer, compatible for use with the appropriate restriction enzymes (see appendix 5), and 

2pi of bovine serum albumin and diluted to 20pl in water. The restriction endonucleases 

were added last to the digest. The digest was ineubated for one hour at 37°C prior to 

agarose gel analysis. Analytical gels were made from 0.8% w/v agarose in TBE, and 

contained 5pi/100ml ethidium bromide. 8pi of each digest was mixed with 2pi of loading 

buffer, loaded onto the gel and run at 80mV for one hour. A Ikb ladder and undigested 

plasmid were used for reference. The gels were analysed under UV light and predicted 

band patterns observed to confirm plasmid identity.

2.3.6) Agarose gel purification of plasmid DNA

In order to remove the cDNA insert from the plasmid and subclone it into an alternative 

plasmid, restriction enzyme digestion and agarose gel separation were performed, as
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described in methods section 2.3.5.3. The digested cDNA insert, being smaller, ran 

quicker than the plasmid on an agarose gel. The cDNA and plasmid were visualised in 

the gel under UV light (at 360nm, blue end of spectrum, to minimise denaturing of the 

DNA) and a strip of gel, containing the cDNA insert, was cut out of the gel and placed in 

a 1.5ml eppendorf (BDH/Merek, Lutterworth UK). The cDNA was extracted from the gel 

using a commercially available protocol (Qiagen, Crawley UK). Briefly, the agarose 

containing cDNA was weighed and three times the volume per weight of buffer QX l®  

(ingredients of buffers QXl, QG, PE and spin column membrane withheld by 

manufacturer) was added to the gel and incubated at 50°C until the gel had dissolved. A 

spin column® was placed in a 2ml collection tube and 800pl of the gel mixture was 

added to the column and centrifuged, in equal aliquots, for one minute at 15,000 x g (as 

all subsequent centrifuge steps), binding the DNA to the column membrane. Buffer QG® 

(500ql) was added to the column, removing trace agarose, and centrifuged for one min 

prior to washing with 750p,l of buffer PE®. The column was allowed to stand for five 

minutes and then centrifuged for a further one minute. To elute the DNA from the 

membrane, 50pl of lOmM Tris.Cl pH 8.5 was added to the column and centrifuged for 

one minute.

2.3.7) Ligation of cDNA insert into vector.

Expression vectors were chosen on the basis of appropriate promoter/enhancer sequences 

and recorded transfection efficiency. The vector was transformed, amplified and 

analysed, as previously described in method sections 2.3.1-2.3.5, then dephosphorylated
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with calf intestinal alkaline phosphatase (CIAP), ligated with cDNA insert and 

transformed into E. Coli.

2.3.7.1) Dephosphorylation of plasmid vectors

Linearised insert and plasmid was dephosphorylated prior to ligation to minimise re

annealing o f the DNA following digestion with restriction enzymes. Ipg of DNA was 

dephosphorylated with 1 pi o f CIAP and 1 Opl dephosphorylation buffer (Gibco, Paisley, 

UK) made up to a total volume of 1 OOpl with water. The reaction mixture was incubated 

at 37°C for one hour then the reaction was halted by heating the reaction mixture at 65°C 

for 20 minutes. The dephosphorylated cDNA was purified from the dephosphorylation 

reaction mixture using phenohchloroform. The reaction mixture was diluted to 500pl in 

water and mixed with 500pl of 1:1 phenohchloroform (Sigma, Poole, UK). The mixture 

was vortexed and then centrifuged (12,000 x g) at room temperature for two minutes. The 

aqueous phase was removed and mixed with 1ml of 100% ethanol and the DNA 

precipitated at -20°C for 15 minutes. Following precipitation, the mixture was then 

centrifuged at 12,000 x g 4°C for 15 minutes, the supernatant removed, and the pellet 

washed in 70% ethanol. The DNA pellet allowed to air dry before re-dissolving in 50pl 

of water.

23.1.2) Ligation of cDNA insert into plasmid backbone

The cDNA insert was ligated into the plasmid backbone using T4 DNA ligase Rapid 

DNA Ligation kit (Roche Diagnostics, Lewes, UK). 200ng of plasmid and insert DNA, at 

three to one molar ratio of insert cDNA to plasmid DNA calculated on the relative size of
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insert and plasmid, were dissolved in 10ml of dilution buffer® and added to 10ml of 

ligation buffer® followed by thorough mixing (buffer ingredients withheld by 

manufacturer). Five units of T4 DNA ligase (5 units/ml) were added and incubated at 

room temperature for five minutes. One tenth of the ligation mixture was then 

transformed into E. coli and amplified using previously described methods Section (2.3.1 

-2 .3 .3 ).
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Section 4

Transfection in vitro

2.4.1) Principles of in vitro transfection using non-viral systems

The principle o f non-viral transfection in vitro is to deliver plasmid DNA to cells in 

culture and use host cellular machinery to transcribe the cDNA of interest and thus to 

synthesise protein. Certain cell culture parameters offer the greatest opportunity for 

successful cellular transfection. Cells that are dividing rapidly are most likely to facilitate 

nuclear transport and therefore stimulation of the cells with 10% neonatal calf serum and 

transfection during the growth phase before the cells reach confluence is considered 

optimal. Following transfection the amount of protein activity generated by the plasmid 

or the number o f cells producing the protein can be used to determine the relative 

efficacy of different transfection systems.

2.4.2) Cell Culture conditions

Human foetal lung -1 (HFL-1) fibroblasts (ATCC, Rockville, Maryland, USA) were 

routinely cultured in 75 cm^ tissue culture flasks, 10% neonatal calf serum (NCS) in 

Dulbecco’s Modified Eagles Medium (DMEM), penicillin (lOOunits/ml) and 

streptomycin (lOOpg/ml). Cell cultures were incubated in a humidified atmosphere of 

10% CO2, in air at 37°C. Cell passage was performed by removing the culture medium, 

washing once with phosphate buffered saline (PBS), and adding 1.5ml trypsin/EDTA 

(trypsin 0.05% w/v, EDTA 0.02% w/v) to the cell layer. The cells were incubated at 37°C 

until the cells round up and detach from the plasticware as observed under an inverted
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light microscope (Axioscope 20, Carl Zeiss, Germany). 10ml DMEM containing 10% 

NCS was then added to neutralise the trypsin. The cell suspension was transferred to a 

50ml sterile tube and centrifuged at 300 x g for five minutes at room temperature. The 

supernatant was discarded and 10ml of 10%NCS in DMEM was added and the cell pellet 

agitated to form a single cell suspension. 1.7 ml (1:6 passage) of the suspension was 

added to fresh culture flasks. The volume was made up to 12 ml with 10% NCS in 

DMEM.

2.4.3) Experimental cell culture conditions

All transfection experiments using H FL-l’s were performed between passage 15 and 23. 

Cells were seeded at 25,00|0 or 50,000 cells per well in a 24 well tissue culture plate 

(Falcon) and cultured in normal growth medium as described above. Cells were grown to 

60-80% confluence. The normal growth media was removed and the cells were briefly 

washed once in PBS prior to addition of the transfection complex (See section 2.4.4) in 

1ml of OptiMEM. Cells were incubated with the transfection medium for five hours at 

37°C in a humidified atmosphere of 10% CO] in air. Following this incubation the 

transfection media was removed and replaced with normal growth media without 

antibiotics, so called ‘serum rescue’, and incubated for 16 hours. Following serum rescue 

the media was replaced dependant upon experimental requirements.

2.4.4) LID complex formation for in vitro transfection

All complexes were made on day of transfection. Peptide 6 (see appendix 6) was 

dissolved in OptiMEM (Gibco-BRL) at a concentration of O.lmg/lml and cyclised by the
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formation of intermolecular disulphide bridges between cystine residues by exposure to 

air overnight at 4°C. Plasmid DNA was dissolved in OptiMEM at Ipg/lOOjal while 

Lipofectin (Gene Medicine; Texas, USA) was provided at 1 mg/ml and diluted to 

0.75pg/100pl in OptiMEM. The components of the LID complex: Lipofectin (L), Peptide 

(I) and DNA (D) were mixed in an optimised weight ratio o f 0.75: 4: 1 respectively (Hart 

et al., 1998). Lipofectin was mixed with the peptide before finally adding DNA to the 

mixture. Concentrations of DNA ranging from O.lpg/ml to 2pg/ml of OptiMEM were 

assessed keeping the ratio of the components constant. The complexes were allowed to 

form for one hour before diluting the complexes further in OptiMEM to the required 

concentration of DNA per well in a tissue culture plate. The final volume was 1ml of 

transfectant per well for a 24 well plate. Lipofectin:DNA was used for comparison in 

vitro and was prepared in OptiMEM according to manufacturer’s specifications. All 

experiments included media controls and transfection controls using the same 

concentration of an irrelevant plasmid. Initial experiments included lipofectin:peptide 

controls prepared as above, but without DNA, but this had no effect compared with 

media alone and was therefore not used routinely.

2.4.5) Biochemical Assessment of luciferase activity

2.4.5.1) Principle of Assay

Firefly luciferase is an enzyme that is produced by the North American firefly. It is a 

monomeric 61kDa protein that catalyses luciferin oxidation through an electron 

transition, using ATP#Mg^^ as a co-substrate, forming oxyluciferin (see fig. 2.2). The 

light intensity that is produced is constant for at least one minute. It is used as a reporter
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gene because it is a protein that does not require post-translational modification and 

furthermore there is no background luminescence in host cells or in the assay chemistry 

(Promega technical bulletin).

Figure 2.2 Chemical reaction for firefly luciferase

Firefly luciferase
Luciferin + ATP + O2 ______________ ^  Oxyluciferin + AMP + PPj + CO2 + light

Mg2+

2.4.S.2) Lucferase assay

One day following administration of the transfection complex, cells were harvested and 

analysed for luciferase activity, using manufacturer’s protocols. Following removal of the 

culture media lOOpl of cell lysis buffer (Promega, Southampton, UK) was added to each 

well and the cell layer disrupted by agitation with a pipette tip. The lysate was then 

centrifuged at 10,000 x g at 4°C for 10 min and 20|al o f the supernatant was added to 

lOOjLil luciferase assay buffer (Promega) and luminescence measured in a luminometer 

(TD-20/20; Steptech Instruments, Stevenage, UK). All measurements were repeated in 

triplicate and the mean calculated. The total protein concentration in the lysate was 

measured using previously described methods (Bradford, 1976). lOpl of whole lung 

lysate was diluted to 1ml in H2O. 200pl of the Bradford reagent (Bio-Rad, Hemel 

Hempstead, UK) was added to lOpl of diluent and incubated at room temperature for 10 

minutes. The optical density was determined at 595nm using a colorimeter and bovine 

serum albumin was used as a standard. Luciferase activity was expressed in relative light
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units (RLU) for each sample of cell lysate minus the background reading and normalised 

per |ag o f protein.

2.4.6) Assessment of in vitro transfection efficiency

Enhanced green fluorescent protein (EGFP) is a modified form of green fluorescent 

protein that is a protein derived from a jellyfish, and fluoresces green when visualised 

under blue light. It is a useful marker gene in vitro because cell lysis or fixing is not 

required to determine whether the cells have been transfected. Its use in vivo is limited 

due to the auto-fluorescence of some fixed tissues viewed under blue light. For 

assessment of transfection efficiency 1 pg of EGFP plasmid (see appendix 3) was used 

within the LID complex. Cells were transfected using the experimental cell culture and 

transfection complex formation methods described above (see section 2.4.2-2.4.4). 

Following serum rescue cell media was replaced with 0% NCS in DMEM. Cells 

remained in this media, without further changes, until the time of assessment of 

transfection efficiency, which was up to three weeks. To assess transfection efficiency 

cells were observed under an inverted fluorescent microscope (Axioscope, Carl Zeiss, 

Germany) prior to cell counting. Cells were removed from the plasticware for counting 

by adding 200pl trypsin/EDTA (trypsin 0.05% w/v, EDTA 0.02% w/v) to the cell layer. 

Cells were incubated in a humidified atmosphere of 10% CO2 in air for two minutes. The 

cell layer was agitated, by repeated pipetting, to obtain a single cell suspension. Cells 

were counted, using a haemocytometer, under light and fluorescent microscopy 

(Axioscope). The transfection efficiency was calculated as the number of fluorescent
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cells divided by the total cell number counted under light microscopy, and expressed as a 

percentage.

2.4.7) Determination of cell culture supernatant prostaglandin E2 (PGE2)

levels

Prostaglandin E2 levels were measured in cell culture to assess the effect of transfection 

with the COX-2 and control plasmids. To minimise induction of prostaglandin synthesis 

by serum factors, following 16 hours of ‘serum rescue’, the 10% NCS-DMEM media was 

replaced with DMEM alone, and the cells incubated for a further 24 hours. An aliquot of 

culture media was removed and stored on ice prior to immediate use, and cells incubated 

at 37°C until they were counted during the PGE2 assay. Culture media was then diluted in 

DMEM for assay of PGE2 levels using the EIA described in methods section 2.2.4.3. 

During the three-hour incubation (see section 2.2.4.3), the cells that had been stored 

following removal of supernatant, were removed from the plasticware as described 

previously (see methods section 2.4.5.2) and counted using a haemocytometer under light 

microscopy in order to determine PGE2/ 1 0  ̂ cells.
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Section 5

Transfection in vivo

2.5.1) Principle of in vivo transfection

The principle o f in vivo transfection is the same as that for in vitro transfection namely to 

transfer a gene of interest into the cells of an animal or organ in order to utilise host 

cellular machinery to synthesise protein. However it is harder to control parameters such 

as growth rate of cells, contact time for vector and cells. Furthermore, as animals were 

not clonally related, there is greater individual variability between data points. 

Transfection studies in vivo used the marker genes luciferase, lac Z, and the COX-2 gene.

2.5.2) Animals

Male Lewis rats at 4 - 5 weeks of age (Harlan UK) were anaesthetised by intramuscular 

injection of 40pl Hypnorm (fentanyl citrate 0.315 mg/ml and fluanisone 10 mg/ml; 

Janssen Animal Health, High Wycombe, UK) or male C57B1/6 mice at 5-6 weeks of age 

were anaesthetised in halothane (3.5 1/min) and oxygen (2 1/min). In both species, the 

trachea was exposed by ventral incision and cannulated. Rats received a single dose of 

LID, DOTAP, or adenoviral vector instilled intratracheally, except animals being 

retransfected, when the trachea was re-cannulated and a repeated dose of the LID vector 

administered. Mice received a single dose o f non-viral transfectant only. The 

concentration o f the vector components remained the same for both rats, and mice, 

however the instillate volume was 287.5pl for rats and 50pl for mice. At least three
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animals per group were assessed for histological analysis and five animals per group for 

biochemical analysis.

2.5.3) Complex formation for in vivo transfection

2.5.3.1) Preparation of the vectors for comparative in vivo studies

For in vivo transfection the components of the LID complex were the same as described 

previously (see methods section 2.4.4) but they were not diluted prior to complex 

formation and prepared slightly differently. Peptides (see appendix 6) were dissolved in 

PBS or water at 1 mg/ml. Both plasmid DNA and lipofectin (Gene Medicine; Texas, 

USA) were dissolved at 1 mg/ml in water. Comparisons were made with the cationic 

liposomes, DOTAP (N-[l -(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium

methylsulphate; Roche Diagnostics) or Lipofectin (Gene Medicine) complexed with 

DNA in a 5:1 (voliwt) ratio, or an adenovirus. Recombinant adenovirus serotype 5 

carrying the nuclear localising lac Z  gene with a cytomegalovirus immediate/early 

promoter inserted in the El-deleted region (AdSCMVlac Z) was prepared by Mr Mahesh 

de Alwis, Molecular Immunology Unit, Institute of Child Health, using previously 

described methods (Rosenfeld et al., 1992). 5 x 10  ̂ plaque forming units in 287.5|l i 1 of 

PBS were instilled into each animal.

2.5.3.2) Protocols for slow and fast mixing of LID vector

To determine the effect of speed of preparation on the levels of gene expression 

complexes were prepared using a slow or fast mixing protocol. For both protocols the 

components were prepared as previously described (section 2.5.3.1), however for slow
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mixing the lipofectin and peptide solution was added in lOpl aliquots to the DNA 

solution with vigorous mixing by repeated pipetting between the addition of each aliquot. 

When all the lipofectin and peptide solution had been added to the DNA, the complex 

was pulse centrifuged for 30s. For fast mixing the entire lipofectin and peptide solution 

was added to the DNA solution and vigorously mixed by repeated pipetting.

2.S.3.3) LID vector preparation in dose response and EGTA studies.

In order to perform dose response and EGTA studies, complexes were made from lOX 

concentrated stock solutions of each component (lOmg/ml of lipofectin, peptide and 

DNA) and diluted to the appropriate concentration in order to get the desired dose of 

DNA per complex. The ratio o f Lipofectin: Peptide: DNA remained constant at 0.75:4:1. 

In dose response studies up to 200jul of 4mg/ml peptide was mixed with 37.5jul of 

3mg/ml lipofectin and 50pl of 4mg/ml of plasmid DNA in rats. In mice the same 

concentrations were used but volumes scaled down to a maximum volume of SOpl per 

animal. For experiments instilling the LID vector in PBS and EGTA the peptides, 

lipofectin and DNA were prepared from a lOX concentrated stock solution and diluted to 

the working concentration in PBS containing EGTA at varying concentrations. The LID 

complex was then prepared as previously described using the fast mixing protocol (see 

section 2.5.3.2).

2.5.4) Principle of in vivo marker gene studies

As described in section 2.4.5 and 2.4.6 it was possible to assess the efficacy of 

transfection systems in two ways: by total activity or the number o f cells expressing the
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protein encode by the transgene. Both systems have their merits, determining the cellular 

location of the transgene, by histology, allows for estimation of transfection efficiency as 

well as determining the cell type transfected. However, quantification of the total protein 

synthesised following transfection is most accurately determined in a whole organ using a 

biochemical assay.

2.5.4.1) Biochemical Assessment of luciferase activity

The principle of the assay and the methods of assaying luciferase in vivo are similar to 

those in vitro (see section 2.4.5.1). The differences pertain to handling of the tissue prior 

to assessment of luciferase activity. One, three and seven days following intratracheal 

instillation animals were euthanised with pentobarbitone sodium (200 mg/ml; Sanofi 

Animal Health, Watford, UK). Following laparotomy and exsanguination the lungs of 

rats were perfused via the inferior vena cava, and via right atrium in mice, with 

heparinised PBS until free of blood. The lungs were removed and blotted dry prior to 

snap freezing in liquid nitrogen. Cell lysis buffer (Promega, Southampton, UK) was 

added to each rat lung (4pl/mg of lung) and the tissue was then homogenized twice, on 

ice, for 30s each (Polytron PTlO-35, Philip Harris, Nottingham, UK). Mouse lung was 

initially crushed to a powder with a pestle and mortar on liquid nitrogen, prior to a single 

homogenisation in cell lysis buffer (Roche Diagnositics) for 30s. Lung homogenates were 

centrifuged at 10,000 x g at 4°C for 10 minutes, then 20pl of the supernatant was added 

to lOOpl luciferase assay buffer (Promega) and luminescence measured in a luminometer 

as described previously (methods section 2.4.5.2). Lung homogenates from animals that 

were transfected with an irrelevant plasmid were assayed to determine background non-
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specific luminescence. It was established from luciferase standards (Roche Diagnostics) 

diluted in tissue homogenate that 1 RLU is equivalent to approximately 10 femtograms of 

luciferase.

2.5.4.2) Histological assessment of P-galactosidase activity

The staining protocol for p-galactosidase was based on previously described methods 

(Mastrangeli et al., 1993). Briefly one, seven or eight days after lac Z  vector instillation 

the animals were euthanised as above (methods section 2.5.4.1). Following laparotomy 

and exsanguination, the vasculature of the lungs was perfused initially with ice-cold 

heparinised PBS and then freshly prepared ice-cold fixative (4% paraformaldehyde and

0.2% glutaraldehyde) as described above (methods section 2.5.4.1). Lungs were also 

fixed by intra-tracheal instillation of fixative at a pressure of 20cm H2O for 15 minutes. 

The fixative was then removed with three PBS washes prior to instillation of X-Gal 

staining solution (5 m M  K3pe(CN)6, 5 m M  K4pe(CN)6.3H20 & 0.2 m M  MgCL in Tris 

pH. 8.0) containing Img/ml X-gal (5-bromo-4-chloro-3-indolyl-P-D-galactopyranoside; 

Melford Laboratories, Ipswich, UK) dissolved in N-N-dimethylformamide (Sigma, 

Poole, UK). The trachea was ligated and the heart and lungs were removed en bloc 

immersed in X-gal staining solution and incubated at 37°C for 6 hours. After further 

immersion in fixative overnight at 4°C, lungs were transferred to 15% sucrose in PBS 

prior to dehydration in alcohols and embedding in paraffin wax (see table 2.1). 

Transverse and longitudinal sections, 5pm thick, were cut and lightly counter stained 

with 0.1% eosin. Adjacent sections were stained with haematoxylin and eosin (H&E) for 

assessment of inflammation (see methods section 2.5.6.1).
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2.S.4.3) Histological scoring of p-galactosidase activity

The percentage of P-galactosidase positive epithelial cells within a bronchus and the 

number of p-galactosidase positive cells within a high power field (hpf) (x200) of 

parenchymal tissue were scored by three independent observers. Seven sections, three 

from the left lung and four from the right lung were analysed from each animal. Data 

from five bronchi and five parenchymal fields per lung were obtained. The percentage of 

epithelial cells/bronchus or number of parenchymal cells/hpf was calculated for each 

lung. The mean value for each group was calculated. All sections were assessed without 

knowledge of the treatment.

2.5.5) Bronchoalveolar lavage fluid (BALF) PGE2 and cytokine analysis

These experiments were performed by Dr Dean Willis at the Department o f  

Pharmacology UCL.

Two days following transfection with both COX-2 and luciferase, PGE2 levels were 

determined in the lavage fluid using an enzyme immunoassay according to 

manufacturer’s protocol (Amersham) as described (see methods section 2.2.4.3). TNFa, 

IL -lp  and IFNy were assayed in lavage fluid using an enzyme linked immunosorbent 

assay (ELISA) according to manufacturer’s protocol (TNFa and IFNy Pharmingen San 

Diego Ca and IL -lp  R&D systems Abingdon UK). The plates were prepared by coating 

each well with lOOpl o f capture antibody (anti-mouse TNFa, anti-mouse IFNy, ant- 

mouse IL -ip , monoclonal antibody), the plate was sealed and incubated overnight at 

room temperature (except TNFa overnight at 4°C). Following incubation wells were 

aspirated and washed with wash buffer (0.05% tween 20® in PBS) three times and
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blotted dry on absorbent paper. The plates were then blocked with 300pi of 10% FBS in 

PBS for one hour (except IL l-p 1% BSA, 5% sucrose in PBS with 0.05% NaNg) at room 

temperature prior to aspiration and washing as previously described. A seven point, two

fold, serial dilution of stock standard (lOOOpg/ml) was prepared using assay diluent (ILl- 

P 0.1% BSA, 0.05% Tween 20 in TBS (20mM Tris and 150mM NaCl} pH 7.3, 0.2pm 

filtered: TNFa and IFNy 10% FBS in PBS). lOOpl of standard, samples and assay diluent 

(for IFNy 50pl of standard, sample and assay diluent was mixed with 50pl of 1:500 

biotinylated anti-mouse IFNy monoclonal antibody in assay diluent) were added to each 

well and incubated at room temperature for two hours. Following the incubation the wells 

were aspirated and washed five times with wash buffer. 100pi of detection antibody was 

added to each well (biotinylated anti-mouse IL-ip or TNFa) and incubated for two and 

one hours respectively. Following this incubation the wells were washed and aspirated 

five times in wash buffer and lOOpl of streptavidin (or avidin)-horseradish peroxidase 

was added and the wells incubated for 20 (or 30) minutes at room temperature. For IFNy 

lOOpl of working reagent (1:250 avidin-horseradish peroxidase in diluted biotinylated 

anti-mouse IFNy) was added and incubated at room temperature for 30 mins. The wells 

were aspirated and washed seven times prior to addition of lOOpl of tetramethylbenzidine 

and hydrogen peroxide (1:1 TMB:H202) substrate. The plates were incubated for 30 

minutes at room temperature in the dark. The reaction was terminated using 50pl of 2N 

H2SO4 and the optical density measured at 450nm. Correction for optical imperfections 

within the plate were made by subtraction of optical readings at 570nm.
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2.5.6) Assessment of inflammation

Following transfection inflammation was initially assessed histologically. However, in 

order to detect mild inflammation in the absence of gross histological disruption of the 

lungs further assessments were performed. Following experiments where the lungs were 

histologically normal, experiments were repeated and bronchoalveolar lavage (BAL) was 

performed for cytological assessment of inflammatory cell populations (as described in 

methods section 2.2.4) and cytokine analysis of bronchoalveolar lavage (see methods 

section 2.5.5).

2.5.6.1) Haematoxylin and Eosin staining

Histological sections on prepared slides were dewaxed in xylene (BDH/Merek) and then 

rehydrated in graded alcohol. After rinsing for one minute in water the slides were 

stained for 10s in Mayer’s haematoxylin (BDH) prior to agitating in acid alcohol (1% v/v 

concentrated HCl, 70% v/v ethanol, in water) for 10s. The slides were than washed in 

Scott’s tap water (0.35% w/v NaHCOg, 2% w/v MgS0 4  in tap water) for four minutes 

prior to staining in 1% eosin (BDH/Merek) in water for four minutes. After a final wash 

in water for 30s the sections were dehydrated in graded alcohol and the slides were 

mounted in DPX (BDH/Merek) and allowed to dry overnight prior to microscopic 

examination.
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Section 6

Statistical Analysis

The distribution of the results was assessed by plotting frequency against range, and 

determining whether they were representative of a “normal” population. Where the 

distribution was found to be normally distributed mean ± standard error of the mean 

values are shown. Differences between groups were assessed statistically using a 

parametric test. When one independent variable was being assessed an unpaired student’s 

t test was used. When data assessing one independent variable and a dependent variable 

(i.e. dose response) a one way analysis of variance (ANOVA) was used. When data 

including two independent variables was being assessed a 2 way analysis of variance 

(ANOVA) was used. If data had a skewed distribution and was, therefore, not normally 

distributed the median and range is shown. Differences were assessed using a non- 

parametric test, for one independent variable the Mann Whitney U test was used. In all 

cases a P value < 0.05 was considered significant.
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Chapter 3

Results
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Section 1

The effect o f  the highly selective COX-2 inhibitor, NS398, on 

bleomycin induced pulmonary fibrosis

3.1.1) Effect of increasing bleomycin dose on BALE PGE2 levels and total lung 

collagen.

There is evidence that prostaglandins are increased in the lung following pulmonary 

injury (Giri and Witt, 1985; Chandler and Giri, 1983). However, levels of PGE2 in 

murine lung, and the COX isoform responsible for its production, following bleomycin 

induced lung injury have not been determined. The purpose of these studies was to 

determine whether inhibiting COX-2 derived PGE2 would enhance the development of 

fibrosis following lung injury. In order to maximise the possibility of demonstrating 

enhancement of pulmonary damage I wanted to use the lowest dose of bleomycin that 

would give both a significant increase in BALE PGE2, as well as total lung collagen at 14 

days. Three doses of bleomycin (0.5, 1 and 3mg/kg) were used and there was a dose 

dependent increase in bronchoalveolar lavage PGE2 levels 14 days following bleomycin 

(See fig 3.1.1). There was an eight-fold and 13 fold increase in BALE PGE2 levels 

following intratracheal instillation of 1 mg/kg and 3mg/kg of intratracheal bleomycin 

respectively. As BALE PGE2 levels were not significantly elevated above control 

following 0.5 mg/kg of bleomycin, total lung collagen was not determined at this dose. 

There was a significant increase in total lung collagen following instillation of 1 mg/kg of

I.T. bleomycin, however, despite a three fold increase in bleomycin dose, there was no 

further increase in total lung collagen at this time point (see fig 3.1.2). Therefore the dose
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Figure 3.1.1) BALF PGE2  levels in response to increasing doses of
intratracheal bleomcyin

Mice lungs were lavaged 14 days following bleomycin instillation and PGE2 was measured 
using a high sensitivity enzyme immunoassay, n > 6 in all groups and p values calculated 
using students t test.
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Figure 3.1.2) Total lung collagen in response to increasing doses 
of intratracheal bleomycin

Total lung collagen was measured 14 days following intratracheal bleomycin 
instillation in the lungs o f mice. Lungs were weighed and an aliquot o f lung tissue was 
assessed for hydroxy pro line content, a marker o f lung collagen, and total lung collagen 
determined, n > 6 in each group. Differences between the groups were determined 
using students t test.
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of bleomycin chosen for all future experiments was 1 mg/kg, as it was the lowest dose 

leading to a significant increase in both BALF PGE2 and total lung collagen.

3.1.2) Effect of NS398 on BALF PGE2 levels

In order to determine whether the PGE2 generated in the BALF following bleomycin 

induced lung injury was due to COX-2, mice were treated with the highly selective COX- 

2 inhibitor NS398. Mice were given NS398 3mg/kg, or vehicle, orally at 12 hourly 

intervals for the duration of the experiment, with the first dose being given one hour prior 

to bleomycin instillation and animals were lavaged at seven, 14 and 28 days. BALF PGE2 

levels were significantly elevated seven days following instillation of bleomycin. 

Although there was a trend towards a reduction in BALF PGE2 over the following three 

weeks, levels were still significantly elevated in vehicle treated animals 28 days 

following bleomycin instillation (see fig 3.1.3). BALF PGE2 levels were significantly, 

and almost completely, inhibited by NS398 for at least 14 days following bleomycin 

instillation (see fig 3.1.3). However after 28 days of NS398 treatment BALF PGE2 levels 

were no different from vehicle treated animals (See fig 3.1.3). There was no decrease in 

basal PGE2 levels at any time point in animals that had been instilled with saline and 

treated with NS398. At this dose NS398 has been shown to be highly selective for COX- 

2 in mice (Wallace et al., 1998), suggesting that the PGE2 produced following bleomycin, 

for 14 days at least, was predominantly synthesised via COX-2, whereas COX-1 was 

probably responsible for basal PGE2 .
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Figure 3.1.3) Effect of NS398 on BALF PGE 2  levels over 28 days 
following bleomycin instillation

Animals were treated with NS398 (NS), or vehicle (V), twice daily started one hour 
prior to instillation. Animals were lavaged at seven, 14 and 28 days following 
instillation. The cells were removed from the lavage and PGE2 was determined in the 
lavage fluid (BALF) using high sensitivity enzyme immune assay. B = bleomycin, S 
= saline control, n > 7 at each point. The difference between the treatment groups 
V/B and NS/B was statistically significant (p<0.05) determined using a two way 
ANOVA.
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3.1.3) Effect of NS398 and bleomycin on weight change in wild-type mice following 

intratracheal instillation

To determine any toxic effects of prolonged administration o f NS398 or the solvent in 

which it was administered, mice were weighed daily following instillation. There was no 

difference in starting weight between any groups (Bleomycin and vehicle 22.8±0.6g, 

NS398 and vehicle 22±0.7g, saline and vehicle 22.4+0.8g, NS398 and vehicle 

21.8±0.8g). Following intratracheal injections all mice lost about 5% of their body weight 

in the first 24 hours (see fig 3.1.4). Mice instilled with intratracheal saline gained weight 

thereafter, reaching their start weight about five days after instillation. Mice instilled with 

bleomycin continued to lose weight for a week following instillation reaching a nadir at 

six days, before gaining weight slowly (see fig 3.1.4). There was no difference in weight 

loss between those treated with NS398 or vehicle, although there was a trend towards less 

weight loss in those treated with NS398. The failure of the mice instilled with saline to 

gain weight following instillation is probably due to twice-daily gavage. The pattern of 

weight loss seen following instillation of saline or bleomycin is characteristic of these 

studies suggesting that there were no specific toxic effect related to the treatment with 

either NS398 or vehicle.

3.1.4) Effect of inhibiting COX-2 on the BAL cell numbers following bleomycin.

To determine the effect of COX-2 inhibition on the development of pulmonary fibrosis, 

bronchoalveolar lavage cell profiles, histological sections of lung, and total lung collagen 

were analysed. Following bleomycin there was a small but non-significant increase in 

total cell number in bleomycin treated animals given either NS398 or vehicle at both 14
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Figure 3.1.4) Effect of intratracheal bleomycin and twice daily 
gavage on mouse weight

Weight change in mice undergoing twice daily gavage for 28 days following 
intratracheal instillation o f bleomycin, or saline. Mice were weighed daily, following 
morning gavage, for the duration o f the experiment. n>6 all time points and in all 
treatment groups.
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or 28 days (see table 3.1.1). Cytological analysis of cell populations demonstrated a 

similar trend towards an increase in macrophages following bleomycin but again this was 

not significant (see fig 3.1.5a). There was a similar trend towards lymphocytosis at 14 

days that had reduced by 28 days although lymphocyte numbers were still elevated at this 

time point compared with saline instilled mice (see fig 3.1.5b). Neutrophil numbers were 

significantly elevated 14 days following bleomycin but had reduced to control levels by 

28 days (see fig 3.1.5c). There was no significant difference between the NS398 and 

vehicle treated bleomycin groups at either 14 or 28 days (see fig 3.1.5a, b and c). This 

data was consistent with resolving inflammation between 14 and 28 days. Following 

bleomycin induced lung injury the fibrotic phase progresses as the inflammatory phase 

resolves, therefore histological sections were assessed in order to determine the effect of 

NS398 on this process.

Table 3.1.1 Total bronchoalveolar lavage cell number

Treatment Time Vehicle

Bleomycin 2 weeks 38.7±4xl0^ cells 35.6+3.4x10"* cells

Saline 2 weeks 28.1±2.6xl0^ cells 34.3+4.8x10^ cells

Bleomycin 4 weeks 33.1+3.7x10'* cells 30.1+3.6x10"* cells

Saline 4 weeks 23.7+2.7x10^* cells 27.5+3.4x10"* cells
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Figure 3.1.5) Effect of NS398 on BAL cell profile following 
bleomycin instillation

Effect o f NS398 on bronchoalveolar lavage (BAL) cell profile at 14 and 28 days 
following intratracheal bleomycin (Blm) treatment or saline (Sal) control. 
Animals were lavaged with PBS and the total cell number determined using a 
haemocytometer. Cell types were assessed morphologically, following 
haematoxylin and eosin staining, and determined as either a) macrophages, b) 
lymphocytes or c) neutrophils. * = p<0.05 compared with all other groups having 
same gavage treatment, n > 6 each group
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3.1.5) Histological assessment of the effect of inhibiting COX-2 on the development

of lung injury following I.T. bleomycin.

In order to assess the development of lung injury following bleomycin, lungs were 

stained with Masson’s trichrome and analysed histologically. Lung injury was assessed 

visually and graded, from zero to four, using a modified Ashcroft score (Ashcroft et al., 

1988; Smith et al., 1996) in a blinded fashion (See fig 3.1.6). Zero represents normal 

lungs and four represents extensive damage with complete loss o f normal alveolar 

structure throughout an entire lobe. Mice instilled with bleomycin had evidence of 

widespread and patchy damage characteristic of bleomycin induced lung injury at both 14 

and 28 days (see fig 3.1.7 and 3.1.8). There was some evidence of matrix deposition 14 

days following instillation but at this time point the lesions were predominantly 

hypercellular (see fig 3.1.7c&d). Furthermore there was no difference in lung injury 

scores at 14 days between mice treated with NS398 or vehicle (see fig 3.1.6a). However 

28 days following bleomycin induced lung injury there was significantly less lung injury 

in mice treated with NS398 (see fig 3.1.6b). Mice that had been treated with NS398 had 

very small lesions throughout the lungs, which were predominantly hypercellular with 

small areas o f matrix deposition (see fig 3.1.8c), whereas those given vehicle had more 

widespread lesions with marked matrix deposition accompanying the hypercellularity 

(see fig 3.1.8d). Mice instilled with 0.9% saline had normal lungs at both 14 and 28 days 

following instillation in all treatment groups (see fig 3.1.7e&f and 3.1.8e&f). Treatment 

with NS398 appeared to ameliorate bleomycin lung injury, leading to lower levels of lung 

damage 28 days following the insult.
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Figure 3.1.6) Effect of NS398 on lung injury score following 

bleomycin instillation
Lung injury score a) 14 days and b) 28 days following intratracheal bleomycin 
(Blm) or saline (Sal), and treated with either NS398 or vehicle. Lungs were analysed 
histologically following M asson’s trichrome staining and lung injury scores were 
determined using a modified Ashcroft scoring system. Each lobe was assessed and 
the mean score for the lungs determined. n= 3 bleomycin (Blm) n= 2 saline (Sal) at 
both time points
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Figure 3.1.7) Effect of NS398 on the lung 14 days following bleomycin 

instillation
Photomicrographs o f lung sections following intratracheal bleomycin and 14 days treatment with 
NS398 or vehicle. Low power micrographs (x 100) o f histological sections o f  lung from a) NS398 
treated b) vehicle treated mice and high power (x 400) micrographs from c) NS398 and d) vehicle 
treated mice 14 days following bleomycin instillation, and stained with M asson’s trichrome. There 
is some staining characteristic o f  matrix deposition (arrowed M) but hypercellularity (arrowed C) 
predominates following bleomycin, and is similar between the two groups. Lower power 
micrographs o f  e) NS398 and f) vehicle treated lungs 14 days following saline treated lungs 
illustrate normal histology.
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Figure 3.1.8) Effect of NS398 on the lung 28 days following bleomycin 
instillation

Photomicrographs o f lung sections following intratracheal bleomycin and 28 days treatment 
with NS398 or vehicle. Low power micrographs (x 100) o f histological sections o f lung from 
a) NS398 treated b) vehicle treated mice and high power (x 400) micrographs from c) NS398 
and d) vehicle treated mice 28 days following bleomycin instillation, and stained with 
M asson’s trichrome. Lower power micrographs o f e) NS398 and f) vehicle treated lungs 28 
days following saline instillation illustrate normal histology
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3.1.6) Effect of inhibiting COX-2 on total lung collagen following bleomycin.

In order to determine whether inhibiting COX-2 derived PGE2 affects total lung collagen, 

lungs were analysed for hydroxyproline 14 and 28 days following bleomycin instillation 

(see fig 3.1.9). 14 days following bleomycin instillation there was a significant increase 

in total lung collagen of 32% above control in vehicle treated mice (p<0.05), which was 

not altered by inhibiting PGE2 synthesis with NS398 (see fig 3.1.9a). 28 days following 

bleomycin instillation there was a significant increase in total lung collagen of 51% 

above control in vehicle treated mice (p<0.01). The increase was smaller in NS398 

treated mice (total lung collagen 31% above control) but this difference was not 

significantly different from vehicle treated animals (see fig 3.1.9b). Inhibiting COX-2 

with NS398 gave a trend towards a reduction in total lung collagen 28 days following 

injury, but this failed to reach statistical significance.

3.1.7) Summary

Bleomycin induced lung injury led to a dose dependent increase in BALF PGE2 levels. 

Treatment with the highly selective COX-2 inhibitor, NS398, inhibited pulmonary PGE2 

synthesis, as measured in the lavage fluid, for 14 days following bleomycin instillation. 

This suggests that COX-2 is the predominant isoform responsible for the increased PGE2 

levels, for at least 14 days, observed following injury. NS398 had no effect on baseline 

levels suggesting that COX-1 was responsible for basal PGE2 synthesis. Bleomycin, 

instilled intratracheally at 1 mg/kg, lead to a significant inflammatory response in the lung 

that resolved from 14 to 28 days concurrent with increasing collagen deposition. NS398 

had no effect on BALF cytological profile or lung morphology suggesting no directly
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Figure 3.1.9) Effect of NS398 on total lung collagen following 
bleomycin instillation

Total lung collagen a) 14 days and b) 28 days following intratracheal bleomyein 
(Blm) or saline (Sal), and treatment with NS398 or vehicle. Lungs were removed, 
snap frozen and weighed. An aliquot o f lung tissue was assessed for hydroxyproline 
content, a marker o f lung collagen, using HPLC and total lung collagen determined, 
n > 6 in each group.
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toxic effect. Furthermore, mice treated with NS398 following bleomycin instillation had 

reduced lung injury scores compared with animals treated with vehicle alone suggesting 

repair might have been hastened by NS398 treatment, initiated immediately prior to lung 

injury, although there was no affect on total lung collagen or BALF inflammatory cell 

numbers.
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Section 2

Effect o f  COX-2 genotype on bleomycin induced lung injury

3.2.1) Histological evaluation of bleomycin induced lung fibrosis.

The response to bleomycin in the lungs of homozygous COX-2 gene disrupted mice 

(COX-2 -/-), and wild-type controls, was assessed. All experiments were done in animals 

that had been bred at University College London and had their genotype determined by 

PCR at weaning, three weeks prior to instillation of bleomycin. At six weeks of age the 

mice (all genotypes) were instilled with 1 mg/kg of bleomycin or saline control. 

Pulmonary damage was assessed histologically 14 and 28 days following intratracheal 

instillation of bleomycin or saline control. Lung sections were stained using Masson’s 

trichrome and injury was assessed visually and graded as previously described (See 

results section 3.1.5). COX-2 -/- mice had evidence of increased lung damage at both 14 

and 28 days following bleomycin (see fig 3.2.1). There was almost a 50% increase in 

lung injury score in COX-2 -/- mice, at both time points, compared with wild-type 

controls, which was statistically significant 14 days following bleomycin instillation. All 

mice instilled with 0.9% saline had similar scores, irrespective of genotype (fig 3.2.1). On 

histological examination of the lesions 14 days following bleomycin there appeared to be 

little difference in the degree of cellularity, compared with matrix components, between 

mice of each genotype (fig 3.2.2b&c). However, 28 days following bleomycin instillation 

there was evidence of extensive matrix deposition in wild-type mice (fig 3.2.3d), whereas 

in COX-2 -/- mice the lesions remained predominantly cellular (fig 3.2.3d), with some 

areas of matrix deposition (See fig 3.2.3a&b). Mice, regardless of genotype, instilled with 

0.9% saline had no discrete lesions at either time point (fig 3.2.4). These results
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Figure 3.2.1) Effect of COX-2 genotype on lung injury scores 
following bleomycin instillation

Lung injury scores 14 a) and 28 oays b) following intratracheal instillation o f bleomycin 
(Blm) or saline (Sal). Histological sections were stained with M asson’s Trichrome and 
assessed for lung injury using a modified Ashcroft score. Each lobe o f the lung was assessed 
and graded from 0 (no lung injury) to 4 (most severe) a mean score was then determined for 
the lung. In a) n=4 in COX-2 -/-, and n=6 in COX-2 +/+ (wild-types) and in b) n=3 in both 
COX-2 -/- and COX-2 +/+.
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Figure 3.2.2) Effect of intratracheal bleomycin on the lungs of 
COX-2 -/- mice 14 days after instillation

Histological sections o f lung from COX-2 -/- (a and b) wild-type (c and d) mice 14 days 
following bleomycin instillation, and stained with M asson’s trichrome. In COX-2 -/- 
mice a) there was extensive damage throughout the whole lobe, which at high power b) 
shows characteristic staining o f  matrix deposition (arrowed M) and hypercellularity 
(arrowed C) associated with bleomycin induced lung injury. In wild-type animals c) there 
were smaller areas o f  patchy damage throughout the lobe which at high power d) showed 
a similar pattern o f staining to COX-2 -/- mice. Original magnification x50 a&c) and 
x400 b&d).
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Figure 3.2.3) Effect of intratracheal bleomycin on the lungs of 
COX-2 -/- mice 28 days after instillation

Histological sections o f lung from COX-2 -/- (a and b) and wild-type (c and d) mice 28 
days following bleomycin instillation, and stained with M asson’s trichrome. In COX-2 -/- 
mice a) there was extensive damage throughout the whole lobe, which at high power b) 
showed predominant hypercellularity (arrowed C) and little o f the matrix staining 
associated with established fibrosis. In contrast, wildtype animals c) showed areas o f 
patchy damage throughout the lobe which at high power d) show widespread patches o f 
matrix deposition characteristic o f  bleomycin induced fibrosis. Original magnification xlOO 
a&c) and x400 b&d).
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Figure 3.2.4) Effect of intratracheal saline on the lungs of 
COX-2 -/-mice

Histological sections from lung o f COX-2 -/- mice 14 a) and 28 days b) and wild-type 14 
c) and 28 days d) following instillation with 0.9% saline and stained with M asson’s 
trichrome. All mice have normal lung structure. Original magnification x 100.
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demonstrate that COX-2 deficient mice have an exaggerated response to bleomycin, 

compared with wild-type controls. Histological examination of the lungs revealed that at 

28 days this was due to increased cellular infiltrate in the lungs suggesting an altered 

inflammatory response in COX-2 -/- mice. In order to determine the exact nature of the 

inflammatory response in COX-2 -/- mice, the lungs were lavaged in order to assess the 

different cellular populations, prior to measurement of collagen in the lung tissue.

3.2.2) Effect of COX-2 genotype on BAL cell profile following bleomycin 

instillation.

In order to determine whether the hypercellularity seen on histological assessment of 

COX-2 -/- mouse lungs was reflected in inflammatory cell profiles, the lungs of mice 

were lavaged 14 and 28 days following instillation of bleomycin or saline. Figures 3.2.5 

and 3.2.6 show representative cytological preparations from COX-2 -/- and wild-type 

mice after 14 and 28 days respectively. 14 days following bleomycin instillation there 

was evidence of inflammation with activated macrophages, lymphocytes and neutrophils 

in the bronchoalveolar lavage (BAL) from mice of both genotypes (fig 3.2.5a, & c). 

However, BAL cytology from COX-2 -/- mice was more inflamed with greater numbers 

of activated macrophages and neutrophils (fig 3.2.5a). 28 days following instillation of 

bleomycin, cytological preparations from COX-2 -/- animals had evidence of continued 

inflammation with persistence of activated macrophages with lymphocytosis and 

neutrophilia (See fig 3.2.6a). This was in contrast to the lavage profiles from wild-type 

controls where the cytological preparations were almost returned to normal, with only 

occasional activated macrophages or lymphocytes and negligible neutrophils (See fig
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Figure 3.2.5) Effect of COX-2 genotype on cytological profile 
14 days following bleomycin instillation

Cytological preparations o f bronchoalveolar lavage (BAL) stained with haematoxylin and eosin 
from COX-2 -/- mice 14 days (a and b) following treatment with a)bleomycin, and b) saline, 
and preparations from (c and d) wild-type mice 14 days following treatment with c) bleomycin 
and d) saline. Lavage cells from mice treated with bleomycin show pleomorphic cells a and c) 
with an increase in activated macrophages (AM). However COX-2 -/- mice have greater 
numbers o f  neutrophils (N) and lymphocytes (L) within lavage a) compared with wildtypes c). 
Mice o f either genotype, instilled with saline had lavage that contained macrophages o f uniform 
morphology with less than 1% acute inflammatory cells. Original magnification x 400.
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Figure 3.2.6) Effect of COX-2 genotype on cytological profile 
28 days following bleomycin instillation

Cytological preparations o f bronchoalveolar lavage stained with haematoxylin and eosin from 
COX-2 -/- mice 28 days following treatment with a) bleomycin, and b) saline, and 
preparations from wild-type mice 28 days following treatment with c) bleomycin and d) saline. 
Lavage cells from COX-2 -/- mice treated with bleomycin show pleomorphic cells with an 
increase in activated macrophages, neutrophils and lympocytes a) whereas the lavage from 
wild-type mice appears to have cells that are o f uniform morphology and similar to cells from 
saline treated animals d). However the lavage from saline instilled COX-2 -/- mice shows an 
increase in dysplastic cells more often seen in older mice. Original magnification x 400.
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3.2.6c). Lavage cytology from mice treated with intratracheal saline was normal at 14 

days in both COX-2 -/- and wild-type mice (see fig 3.2.5b &d). The cytological 

preparations were quantified (as described in methods section 2.1.4.1) and the results are 

shown in table 3.2.1 and figure 3.2.7. The total cell numbers lavaged were no different 

between COX-2 -/- mice and wild-types 14 days following bleomycin instillation, but by 

28 days there was a significant increase in total cell number in COX-2 -/- mice (see table

3.2.1, p<0.05). This difference in cell number in BALF between wild-type and COX-2 -/-

Table 3.2.1 Total bronchoalveolar lavage cell number in COX-2 +/+ and CO X-2 -/- mice following
bleomycin instillation

Genotype CQ%:2 -/- COX-2 +/+

Two weeks 35.6±3.4xlO^ cells 37.4±6.1 xlOf cells

Four weeks 53.4±8.4xl0^ cells 30.6+3.6x10'* cells

mice 28 days following bleomycin appeared to be due an increase in all three main 

cellular components in the BALF (see fig.3.2.7). 14 days following bleomycin instillation 

there was no difference in macrophage number, a trend towards an increase in 

lymphocyte number and a six-fold increase in neutrophils (p<0.05) in COX-2 -/- mice 

compared with wild-types. However 28 days following bleomycin there was a trend 

towards an increase in macrophage numbers, a five-fold increase in lymphocytes 

(p<0.01) and a 30-fold increase in neutrophils (p<0.01) in COX-2 -/- compared with 

wild-type mice (see fig 3.2.7a, b & c). In mice instilled with saline there was no
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Figure 3.2.7) Effect of COX-2 genotype on BAL cell 
numbers.

Effect o f  COX-2 genotype on a) macrophages b) lymphocytes and c) neutrophils in 
bronchoalveolar lavage (BAL) at 14 and 28 days following intratracheal bleomycin (Blm) or 
saline (Sal) control. Mice were lavaged with PBS and cells counted prior to staining with 
haematoxylin and eosin. Cell types were determined morphologically. n> 6  in each group and 
students t test used to compare differences between groups. * = p<0.05, ** = p<0.01, 
compared with saline control. $ = p value compared with saline and wild-type at same time 
point.
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significant difference in the cellular components o f the lavage at any time point, although 

there was a trend towards a decrease in macrophage number at both 14 and 28 days and 

towards an inerease in lymphocyte number at 28 days. These data illustrate that absence 

o f the COX-2 -/- gene led to a prolonged, exaggerated inflammatory response to lung 

injury. In order to determine whether the inflammation lead to an accompanying increase 

in matrix deposition total lung collagen levels were determined in the lung.

3.2.3) Effect of COX-2 genotype on total lung collagen following intratracheal 

bleomycin.

In order to determine whether COX-2 gene disruption affects total lung collagen, lungs 

were analysed for hydroxyproline content 14 and 28 days following bleomycin 

instillation (see fig 3.2.8). There was a significant increase in total lung collagen of 45% 

and 49% above control in wild-type miee at 14 and 28 days respectively. There was also 

a significant increase in total lung eollagen of 43% and 49% above control in COX-2 -/- 

animals at 14 and 28 days respectively. However, there was no difference in total lung 

collagen between COX-2 -/- mice and wild-type controls at either time point (see fig 

3.2.8 a & b). This suggests that the increased lung injury scores observed in COX-2 -/- 

mice, at both time points (see fig 3.2.1), was predominantly due to increased cellular 

infiltrates. This is further supported by analysis of the histological sections (results 

section 3.2.1) and the lavage data (results section 3.2.2).
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Figure 3.2.8) Effect of COX-2 genotype on total lung 
collagen following bleomycin instillation

Effect o f  bleomycin (Blm) and saline (Sal) on total lung collagen a) 14 and b) 28 days 
following intratracheal bleomycin in COX-2 -/- mice compared with (COX-2 +/+) wild- 
type mice. Lungs were weighed and an aliquot assessed for hydroxyproline content, a 
marker o f collagen, and total lung collagen calculated. n> 6  in all groups and students t 
test was used to assess differences between groups.
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3.2.4) Effect of COX-2 gene disruption on PGE2 synthesis following intratracheal

bleomycin.

The cyclooxygenase enzymes are rate limiting in prostanoid biosynthesis. COX-2 is the 

inducible form, upregulated following inflammatory stimuli, including bleomycin 

induced lung injury (see introduction section 1.3 & results section 3.1.2). Therefore, it 

was hypothesised that COX-2 -/- animals would be unable to upregulate PGEi following 

lung injury. However, 14 days following bleomycin instillation, bronchoalveolar lavage 

fluid PGE2 was elevated 2 0 -fold compared with saline control animals (p<0 .0 0 1 , see fig

3.2.9). Furthermore, PGE2 levels were six-fold greater in the COX-2 -/- mice treated with 

bleomycin, compared with wild-type controls (p<0.005), whereas there was no difference 

between COX-2 -/- and wild-type controls instilled with saline. 28 days following 

bleomycin PGE2 levels were still elevated in COX- 2  -/- and wild-type mice (see fig

3.2.9), although levels had decreased by 54% compared with PGE2 levels at 14 days in 

COX-2 -/- mice and 33% in wild-type mice. The COX-2 -/- mice instilled with saline 

appeared to have increased BALE PGE2 level (see fig 3.2.9) but this was not statistically 

significant compared with wild-type controls. This demonstrates that COX-2 -/- mice 

were able to upregulate PGE2 synthesis following lung injury by mechanisms that did not 

involve COX-2.
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Figure 3.2.9) Effect of COX-2 genotype on BALE PGEj levels 
following intratracheal bleomycin

Prostaglandin £ 3  levels measured in the lavage o f wild-type and COX-2 -/- mice 14 and 28 
days following bleomycin (Blm) or saline (Sal) instillation. Animals were lavaged in PBS. 
The lavage was centrifuged and PGE2 assessed in the supernatant using a high sensitivity 
enzyme immune assay. * p<0.001 vs COX-2 +/+ (wild-type) and saline controls, n > 6  in each 
group.
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3.2.5) Mechanism of PGE2 synthesis in COX-2 gene disrupted mice following 

bleomycin instillation.

In order to determine the mechanism of increased PGE2 synthesis following bleomycin 

instillation in COX-2 -/- mice, lung tissue was analysed for cPLA2 and COX-1 protein. 

Preliminary results demonstrated a trend towards an increase in both cPLA2 and COX-1 

protein following bleomycin instillation in wild-type mice, whereas, in COX-2 -/- mice 

there was a similar trend towards increased cPLA2 protein but nearly a five-fold 

induction of COX-1 that was significant (see fig 3.2.10). This data shows that COX-2 -/- 

mice were able to compensate for their genetic defect by increasing the alternative COX 

isoform to a greater extent than wild-type mice. However, it does not exclude the 

possibility that there were also alterations in cPLA2 activity that may also have 

contributed to the increased PGE2 generated in COX-2 -/- mice.

3.2.6) Summary

COX-2 gene disrupted mice are homozygous for an aberrant COX-2 gene that fails to 

produce cyclooxygenase-2 protein. These animals have an abnormal phenotype in 

response to lung injury. They developed an exaggerated, persistent inflammation with 

increased lung damage. This persistent inflammation may have been responsible for the 

absence of excessive matrix deposition observed both histologically and biochemically. 

Surprisingly, in response to acute lung injury, these animals were able to upregulate 

PGE2 synthesis in the absence of cyclooxygenase-2 , and to a greater extent than wild- 

type controls. The mechanism by which these animals upregulated PGE2 was, at least 

partly, via enhanced COX-1 upregulation. These results suggest that under normal
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Figure 3.2.10) Western analysis of COX-1 and PLA2 levels 14 days 
following bleomycin instillation

Representatve gel demonstrating COX-1 and cPLA2 levels 14 days following 
intratracheal instillation o f bleomycin or saline in COX-2 -/- and wild-type mice a). 
Quantification o f COX-1 and cPLA2 western blots following densitometric assessment 
b). The graph demonstrates fold increase o f COX-1 or cPLA2 levels, following 
bleomycin, compared with saline controls. COX-2 -/- n= 7 for both COX-1 and cPLA2. 
Wild-types n= 6  for COX-1 and n=2 for cPLA2. Differences between groups were 
assessed using a ttest.
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circumstances there was a eoordinate response of COX-1, COX-2 and ePLA2, and that 

this was vital to aid resolution following lung injury. However, in the absenee of 

cyclooxygenase-2 , PGE2 was synthesised via a eompensatory mechanism that was 

associated with a proinflammatory phenotype and led to inereased lung damage.
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Section 3

Development and assessment o f COX-2 delivery system in vitro

3.3.1) Assessment of luciferase expression following transfection with two vector 

systems.

The LID vector containing peptide 6 , the GACRRETAWACG peptide, has previously 

been shown to have high transfection efficiency in a number of cell lines (Hart et al., 

1998). However, the transfection efficiency of individual delivery systems is known to be 

cell type specific. Therefore it was important to demonstrate that the LID vector was 

more effective than a liposome at transfecting an untransformed primary lung fibroblast 

line, as this is one of the major cell types responsible for collagen production in the lung. 

Initially the LID vector was compared, in a previously optimised ratio, with lipofectin at 

various liposome:DNA (LD) ratios as recommended by the manufacturer (see table

3.3.1). Using the luciferase gene the LID vector gave more than 12 fold greater luciferase

Table 3.3.1 Luciferase expression following LID vector and lipofectin transfection at differing

lipid:DNA ratios.

Transfection com plex RLU/pg protein

Control 0.4+0.4

LID 7495±454

Lipofectin: DNA 2:1 531+142

Lipofectin:DNA 8:1 590+116

Lipofectin:DNA 16:1 197+23

Lipofectin: DNA 24:1 160+46

All complexes contained DNA at Ipg/ml o f transfection complex and used 1ml o f transfection complex per 

well. n=4
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expression compared with lipofectin at an 8:1 lipidrDNA ratio, which was the ratio which 

gave highest luciferase expression using Lipofectin® (See table 3.3.1). There was no 

apparent dose response to increased concentrations of Lipofectin® within the LD 

complex, but L:D ratios < 1 0 :1  gave significantly higher luciferase activity than ratios 

>10:1 (p<0.05).

3.3.2) Effect of increasing transfection complex concentration on gene expression, 

and cell number, in human lung fibroblasts.

Having shown that the LID vector gave greater luciferase expression than lipofectin at 

Ipg of DNA/well, I wanted to determine whether this was consistent at all doses of DNA 

within the transfection complex. Furthermore, I wanted to demonstrate the effect 

increasing doses of DNA, or transfection complex, had on fibroblast cell number. 

Luciferase activity (fig 3.3.1a) and cell number (fig 3.3.1b) were assessed following 

pGL3-luc transfection with either: DNA alone, lipofectin (at the 8:1 lipid to DNA ratio) 

and the LID vector. DNA alone gave virtually no luciferase activity and had no 

significant effect on cell number at any dose, both lipofectin and the LID vector gave 

significant luciferase expression at 0.1 pg DNA per well, compared with DNA alone 

(235±26 RLU/pg protein, and 573±164 RLU/pg protein respectively. Both p<0.05), and 

had no significant effect on cell number (See fig 3.3.1 a & b). There was a significant 

increase in luciferase expression following lipofectin transfection with 0.5pg DNA/well 

(p<0.02), but no further luciferase activity with increased doses of DNA (see fig 3.3.1a). 

However, there was a significant reduction in cell number fi-om 0.1 to O.Spg DNA per 

well (p<0.05) that reduced further from 1 to 2pg DNA/well (p<0.05 see fig 3.3.1b).
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Figure 3.3.1) Comparison of non-viral systems for in vitro 
transfection of human lung fibroblasts

Luciferase activity a) and cell number b) 40 hours following transfection o f lung 
fibroblasts with three non-viral delivery systems containing pGL3-luc. Statistical 
comparison in a) is between immediately lower dose o f DNA within each vector 
system and b) is between dose o f DNA within each vector system and media 
control, a) n- 6  b) n=4. Experiments repeated at least twice and a representative 
example is shown. * = p < 0.05, ** = p < 0.005. Differences between groups were 
determined by students t test.
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Following LID vector transfection there was a significantly greater increase in luciferase 

expression using O.Spg DNA/well compared with lipofectin (12±1.2xl0^ RLU/pg protein 

vs 0.7±0.01x10^ RLU/pg protein, p<0.001). There was a dose response with increased 

luciferase expression with increased doses of DNA within the LID complex. Furthermore 

there was between 20 and 40 fold greater luciferase expression following LID vector 

transfection compared with the equivalent dose of DNA following LD transfection (see 

fig 3.3.1a). Although there was a significant reduction in cell number following 

transfection with O.Spg of DNA (p<0.05), there was no further reduction in cell number 

at doses between 0.5 and 2pg of DNA/well, despite the increase in luciferase activity 

between these doses. Furthermore there was no difference in cell number between 

lipofectin and the LID vector at an equivalent dose of DNA (See fig 3.3.1b).

3.3.3) Transfection efficiency of the LID vector in human lung fibroblasts

Lipofectin has been shown to have low transfection efficiency (<5%) when used to 

transfect lung fibroblasts (Fortunati et al., 1996, Gao and Huang, 1991). In order to 

determine the transfection efficiency of the LID vector in human lung fibroblasts, I used 

the enhanced green fluorescent protein (EGFP) marker gene (see fig 3.3.2). Fibroblasts 

transfected with EGFP fluoresce green when viewed under blue light, and the 

transfection efficiency was calculated by determining the proportion of cells that 

fluoresced green. The transfection efficiency at two days was calculated to be 24.5±5.9% 

and a representative well is shown (see fig 3.3.2a and b). Cells transfected with control 

plasmids did not fluoresce two days following transfection (see fig 3.3.2c). Gene 

expression was still present seven days following transfection (fig 3.3.2 d) but by three
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Figure 3.3.2) Transfection of human lung fibroblasts using the 
LID vector containing an EGFP plasmid

Transfection efficiency o f the LID vector in HFL-1 cells using 1 M-g/ml o f EGFP cDNA. Cells
expressing the transgene fluoresce green when visualised under blue light. Transfected cells
two days following transfection are shown in a) and the total number o f cells was visualised
under brightfield microscopy in b). Control transfection using an irrelevant plasmid showed
no evidence o f transfection at two days c). The number o f  cells expressing the transgene was
reduced slightly at one week d) and was much lower three weeks following transfection
although there are still occasional cells expressing the transgene e). Experiments were
repeated three times and a representative example shown.
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weeks most GFP activity was reduced although some fibroblasts could still be seen to 

express the transgene (fig 3.3.2 e). This demonstrates that the LID vector is a highly 

efficient system for transfecting lung fibroblasts

3.3.4) Effect of plasmid promoter region on luciferase expression

Another major determinant for optimal gene expression, in both in vitro and in vivo 

systems, is the promoter used within the plasmid. Two of the most efficient promoters for 

gene transcription, in eukaryotic cells, are the cytomegalovirus (CMV) and the simian 

virus 40 (SV40) promoters. Using plasmids with the same backbone (pGL3), but with 

either the CMV or SV40 promoter, the luciferase gene was transfected, using the LID 

vector, into HFL-1 cells. Transfection with the plasmid containing the CMV promoter 

gave a significantly higher level of luciferase activity than with the SV40 promoter (See 

fig 3.3.3). These results suggested that experiments using the functional gene COX-2 

should be performed using the LID vector incorporating a plasmid containing the CMV 

promoter.

3.3.5) Generation of COX-2 plasmid

Murine COX-2 (TIS-10) was supplied in a prokarytic vector by Professor H. Herschman 

and human COX-2 was supplied in a eukaryotic vector by Dr T. Hla. Both genes were 

subcloned into the same high efficiency eukaryotic plasmid containing a CMV promoter 

(pcDNA3.1+, Invitrogen). As a control the human COX-2 gene was subcloned into a 

pcDNA3.1- plasmid with the multiple cloning sites in the reverse orientation. 

pcDNA3.1CAT was also provided by the manufacturer as a control. Following plasmid
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Figure 3.3.3) The effect of promoter on luciferase activity 
in lung fibroblasts following LID vector transfection

Luciferase activity 40 hours following transfection o f lung fibroblasts with the LID 
vector containing the pGL3-luciferase plasmid with either CMV or SV40 promoter. 
n=4 in each group. Experiments repeated twice and representative example shown.
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DNA amplification and purification plasmids were assessed by UV spectrophotometry, 

restriction enzyme mapping and in vitro fibroblast transfection.

3.3.5.1) UV Spectrophotometric analysis

Diluted plasmids were analysed at A260 & A280 wavelengths. The ratios were measured

and the quantity o f DNA was calculated using a standard formula (Value at A260 x 50 x

volume of stock analysed/total volume of diluent analysed) and the results expressed as 

mg of DNA per ml o f water. Representative results for all plasmids are shown in table

3.3.2.

Table 3.3.2 UV spectophotom etry results for 3 plasm ids

Plasmid 260/280 ratio DNA concentration (mg/ml)

PcDNA3.1+TIS10 1.91 2 . 2

PcDNA3.1+hCOX-2 1.90 3.0

PcDNA3.1-hCOX-2 1.92 3.9

3.3.5.2) Restriction enzyme digestion analysis

For pcDNA3.1+TIS10 digestion with the following restriction enzymes was performed: 

EcoRl; EcoRl and BamHl; Xhol and BamHl. These enzymes were chosen because 

Xhol and BamHl would remove the TIS-10 gene entirely and gave a predicted fragment 

2.2kb with a 5.4kb vector (See fig 3.3.4a). EcoRl was used because it has a cleavage site 

1.2kb from the 5’ coding start sequence of the TISIO gene (See fig 3.3.4a). Restriction
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Figure 3.3.4) Molecular analysis of plasmid containing 
murine COX-2 (TISIO) cDNA

Plasmid map a) illustrating restriction enzyme cleavage sites o f pcDNA3.1+TIS10. 
Ethidium bromide stained agarose gel b) demonstrating predicted size fragments 
following digestion with EcoRl (lane 1); EcoRl & Xhol (lane 2) and Xhol & 
Bam Hl (lane 3). Ikb marker used.
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digests with the three enzyme combinations gave the predicted results. EcoRl gave 1.2kb 

and 6.4 kb fragments (See fig 3.3.4b lane 1), EcoRl and Xhol gave three fragments at 1, 

1.2 and 5.4kb respectively (See fig 3.3.4b lane 2); and Xhol and BamHl gave two 

fragments o f 2.2 and 5.4kb respectively (See fig 3.3.4b lane 3). For the hCOX-2 gene 

restriction digests were performed with EcoRl and Xbal to remove the gene entirely 

(See fig 3.3.5a). For mapping purposes EcoRl and Pst were used as there was a Pst site 

within the hCOX-2 gene and a further Pst site outside the multiple cloning site of the 

pcDNA3.1 vector and therefore it was possible to determine the orientation of the gene 

within the vector (see fig 3.3.5c & d). Digestion of pcDNA3.1+hCOX-2 with EcoRl and 

Xba gave the predicted result of a 1.9kb and 5.2kb fragment. Digestion with EcoRl and 

Pst gave the expected result of 1.3, 1.8 and 4.0kb fragments and the pcDNA3.1 -hCOX-2 

gave the expected 1.3, 1.2 and 4.6kb fragments (see fig 3.3.5b lanes 1-4).

3.3.5.3) Effect of transfection with COX-2 plasmid on human lung fibroblast 

PGE2 production and cell number

To determine whether the fibroblasts could be successfully transfected with a COX-2 

gene and produce a functional protein, HFL-1 fibroblasts were transfected with the LID 

vector. Although there was no difference in cell number following transfection of LID 

complexes containing from 0.5pg to 2pg of luciferase plasmid DNA, overexpression of 

COX-2 could lead to toxic effects on fibroblasts due to high levels o f prostanoids 

synthesised. Therefore, a dose of 0.5pg DNA/well was chosen so that high levels of 

transfection would be attained whilst minimising any toxic effects of supra-physiological 

levels o f COX-2 or any of its downstream products. The LID vector contained human
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Figure 3.3.5) Molecular analysis of plasmid containing 
human COX-2 cDNA

Plasmid map a) illustrating restriction enzyme cleavage sites o f pcDNA3. l±hC0X -2. 
Ethidium bromide stained agarose gel b) demonstrating predicted size fragments 
following digestion o f pcDNA3.1+hCOX2 with EcoRl & X bal (lane 1); EcoRl & Pst 
(lane 2) and pcDNA3.1-hCOX2 with the same combinations (lanes 3 & 4 respectively). 
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(lane 2) indicates + orientation and l.Skbp (lane 4) indicates - orientation as illustrated 
in plasmid diagrams (c and d) respectively where the red line represents hCOX-2 gene 
( ~1.9kbp).
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COX-2 (hC0X2), the murine homologue (TISIO) or control plasmids (CAT or COX-2 in 

the antisense orientation - C0X2as), and PGE2, the major fibroblast COX-2 product, was 

assayed. Transfection media was used as a non-transfection control and had no effect on 

baseline prostaglandin production or cell number (fig 3.3.6). Transfection with the human 

and murine COX-2 plasmids lead to a three to seven-fold increase in PGE2 production by 

HFL-1 fibroblasts compared with plasmid controls. However, the plasmid controls lead 

to four to five-fold increase in PGE2 production compared with baseline values (see fig 

3.3.6a & b). All transfections involving plasmids lead to a reduction in cell number 

compared to media controls (fig 3.3.6 c & d). These results confirm that transfection of 

COX-2 plasmids into fibroblasts gave plasmid transcription, translation and synthesis of 

the active enzyme. It is worth noting that transfection per se led to upregulation of 

endogenous COX enzyme activity and PGE2 production by HFL-1 fibroblasts.

3.3.6) Summary

Initial experiments determined the optimal transfection system to be used for future 

experiments involving COX-2. Human and murine COX-2 plasmids, under the control of 

the CMV immediate/early promoter/enhancer, have been generated, as well as an 

anti sense control. A functional protein was produced and this led to PGE2 production 

when fibroblasts were transfected with the LID vector containing one of the COX-2 

plasmids. This was evidence that the correct plasmid has been generated. For assessment 

of the role of COX-2 in pulmonary fibrosis, and whether over-expression of the COX-2 

gene would be protective, further assessment of the COX-2 gene would need to take 

place in an in vivo model. Having determined that the LID vector containing COX-2
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Figure 3.3.6) Effect of LID vector transfection of COX-2 on 
human lung fibroblasts

PGE2 levels 40 hours following transfection o f lung fibroblasts with LID vector containing 
COX-2 plasmids: a) TIS 10 and b) hCOX-2 and control plasmids. Only basal levels o f  PGE2 

were released following addition o f transfection media alone. Fibroblast cell number 
following transfection with: c) TIS 10 and d) COX-2 and control plasmids. PGE2 results are 
a mean o f six wells, and cell number a mean o f four wells, all experiments were repeated at 
least three times and a representative example is shown.
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plasmids could produce PGE2 in vitro, future experiments were directed towards 

developing an optimised in vivo delivery system with the aim of over expressing COX-2 

in the lung.
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Section 4

Vector development for use in the lung

3.4.1) Histological localisation of reporter gene expression.

Lungs were instilled with LID or DOTAP vectors, prepared with SOpg of plasmid 

(pABl 1) or 5x10^ pfu of adenoviral vector (AdSlacZ) and analysed for nuclear localised 

p-galactosidase staining one day later. Histological sections o f LID transfected lungs 

revealed widespread p-galactosidase activity in airway epithelium and parenchymal cells 

(fig 3.4.1a) whereas staining was absent from sections of lung transfected with a control 

plasmid (fig 3.4.1b). A similar proportion of animals instilled with LID, adenovirus and 

DOTAP (75%; 75% and 67% respectively) demonstrated evidence of p-galactosidase 

expression. In animals showing evidence of transfection, following LID and adenoviral 

vector instillation there was evidence of bronchial transfection in all animals, however 

only a third of DOTAP transfected animals demonstrated measurable bronchial 

transfection. Semi-quantitative assessment of the bronchi and parenchyma showed no 

difference in transfection efficiency (i.e. the proportion of cells stained per bronchus or 

parenchymal field) in sections of lung instilled with LID or adenoviral vectors (fig 3.4.2a 

and b) with up to 50% of epithelial cells transfected in a given bronchi (fig 3.4.3a,b,d, e 

& j). Transfection efficiency of DOTAP in bronchial epithelium and parenchyma (fig 

3.4.3g, h & i) was significantly lower than that of the LID vector (fig 3.4.2a and b). 

Following LID vector transfection, parenchymal staining (fig. 3.4.3 c) was predominantly 

associated with macrophages (fig. 3.4.31), but was also apparent in pneumocytes and 

interstitial cells (fig. 3.4.3k). In rat lung, the overall transfection efficiency one day
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Figure 3.4.1) P-galactosidase staining in rat lung following 
LID vector transfection.

Widespread p-galactosidase staining in a section o f  lung transfected with the LID 
vector containing the lac Z  gene (a) and absence o f staining in a section o f  lung 
transfected with the LID vector containing a control plasmid (b). Original 
magnification x50.
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Figure 3.4.2) Quantitative assessment of p-galactosidase 
staining following lac Z  gene delivery

Quantitative assessment o f p-galactosidase staining following lac Z  gene delivery by 
three different vector systems, (a) Bronchial transfection efficiency (b) Parenchymal 
transfection efficiency. Each value represents the mean ± standard error o f  the mean o f 
values obtained for lungs in each treatment group. NS=not significant.
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Figure 3.4.3) Comparison of P-galactosidase staining in bronchi and 
parenchyma following transfection with different vector systems

p-galactosidase staining in sections from lungs instilled with LID (a, b, c, j , k, & 1), adenoviral (d, 
e & f) and DOTAP (g, h, & i) vectors. Transverse (a, d & g) and longitudinal (b, e & h) bronchial 
sections and parenchymal (c, f  & i) sections from lungs instilled with each o f the three vectors are 
shown. Original magnification X200. High power views o f LID vector transfected sections are 
shown demonstrating nuclear staining within bronchial epithelium (j), a type II pneumocyte 
(arrowed P) and (arrowed IC) an interstitial cell (k) and an alveolar macrophage (1). Original 
magnification X I000
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following LID vector instillation rivals that of the adenovirus and was significantly 

greater than that o f the liposome DOTAP. However, gene expression and protein activity 

would need to be maintained for longer than 24 hours if the LID vector were to stand 

comparison with currently available systems.

3.4.2) Duration of reporter gene activity.

The duration of luciferase and p-galactosidase reporter gene activity was assessed 

following LID vector transfection. Median values of luciferase activity, in whole lung 

lysates, were similar at days one and three (fig 3.4.4). Luciferase activity declined 

thereafter, and by seven days was similar to control values. In contrast, P-galactosidase 

activity was still evident in the lungs seven days following transfection (figs 3.4.5 &

3.4.6). The number of parenchymal cells and the percentage of bronchial cells exhibiting 

p-galactosidase activity were similar at days one and seven (fig 3.4.5 a-b). However, the 

intensity of staining, especially in the bronchial epithelium, appeared lower at day seven 

than at day one (fig 3.4.6). The evidence o f protein activity at seven days, in the absence 

of demonstrable gene expression at this time, relates to the difference in protein half-life. 

For such a system to have therapeutic potential, given the relatively short duration of 

gene expression, even if encoding a protein with a long half-life, it would need to be re

administered in most circumstances.

3.4.3) Assessment of repeated gene administration with the LID vector.

To assess the utility of the LID vector for repeated gene delivery the lac Z  gene was re

administered seven days after the first instillation and the lungs were assessed
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Figure 3.4.5) Quantitative analysis of P-galactosidase staining 
following repeat instillation of the LID vector
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(b) parenchymal transfection efficiency. Each value represents the mean ± standard 
error o f  the mean of values obtained for lungs in each treatment group.
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Figure 3.4.6) P-galactosidase activity following repeated instillation
of the LID vector

p-galactosidase activity in sections o f lung analysed after initial and repeated instillation o f 
the LID vector, (a) p-galactosidase staining at one day, (b) seven days and (c) one day 
following repeated instillation. Original magnification X200. (d) High power view following 
repeated transfection demonstrating widespread nuclear staining in the bronchial epithelium. 
Original magnification X I000.
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histologically for p-galactosidase activity one day later. There was a doubling in the 

number of cells expressing p-galactosidase, in both bronchial epithelium and 

parenchyma, following repeated administration of the LID vector, when compared with 

sections from lungs that had received only a single administration (fig 3.4.5 a-b). 

Furthermore, following the second administration of the LID vector, up to 90% of 

epithelial cells in some bronchi were transfected (fig 3.4.6 c). The staining following re

administration of LID complexes was also more intense than that seen at day seven but 

similar to day one (fig 3.4.6 a-c). Repeated delivery of the LID vector generated further 

protein activity, but may increase the potential to provoke immune specific, as well as 

non-specific, inflammatory responses.

3.4.4) Assessment of inflammation following LID vector transfection.

Inflammatory responses were assessed following initial and repeated instillation o f the 

LID vector or following a single adenoviral instillation (fig 3.4.7). None of the animals 

instilled with the LID vector showed any inflammatory cell accumulation or disruption of 

alveolar architecture after administration of the LID vector, assessed at one and seven 

days following initial instillation or one day following repeated instillation. However, 

animals treated with an adenoviral vector developed a profound inflammatory cell 

infiltrate, consisting of macrophages, neutrophils and lymphocytes, with interstitial 

thickening and alveolar exudation, consistent with an acute inflammatory pneumonitis 

(fig 3.4.7) one day following a single instillation. Failure to provoke an inflammatory 

response, even after repeated administration, is an advantage of the LID vector over
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Figure 3.4.7) Effect of repeated instillation of the LID vector on
the lung

Parenchymal sections illustrating (a) normal alveolar architecture following a repeated 
instillation o f  the LID vector and (b) pneumonitis following single instillation o f  adenoviral 
vector. Original magnification X400.
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alternative systems. Further advantage might be gained if the LID vector could target 

specific integrins in vivo offering potential for specifically targeted therapies.

3.4.5) Targeting specificity of LID vector

To determine whether LID vector transfection was integrin specific, animals were 

instilled with either the LID complex or an LSD complex, containing the scrambled 

peptide (S), which has no known integrin binding capacity. The luciferase gene was used 

in both complexes and activity was assessed in whole lung lysates one day following 

instillation of the complexes. The median luciferase activity following LID vector 

transfection was three fold higher than that for lungs transfected with the LSD vector (fig

3.4.8). This suggests that LID vector transfection was mediated, at least in part, by the 

integrin targeting properties of the complex.

3.4.6) Determination of optimal plasmid for use in the LID vector

Although it is clear that the choice of peptide is important, levels of luciferase activity in 

lung lysates are also partly determined by the plasmid within the complex. In the initial 

assessment of the LID vector for pulmonary gene transfer (see section 3.4.2 and 3.4.5) 

the pGL3-CMV-luciferase plasmid was used. Plasmid backbone chemistry is important 

in determining gene transcription from plasmid cDNA, even when promoter and coding 

regions are the same, therefore influencing overall levels of gene expression following 

transfection. In order to determine whether luciferase activity in the lung could be 

enhanced further, the pCI-CMV-luciferase plasmid (pCI-luc) was compared with the 

pGL3-CMV-luciferase plasmid (pGL3-luc). The pCI-luc plasmid gave a significant
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Figure 3.4.8) Comparison of luciferase activity following transfection 
with complexes containing integrin targeted or scrambled peptides

Comparison o f luciferase activity one day following transfection with complexes containing 
integrin targeted (LID) or scrambled peptides (LSD). Each point represents the luciferase 
activity in whole lung lysates from each animal and the horizontal bars represent the median 
value for the group. Differences between groups were asssessed using a Mann-Whitney U test.
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increase in luciferase activity (median 17.1 RLU/mg protein vs 3.7 RLU/mg protein) 

compared with pGL3-CMV-luciferase plasmid (see fig 3.4.9). Further increases in 

luciferase activity may be achieved if luciferase activity were dependant upon the dose of 

plasmid delivered within the complex.

3.4.7) Dose response for luciferase expression using increasing DNA within the LID 

complex

To determine whether increasing the quantity of DNA delivered would increase protein 

activity in the lungs of rodents, the LID vector was instilled containing two doses of 

plasmid DNA encoding the luciferase gene. Complexes contained SOpg, and 200pg of 

pCI-luc and the lipid, peptide and DNA ratio was maintained at 0.75: 4: 1 in PBS up to a 

total volume of 287.5pl. There was a three fold increase in luciferase activity in animals 

that were transfected with 200pg of plasmid DNA compared to those transfected with 

50pg (see fig 3.4.10). Luciferase activity demonstrates some plasmid DNA dose 

dependence following transfection with the LID vector. However there is only a three 

fold increase in activity despite a four fold increase in dose of DNA within the complex.

3.4.8) Summary

These data demonstrate that the LID vector was as effective at transfecting the bronchial 

epithelium and pulmonary parenchyma of a Lewis rat, as an adenovirus, and more 

effective than the liposome DOTAP. The duration of gene expression was at least three 

days with pGL3-CMV, but there was evidence of protein activity for at least seven days. 

It is possible that duration of gene expression was longer, but was not detectable with the

184



p < 0.05

c
B
2
Oh
bû
S

Dê
p

4—»
*
(UC/2

I
O

U

30

25

20

15

10

5
- r

0

pCIluc pGL3

Plasmid within LID vector

Figure 3.4.9)Effect of plasmid backbone on luciferase activity 
following LID vector transfection

Luciferase activity in rat lungs following transfection with two different plasmids, 
both containing a CMV promoter and the luciferase gene. Each point represents the 
luciferase activity from whole lung lysate and the horizontal bars represent the 
median value for each group. Differences between groups were asssessed using a 
Mann-Whitney U test.
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Figure 3.4.10) Effect of increased dose of DNA within the LID 
vector on luciferase activity in rat lung.

Luciferase activity in rat lung one day following transfection with the LID vector, 
containing increasing doses o f  plasmid DNA (pCI-luc) within the complex. Experiment 
was repeated with pGL3-luc with similar results. Each point represents the luciferase 
activity from whole lung lysate and the horizontal bars represent the median value for 
each group. Differences between groups were assessed using a Mann-Whitney U test.
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assay system used. Levels o f luciferase expression were increased using a plasmid with a 

modified backbone as well as by delivery of increased cDNA. After a repeated dose of 

LID vector instillation, there was no evidence of reduced gene expression or significant 

inflammatory response, whereas adenoviral gene expression induced a profound 

inflammatory response after a single instillation. Furthermore LID vector transfection 

appears to be mediated, at least in part, by the targeting properties of the peptide.
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Section 5

Vector Optimisation

3.5.1) Determination of optimal peptide for use in murine models

Reports have suggested that CRRETAWAC peptide, which acts as the ligand within 

peptide 6, is species specific, unable to bind the a 5 p l integrin of mice (Mould et ah, 

1998; Koivunen et ah, 1994). The cell line used in these experiments was the NIH 3T3 

line, which is an embryonic cell line derived from the Swiss Mouse (Jainchill et ah, 1969; 

Andersson et ah, 1979). The model of pulmonary fibrosis is characterised best in C57B1/6 

mice and the COX-2 knockout is in a C57B1/6 SV129 cross. It was important to 

determine whether presumed species specificity of the CRRETAWAC peptide would 

impair gene expression in a murine model, following peptide 6 mediated transfection. I 

therefore compared luciferase expression following transfection with the LID vector 

containing either peptide 6 or a peptide containing the RGD sequence that would be 

expected to bind mouse integrin. Median luciferase activity was seven-fold greater in the 

lungs of mice that had been transfected with the LID vector containing the peptide 6 

compared with an RGD containing peptide (peptide 1 -  see appendix 6) which binds aV  

as well as a5  integrins (see fig 3.5.1). Although this difference between transfection with 

peptide 1 and peptide 6 was not quite statistically significant (p < 0.07), transfection with 

peptide 6 gave levels of luciferase activity of a similar order to those seen following 

transfection of the Lewis rat (see results section 3.4.2). This suggests that peptide 6 is 

suitable for use in C57B1/6 mice. Therefore further experiments would continue to use 

peptide 6 within the LID complex.
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Figure 3.5.1) Comparison of luciferase activity in the lung 
using different peptides within the LID vector.

Mouse lung was instilled with the LID vector containing a 5 p l specific (peptide 6) or 
non-specific (peptide 1) integrin-targeting peptide and luciferase activity was 
assayed one day later. Each point represents the luciferase activity from whole lung 
lysates from each animal and the horizontal bars represent the median value for each 
group.
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3.5.2) Determination of speed of vector preparation prior to instillation

The LID vector forms a complex that is thought to enable the integrin peptide to bind its 

ligand and facilitate cellular internalisation (Hart et ah, 1998). In vitro data has suggested 

that complex formation may be affected by time of preparation. To determine whether 

speed of complex preparation, and hence complex formation, had any effect on luciferase 

expression the complex was prepared either slowly or quickly. Complexes were formed 

by adding the components together in the order described in the methods (See methods 

section 2.5.3), but by adding the peptide/lipid solution in lOpl aliquots (slow mixing) or 

by adding the plasmid DNA directly to the peptide/lipid solution and pipetting vigorously 

for five seconds (quick mixing). Rapid mixing lead to a 10 fold increase in luciferase 

activity compared with slow mixing method (see fig 3.5.2). Therefore subsequent 

experiments employed the quick mixing method of complex preparation.

3.5.3) Determination of optimal plasmid for long term expression in the lung

In order to treat chronic lung conditions with gene therapy, plasmid transcription needs to 

occur for as long as possible. In the initial assessment of the LID vector, luciferase 

expression lasted for up to three days (see results section 3.4.2). Previous reports have 

demonstrated prolonged expression from bicistronic plasmids containing both the 

adenoviral E4 open reading frame 3 (E4 0RF3), and marker gene running off a CMV 

promoter (Armentano et al., 1997, Gill et al., 2001). Mice were transfected with the LID 

vector containing Spg of pCl-luc, a commercially available plasmid (See appendix 3), or 

pclO-luc, containing the E4 0RF3 region, and luciferase activity measured in whole lung 

lysates (see figure 3.5.3a & b). The pcIO-luc gave a lower median luciferase activity than
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Figure 3.5.2) Effect of altering speed of LID complex 
preparation on luciferase activity in mouse lung

Lipofectin and peptide solution was prepared and either added in lOpl aliqouts to cDNA 
(slow mixing), or the cDNA was added directly to the lipid/peptide solution (quick 
mixing). The complexes were immediately instilled into the lungs o f mice and 
luciferase activity measured after one day. The experiment was repeated three times (in 
different species and using different plasmids, a representative experiment is shown) 
Each point represents the luciferase activity from whole lung lysates in each animal and 
the horizontal bars represent the median value for each group. Differences between 
groups were assessed using a Mann-Whitney U test.
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Figure 3.5.3) Effect of plasmid containing adenoviral open reading 
frame 3 on luciferase activity following LID vector transfection

Luciferase activity one day following transfection with the LID vector containing a plasmid 
with the adenoviral E4 open reading frame 3 region (pcIO-luc) or control plasmid (pCI) 
instilled in PBS a). Luciferase activity at one and seven days following transfection o f the LID 
vector containing 8pg pcIO-luc instilled in PBS b). Each point represents the luciferase activity 
from whole lung lysates for each animal and the horizontal bars represent the median value for 
each group. Differences between groups were assessed using a Mann-Whitney U test.
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pCI-luc, which had reduced to control levels by day seven. These low levels of gene 

expression at seven days may reflect low gene expression overall, rather than failure of 

the plasmid to sustain prolonged in vivo gene transcription. Therefore, experiments 

designed to try and enhanee gene expression from the LID veetor were performed.

3.5.4) Effect of instilling the LID vector in a hypotonic solution.

Previous studies have suggested that gene expression can be enhanced following non- 

viral gene delivery by instilling the vector in a hypotonic solution such as water. This is 

thought to induce a low level of parenchymal lung damage and an increase in epithelial 

eell gap junction permeability (Sawa et al., 1996). In order to see if  this would lead to an 

enhancement of gene expression following LID vector transfection, complexes were 

formed in water (referred to subsequently as LID/H2O), rather than phosphate buffered 

saline as previously used (referred to subsequently as LID/PBS), prior to intratracheal 

instillation. Complexes, containing 8pg of luciferase plasmid (both pCI-luc and pcIO-luc 

were used) were generated using the quiek mixing method (described in results seetion

3.5.2). There was a significant increase in luciferase activity from both plasmids when 

formed within the LID vector using water. The magnitude of the inerease was more 

dramatie using pelO-luc where there was over a 700-fold increase in median luciferase 

activity one day following instillation compared with instillation in PBS. As with 

previous experiments using the luciferase gene in LID/PBS complexes (pGL3 in rats see 

results section 3.4.2), there was a signifieant decrease in expression over seven days from 

both plasmids (see fig 3.5.4 and 3.5.5). However, the luciferase aetivity seven days 

following transfection with the LID/H2O vector containing pcIO-luc was no different to

193



10000 P<0.01

P = NS

P < 0 .0 1

100 ee

>

ee0>
GO

Dayl water day 7 water day 1 PBS Control

Figure 3.5.4) Effect of instilling the LID vector in water on 
luciferase activity using the plasmid pCI-luc

Luciferase activity in whole lung lysates one and seven days following 
instillation o f the LID vector, containing pCI, in either water or PBS. Each point 
represents the luciferase activity from whole lung lysate o f  each animal and the 
horizontal bars represent the median value for the group. Values below 1 
RLU/mg are due to background activity o f assay components. Differences 
between groups were assessed using a Mann-Whitney U test.
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Figure 3.5.5) Effect of instilling the LID vector in water on 
luciferase activity using the plasmid pcIO-luc

Luciferase activity one and seven days following instillation o f the LID vector 
containing pcIO-luc in either water or PBS. Each point represents the luciferase activity 
from whole lung lysate and the horizontal bars represent the median value for each 
group. Values below 1 RLU/mg are due to background activity o f  assay components. 
Differences between groups were assessed using a Mann-Whitney U test.
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levels of luciferase activity one day following transfection with LID/PBS containing the 

same plasmid (see fig 3.5.5). Furthermore, luciferase activity was significantly greater 

than that at seven days in LID/PBS (see fig 3.5.5). Similar results were obtained with 

pCI-luc see (fig 3.5.4). The luciferase activity measured seven days following instillation 

suggests significant prolonged gene transcription, due to the overall enhancement of gene 

expression when the complex was formed in water. However, luciferase activity was not 

significantly different between the pCI-luc and pcIO-luc at seven days (median luciferase 

activity, 3.8 and 3.1 respectively), suggesting that the viral ORF did not offer an 

advantage, with regard to prolonged gene transcription in the lung. The results 

demonstrate increased gene expression when the LID complex was formed in water, but 

this could be at the expense of increased inflammation.

3.5.5) Inflammatory cell profile following intratracheal LID/H2O

In order to determine whether enhanced gene expression following LID/H2O instillation 

was gained at the expense of increased pulmonary inflammation, 8pg of pCI-luc (pCI 

was used rather than pcIO-luc to avoid potential confounding problems due to the 

adenoviral ORF) was complexed in LID/H2O and instilled intratracheally. Two days 

following instillation, the lungs were lavaged for cytological assessment and 

measurement o f proinflammatory cytokines. Figures 3.5.6 and 3.5.7 demonstrate the 

results o f the cytological assessment. There was no significant difference in total lavage 

cell number between the groups, although there was a trend towards a decrease in 

animals instilled with water (Total cell numbers LID/H2O 245.9x10^, H2O 278.3x10^, 

LID/PBS 389.2x10^, saline control 358.9 xlO^ cells). Cells from bronchoalveolar lavage
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Figure 3.5.6) Cytological examination of BAL cells following
LID vector transfection

Cytological examination o f  bronchoalveolar lavage cells from the lungs two days 
following transfection with the LID vector, using the pCI-luciferase plasmid, in 
hypotonic or isotonic instillate. Bronchoalveolar lavage from animals transfected with 
LID/PBS a) show normal macrophages similar to saline control shown in b). Lavage 
from animals transfected with LID/H2O c) shows the presence o f neutrophils (N), which 
are also observed in animals instilled with H2O alone d). Original magnification x400.
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Figure 3.5.7) Effect of LID vector transfection on BAL cell 
numbers

BAL cell numbers following LID vector transfection, using the pCI-luciferase plasmid, in 
hypotonic or isotonic instillate. Mice were lavaged with PBS for 15 minutes, two days 
following instillation. Cells were counted using a haemocytometer and the cell types 
determined following haematoxylin and eosin staining. The mean and S.E.M. are shown, n 
> 7 animals lavaged in each group. Differences between groups were assessed using a 
students t test.
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following LID/PBS instillation were almost all (99.8%) macrophages that had normal 

morphology (see fig 3.5.6a) compared with animals instilled with saline (fig 3.5.6b). 

There was a mild alteration in cytological profile following instillation of LID/H2O (fig 

3.5.6c) with some acute inflammatory cells being observed as well as activated 

macrophages, however this was also seen in an animal instilled with water alone (fig 

3.5.6d). When the cell populations were quantified, LID/H2O gave a significant reduction 

in macrophage cell number compared with LID/PBS (see fig 3.5.7). This was 

accompanied by a trend towards an increase in acute inflammatory cells (neutrophils and 

lymphocytes), although the individual cell populations were not significantly different 

between these two groups (see fig 3.5.7).

3.5.6) Inflammatory cytokine profile following intratracheal LID/H2O

During the inflammatory response cytokines and lipid mediators are generated within 

inflamed tissue. Table 3.5.1 illustrates the BALF levels of four mediators that may be 

synthesised during the inflammatory response. There was no difference in levels of the 

four mediators in lavage from animals that were transfected with the LID vector, and the 

respective instillate. Levels of IL-ip and PGE2 were low, being around the detection 

limits of the assay for all conditions. Levels of TNFa were measurable but there was no 

statistical difference between any of the treatment groups. Levels of interferon y were low 

following instillation of PBS or LID/PBS but significantly increased following 

instillation of water or LID/H2O, with a trend towards an increase in interferon y 

following transfection compared with instillate alone, but this was not significant. 

Overall, there was no significant difference in any parameter measured between LID/H2O
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and H2O instillation alone (fig 3.5.6, 3.5.7 and table 3.5.1). These results indicate that 

when the LID vector was complexed in water there may have been a mild increase in the 

inflammatory potential o f the complex compared with that seen following instillation of 

LID/PBS. However, it was probably due to the effect o f hypotonic fluid damaging the 

lung rather than a specific response to the LID complex.

Table 3.5.1 Inflam m atory m ediator proflle following LID vector transfection in either an isotonic 

(PBS) or hypotonic (H 2 O) instillate compared with saline control and H 2 O alone.

Instillate

Mediator (ng/ml) Saline LID/PBS H 2 O LID/H 2 O

PGE2 40±0f 77.5+28 41±1 48±5

IL -ip 22±0t 22±0 22.4+0.4 22±0

TNFa 38±9 40+9 25+6 28±6

IFNy 4.8±0.1 5.1+0.3 25.2+7* 37.9±8**

There is no difference in inflammatory mediator profile between LID vector transfection and control 

whether using an isotonic or hypotonic instillate. However there is a significant increase in IFNy following 

hypotonic instillation compared with respective isotonic control * = p<0.05, **=p<0.005. M eanlSEM  

shown. Limit o f detection o f assay = f  & 4.7 for IFNy and 15.6 for TN Fa
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3.5.7) Mechanism of enhanced gene expression

Mild inflammation in the lung following LID/H2O transfection may lead to increased 

gene expression, by disruption to gap junctions exposing more cell surface integrins to 

the peptide component of the complex. To determine whether this mechanism was 

responsible for the enhanced gene expression (see results 3.5.4) the LID/PBS, containing 

8p,g of luciferase cDNA, was instilled intratracheally with increasing concentrations of 

EGTA, a calcium chelator, which prevents desmosome adherence. There was no 

significant difference in luciferase activity between LID/PBS and LID/PBS plus EGTA at 

any dose of EGTA tested (see fig 3.5.8). When LID/PBS was instilled in 400mM EGTA 

(the highest concentration tested) there was 50% operative mortality due to acute 

pulmonary oedema immediately following instillation, suggesting that EGTA was having 

an overwhelming effect on epithelial gap junctions. This suggests that increased gene 

expression following LID/H2O transfection was not mediated via the effects of hypotonic 

solutions on gap junctions. Data from the department of Biomechanical Engineering at 

UCL has demonstrated that LID/H2O complexes are smaller and more cationic than 

LID/PBS complexes and this may explain the improved gene expression seen with 

LID/H2O.

3.5.8) Dose response of luciferase activity to increasing concentration of plasmid 

cDNA within the LID vector complexed in H2O.

The dose response of LID vector transfection was assessed using the luciferase gene 

complexed in LID/H2O. Four concentrations of plasmid cDNA (pCI-luc) within LID/H2O 

were instilled; 1.6pg/50pl, 8pg/50p.l, 16pg/50|Lil and 32pg/50pl. All complexes were
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Figure 3.5.8) Effect of preparing the LID vector in PBS, 
containing EGTA, on luciferase activity and transfection

Luciferase activity in whole lung lysates was assessed one day following transfection 
o f the LID vector complexed in PBS with increasing concentrations o f added EGTA. 
Each point represents the luciferase activity from whole lung lysate from one animal, 
and the horizontal bars represent the median value for each group.
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instilled in a total volume of 50|al per animal. Luciferase activity increased in a dose 

dependent manner following instillation of complexes at a concentration of 1.6|ug/50pl to 

16pg/50pl (p<0.02). Thereafter, luciferase activity appeared to plateau with no further 

increase in activity following transfection with complexes at a concentration of 

32}^g/50pl (see fig 3.5.9). It is possible that the plateau in luciferase activity observed 

following instillation of 32pg of DNA within the LID complex was due to the toxicity of 

the vector. Therefore experiments were done to determine the extent of pulmonary 

damage with increasing doses of DNA within the complex

3.5.9) Host responses to increasing concentrations of plasmid cDNA in the 

LID/H2O complex.

Host responses to increased doses of plasmid concentration within LID/H2O were 

assessed in the lung by analysis of histological sections and more generally by observing 

weight loss. In order to assess the location of gene expression, as well as host responses 

to luciferase, LID/H2O containing lac Z  (pABl 1) and pCI-luc were instilled. Weight loss 

was observed, and lungs analysed for morphological appearance and p-galactosidase 

staining 48 hours later. Complexes contained cDNA at concentrations of 8p.g/50pl and 

32pg/50pl. Histological sections failed to demonstrate significant P-galactosidase 

staining. Histological sections of LID/H2O transfected lungs containing 8pg/50p,l pCI- 

luc, and stained with haematoxylin and eosin, were normal without any evidence of 

inflammation (fig 3.5.10a), however sections of lung transfected with 8pg/50pl of pABl 1 

showed small areas of inflammation (fig 3.5.10b). In contrast, sections o f lung from
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Figure 3.5.9) Luciferase activity in response to increasing 
concentrations of DNA within the LID/HjO complex.

Mice were instilled with the LID vector containing increasing doses o f  plasmid DNA and 
luciferase activity was assessed one day later. Each point represents the luciferase activity 
from whole lung lysate o f one animal and the horizontal bars represent the median value for 
each group.
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Figure 3.5.10) Inflammatory response of the lung following 
increasing doses of plasmid DNA within the LID vector.

Photomicrographs o f lung sections stained with H & E following LID/H2O transfection o f 
a) 8 pg luciferase cDNA illustrating normal lung and b) 8 pg lac Z  cDNA illustrating mild 
inflammation, c) 32pg o f luciferase cDNA illustrating inflammation and d) 32pg o f lac Z  
cDNA illustrating severe inflammation throughout the lung. Original magnification x50. 
Panel e) shows high power view o f 32pg o f luciferase with mononuclear inflammatory 
cells within the alveolar airspaces but retained structure and f) 32pg lac Z  transfected lung 
demonstrating severe inflammatory response with obliteration o f alveoli and hyaline body 
formation. Original magnification x2 0 0 .
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animals that were transfected with 32|ag/50|il o f pCI-luc had widespread areas of alveolar 

inflammation (fig 3.5.10c & e). More dramatically, animals transfected with LID/H2O 

containing 32pg/50|al of pA B ll had extensive and widespread inflammation within the 

lung (fig 3.5.lOd), with a predominantly monocytic infiltrate seen at high power (fig 

3.5.1 Of). Mice undergoing intratracheal injection usually lose 5.2+1.6 % of their body 

weight in the first two days consequent to their surgery (see results section 3.1.3). 

However, mice transfected with 32|ug/50pl of pABl 1 lost 23.4±2% of their body weight 

two days following instillation (see fig 3.5.11a), compared with the 9.1±0.2% loss of 

body weight following transfection with 32pg/50pl pCI-luc (p<0.005). Weight loss one 

day following transfection with pCI-luciferase was similar to that at two days and not 

statistically different between any concentrations of cDNA used (see fig 3.5.11b). These 

results suggest that the protein encoded by the plasmid, or possibly the plasmid itself, 

induces an immune specific inflammatory response limiting overall levels of expression 

and this is dose dependent, the dose being lower for P-galactosidase than luciferase.

3.5.10) Comparison of the LID vector with lipofectin alone

Luciferase activity following transfection with LID/H2O was compared with 

lipofectin'.DNA at a standard liposomal dose (5:1 w.v ratio). Both systems used pCI-luc 

and luciferase activity was assessed in whole lung lysates one day following instillation. 

Median luciferase activity was three-fold higher following LID/H2O transfection 

compared with lipofectin mediated transfection (p<0.03 see fig 3.5.12). The three fold 

increase in gene expression using the LID vector is similar in magnitude to the enhanced
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Figure 3.5.11) Effect of plasmid dose, and gene encoded, on 
weight loss following LID vector transfection.

Mice were instilled with the LID vector containing either the luciferase gene (lue) or the lac 
Z  gene (lac Z) and weight loss was determined at a) 2 days and b) 1 day. a) n = 3 (except lue 
32 n=2). b) n = 5. Percentage weight loss was determined as a proportion o f the start weight 
compared with the weight at the time point specified. Bars represent mean and S.E.M * = p 
< 0.05 compared with all other groups in both a) and b). Differences were determined using 
a students t test.
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transfection efficiency seen when the LID/PBS was compared with DOTA? (see section

3.4.1). Although not directly comparable these results have again demonstrated that the 

LID vector has advantages over standard liposomal preparations.

3.5.11) Summary

Levels of gene expression, following LID vector transfection, were determined by the 

peptide and the plasmid used within the complex, as well as the instillate in which the 

complex was administered. Furthermore, the dose response to the complex was limited 

by the host response to the complex, which in turn was partly dependent upon the 

instillate used. In PBS, LID vector transfection led to low levels of gene expression that 

was enhanced by reducing the time over which the complex was prepared. Levels of gene 

expression high enough to be sustained over a week were achieved by forming the 

complex in water. However, this led to mild inflammation, due in part to the hypotonic 

nature o f the complex, and the immunogenicity of the protein synthesised.
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Section 6

Over-expression o f COX-2 in the lungs o f mice

3.6.1) Effect of over-expression of COX-2 in the lung on bronchoalveolar lavage 

PGE2 levels

In order to determine that COX-2 over-expression could lead to the production of a 

functional protein in vivo, the optimised LID vector containing murine COX-2 cDNA 

(TISIO) was instilled into the lungs. Levels of PGE2 within BALL were significantly 

elevated two days following transfection with LID-C0X2, with greater than 20-fold 

increase in BALL PGE2, compared with either transfection control (LID-luciferase) or 

water alone (see fig 3.6.1).

3.6.2) Effect of COX-2 over-expression on bronchoalveolar lavage cell number.

Over-expression of COX-2 gave up to a 35% reduction in total cell number compared 

with water alone and almost a 30% reduction compared with LID-luciferase (p<0.05. See 

fig 3.6.2). The cell numbers following COX-2 transfection showed a trend towards 

reduction across the cell types, although they were not significantly different compared 

with the transfection control. When COX-2 transfection was compared with water alone 

there was a significant reduction in macrophages, but no difference in lymphocyte or 

neutrophil numbers.
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Figure 3.6.1) LID vector transfection of COX-2 in murine 
lung

BALF PGE2 levels following transfection with the LID vector containing 8 pg murine 
COX-2 (TISIO) plasmid and complexed in water. Animals were lavaged with PBS 
two days following transfection and PGE2 assayed using specific enzyme immune 
assay, n = 6  water, n=7 luciferase, n -9  COX-2. Differences between groups were 
assessed using a students t test.
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3.6.3) Effect of COX-2 over-expression on BALF cytokine levels.

In order to determine whether the reduction in cell number was due to reduced 

inflammation, or increased inflammation that lead to a reduction in the proportion of 

lavagable cells, inflammatory markers were assessed (see fig 3.6.3). Following COX-2 

transfection there was a trend towards an increase in both TNFa and IL -lp compared 

with controls. This suggested that over-expression of COX-2 may have lead to an 

increase in inflammatory mediators that either altered the physical properties of the lung, 

or changed the profile of cellular adhesion molecules on cell surfaces.

3.6.4) Summary

1 have used the LID vector to over-express the murine COX-2 gene (TIS10) in the lungs 

of mice. Initial results, when the LID vector was complexed in PBS, were promising but 

higher levels of gene expression were generated following optimisation of complex 

formation. Therefore the murine COX-2 plasmid was incorporated into the LID vector 

and instilled, in water, into the lungs of mice. This generated high levels o f BALF PGE2 

and a reduction in lavage cell profiles with a trend towards increased cytokine levels. 

This demonstrated that COX-2 could be over-expressed in mouse lung and give rise to a 

functional effect.
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Figure 3.6.3) The effect of COX-2 over-expression on BALF 
cytokine levels

The lungs o f mice were transfected with COX-2, using the LID vector complexed in 
water and compared with either water alone or transfection control. After two days 
the lungs were lavaged with PBS and the inflammatory mediators TN Fa and IL -lp  
were assayed by ELISA, n = 5 water, n= 6  luciferase and n= 6  COX-2.
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Chapter 4

Discussion
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Section 1

The role o f cyclooxygenase-2 and prostaglandin E2 

in bleomycin induced lung fibrosis

4.1.1) Strain of mice used in these studies

In order to determine the role of COX-2 in the pathogenesis of pulmonary fibrosis, 1 have 

used the bleomycin model of fibrosis. This is a simple and reproducible model of 

pneumonitis that progresses to fibrosis in many animal species (Schrier et ah, 1983a; 

Clark et ah, 1983; Thrall and Barton, 1984). COX-2 -/- mice are generated from an 

SV129 embryonic stem cell and inserted into a C57B1/6 blastocyst. Due to the breeding 

strategy (See discussion section 4.1.3) there would be no wild-type littermates so 

C57B1/6 and SV129 F2 crosses were provided as approximate controls by the supplier. 

All subsequent generations would segregate variably towards either C57B1/6 or SV129 

parentage, which would have the potential to increase variability in the fibrotic response 

to bleomycin. Animals were supplied as F2 generation mice and all bred to F4 prior to 

performing experiments. Given the difficulty in breeding (see discussion section 4.1.3) 

back crossing the COX-2 -/- mice onto an inbred strain was not considered feasible. In 

order to compare the effect o f COX-2 inhibition with knockout studies C57B1/6 SV129 

F4 crosses were also used in these experiments.
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4.1.2) Role of strain variation in the mice used for these studies

The bleomycin model of pulmonary fibrosis is complicated by strain variation in mice. 

C57B1/6 mice exhibit a fibrotic response to bleomycin whereas BALB/C mice do not 

(Schrier et al., 1983a; Ortiz et al., 1999). However, bleomycin has been shown to lead to 

a similar amount of inflammation and collagen deposition in the lungs of both C57B1/6 

and SV129J mice at 14 days (Ortiz et al., 1999). Furthermore, C57B16/SV129 crosses 

have previously been treated with intratracheal bleomycin and shown to respond in a 

similar manner to pure SV129J mice (Munger et al., 1999). Global analysis of gene 

expression, in C57B1/6 and SV129 mice, has demonstrated 67% homology in their 

responses to bleomycin overall, with over 80% homology in the inflammatory response 

genes and over 75% homology in matrix modulating genes (Kaminski et al., 2000). 

Given this similarity in the response of both C57B1/6 and SV129 to bleomycin variable 

segregation should not be the source of much error.

4.1.3) Breeding strategy for COX-2 knockout mice

Female COX-2 -/- mice are infertile due to ovarian fibrosis and failure of ovulation 

(Morham et al., 1995; Dinchuk et al., 1995) and therefore heterozygote females had to be 

used in breeding. Male homozygote COX-2 -/- mice can reproduce and therefore were 

bred with female heterozygotes to give only homozygote or heterozygote offspring. 

Breeding between heterozygote pairs was not feasible due to the low numbers of 

homozygotes generated. There were less homozygotes than predicted by mendelian 

inheritance patterns due to a number of factors. Firstly, by the time mice were weaned 

and genotyping performed, a number of homozygote mice had died, presumably from
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renal failure, as described by other groups (Dinchuk et ah, 1995). Furthermore, there 

were breeding difficulties that had not been previously reported. "Knockout" breeding 

pairs had smaller and less frequent litters than the wild-type controls. Semen contains 

high levels of PGE2 and this is derived from COX-2 in the epithelium of the vas deferens 

(Marshbum et ah, 1989), its role here is not clear but may be involved in erection 

(McKanna et ah, 1998). Furthermore, COX-2 has been demonstrated to be involved in 

the acrosome reaction, which is vital for sperm-oocyte fusion (Joyce et ah, 1987). Thus in 

order to maximise the chances of generating sufficient numbers of knockout mice, two 

heterozygote females were mated with one homozygote male.

4.1.4) The effect of bleomycin on BALF PGE2 levels

PGE2 levels have previously been demonstrated to be increased in lung homogenates 

(Giri and Witt, 1985) and in serum (Chandler and Giri, 1983) following intratracheal 

bleomycin in hamsters but the isoform of cyclooxygenase responsible for this increase is 

currently unknown. Following bleomycin instillation there was a dose-dependent increase 

in bronchoalveolar lavage PGE2 level that accompanied an increase in total lung collagen 

(See results section 3.1.1), and a time dependent decrease in BALF PGE2 over the course 

of 28 days (see results section 3.1.2). However, even 28 days following intratracheal 

bleomycin, PGE2 levels were still elevated in BALF. In contrast, serum levels peaked at 

four days and returned to control levels by 21 days (Chandler and Giri, 1983) reflecting 

the importance of local tissue generation of paracrine mediators. It is possible that acute 

inflammatory cells, predominantly neutrophils and lymphocytes, were responsible for 

much o f the initial PGE2 generation, whereas resident lung cells including epithelial cells
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and fibroblasts may have synthesised much of the PGE2 at later time points. This might 

explain the more rapid decrease in serum PGE2 compared with the persistence of PGE2 

observed in BALF.

4.1.5) The role of COX-2 in generation of pulmonary PGE2

To determine the isoform responsible for PGE2 production following bleomycin induced 

lung injury the highly selective COX-2 inhibitor, NS398, was used (Futaki et al., 1993; 

Futaki et al., 1994). The ratio of NS398 concentration required to inhibit 80% COX-1 

activity versus COX-2 activity in human whole blood is 0.015 (Warner et al., 1999). 

However the specificity of NS398 for the two COX isoforms may be species dependent 

(Wallace et al., 1998) as well as being COX-2 selective rather than specific. Therefore 

the effect o f NS398 on COX-1 is determined in part by the dose administered and the 

relative abundance of each COX isoform within the tissues (Wallace et al., 1998). It has 

previously been shown that there is no inhibition of systemic COX-1 activity, or COX-1 

activity in the stomach, with doses of NS398 up to 30mg/kg in mice, although there was 

evidence o f  COX-1 inhibition in rats at this dose (Wallace et al., 1998). Furthermore, 

lOmg/kg o f NS398 given twice a day for four days did not inhibit COX-1 activity in 

mouse granuloma tissue (Gilroy et al., 1998). Therefore, any inhibitory effect o f NS398, 

at the doses used in these studies, on PGE2 production in the lung is likely to have been 

mediated via COX-2. Thus a dose of 3mg/kg administered orally twice a day was used to 

maximise effects whilst maintaining selectivity.
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4.1.5.1) The effect of NS398 on BALF PGE2 levels

NS398 inhibited BALF PGE2 production almost completely for the first 14 days, but by 

28 days PGE2 levels were the same in as vehicle treated animals (see results section

3.1.2). It is likely that COX-2 was the predominant isoform responsible for PGE2 

synthesis in the early stages following bleomycin, and this was supported an increase in 

COX-2 protein in lung homogenates from mice 14 days following bleomycin instillation 

(Rebecca Hodges personal communication). However, PGE2 levels were elevated in 

lavage fluid at 28 days, despite continuous NS398 treatment. PGE2 has been shovm to 

increase COX- 2 induction, therefore negative feedback due to reduced levels in NS398 

treated mice is unlikely (Pilbeam et al., 1993). A number of COX inhibitors, including 

NS398, have stimulated COX-2 in vitro. Incubation of transformed fibroblasts with a 

number of non-selective COX inhibitors at a dose of 100pm for 29 hours was able to 

induce both COX-2 message and protein. A higher dose (200pm) was required to induce 

COX-1 message (Lu et al., 1995). In a renal cell line, expressing COX-2 constitutively, 

prolonged culture with lOpM NS398 (72 hours) demonstrated a two-fold increase in 

COX-2 protein, although maintaining inhibition of PGE2 (Ferguson et al., 1999). Similar 

effects have been demonstrated in vivo using nimesulide, although these authors failed to 

show any effect on COX activity after administration of NS398 at does up to lOmg/kg 

(Gilroy et al., 1998). This probably reflects that the concentrations used in the in vitro 

studies are unlikely to be achieved in vivo, as the concentration of NS398 required to 

inhibit 80% of COX-2 activity is only IpM  (Warner et al., 1999). It is possible that 

inhibition of COX-2 led to compensatory upregulation o f the alternative isoform COX-1. 

Although at the current time there is no evidence to suggest that NS398 can increase
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COX-1 activity, there have been no studies looking at prolonged administration. 

However, long-term inhibition of COX-2 activity was also achieved with COX-2 gene 

deletion and this will be discussed in the following sections.

4.1.5.2) Effect of COX-2 gene deletion on PGE2 levels following injury

It has been conventionally thought that COX-1 is responsible for “housekeeping” 

functions and COX-2 is responsible for inflammatory effects and this was supported by 

my data using NS398 following intratracheal bleomycin (See results section 3.1.2). Thus 

following injury in COX-2 -/- mice there can be no upregulation of COX-2 and, if  there 

were no change in COX-1 activity or substrate availability, there would be no increase in 

PGE2 . Colonic tissue cultured from COX-1 -/- and COX-2 -/- mice, following dextran 

sodium sulphate (DSS) injury, demonstrated that the predominant isoform of COX 

responsible for basal PGE2 production was COX-1 , and almost all PGE2 produced upon 

injury was due to COX-2 (Morteau et al., 2000). There was no evidence of increased 

PGE2 in colonic tissue from COX-2 -/- mice, thus confirming the paradigm in the gastro

intestinal tract. However, this situation is far from clear in the lungs. BALF PGE2 levels 

have been measured in COX-2 -/- mice following both ovalbumen and 

lipopolysaccharide (EPS) challenge (Gavett et al., 1999; Zeldin et al., 2001). There was 

no difference in PGE2 levels between wild-type and COX-2 -/- mice, either basally or 

following ovalbumin challenge. Furthermore, following challenge, there was a trend 

towards increased PGE2 in COX-2 -/- mice as well as in the wild-types (Gavett et al., 

1999). Following instillation of EPS into the lungs, BAEF PGE2 levels were very low, 

regardless of genotype (Zeldin et al., 2001). However, in the study by Zeldin and
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colleagues basal PGE2 levels were not reported, and the levels following LPS were 

similar to basal levels demonstrated in my studies (see results section 3.1.2 and 3.2.4) and 

those of Gavett and colleagues (Gavett et al., 1999). My results showed no significant 

difference between levels of PGE% in BALF from COX-2 -/-, compared with wild-type, 

mice at either 14 or 28 days following saline instillation. However, there was a significant 

increase in BALF PGE2 in COX-2 -/- mice, which was even greater than in wild-type 

mice at both these time points following bleomycin instillation (See results section 3.2.4). 

This difference in response to injury between my results and those of previous studies 

(Gavett et al., 1999; Zeldin et al., 2001) may reflect a difference in the timing of 

measurements in these models. The studies by Zeldin and colleagues assessed PGE2 in 

BALF that was collected immediately following injury (Zeldin et al., 2001) and Gavett 

and colleagues assessed PGE2 one day following lung injury (Gavett et al., 1999). In 

contrast, my studies assessed PGE2 levels in BALF collected two weeks following 

bleomycin instillation. Furthermore, the COX-2 -/- mice used by Gavett had a different 

exon disruption to the mice used in my studies (see introduction section 1.3.5) and thus 

there may have been aberrant, rather than absent, COX-2 proteins produced with 

differing functions. However, this is an unlikely explanation as there was no COX-2 

immunoreactive protein in lung tissue either basally, or upon stimulation, in COX-2 -/- 

mice o f either exon disruption (Gavett et al., 1999; Hodges personal communication). 

Despite the caveats surrounding the differences between these models, the study by 

Gavett and colleagues demonstrated a trend towards PGE2 generation following 

ovalbumen challenge (Gavett et al., 1999). Thus it would appear that an alternative COX

222



isoform is capable of synthesising PGE2 in the absence of function COX-2 following 

lung injury.

4.1.5.3) Mechanism of PGE2 production in COX-2 -/- mice

It is apparent that in the absence of COX-2 an alternative isoform was able to synthesise 

PGE2 . However, this would appear to contradict the observation that a COX-2 selective 

inhibitor can reduce BALF PGE2 levels (see results section 3.1.2). One possible 

explanation could be that a third isoform of cyclooxygenase (COX-3) was present and 

induced following bleomycin, but also inhibited by NS398. Although the possibility of 

COX-3 has been raised (Willoughby et al., 2000), there is currently no direct evidence to 

support its existence. It has been suggested that prostanoid levels during inflammation are 

determined by an increase in both phospholipase A2 (PLA2) and COX-2 (Saunders et al., 

1999). Therefore, an alternative possibility is that COX-2 -/- mice could compensate for 

the absence of COX-2 by increasing PLA2 or COX-1 activity, thus generating increased 

prostaglandins via the alternative COX pathway. Data from in vitro studies would 

support this. Kitikara and colleagues demonstrated that fibroblasts from COX-2 -/- mice 

had increased levels of COX-1 responsible for high basal levels of PGE2, but agonist 

induced PGE2 synthesis was mediated via increased cPLA2 activity (Kirtikara et ah, 

1998). Preliminary data from western analysis of lung tissue demonstrated no 

compensatory increase in cPLA2 but that there was an exaggerated increase in COX-1 

following bleomycin (See results section 3.2.5). This does not exclude the possibility of 

increased cPLA2 activity or compensatory upregulation of secretory PLA2’s, which are 

also thought to regulate arachidonic acid release and prostaglandin generation during
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inflammatory responses (Murakami et al., 1998, Murakami et al., 1996). However, it is 

likely that following lung injury in COX-2 -/- mice, the increased PGE2 observed was 

mediated, at least in part, via induction of COX-1.

4.1.6) The role of COX-2 in the development of pulmonary fibrosis

The role of COX-2 in the development of bleomycin induced pulmonary fibrosis was 

assessed by determining the extent of lung injury on histological sections, assessing the 

severity o f inflammation by examining bronchoalveolar lavage cell profiles and by 

quantifying the degree of fibrosis by measuring total lung collagen. These indices were 

assessed at time points when inflammation would have been expected to be minimal, but 

when an increase in lung collagen would have been demonstrable. The following sections 

will discuss first the effect of COX-2 inhibition with NS398 and then the effect of COX-2 

gene deletion.

4.1.6.1) Effect of NS398 on the development of pulmonary fibrosis

All mice treated with bleomycin had the characteristic response of significant weight 

loss, an increase in inflammatory cells and an increase in total lung collagen. However 

there was no significant difference, at any time point assessed, in these parameters 

between NS398 and vehicle treated mice. However, there was a reduction in lung injury, 

when the lungs were assessed histologically, (see results section 3.1.5) with a trend 

towards reduced total lung collagen four weeks following instillation of bleomycin in 

NS398 treated mice (see results section 3.1.6). This suggests that inhibiting COX-2 

activity for the first two weeks following bleomycin induced lung injury may ameliorate
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pulmonary fibrosis rather than exacerbating it. This data supports previous studies that 

have indicated that cyclooxygenase inhibition promoted resolution of pulmonary fibrosis 

following bleomycin (Thrall et ah, 1979; Mall et ah, 1991; Chandler and Young, 1989). 

The mechanism of protection is unclear but was probably related to the anti-inflammatory 

properties of cyclooxygenase inhibitors. In my experiments, as with the cited studies 

inhibiting cyclooxygenase, NS398 was administered prior to bleomycin instillation and 

for the duration of the time course. That NS398 may ameliorate pulmonary fibrosis 

following lung injury appears to contradict previous work that has implicated PGE2 as an 

antifibrotic molecule (McAnulty et ah, 1995; McAnulty et ah, 1997). However, a recent 

study demonstrated exacerbation of pulmonary fibrosis by inhibiting COX activity only 

during the fibroproliferative phase o f injury, by initiating indomethacin 1 0  days following 

bleomycin (Moore et ah, 2000). This would suggest that in the bleomycin model, fibrosis 

develops consequent to inflammation, and that cyclooxygenase has differential, temporal, 

effects that might be due to the different cell populations involved in the healing 

response. It has been demonstrated that the acute inflammatory phase peaks three days 

following bleomycin in untreated animals, and has almost completely resolved by two 

weeks (Thrall and Scalise, 1995). This may explain the absence of any discernable 

difference in inflammatory cell profile in lavages from NS398 treated animals, compared 

with wild-type control, at the relatively late time points measured. Thus inhibition of 

COX-2 with NS398 during the initial phase of bleomycin injury could have mitigated the 

proinflammatory effects of COX-2 and this might have inhibited the development of 

fibrosis.
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4.1.6.2) Effect of COX-2 gene deletion on development of bleomycin induced

pulmonary fibrosis

The results from the histological scoring demonstrated an increase in pulmonary injury at 

14 and 28 days in COX-2 -/- mice (See results section 3.2.2). Despite the increase in lung 

injury score observed histologically following bleomycin, there was no evidence of 

increased total lung collagen in COX-2 -/- mice (See results section 3.2.3). This might 

have been due either to enhanced matrix degradation due to inflammatory cell 

collagenolysis, or inhibition of matrix synthesis via effects on fibroblast function. At both 

time points there was a marked increase in neutrophils (see results section 3.2.2), which 

could generate numerous oxygen radicals and proteases promoting extracellular 

collagenolysis (Everts et al., 1996). Studies using silica, coal dust and cigarette smoke 

have demonstrated neutrophil mediated connective tissue breakdown in the lung (Dhami 

et al., 2000; Zay et al., 1999). In these studies the matrix breakdown products, desmosine 

and hydroxyproline, were increased in BALF, and could be inhibited with anti-neutrophil 

antibodies or a  1-antitrypsin. In COX-2 -/- mice there were also increased lymphocyte 

numbers, following bleomycin, that may have been secreting molecules such as 

interferon y (IFNy) which has an anti-fibrotic effect (Giri et al., 1986). Certainly the high 

levels of PGE] generated in COX-2 -/- mice would also have an inhibitory effect on 

fibroblast proliferation and collagen synthesis and thus prevent matrix deposition. It is 

therefore likely that the failure to observe increased total lung collagen in COX-2 -/- 

mice, even four weeks following bleomycin instillation, was due to persistent 

neutrophilia enhancing matrix degradation and high levels of PGE2 inhibiting matrix
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synthesis. However, should the inflammation subside in COX-2 -/- mice, then increased 

tissue destruction associated with this inflammation may promote increased deposition of 

lung collagen at later time points.

4.1.7) The role of COX-2 in inflammation

There was a marked increase in the inflammatory response of COX-2 -/- mice following 

bleomycin, when compared with either NS398 treated mice or control mice. In wild-type 

mice the lavage cell profiles at four weeks demonstrated a reduction in neutrophil 

numbers to control values, consistent with resolving inflammation (See results section 

3.1.4. & 3.2.2). In contrast, there was persistent elevation of the inflammatory cell 

populations in the lavage from COX-2 -/- mice, with neutrophils remaining markedly 

elevated even after 28 days. The response of COX-2 -/- mice has not been consistent 

following different models of injury. Three studies have demonstrated evidence of 

increased inflammation in COX-2 -/- mice: enhanced pulmonary eosinophilia in 

ovalbumin induced asthma (Gavett et al., 1999); persistent chronic inflammation in a 

carrageenin induced paw injury (Wallace et al., 1998); and enhanced colonic 

inflammation in dextran sodium sulphate induced bowel injury (Morteau et al., 2000). 

However, two studies have demonstrated no difference in inflammatory response within 

one hour o f injury (Zeldin et al., 2001; Dinchuk et al., 1995), and a further study has 

demonstrated reduced inflammation in a collagen induced arthritis (Myers et al., 2000). 

This inconsistency in the inflammatory response may relate to the varying insults 

administered, and also the time-points assessed. This is most obvious following 

carrageenin induced injury where there is no difference in inflammation at one hour but
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inflammation had reduced by five hours compared with wild-types (Dinchuk et ah, 1995; 

Wallace et ah, 1998). However, by one week there was still persisting inflammation in 

the COX-2 -/- mice, which had resolved completely in wild-type controls (Wallace et ah, 

1998). This might suggest that COX-2 is more important in aiding the resolution of 

inflammation, than promoting inflammation.

4.1.7.1) The role of COX-2 derived prostanoids in inflammation in COX-2 -/- 

mice

Although the mechanism of increased inflammation following bleomycin instillation is 

unclear, it is unlikely to relate to the high levels o f prostaglandins promoting 

inflammation. Previous studies in COX-2 -/- mice have not demonstrated a consistent 

link between inflammation and levels of prostaglandins when measured (see discussion

4.1.5.2). Furthermore, despite the absence of significant lavage PGE2 levels in COX-2 -/- 

mice following LPS instillation, very high numbers of neutrophils were present (Zeldin et 

al., 2001). However, COX-2 may play an important role in the resolution o f inflammation 

by generating anti-inflammatory cyclopentanone prostaglandins (Gilroy et al., 1999). 

Thus, it is possible that COX-2 -/- mice were unable to resolve inflammation following 

injury due to the failure of 15 deoxy-PGJi synthesis. However, NS398 has also been 

shown to inhibit the production o f the cyclopentanone prostaglandins and exacerbate 

inflammation (Gilroy et al., 1999). Whereas NS398 ameliorated lung injury following 

bleomycin, there was exacerbation of inflammation in COX-2 -/- mice, suggesting that 

failure of COX-2 -/- mice to synthesise cyclopentanone prostaglandins was not 

responsible for the inflammation observed. The different response of animals treated with
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NS398 and COX-2 -/- mice to bleomycin induced lung injury is intriguing (see table 4.1). 

There are a number of possible explanations for this difference in response. It is possible 

that the dose of NS398 used was not sufficient to inhibit all COX-2 activity in the lung 

but led to a preferential reduction in PGE2 . It is also possible that NS398 had 

pharmacological effects, hitherto undetermined, that were unrelated to its COX-2 

inhibitory activity. However, there are two more likely explanations. Firstly, it is also 

possible that the inflammation observed in COX-2 -/- mice might not relate directly to the 

function of COX-2 but to a compensatory mechanism that has occurred as a result o f the 

genetic defect (See discussion section 4.1.7.2). Secondly, it is possible that COX-2 has 

actions that are unrelated to the cyclooxygenase activity of the COX-2 molecule and are 

therefore unaffected by NS398 but will be absent in the COX-2 -/-mice (see discussion 

section 4.1.7.3).

Table 4.1 Sum m ary o f effects o f bleomycin on COX-2 -/- and COX-2 +/+ mice treated with NS398 or 

treated with vehicle.

Time Result COX-2 -/- NS398 Vehicle

14 Days PGE2 (pg/ml) 31006500 120635 5206160

Lung Injury Score 2.4561.2 1.560.5 1 .8 6 0 . 2

Neutrophils (xlO'^) 26.867.2 763 461.2

Total Lung Collagen (mg) 2.360.1 2.260.3 2.360.2

28 Days PGE2 (pg/ml) 14906150 3506130 350680

Lung Injury Score 2.460.7 1 .0 6 0 . 2 1.760.1

Neutrophils (10'^) 35.8612.3 1.460.9 1.260.4

Total Lung Collagen (mg) 2.560.3 2 .1 6 0 .1 2.560.2
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4.1.7.2) Shunting through the 5-LO pathway as a cause of inflammation in

COX-2 -/- mice

There are a number of possible compensatory mechanisms that may lead to increased 

inflammation in COX-2 -/- mice. The failure to generate COX-2 will lead to an increase 

in substrate, mainly arachidonic acid, but also other membrane lipids. These may be 

metabolised, either via the lipoxygenase pathway or via COX-1, leading to the generation 

of pro-inflammatory mediators. Shunting of arachidonic acid via the lipoxygenase 

pathways has been considered to be a mechanism of increased inflammation following 

the inhibition of cyclooxygenase in conditions such as aspirin intolerant asthma (Babu 

and Salvi, 2000). Furthermore, studies in 5-LO -/- mice have demonstrated shunting of 

arachidonic acid via the cyclooxygenase pathway leading to enhanced inflammation in 

the absence of leukotrienes (Goulet et al., 1994). However, this would not appear to the 

primary abnormality leading to inflammation in COX-2 -/- mice, as there was no 

evidence o f shunting following ovalbumin challenge in COX-2 “knockout” mice (Gavett 

et al., 1999). Furthermore, when COX-2 -/- mice were instilled with bleomycin, PGE2 

levels were greater than those of wild-type mice suggesting that there was no block in 

metabolism of substrate via the cyclooxygenase pathway (see results section 3.2.4). 

However, evidence from patients with aspirin sensitive asthma has suggested that COX-2 

inhibition alone was not sufficient to precipitate disease in sensitive patients, implying 

that inhibition o f both COX isoforms would be required for shunting to occur (Dahlen et 

al., 2001; Stevenson and Simon, 2001). However, the leukotriene pathway may be 

important via the generation o f lipoxins.
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4.1.7.3) The role of Lipoxins in inflammation in COX-2 -/- mice

Another possible, compelling explanation for the differential effect of NS398 and COX-2 

gene deletion on the development of inflammation is the role of the lipoxins. Lipoxins 

(LXA4 and B4) are trihydroxytetraene-containing eicosanoids that are generated during 

inflammatory responses (Serhan et ah, 2000a). Lipoxins can be formed in a number of 

ways (see fig 4.1). Firstly, leukocyte derived Leukotriene A4 (LTA4) can be converted to 

platelet derived 12 Lipoxygenase (12-LO). Secondly activated monocytes, eosinophils 

and airway epithelial cells, upregulate 15-LO releasing 15S-hydroeicosatetranoicacid 

(15S-HETE) that is taken up by neutrophils and converted to the lipoxins via 5-LO. 

Finally 15R-HETE is similarly metabolised by neutrophils, and is generated via 

cyclooxygenase-2 , and their production is increased following acétylation with aspirin 

(Claria and Serhan, 1995), the so-called aspirin triggered lipoxins (ATL) or 15-epi- 

lipoxins. Lipoxins are powerful inhibitors of inflammation. They inhibit neutrophil 

leukotriene production, they inhibit LTB4 induced neutrophil chemotaxis (Lee et ah, 

1989), neutrophil adhesion and transmigration through endothelial cells (Papayianni et 

ah, 1996) and transmigration through epithelial cells (Colgan et ah, 1993), via specific G 

protein-coupled lipoxin receptors (Takano et ah, 1997). Furthermore, synthetic lipoxin 

analogues have been shown to reduce neutrophil infiltration and vascular permeability in 

vivo (Bandeira Melo et ah, 2000; Serhan et ah, 2000a) ATL’s are primarily synthesised 

by acétylation of COX-2, which cannot occur in COX-2 -/- mice. Although it has been 

demonstrated within the liver that significant amounts of ATL can be formed in the 

absence of COX-2, this was due to enhanced cytochrome p450 metabolism of 

arachidonic acid (Titos et ah, 1999). Although the cytochrome p450 system has been

23



'COOH

Arachidonic acid

COX-2

COOH

Epithelial or 
endothelial cells

OH
15(R)-HETE

5-LO Leukocytes

COOH

5(S),6(S), 15(R)-Epoxytetraene

HO. .OH

15-epi-LXA^

15-LO \  Epithelial cells 
spr monocytes

5-LO
Leukocytes

COOH

COOH

COOH

HO OH 

15-epi-LXB^

0(0)H

15(S)-H(p)ETE

5-LO
15-LO

PMN

ETA,

12-LO
Platelets

COOH

OH

5(S),6(S), 15(S)-Epoxytetraene

HO. .OH

COOH

COOH COOH

LXA j

HO OH 

LXB.

15-epi-Lipoxins Lipoxins

Figure 4.1) Biosynthetic pathway of lipoxins and aspirin triggered lipoxins
(15-epi-lipoxins).

During inflammation cytokines upregulate COX-2 and 15-LO and inflammatory cells 
produce 5-LO. 5-LO metabolises arachidonic acid to produce either HETE’s or leukotriene 
A4 . The HETE’s and leukotriene’s are then secreted and taken up transcellularly by 
leukocytes or platelets and further metabolised to lipoxins. LX - lipoxin, COX - 
cyclooxygenase, LO - Lipoxygenase, HETE -hydroxyeicosatetraenoic acid, LT - 
leukotriene, PMN - polymorphonuclear leukocyte. Adapted from Serhan et al. 2000a.
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shown to be a source of ALT in alveolar cell lines, there has been no demonstration of 

this effect in the lung in vivo (Claria et ah, 1996), Whereas the generation o f 15-HETE 

may be absent in COX-2 -/- mice, experiments in endothelial cells have demonstrated 

that NS398 permits the generation of the lipoxin precursors 15-HETE and 18R-HEPE, 

although not to the same extent as indomethacin, acetaminophen or aspirin (Serhan et ah, 

2000b). A possible mechanism for the disparity of phenotype in COX-2 -/- mice and 

NS398 treated mice may, therefore, be due to the metabolism of COX-2 to 15-epi- 

lipoxins. NS398 would permit the generation of the anti-inflammatory lipoxins as well as 

inhibiting proinflammatory PGE2, whereas COX-2 -/- mice would compensate and 

generate increased PGE2 and may have reduced synthesis o f lipoxins.

4.1.8) Summary of effect of COX-2 on development of pulmonary fibrosis

It is clear that COX-2 is important in the development of pulmonary fibrosis. It is the 

predominant isoform upregulated following bleomycin induced lung injury and absence 

of the COX-2 gene leads to perpetuation of the inflammatory response to this injury. 

However, the role that COX-2 is playing in the development of fibrosis is more complex 

than might have been anticipated. The protective effects of COX-2 are probably not 

mediated by PGE2, because inhibition of PGE2 via NS398 tended towards reduced lung 

injury, whereas COX-2 -/- mice suffered enhanced lung injury with increased levels of 

PGE2 . It is possible that the severe lung injury was due to a defect in the generation of 

COX-2 derived anti-inflammatory molecules, or an increase in proinflammatory 

mediators secondary to the compensatory mechanism that permitted generation of 

prostanoids following injury. Further studies using conditional gene disrupted animals.
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which might not have developed a compensatory mechanism, would enable this question 

to be answered. It is apparent that complete absence of a functioning COX-2 gene led to 

severe and persistent inflammation following lung injury. Therefore, strategies that would 

restore a normal level of COX-2 should ameliorate this response. As cyclooxygenases are 

intracellular enzymes, the strategy most likely to be successful in this aim would be 

pulmonary gene transfer using the COX-2 gene.
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Section 2

Development o f  the LID vector fo r  pulmonary gene 

transfer

4.2.1) Assessment of in vitro transfection of fîbroblasts using the LID vector

Previous studies have demonstrated that a gene delivery system that consists of a cationic 

liposome (L), an integrin-binding peptide (I) with a sixteen-lysine tail, and plasmid DNA 

(D), which combine electrostatically to form the LID vector complex, efficiently transfect 

a number of cell types in vitro. The transfection efficiency was considerably greater than 

lipofection; however, human lung fibroblasts have not been previously assessed with this 

vector. Therefore, initial studies were performed in order to demonstrate proof of 

principle that the LID vector could transfect this cell type. The first studies determined 

the levels of luciferase gene expression from human lung fibroblasts (HFL-1) following 

LID vector transfection as compared with lipofection. Lipofectin was used as a generic 

cationic lipid control, as this lipid has been previously used in in vitro studies. These 

studies (See result section 3.3.1 and 3.3.2) confirmed that, in HFL-1 fibroblasts, the LID 

vector gave higher levels of gene expression when compared with either lipofectin or 

naked DNA, consistent with studies in other cell types (Hart et al., 1998). Furthermore, 

LID vector transfection efficiency in HFL-1 fibroblasts was high and protein expression 

was sustained for up to three weeks (see results section 3.3.3). Therefore, all further 

studies were conducted using the LID vector in vivo.
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4.2.2) Comparison of LID vector with other in vivo systems

My studies compared the LID vector with an adenovirus and liposomes. The transfection 

efficiency of the LID vector, as determined by the number o f cells expressing the 

transgene, was greater than DOTAP and rivaled that of an adenovirus, but with a greatly 

reduced inflammatory response. These results would agree with the previous studies 

suggesting that for gene transfer to the airways adenoviral systems are superior to 

liposomes, but suggest that the LID vector may be as effective as the adenovirus. It has 

been suggested that well differentiated airway cells can only internalise particles by 

receptor mediated endocytosis (Matsui et ah, 1997). Adenoviruses are known to utilise 

integrins for cellular internalisation (Wickham et ah, 1994) and the integrin targeting of 

the LID complex may also enable internalisation via this mechanism. This might explain 

the enhanced gene expression in the airways when compared to DOTAP, which does not 

bind these receptors.

4.2.2.1) Comparison of the LID vector with liposomes

At the time of our studies, DOTAP was regarded as the best non-viral vector for 

respiratory gene therapy, although subsequently the lipid GL-67 has been developed and 

may have advantages over DOTAP. Lipofectin has also been used for in vivo transfection 

(Hazinski et ah, 1991; Hyde et ah, 1993; Logan et ah, 1995; Meyer et ah, 1995; Egilmez 

et ah, 1996). Although only two of these studies involved direct comparison of lipofectin 

with other liposomes, one study found DC-Cholesterol to be more effective for direct 

intratumour transfection (Egilmez et ah, 1996), and the other finding DMRIE-DOPE as 

effective as lipofectin following intratracheal instillation (Logan et ah, 1995). Lipofectin
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is an effective agent for in vitro gene transfer (Feigner et al., 1987), although at a 

weight:weight (w:w) ratio of 0.75:1, consistent with the product literature, it was 

ineffective at transfecting a number of cell lines (S. Hart, personal communication). I 

demonstrated that transfection of HFL-1 cells using lipofectin at a w:w ratio of between 

2:1 and 8:1 generated reasonable levels of luciferase activity (see results section 3.3.1), 

thus for in vivo transfection the LID vector was compared with lipofectin.'DNA at w:w 

ratio of 5:1. Luciferase activity was three fold higher following LID vector transfection 

(see results section 3.5.10). Similarly compared with DOTAP transfection there was a 

three-fold increase in transfection efficiency following LID vector transfection (see 

results section 3.4.1). Furthermore, following DOTAP mediated transfection the majority 

of lac Z  expression was noted from macrophages (see results section 3.4.1) and previous 

studies have demonstrated that lipid:DNA complexes instilled intravenously are 

preferentially taken up by macrophages (Li and Huang, 2000). Unfortunately, attempts to 

determine cellular location of marker gene activity in the lungs of mice were 

unsuccessful. This may have been due in part to the inflammatory response mounted 

against transfected cells (see results section 3.5.9). However, LID vector transfection 

generated higher levels of luciferase than lipofectin both in vitro in human lung 

fibroblasts, and in vivo in murine lung. Furthermore, the LID vector was more efficient at 

transfecting epithelial cells than DOTAP in vivo in rat lung demonstrating the great 

potential of this vector compared with liposomal delivery systems.

4.2.2.2) Comparison of LID vector with previously published non-viral systems

I have shown that the LID vector induced gene expression with complexes containing as 

little as 50pg of DNA in a rat and 8 pg in a mouse (see results section 3.4.1 and 3.5.3). In
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comparison, in a study that assessed intratracheal delivery in rats by cationic liposomes, 

4mg of plasmid DNA encoding P-galactosidase was required to achieve levels of reporter 

gene activity similar to the LID vector with only 50pg of plasmid (Logan et ah, 1995). 

Studies that have assessed liposomal delivery of reporter genes in mice have also 

required large doses of DNA to obtain demonstrable transgene expression (Alton et ah, 

1993; Oudrhiri et ah, 1997; Fortunati et ah, 1996). Fortunati and colleagues were unable 

to demonstrate luciferase expression with less than 300pg of plasmid cDNA, although 

they did detect lac Z expression with 30pg of plasmid. In another study, lOpg of plasmid 

was instilled per mouse with minimal p-galactosidase expression in the lung but no 

luciferase activity was detectable (Oudrhiri et ah, 1997). Two groups have delivered 

cDNA for the cystic fibrosis transmembrane receptor. Hyde and colleagues (Hyde et ah,

1993) required lOOpg of cDNA and Alton and colleagues (Alton et ah, 1993) delivered 

lOOOpg of nebulised cDNA, although the amount of cDNA reaching the lungs would 

have been considerably lower. The efficiency of transfection achieved in the lung by the 

LID vector with comparatively small amounts of DNA is a significant advantage over 

current non-viral vector systems.

4.2.3) Optimisation of the LID vector for pulmonary gene therapy

The LID vector is a non-viral vector that is composed of four components: peptide, lipid, 

plasmid DNA, and the buffer in which the components are dissolved. Each component is 

involved in determining the overall properties of the complex, which, in turn, determine 

overall levels of gene expression within the lung. Initial experiments (see results section 

3.4.1-3.4.5) had used the LID vector composed of lipofectin, peptide 6  (which targets the
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a 5 p l integrin) the plasmids pGL3-CMV-luciferase or pABll-CM V-lacZ, and all 

complexed in PBS. The components for the initial experiments were based on success in 

in vitro experiments (Hart et ah, 1998), however previous reports have highlighted that 

systems optimised in vitro may not be optimal in vivo (Lee et ah, 1996; Li et ah, 1998). 

Therefore, a series of experiments were performed in order to maximise the transfection 

efficiency and gene expression from the complex. It was beyond the scope of my thesis to 

fully assess all components of the vector. Therefore, I concentrated on variables that were 

most likely to be of importance in my model system.

4.2.3.1) Determination of optimal peptide for use in the LID vector

Previous in vitro data indicated that transfection by the LID vector was dependent on 

both the integrin-targeting and cationic properties of the peptides (Hart et ah, 1998). To 

assess integrin specificity of transfection in vivo, rats were instilled with the LID vector, 

containing peptide 6  or the LSD complex. Peptide 6  targets the aS p i integrin 

specifically, whereas peptide S contains the same amino acids but in a scrambled 

orientation. The median luciferase activity with the LID vector was three times greater 

than with the LSD vector suggesting that the LID vector might be acting, at least partly, 

via integrin-mediated mechanisms (see results section 3.4.5). It has been reported that the 

binding affinity of CRRETAWAC peptide, from which peptide 6  is derived, is species 

specific and does not bind murine cells (Koivunen et ah, 1994; Mould et ah, 1998). I 

therefore compared transfection using the complex containing peptide 6  with peptide 1 , 

which contains an RGD motif and binds integrins non-specifically in mice. My results 

would appear to contradict the previous reports that transfection was mediated via
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integrin receptor mediated endocytosis, as peptide 6  gave levels o f gene expression which 

were tending to be higher than peptide 1 (see results section 3.5.1). However, as yet, there 

is no direct evidence that peptide 6  mediated transfection is due to receptor-ligand 

binding. Indeed if LID vector transfection was mediated by a process that did not require 

receptor-ligand binding, reduced competition from cell surface integrins for the specific 

peptide, may enhance the transfection efficiency of the complex, although this is purely 

speculative. Regardless of the precise mechanism of cellular entry, LID vector 

transfection using peptide 6  gave high levels of gene expression and was therefore used 

in all other optimisation studies.

4.2.B.2) Determination of the optimal plasmid for transfection studies

For maximal protein synthesis both efficient gene delivery and plasmid transcription are 

required. The LID vector was designed to achieve efficient cellular entry of cDNA into 

the cytoplasm. What happens to the LID complex following cell entry is uncertain, but it 

is thought that the lipofectin element prevents endosomal degradation o f the plasmid 

(Hart et al., 1998). This is then transported to the nucleus where the cDNA is transcribed 

by host transcription factors. The mechanism by which the plasmid enters the nucleus is 

currently unknown but, unlike conventional non-viral systems, appears not to require cell 

division (S. Hart, personal communication). Viral promoters, including the 

cytomegalovirus (CMV) and simian virus 40 (SV40) promoters, are promiscuous for a 

number of transcription factors and can thus be efficiently transcribed in the nuclei of 

many cell types. Many commercial vectors are supplied with a choice of these two 

promoters and I initially assessed both the CMV and SV40 promoters. The results (see
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results section 3.3.3) supported previous studies that have found that the CMV promoter 

leads to highest levels o f transgene expression (Shillitoe and Noonan, 2000; Cara et al., 

2000; Urtti et al., 2000; Kemer et al., 2001; Xu et al., 2001).

Other factors also play a role in determining the overall level o f gene transcription from 

plasmids. Both the pGL3-CMV-luc and pCI-CMV-luc are commercial plasmids 

(Promega) that had been modified to contain a CMV promoter/enhancer and the 

luciferase gene. Both these plasmids contained the same late SV40 polyadenylation stop 

sequence, which has been shown to be extremely efficient and led to increased steady- 

state level of RNA approximately five fold more than the early SV40 polyadenylation 

signal (Carswell and Alwine, 1989). However, the pCI-CMV-luciferase (pCI) had a 

chimeric intron between the promoter/enhancer region and the luciferase gene. The 

chimeric intron contained within pCI was composed of the 5’ donor site from the first 

intron of the human p-globin gene and the branch and 3’ acceptor site from the intron that 

is between the leader and the body of an immunoglobulin gene heavy chain variable 

region. The magnitude of enhancement using the pCI gene compared with pGL3 without 

the intronic sequence was four-fold (see results section 3.4.6). Previous studies have 

demonstrated enhanced gene expression using plasmids containing intronic sequences. 

However, the results have been very variable with a two-fold increase in CAT activity in 

vitro (Yew et al., 1997) but up to a 300 fold increase in CAT activity in vivo (Palmiter et 

al., 1991; Choi et al., 1991). The variability in these results may be due to the different 

intronic sequences, the different transfection strategies and methods for measuring 

transfection in each o f these studies. Despite these differences, it is clear that the insertion
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of an intronic sequence between promoter and cDNA is an effective way to increase 

levels o f gene expression.

4.2.3.3) Effect of water on complex size and the relationship to gene 

expression

Gene transfer by non-viral systems relies in part on their physical characteristics 

(Schaffer and Lauffenburger, 1998) and partly on the physical barriers to transfection. It 

was observed that at high concentrations of DNA, complex dissolution in PBS was 

facilitated by slowly mixing the components in lOpl aliquots. However, at standard 

concentrations of DNA, this method of slow mixing reduced overall levels of gene 

expression (see results section 3.5.2). This suggested that the physico-chemical properties 

o f the LID complex may have been affected by different mixing regimes and this might 

have been important in determining overall levels of gene expression. Although it has 

been shown that non-viral complexes form differing structures when complexed in 

solutions of differing ionic strength, (Ogris et al., 1998) the relationship, for both receptor 

mediated and ligand free non-viral systems, is currently unclear (Meyer et al., 1995; Tang 

et al., 1996). A previous study assessing the size of a PEI-transferrin DNA system on in 

vitro transfection, found that complexes made in water were smaller and more stable than 

when made in salt containing buffers, but gave lower levels of gene expression (Ogris et 

al., 1998). Data from the Department of Biochemical Engineering at UCL has 

demonstrated that the LID vector prepared in water is at least 10-fold smaller, at lOOnm 

in diameter, and more stable than when it is made in PBS (Jenkins et al manuscript 

submitted). However, in contrast to the studies by Ogris et al, lungs of mice that were
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transfected with the LID vector instilled in water had a significant increase in luciferase 

activity at all time points (see results section 3.5.4). This may, in part, reflect the different 

environment of an in vitro experiment compared with the lung. If the structural properties 

of complexes lead to differential levels of in vitro and in vivo gene expression this would 

help to explain the failure to predict successful in vivo systems from cell culture 

experiments. Previous reports of intravenous receptor mediated gene delivery systems 

have suggested conditions are optimal when the complexes are small although complex 

structure was not formally assessed in these studies (Perales et al., 1994; Ferkol et al., 

1995). Thus, the size of non-viral vectors may be an important characteristic for optimal 

in vivo function generally, and this might not have been predicted from in vitro studies.

4.2.3.4) Effect of water on complex charge and the relationship to gene 

expression

The cationic nature of the LID complex was also altered when it was prepared in water 

and this may further have affected its function. The LID vector contains poly-L-lysine as 

a cation and condensing agent. The molar charge ratio of the cationic components of the 

vector (the lipofectin and integrin targeting peptide), to the anionic DNA is 6.7:1. Once 

again, the relationship between charge and transfection efficiency in non-viral systems 

has not been clarified (Stegmann and Legendre, 1997). This may relate to the buffering 

capacity of physiological buffers, such as DMEM, modifying the physical characteristics 

of the complex during the transfection process (Son et al., 2000). Generation of the LID 

vector in water led to a 50-fold increase in the zeta potential (measured by the department 

of Biochemical Engineering, UCL) of the complex compared with preparation in PBS
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(Jenkins manuscript submitted). Highly cationic complexes may well lead to increased 

plasmid uptake due to electrostatic association with the negative cell membrane, but this 

may be at the expense of receptor binding specificity (Schaffer and Lauffenburger, 1998; 

Wagner et ah, 1998). Although previous studies have demonstrated that LID vector 

transfection is integrin dependent at high molar charge ratios (Hart et ah, 1998), further 

studies are required to determine whether increasing zeta potential alters the receptor 

specificity of the LID vector. However, it is possible that the increased gene expression 

observed with LID/H2O transfection was due to the highly cationic nature o f the 

complex. An alternative explanation could be that the hypotonic nature o f the instillate 

was leading to mild lung damage and increasing transepithelial permeability, thus 

exposing more epithelial integrins to the LID vector.

4.2.3.5) Effect of instilling the LID vector with EGTA.

Water has been shown to increase transepithelial permeability in the lungs (Widdicombe 

et al., 1996; Anderson and Van Itallie, 1995; Gumbiner, 1993; Wang et al., 1998) and 

enhanced gene expression in airway epithelial cells following retroviral transduction 

(Wang et al., 1998). Increased transepithelial permeability by specifically disrupting tight 

junctions has enhanced the transfection efficiency of a number of viral vectors dependent 

upon receptor mediated cell entry, in airway epithelial cell culture (Wang et al., 1998; 

Wang et al., 2000; Coyne et al., 2001; Man et al., 2001). Previous studies have 

demonstrated that EGTA, a calcium chelator, increased both transepithelial permeability 

and transfection efficiency in ex vivo models (Wang et al., 2000). However, the effect of 

altering instillate for intratracheal administration o f non-viral systems is inconclusive.
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One study demonstrated a two-fold increase in luciferase activity in rat lungs following 

instillation o f naked plasmid DNA in water (Sawa et al., 1996). Whereas a previous 

found no difference between intratracheal instillation o f naked DNA in water (Meyer et 

al., 1995), compared with either isotonic dextrose or saline. In order to determine whether 

the enhancement of gene expression seen following instillation o f the complex in water 

was due to the effects on transepithelial permeability the complex was instilled in PBS 

with EGTA (see results section 3.5.7). The results failed to show enhancement of 

luciferase expression at any dose of EGTA tested. However, there was no direct evidence 

that instilling the LID vector in EGTA-PBS altered transepithelial permeability. It is 

difficult to determine the transepithelial permeability of the lungs in vivo, and I did not 

assess any surrogate markers of epithelial permeability at any dose of EGTA 

administered. However, it has been shown, in both in vitro and ex vivo studies, that a 

concentration of EGTA as low as lOmM will increase transepithelial permeability in 

airway epithelium (Wang et al., 2000; Coyne et al., 2000). Furthermore, at the highest 

concentration of EGTA tested, there was a high operative mortality due to acute 

pulmonary oedema, suggesting that there was an increase in transepithelial permeability. 

Thus it would appear that altering transepithelial permeability of the lung was not 

primarily responsible for the enhancement o f LID vector transfection when the complex 

was prepared in water.

4.2.3.6) Summary of optimised delivery system

From the above discussion, it is clear that a number of factors had to be taken into 

account when aiming to optimise gene expression in the lung. Three peptides were
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assessed: a specific aS p i integrin targeting peptide (peptide 6 ), a non-specific integrin 

targeting peptide (peptide 1 ) as well as a peptide with no known targeting capacity 

(peptide S). Regardless of the extent of targeting capacity of peptide 6 , it generated high 

levels of in vivo gene expression. Further studies are obviously required to determine the 

precise mechanism of cellular entry in the lung following LID vector transfection, 

however it is evident that peptide 6  has properties that are favourable for pulmonary 

transfection compared with other peptides. Clearly the choice of plasmid was important 

and with a CMV promoter and chimeric intron high levels of gene transcription were 

obtained. Furthermore, instillation of the plasmid, within the LID vector, was most 

effective when instilled in water. It appears most likely that the effects o f enhanced gene 

expression following complex instillation in water were mediated via the changes in 

physico-chemical properties of the complex rather than due to effects on transepithelial 

permeability. For gene therapy to be effective in chronic disease high levels of gene 

expression need to be maintained for as long as possible. Two of the major obstacles to 

successful gene therapy strategies are the transient nature of gene expression and 

inflammatory responses limiting repeated administration of vectors.

4.2.4) Duration of transgene expression and protein activity

Luciferase gene expression in LID-transfected lungs was maximal in the first three days 

following transfection, and had reduced significantly by seven days whether instilled in 

PBS or water (see results section 3.4.2 and 3.5.4). This is consistent with previous studies 

using non-viral systems to assess the duration of reporter gene expression in the lung 

(Sawa et al., 1996; Tsan et al., 1995). In contrast, p-galactosidase activity in rat lung was
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still detectable seven days following transfection. Luciferase has a half-life of three hours 

(Thompson et al., 1991) whereas p-galactosidase has a longer half-life, o f about 48 hours 

(Smith et al., 1995), which probably accounts for the apparent difference in duration of 

gene expression (see results section 3.4.2). There are a number of potential reasons for 

the short duration of gene expression following pulmonary gene delivery. Immune 

responses to transfected cells, the delivery system or transgene product (see discussion 

section 4.2.6), and loss of vector DNA from cells or promoter “shutdown” (see discussion 

section 4.2.4.1) are all potential reasons for the transient nature o f transfection.

4.2.4.1) Promoter ‘shutdown’ as a cause of transient gene expression

It has been suggested that transient gene expression from both viral and non-viral systems 

might be due to promoter ‘shutdown’, a phenomenon where the cytokines TNFa and 

IFNy inhibit transgene expression from a number of viral promoters including CMV (Qin 

et al., 1997). In a study using a cationic lipid-protamine-DNA (LPD) non-viral system, 

delivered intravenously, initial levels of gene expression were increased following 

treatment with neutralising antibodies to TNFa or IFNy. However, there was no 

reduction in the rate of decline of gene expression over three days (Li et al., 1999). 

Furthermore by two days, IFNy levels were only marginally elevated and TNFa had 

returned to control levels by 24 hours. This data would suggest that initial plasmid 

transcription was inhibited by TNFa, or IFNy, but it may not have been responsible for 

lack of prolonged expression from these vectors following intravenous instillation. The 

time course of cytokine production following intratracheal instillation of liposomes is 

different, with TNFa and IFNy peaking between one and two days in lavage levels and
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returned to normal by five days (Scheule et ai., 1997). However, the BALF from animals 

two days following transfection with pCI-CMV-luc had no increase in TNFa levels, 

compared with saline control, and IFNy were elevated only following instillation with 

water (See results section 3,5.6). Furthermore, by day seven there was still a significant 

reduction in gene expression (See results section 3.5.2 and 3.5.4). The previous studies 

had all measured between 3-30ng o f TNFa and IFNy, and this is well within the limits of 

the assays used in my studies. This suggests that TNFa and INFy induced promoter 

‘shutdown’ were unlikely to fully explain the reduced gene expression from the LID 

vector, although it is possible that BALF levels do not represent tissue levels.

4.2.4 2) Effect of adenoviral E40RF3 region on duration of transgene 

expression

Studies with adenoviral vectors have shown that products of the adenoviral E4 open 

reading frame 3 (E40RF3) region are vital for persistent gene expression in the lung 

when the transgene is under control of the CMV promoter/enhancer (Armentano et al., 

1997; Lusky et al,, 1999). However, it is not known whether E40RF3 acts to activate the 

CMV promoter or prevent its repression by cytokines (Armentano et al., 1999), therefore 

a plasmid containing the E40RF3 region in cis with the luciferase gene was assessed in 

the LID vector. Plasmids encoding the entire E40RF3 region have previously been used 

to prolong gene expression from non-viral systems in vivo (Yew et al., 1999; Gill et al., 

2001). The rate of decline of CAT activity in lungs of nude BALB/C mice following 

transfection with liposomes was similar over seven days for plasmids with or without the 

E40RF3 region. However following instillation of the plasmid containing the E40RF3
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region, CAT activity persisted for up to 41 days, at between 13 and 31% of day two 

levels (Yew et a l, 1999). More recently a study, using naked DNA, has assessed a 

plasmid containing the E40RP3 region found a reduced rate of decline of luciferase 

activity over seven days compared with a plasmid without this region (Gill et a l ,  2001). 

However, in my studies (see results section 3.5.3 and 3.5.4), there was no significant 

difference in the rate of decline of luciferase activity seven days following instillation, 

which was less than 1% of day one activity with both plasmids. It is possible that this 

difference in effect is due to immune responses to the E40RF3 region of the plasmid. 

Both previous studies used either BALB/c mice or nude mice. BALB/c mice mount 

predominantly a Th2 response whereas, C57B1/6 mice mount a predominantly Thl 

response. Although Gill and colleagues assessed the affect o f strain variation on 

luciferase activity following transfection with plasmids containing viral promoters and 

polyadenylation sequences, they did not assess the effect o f strain variation on plasmids 

containing the E40RF3 region. It is likely that this region, which encodes viral proteins, 

is more immunogenic than the primary transgene product. Indeed, C57B1/6 mice that 

were transfected with El and E4 deleted adenovirus had an attenuated Thl responses 

compared with those transfection with El deleted adenovirus alone (Chirmule et a l, 

1999). It is also possible that the vector induced immune response limited expression 

following pcIO transfection, but these appeared to be minimal at the doses of vector used 

in these studies (see discussion section 4.2.6). Therefore, it is uncertain whether 

modification of a plasmid to contain the E40RF3 region would offer any advantage for 

long-term gene expression using the LID vector in a C57B1/6 model of disease.
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4.2.5) Effect of DNA dose on levels of gene expression

Luciferase activity increased in a dose dependent manner with increasing dose of DNA 

within the LID vector both in vitro and in vivo, whether instilled in PBS or water (See 

results section 3.2.2, 3.4.7 and 3.5.8). When the LID vector was instilled in vivo in water, 

a plateau effect was observed at 16pg (320pg/ml) of cDNA within the complex. It is not 

possible to comment on the nature o f the dose response when the complex was formed in 

PBS due to the paucity o f doses assessed. This was due to the difficulty of maintaining 

the LID vector in solution at high concentrations and the high quantities of complex 

components required in the rat model. Potential reasons for the plateau effect observed 

following instillation of the complex in water include saturation of receptor binding, 

complex insolubility at high concentration or complex toxicity at high doses. Even in the 

absence o f receptor binding the LID vector can promote cellular internalisation of DNA 

(see results section 3.4.5). There was also no observed precipitation o f the complex in 

water at any concentration of DNA tested, whereas LID complexes containing 200pg of 

plasmid DNA (696pg/ml) prepared in PBS tended to precipitate. It therefore seems 

unlikely that insolubility or receptor saturation were limiting factors in this setting. It is 

more probable that complex toxicity may have been responsible for limiting the plateau 

effect at the highest dose of the LID vector instilled and this will be discussed in the 

following sections.

4.2.6) Toxicity of LID vector

Generally, non-viral gene delivery systems delivered directly to the lungs of patients have 

been shown to be safe and without significant immune responses (Caplen et al., 1995),
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even following repeated instillation (Hyde et al., 2000). My data demonstrated very little 

inflammation histologically, cytologically or in relation to pro-inflammatory cytokines 

(see results section 3.4.4 and 3.5.5) using the optimal concentration of DNA in both mice 

and rats. However, dose dependent toxicity was observed following LID vector 

transfection, both in cell culture (see results section 3.3.2) and in the lung (see results 

section 3.5.8). The toxicity of non-viral systems is dependent upon the route of delivery, 

the concentration of the lipid component and the structural parameters of the complex 

(Scheule, 2000). Cationic lipids (Scheule et al., 1997), unmethylated plasmid CpG motifs 

(Krieg, 1996), poly-L-lysine (Plank et al., 1996), peptides (Stankovics et al., 1994) and 

transgene products (Dong et al., 1996b) all have the potential to stimulate the 

inflammatory or immune responses.

4.2.6.1) Inflammatory potential of LID vector compared with the adenovirus

Histological assessment of the lung following adenoviral administration of lac Z  

demonstrated acute pneumonitis one day following instillation (see results section 3.4.4). 

This acute inflammation is a known drawback of adenoviral vectors (Engelhardt et al., 

1994; Yang et al., 1994), and may prevent repeated administration due to anamnestic 

immune responses. Following repeat delivery of the LID vector in rats, containing the lac 

Z  gene, the increase in (3-galactosidase activity was at least equivalent to that of the initial 

transfection and there was no histological evidence of inflammation. This suggests that 

any immune response induced was not sufficient to attenuate gene expression on the 

second administration, as has been shown to occur with adenoviral vectors (Yei et al.,

1994).
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4.2.6.2) The effect of water on the inflammatory potential of the LID vector

When the LID vector was complexed in water there was evidence of very mild 

inflammation that was not apparent when the complex was prepared in PBS (see results 

section 3.5.5). The lungs were histologically normal, although there was a small increase 

in interferon y, and altered macrophage morphology suggesting activation. There was 

also a trend towards an increase in lymphocytes and neutrophils, with a slight reduction 

in macrophage number (See results section 3.5.5). There are a number of potential 

reasons for these results. Firstly, strain variation may be playing a role, as the mice 

instilled with LID-PBS were C57B1/6SV129 crosses, whereas those instilled with LID- 

water were pure C57B1/6. However, it is unlikely that this slight difference in genetic 

purity of the animals was responsible as discussed earlier (see discussion section 4 .1 .2 ). 

The physical properties of the complex in water were different compared with the 

complex in PBS (see Discussion section 4.2.3.3 and 4.2.3.4). In water the LID vector was 

highly cationic, a property that has been shown to lead to increased complement 

activation (Plank et al., 1996). The level of luciferase gene expression was higher in 

water and it is possible that luciferase itself was toxic although at the present time there is 

no evidence that this is the case. Following instillation of water alone levels interferon y 

were increased and there was an increase in bronchoalveolar lavage neutrophils. 

Therefore, it is likely that the alteration in inflammatory profile was, at least partly, due to 

pulmonary damage secondary to hypo-osmotic shock following instillation of the LID 

complex in water. A less likely explanation would be that enhanced cellular uptake of 

plasmid DNA, with an associated increase in unmethylated CpG motifs, stimulated 

further Thl mediated inflammation (See discussion section 4.2.6.4).
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4.2.6.3) Liposomal toxicity as a cause of pulmonary inflammation

There was evidence of dose dependent pulmonary toxicity following intratracheal 

instillation of pCI-CMV-luc in water (see results section 3.5.8). When the dose of DNA 

delivered to the lungs was increased in LID vector transfection the concentration of the 

LID vector components, lipofectin and peptide 6 , increased accordingly (see methods 

section 2.5.3.3). Liposomes instilled intratracheally into the lungs of mice have been 

shown to cause pulmonary inflammation, whether or not complexed with DNA (Scheule 

et al., 1997; Freimark et al., 1998). Furthermore, these studies demonstrated that 

transfection with liposomes induced more TNFa in HALF than the lipid/DNA complexes 

(Freimark et al., 1998; Scheule et al., 1997). Freimark and colleagues demonstrated 

evidence of inflammation, in C57Bl/6mice, with DOTMAxholesterol (1:1). This is 

similar to lipofectin which is composed of the cationic lipid DOTMA and the neutral 

lipid (DOPE) in a 1:1 ratio. The dose of DOTMA:cholesterol lipid required to cause 

inflammation was slightly lower than the dose of lipid in the LID vector containing 32pg 

of DNA. Furthermore, following transfection of lung fibroblasts with lipofectin there was 

direct cellular toxicity (see results section 3.3.2). This would appear to be at least partly 

due to the liposomal component of the complex, rather than being primarily due to 

process of transfection, because lipofectin gave a similar reduction in cell number, 

compared with the LID vector; despite a thirty-fold reduction in luciferase activity (See 

results section 3.3.2). Therefore, some of the toxicity seen at the highest dose of the LID 

vector in the lungs may have been due to the liposomal component of the complex.
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4.2.6A) Unmethylated plasmid CpG sequences as a cause of pulmonary 

inflammation

Plasmid DNA, being derived primarily from bacteria, may contain unmethylated CpG 

sequences. These immunostiniulatory sequences have been shown to produce the Thl 

type cytokines IFNy and IL-12 (Scheule, 2000; Freimark et al., 1998). However, 

unmethylated CpG sequences were not necessarily central to the pathogenesis of the 

inflammation observed following pulmonary transfection with either 

DOTMA/Cholesterol (Freimark et al., 1998) or DOTA? (McLachlan et al., 2000). Both 

these studies demonstrated that méthylation of plasmid DNA could abolish cytokine 

induction, including TNFa, IL-6, IL-12 and IFNy, following intratracheal instillation in 

mice, although there was no reduction in pulmonary cellular infiltrates. IFNy has been 

regarded as a marker for unmethylated CpG generated immune responses following 

transfection. In my studies instillation of water generated significant levels o f IFNy that 

was further enhanced by LID vector transfection. However, LID/H2O vector transfection 

provoked a lymphocytosis that was absent following water instillation suggesting that 

some component of the LID vector, possibly the plasmid DNA or the lipid, was 

responsible. Regardless of the provoking factor within the LID complex, levels of IFNy 

were 100-fold lower than following intratracheal transfection of mice with GL67-CAT at 

the same time point (Scheule et al., 1997). However, if  CpG’s were responsible for 

inflammation following LID vector transfection, it may explain the difference between 

luciferase and lac Z  transfected mice given that the lac Z  gene contains three-fold more 

immunostimulatory unmethylated CpG sequences than the smaller luciferase gene 

(sequence data - www.promega.com).
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4.2.6 5) Transgene products as a cause of inflammation

A further reason for the difference in the severity in inflammation following luciferase 

and lac Z  transfection may be the nature of the transgene products. Immune responses to 

lac Z  have been shown to limit p-galactosidase activity following liposomal gene transfer 

in mice (Lukacs et al.„ 1999). It is possible, therefore, that the inflammatory responses 

were mediated against the plasmid, or the protein encoded, rather than other components 

o f the LID complex. Furthermore, both the chloramphenicol acetyl transferase (CAT) and 

lac Z genes can stimulate specific antibody formation after a single instillation in mice 

(Scheule et al.„ 1997; Dong et al.,, 1996). These are both bacterial enzymes and rodents 

may well have prior exposure to these proteins, whereas luciferase is an insect derived 

enzyme and prior exposure is unlikely and may explain the difference in magnitude of 

inflammatory responses between the lac Z and luciferase transfected mice.

4.2.6.6) Peptides and poly-L-lysine as a cause of as a cause of inflammation

The integrin targeting peptide is composed of a short peptide sequence and a sixteen- 

lysine chain that acts as cation and condensing agents. Cationic complexes are known to 

activate the complement cascade. Complement activation has been related to the cationic 

nature o f the complex, especially poly-l-lysine chain length and charge ratio of the 

complex, with reduced activation using complexes containing oligolysine molecules and 

a high DNA concentration (Plank et al., 1996). Although long chain poly-L-lysine 

(pL250) is the most potent activator of complement, cationic lipids and peptides may also 

activate complement (Westaby et al,, 1985; Plank et al., 1996). Due to the nature of the 

complement cascade, being a system composed of plasma proteins, activation of
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compliment might be expected to play a small role following intratracheal instillation. 

This is supported by a study that instilled GL67 intranasally into mice (Scheule et ah, 

1997). Despite delivering a dose high enough to induce significant neutrophilic 

inflammation, there was no amelioration of this injury in animals that were depleted of 

C3 or C5, key components of the complement cascade. Therefore, although the cationic 

properties of the LID vector, and the nature of the inflammatory response (see results 

section 3.5.9), are different to those observed with GL67, it is unlikely that complement 

activation is a major cause of pulmonary inflammation following intratracheal instillation 

of the LID vector.

Cationic peptides can also stimulate antibody responses. The Lipid-Protamine-DNA 

(LPD) vector is a non-viral system that has been used successfully to transfect the lungs 

of mice following intravenous delivery (Li and Huang, 1997; Li et ah, 1998), although it 

also stimulated potent Th-1 responses (Whitmore et ah, 1999). It was not determined 

whether the response was generated against the protamine sulphate, or other components 

of the complex (Whitmore et ah, 1999). However, this cationic peptide has induced 

specific antibody responses in humans that are thought partly responsible for the 

anaphylaxis associated with its administration following cardiac bypass (Kennedy, Jr. et 

ah, 1989; Lakin et ah, 1978). Furthermore, specific antibody generation has been 

observed following repeated administration of asiaglycoprotein-polylysine-DNA 

complexes (Stankovics et ah, 1994). There was no evidence o f inflammation following a 

second instillation of the LID vector (see results section 3.4.4). However, it is possible
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that multiple administrations of the LID vector could provoke antibody generation, and 

this is something that should be investigated in future studies.

4.2.6.7) Summary of inflammatory potential of the LID vector

The LID vector demonstrated low inflammatory potential when it contained moderate 

doses o f plasmid DNA. However, following instillation of the complex in water there 

was evidence of mild pulmonary injury that was probably due to hypo-osmotic damage. 

This injury was not sufficient to distort the pulmonary architecture on histology. 

However, at increased doses of DNA there was dose dependent inflammation. The cause 

of the inflammation is uncertain and it is possible that all the components of the vector, 

including unmethylated plasmid CpG stimulated immune responses, humoral responses 

to the gene product, or direct cellular toxicity of lipofectin were responsible. However, 

the inflammatory responses were extremely mild compared to those demonstrated 

following adenovirus delivery or previous reports assessing other non-viral systems. 

Furthermore, intratracheal delivery probably minimises systemic immune responses by 

reducing complement activation. Although further work is needed to precisely determine 

the nature o f the inflammatory responses generated by the LID vector, it is evident that at 

optimal doses of DNA inflammation was not a significant problem even after two 

administrations.
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Section 3

Effect o f COX-2 transfection

4.3.1) Generation of COX-2 plasmids and effect on lung fibroblasts

Two COX-2 plasmids were generated containing the murine and human COX-2 genes 

and both led to high levels o f PGE2 production following transfection of HFL-1 cells (see 

results section 3.3.5.4). Furthermore, transfection per se o f HFL-1 cells gave significant 

induction of PGE2 synthesis (see results section 3.3.5.4), presumably due to the 

transfection complex upregulating the endogenous COX-2 gene. This was probably 

responsible for the inhibition of cell growth seen following transfection with plasmids 

containing marker genes. The amount of PGE2 induced by transfection itself was 

equivalent to PGE2 induction by high dose TGFp (McAnulty et al., 1995) and COX-2 

transfection led to supra-physiological levels of prostaglandins. Previous studies using 

adenoviral gene transfer of lac Z  to vascular endothelial and smooth muscle cells did not 

upregulate COX-2 (Brown et al., 1999; Zoldhelyi et al., 1996). Therefore, it is possible 

that upregulation of the endogenous COX-2 gene was a specific effect of the LID vector. 

Further experiments in cells that are unable to upregulate their COX-2 gene would 

determine to what extent these observed effects are mediated via the endogenous COX-2 

gene. However my experiments demonstrated that COX-2 over-expression was able to 

generate high levels of PGE2 and led to a reduction in fibroblast cell number in vitro.
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4.3.2) Effect of over-expressing COX-2 in the lungs of mice

Cyclooxygenase has been over-expressed in the lungs o f rabbits using a cationic 

liposome, although the isoform used was not specified (Conary et ah, 1994). It was found 

that COX transfection protected against LPS induced pulmonary hypertension by 

reducing levels of thromboxane A2 . Although increased levels of PGE2 were 

demonstrated in cells and organ culture, increased PGE2 levels were not demonstrable 

following transfection in vivo (Conary et ah, 1994). In my studies over-expression of 

COX-2 gave a significant increase in PGE2 levels in the lavage of mice, probably 

reflecting the increased transfection efficiency of the LID vector compared with standard 

liposomal preparations (See results section 3.4.1 and 3.5.10). This increase in lavage 

PGE2 was associated with a reduction in total lavage cell number two days following 

transfection (see results section 3.6.2). It is possible that over-expression of COX-2 had 

anti-inflammatory properties that led to a reduction in lavage cell numbers. An alternative 

explanation may be that the over-expression of COX-2 increased inflammation, leading 

to leukocyte trapping within the lung, reducing the number of cells lavaged. Such a 

phenomenon of paradoxical reduction in total lavage cell numbers has been observed in 

the first seven days following bleomycin induced lung injury (Zhang et ah, 2000).

4.3.3) Effect of over expression of COX-2 on TNFa and ILip levels

COX-2 over-expression was associated with a trend towards an increase in TNFa and 

IL ip  levels in BALE, two days following transfection (results section 3.6.3). This was 

probably not mediated via an increase in prostanoid products as PGE2 has been shown to 

inhibit macrophage TNFa and IL ip  synthesis (Ikegami et ah, 2001; Zhong et ah, 1995)
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and ILl from pleural cells (Utsunomiya et al., 1994). Furthermore, both PGE2 and cAMP 

blocked TNFa production, whereas indomethacin enhanced it following LPS inhalation 

(Goncalves de Moraes et al., 1996), and in carrageenin induced pleurisy indomethacin 

enhanced both TNFa and ILl levels (Utsunomiya et al., 1994). However, the absence of 

any increase in TNFa and IL-lp in control transfection suggests that it may have been a 

specific COX-2 mediated effect, suggesting a role for alternative COX-2 products. The 

effects of COX-2 metabolites, including PPAR’s and lipoxins, have not been well studied 

although PPARy has been shown to down regulate TNFa in rat cardiac myocytes 

(Takano et al., 2000) and in a murine model of ischaemia-reperfusion injury (Nakajima et 

al., 2001). Accurately determining the eicosanoid metabolites released into HALF 

following COX-2 transfection would help determine the mechanism by which over

expression of COX-2 in the lung may have increased TNFa and IL -lp  in the uninjured 

lung. Whether the same effects would occur following lung injury are uncertain and 

future experiments are needed to determine what effect over-expression of COX-2 would 

have on the development of bleomycin induced fibrosis. However, the presence of high 

levels o f PGE2 in lavage demonstrates proof of the principle that COX-2 transfection was 

able to generate significant quantities of a functional protein. This lays the foundation for 

future studies investigating the effect of COX-2 over-expression on the development of 

pulmonary fibrosis.
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Section 4

Summary and Future Work

It is clear from the above studies that the role of cyclooxygenase-2 in the development of 

pulmonary fibrosis is more complex than previous in vitro studies have suggested. This is 

because previous studies have concentrated on the role of fibroblasts and have not 

considered the role of non-prostanoid products of COX-2. Clarifying the relationship 

between COX-2 and both prostanoid and non-prostanoid products and their role in 

inflammation as well as wound repair may enable appropriate modulation of the 

cyclooxygenase system. Understanding the temporal nature of the COX-2 response to 

injury and its effects on the resolution o f inflammation, as well as its effects inhibiting 

flbroproliferation, would appear crucial in determining the optimal timing of any therapy 

to modulate COX-2 as a treatment for pulmonary injury.

My studies have indicated that following bleomycin induced lung injury COX-2 was 

elevated and responsible for the production of PGE2 in the lung. Furthermore, inhibiting 

the actions o f COX-2 for the duration of injury appeared to ameliorate the development 

of fibrosis, and this was most likely due to inhibition of the inflammation associated with 

initial injury. However, rather than totally inhibiting the inflammation, COX-2 -/- mice 

had an enhanced inflammatory response to injury. This may have been in part due to a 

compensatory increase in PGEi and partly due to the failure to generate COX-2 derived 

molecules, such as lipoxins, which inhibit the inflammatory response. Further studies 

determining whether there is a defect in lipoxin, or cyclopentanone prostaglandin.
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generation that promotes the inflammatory response in this model, would reveal whether 

these are key molecules in the role of COX-2 mediated resolution of inflammation.

Also of considerable interest is the mechanism for the prolonged inflammation in the 

COX-2 -/- mice. It may be due to increased recruitment of polymorphs to the lung or 

failure to clear neutrophils once they are in the alveoli. Studies determining the rate of 

chemotaxis and apoptosis in neutrophils that have been harvested from the lungs of 

COX-2 -/- mice would help determine the relative importance of COX-2 in these 

fundamental processes of neutrophil biology.

The compensatory increase in activity of COX-1 or COX-2 following long-term 

inhibition, either pharmacologically or genetically, of either enzyme has a number of 

implications in research and clinical use of inhibitors. These mechanisms are poorly 

understood at present but may explain why NSAID’s are good at relieving symptoms but 

do not alter the progression of chronic inflammatory conditions such as systemic sclerosis 

or rheumatoid arthritis. Inhibiting the upstream enzyme, cPLA2, may overcome the 

problems of compensation. However the inhibitors are generally not specific for cPLA2 

and are therefore toxic and unlikely to be a therapeutic reality. Thus studies to determine 

the mechanisms by which the COX isoforms interact with each other will be important 

for generating NSAID’s with improved clinical profiles.

COX-2 leads to the production of a number of prostanoids that may all play a role in the 

development of pulmonary fibrosis. Furthermore, the prostanoids produced may vary at
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different stages of the inflammatory and fibrotic response to injury. The precise role that 

prostanoids play in the evolution of inflammation and fibrosis is poorly understood and 

appears to vary between tissues. A number of studies would be useful to determine the 

role of the various prostanoids during the evolution of pulmonary fibrosis. Lipid 

mediators, and the enzymes that control their synthesis, can be measured with relative 

ease in the lungs of bleomycin treated mice. Determining the temporal relationship 

between them may aid the understanding of the nature of the different araehidonate 

products following lung injury. Studies using NS398 and conditional COX-2 -/- mice 

during the fibrotic phase of bleomycin induced lung injury will clarify the role o f COX-2 

in the development of established fibrosis. Thus, studies inhibiting COX-2 during the 

initial phase of injury and then using COX-2 gene therapy during the established fibrotic 

phase may lead to optimal healing of the lung following injury. Indeed, treatment that 

will aid patients with established fibrosis will have the biggest impact on morbidity, 

mortality and quality of life in people with idiopathic pulmonary fibrosis.

I have shown that an absence of COX-2 is not sufficient to prevent the synthesis of PGE2 

in the lung. However, it is known that fibroblasts from patients with pulmonary fibrosis 

have a defect in both COX-2 upregulation and PGE2 synthesis in response to profibrotic 

and proinflammatory mediators (Wilbom et al., 1995; Keerthisingam et al., 2001). Thus, 

it would appear that there must be a further defect in the PGE2 synthetic pathway 

responsible for the reduction in PGE2 . It has been demonstrated that there is no defect in 

synthase activity in these fibroblasts (Wilbom et al., 1995) and this would suggest that 

the second defect must be upstream from COX-2. Data from COX-2 -/- mice shows that
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the mechanism for compensation is most likely via upregulation of the alternative 

isoform COX-1. Using conditional “knockouts” for the COX-2 gene may help overcome 

confounding factors caused by compensation within the cyclooxygenase system. It would 

also help determine whether the phenotype observed is a direct result of the absent COX- 

2 enzyme or due to the compensatory effects.

In order to use gene therapy as a treatment for pulmonary fibrosis targeting of the vector 

to the pulmonary interstitium remains an elusive goal. My gene delivery studies 

demonstrated proof of principle in healthy animals, but many integrins have been shovm 

to be upregulated following injury (See introduction section 1.4.6). Further studies using 

the LID vector following lung injury may enhance both targeting specificity and the 

efficiency of the system. Further efforts to improve gene expression from the vector will 

also improve chances of ameliorating the pathological process. Studies aimed at 

optimising the conditions for LID vector transfection, using the COX-2 plasmid 

containing a chimeric intron would be useful. The patchy distribution o f both the injury, 

and gene delivery, following intratracheal instillation of bleomycin and LID vector 

remains a problem. Furthermore, the cells transfected, following this route of 

administration, are predominantly macrophages and bronchial epithelial cells. Therefore, 

developing the LID vector for intravenous use may have advantages with more even 

distribution throughout the lungs. Furthermore, due both to the vascular shunting that 

occurs during inflammation, and the proximity of the vascular endothelium to the 

alveolar interstitium, intravenous administration may deliver the gene closer to the site of 

injury. More specific targeting by developing ligands to parenchymal fibroblast specific
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integrins, such as the aS p l, may increase the chance of a successful clinical trial in 

pulmonary fibrosis. As gene therapy using the LID vector is transient, and the role of 

COX-2 during in the inflammatory response is temporally determined, the timing of 

COX-2 gene therapy following lung injury is critical. Therefore, further experiments to 

determine the optimal time of gene delivery are vital.

LID vector transfection has the potential to cause inflammation, and this appears to be 

dose, gene and species dependent. Even mild inflammation will hinder the development 

of a gene therapy strategy for the treatment of chronic illness and further studies aimed at 

determining the exact nature of the inflammatory response following transfection are 

important. If the inflammation generated is an immune specific response to the vector, it 

may lead to the development o f neutralising antibodies and profound inflammatory 

responses as seen with the adenovirus. However, if the inflammatory response is specific 

to the protein encoded by the vector then this will be important in determining the choice 

of therapeutic genes. It is obvious that work to determine the exact nature of the 

inflammatory response to gene delivery is needed.

This thesis has demonstrated a central role for COX-2 in the pathogenesis of pulmonary 

fibrosis, although its precise function has yet to be determined. It has also demonstrated 

the importance of using all the available tools to determine the role o f molecules such as 

COX-2 in disease process. This thesis also raises numerous questions as to the purpose of 

COX-2 and downstream molecules in the injury and repair process. In order to over

express COX-2 in lung I developed a non-viral gene delivery system, the LID vector, for
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pulmonary gene delivery. This thesis has illustrated that the LID vector has great 

potential for pulmonary gene therapy having high transfection efficiency and minimal 

toxicity. These studies have illustrated the importance of optimising individual 

components of the system to achieve the best results. Fundamentally, the LID vector has 

enabled sufficient COX-2 gene to be delivered to the lungs of mice in order to generate 

large quantities of PGE2. This may help determine the exact role of this molecule in 

pulmonary fibrosis and clarify whether COX-2 gene therapy will be a potential therapy 

for the treatment of idiopathic pulmonary fibrosis.
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Appendices

APPENDIX 1

Primers used in COX-2 PGR reaction.

oIMR 546 5’-ATC TCA GCA CTG CAT C C I GC-3’

oIMR 547 5’-CAC CAT AGA ATC GAG TCC GG-3’

oIMR 013 5’-CTT GGG TGG AGA GGC TAT TC-3’

APPENDIX 2 

Modified Ashcroft Scoring system.

Based on Aschroft et ai 1988 & Madtes et al 1999 

Grade o f fibrosis: Masson’s Trichrome

0 Normal lung

1 Minimal thickening of alveolar or bronchiolar walls

2 Increased fibrosis. Definite damage to lung structures. 
Formation of fibrous (blue) bands or masses.

3 Severe distortion of structure and large fibrous (blue) areas.

4 Total fibrous (blue) distortion of the lobe

A field is one X200 field (may increase power to determine cell type).

Assess for each lobe o f both lungs.
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APPENDIX 3

Plasmids used in transfection studies 

pGL3-CMV-Iuc & pGL3-SV40-Iuc

Plasmid encoding encoding firefly luciferase subcloned in pGL3 backbone (Promega, 

Southampton, UK) with either the CMV promoter/enhancer (gift from O. Schwickerath) 

or SV40 promoter/enhancer and ampicillin resistance gene.

pCI-CMV-luc

Plasmid encoding firefly luciferase subcloned in pCI backbone with CMV 

promoter/enhancer and ampicillin resistance gene (Promega, UK).

pcIO-CMV-luc

Bicistronic pCI plasmid encoding firefly luciferase and adenoviral E4 open reading frame 

3 region both running off CMV promoter/enhancer utilising an internal ribosome site, 

contains the ampicillin resistance gene (gift from S.C. Hyde).

p A B ll

Plasmid containing Lac Z gene encoding bacterial p-galactosidase subcloned into a non

commercial backbone p A B ll containing a CMV promoter/enhancer and ampicillin 

resistance gene (Gift from J. Samulski).
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pEGFP

The EGFP gene encodes green fluorescent protein with CMV promoter/enhancer with 

karamycin resistance gene (Invitrogen, UK)

pcDNA3.1±hCOX-2

The hCOX-2 gene encodes human cyclooxygenase-2. Initially cloned into an old 

commercial vector, pCDNA, with a CMV promoter/enhancer (gift from Dr T Hla). 

pcDNAS.l vector, is an empty vector (Invitrogen, UK) with multiple cloning sites in both 

forward (+) and reverse (-) orientation. It has a CMV promoter/enhancer and SV40 polyA 

stop signal. hCOX-2 was subcloned into both pcDNA3.1+ and - vectors.

pcDNA3.1+TIS10

The TISIO gene encoding murine cyclooxygenase-2. Initially cloned into a pGEM7 

prokaryotic vector (gift from H.Herschman), then subcloned into pcDNA3+.

pcDNA3.1±CAT

The CAT gene encodes chloramphenicol acetyl transferase, supplied cloned into the 

pcDNA3.1± vectors (Invitrogen, UK).
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APPENDIX 4

Immunocompetent Escheria Coli used in transformation studies

JM109 (Invitrogen, UK) for pGEM7 vectors.

MC1061/P3 (Invitrogen, UK) for pCDNA vectors.

DH5a (Gibco, Paisley UK) for all other vectors.

APPENDIX 5

Restriction enzymes and enzyme buffers used

BamHI

Xhol

BamHI & Xhol

EcoRl

Xbal

EcoRl & Xbal

-Buffer BamHI (Buffer E, Promega, Southampton UK)

-Buffer Xhol

-Buffer BamHI

-Buffer EcoRl

-Buffer Xbal

-Buffer EcoRl

APPENDIX 6

Peptides used in transfection studies.

Peptide 1 [K],6-GACRGDMFGCA

Peptide 6 [K] 16-GACRRETAWACG

Scrambled peptide 6 [K] 16-GACATRWARECG
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APPENDIX 7

All experiments using commercially available luciferase plasmid DNA containing 

CMV promoter/enhancer within LID vector and analysed one day following 

instillation.

Species DNA concentration Plasmid Mixing Buffer n Luciferase activity (RLU/pgprotein)

method Median range mean SD

Rat 0.174 pGL3 Slow PBS 4 1.7 0-13.7 4.4 3.2

Rat 0.174 pGL3 Slow PBS 7 1.9 0-4.1 2.2 1.4

Rat 0.174 pGL3 Quick PBS 7 3.7 0-15.8 6.6 5.7

Rat 0.174 pCI Slow PBS 7 0.6 0-7.3 1.5 2.6

Rat 0.174 pCI Quick PBS 3 4.1 1.7-57.5 21.1 18.2

Rat 0.174 pCI Quick PBS 4 19.4 4.2-28.3 17.8 10.2

Rat 0.174 pCI Quick PBS 3 10.8 2.7-18.2 10.6 7.7

Mouse 0.16 pCI Slow PBS 8 6.7 0-30.2 11.5 12.2

Mouse 0.16 pCI Quick PBS 6 69.6 16.4-106.3 63 38.6

Mouse 0.16 pCI Quick PBS 3 35.4 3.2-219 86 117

Mouse 0.16 pCI Quick Water 8 2832 9.5-5433 2576 1734

Mouse 0.16 pCI Quick Water 3 640 472-1880 997 769

Mouse 0.16 pCI Quick Water 7 764 105-2587 994 835

Mouse 0.16 pCI Quick Water 5 1029 1.5-3023 2202 2541

Mouse 0.16 pCI Quick Water 7 1090 478-1899 1045 483

n= number of pairs of lungs available for analysis.
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An integrin-targeted non-viral vector for pulmonary 
gene therapy

RG Jenkins’, SE Herrick’, Q-H Meng^, C Kinnon^, GJ Laurent’, RJ McAnulty’ and SL Hart^
^Centre for Cardiopulmonary Biochemistry and Respiratory Medicine, Royal Free and University College Medical School, University 
College London, Rayne Institute, London; and ^Molecular Immunology Unit, Institute of Child Health, University College London, 
London, UK

Gene therapy offers potential for the treatment of severe res
piratory diseases. However, the vectors which are currently 
available have drawbacks limiting their therapeutic appli
cation. Here we report on an integrin-targeted, non-viral 
gene delivery system for pulmonary gene transfer. We dem
onstrate that this vector can deliver the lacZ reporter gene to 
the lung, transfecting bronchial epithelium and parenchymal

Keywords: integrin-targeting vector; gene therapy; lung

cells with similar efficiency to an adenoviral vector and with 
greater efficiency than a cationic liposome. In addition, vec
tor administration can be repeated leading to further gene 
expression without inducing inflammation. The advantages 
of this novel gene delivery system provide considerable 
potential for targeted gene therapy in vivo. Gene Therapy 
(2000) 7, 393-400.

Introduction
The lung possesses inherent advantages for gene therapy 
since it is easily accessible via the airways, offers a large 
surface area for transfection and reduces the risk of sys
temic side-effects. Gene therapy may lead to new treat
ment strategies for life-threatening respiratory diseases 
such as cystic fibrosis, lung cancer, asthma and pulm on
ary fibrosis. Clinical trials employing gene therapy for the 
respiratory manifestations of cystic fibrosis, while indi
cating the promise of these approaches, have highlighted 
the need to develop a safe, efficient vector system for res
piratory gene therapy to achieve its full potential.’'^

Recombinant viral vectors, such as adenovirus or 
adeno-associated virus (AAV), are highly efficient but 
have limitations associated with their biological proper
ties. Adenoviral vectors transduce pulmonary cells 
efficiently, although they also induce non-specific 
inflammatory and specific anti-viral immune responses,'^'^ 
limiting gene expression.^ AAV has potential for long
term gene expression,^ as it may integrate into the host 
genome, but it has a limited packaging capacity® and is 
difficult to prepare in high titres. Efforts are being made 
to overcome the inflammation and immunogenicity asso
ciated with viral vectors but the limited packaging 
capacity may be less tractable.

Non-viral vectors, based on polycation /  DNA com
plexes, provide an attractive alternative to recombinant 
viral vectors since they are non-pathogenic, are less 
immunogenic, less restricted by the amount of DNA that

C o rre sp o n d en ce : R G  J en k in s , C e n tr e  fo r  C a r d io p u lm o n a r y  B io c h e m is tr y  
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can be packaged and simple to prepare and use.® Cationic 
liposomes are clinically well tolerated with few side- 
effects but have relatively poor in vivo transfection 
efficiency.^'’”'”  Vectors that combine the safety para
meters of non-viral vectors with the transfection 
efficiency of viral vectors would be desirable.

One approach to enhance the transfection efficiency of 
non-viral vectors is to incorporate targeting elements that 
bind efficiently to cell-surface receptors’ ”̂”  including 
integrins.’^’  ̂ Integrins are heterodimeric cell surface 
glycoproteins consisting of a  and 3 subunits which are 
expressed on many cells including airway fibroblasts, 
epithelial cells and myeloid cell lines.”" Their physiologi
cal functions relate to cell-cell and cell-matrix interac
tions. However, binding of cell surface integrins is also 
exploited by a number of pathogenic organisms includ
ing Yersinia pseudotuberculosis,^^ adenovirus’® and echo- 
virus^” to promote cellular internalisation. This mech
anism of cell entry has been exploited in the development 
of a novel family of integrin-targeted non-viral vec- 
tors.’  ̂’  ̂ These vectors consist of a cationic liposome (L), 
an integrin-binding peptide (I) with a sixteen-lysine tail, 
and plasmid DNA (D), which combine electrostatically 
to form the LID vector complex.^’ These integrin-binding 
vectors efficiently transfect a number of cell types in vitro 
but have not been assessed previously in vivo.

The aim of this study was to assess the potential of the 
LID vector system for gene therapy of respiratory dis
eases. We demonstrate using luciferase and (3-galacto- 
sidase reporter genes that the LID vector efficiently trans
fects cells in the lungs of rats with a degree of integrin 
targeted specificity. Furthermore, we show that the trans
fection efficiency of the LID complex is similar to that of 
an adenoviral vector and greater than that of the cationic 
liposome DOTAP. Following repeat administration of the 
|3-galactosidase reporter gene with the LID complex.
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394 transfection efficiency was at least that achieved with the 
initial dose. There was no evidence of an inflammatory 
response associated with LID administration, even after 
the repeat dose, whereas the adenoviral vector caused 
pneumonitis. These data demonstrate that the LID vector 
has considerable potential for pulmonary gene therapy.

Results
Histological localisation of reporter gene expression 
Lungs were instilled with LID or DOTAP vectors, pre
pared with 50 |jLg of plasmid (pABll) or 5 x 10” p.f.u. 
of adenoviral vector (AdSlacZ) and analysed for nuclear 
localised (3-galactosidase staining 24 h later. Histological 
sections of LID transfected lungs revealed widespread (3- 
galactosidase activity in airway epithelium and paren
chymal cells (Figure la) whereas staining was absent 
from sections of lung transfected with a control plasmid 
(Figure lb). A similar proportion of animals instilled with 
the LID, adenoviral and DOTAP vectors (75%, 75% and

B
V

V

67%, respectively) demonstrated evidence of (3-galacto- 
sidase expression. In animals showing evidence of trans
fection, following LID and adenoviral vector instillation 
there was evidence of bronchial transfection in all ani
mals, however only a third of DOTAP transfected ani
mals demonstrated measurable bronchial transfection. 
Semi-quantitative assessment of the bronchi and paren
chyma showed no difference in transfection efficiency (ie 
the proportion of cells stained per bronchus or parenchy
mal field) in sections of lung instilled with LID or adeno
viral vectors with up to 50% of epithelial cells transfected 
in a given bronchi (Figure 2a and b; Figure 3a, b, d, e, 
f and j). Transfection efficiency of DOTAP in bronchial 
epithelium and parenchyma (Figure 3 g, h and i) was sig
nificantly lower than that of the LID vector (Figure 2a 
and b). Following LID vector transfection, parenchymal 
staining (Figure 3c) was predominantly associated with 
macrophages (Figure 3k), but was also apparent in 
pneumocytes and interstitial cells (Figure 31).

Duration of reporter gene activity
The duration of luciferase and |3-galactosidase reporter 
gene activity was assessed following LID vector transfec
tion. Median values of luciferase activity, in whole lung 
lysates, were similar at days 1 and 3 (Figure 4). Luciferase 
activity declined thereafter, and by 7 days was similar to 
control values. In contrast, (3-galactosidase activity was 
still evident in the lungs 7 days following transfection 
(Figures 5 and 6). The number of parenchymal cells and 
the percentage of bronchial cells exhibiting (3-galacto-
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sidase activity were similar at days 1 and 7 (Figure 5a 
and b). However, the intensity of staining, especially in 
the bronchial epithelium, appeared lower at day 7 than 
at day 1 (Figure 6).

A ssessm ent of repeated gene administration with LID 
vector
To assess the utility of the LID vector for repeated gene 
delivery the lacZ gene was re-administered 7 days after

the first instillation and the lungs were assessed histologi
cally for p-galactosidase activity 1 day later. There was a 
doubling in the number of cells expressing (3-galacto- 
sidase, in both bronchial epithelium and parenchyma, fol
lowing repeated administration of the LID vector, when 
compared with sections from lungs which had received 
only a single administration (Figure 5a-b). Furthermore, 
following the second administration of the LID \’ector, up 
to 90% of epithelial cells in some bronchi were transfected
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(Figure 6c). The staining following re-administration of 
LID complexes was also more intense than that seen at 
day 7 but similar to day 1 (Figure 6a-c).

A ssessm ent of inflammation following LID vector 
transfection
Inflammatory responses were assessed following initial 
and repeated instillation of the LID vector or following 
a single adenoviral instillation (Figure 7). None of the ani
mals instilled with the LID vector showed any inflam
matory cell accumulation or disruption of alveolar archi
tecture after administration of the LID vector, assessed at 
1 day and 7 days following initial instillation or 1 day 
following repeated instillation. However, animals treated 
with an adenoviral vector developed a profound 
inflammatory cell infiltrate, consisting of macrophages, 
neutrophils and lymphocytes, with interstitial thickening 
and alveolar exudation, consistent with an acute

Gene Therapy



Integrin-targeted vector for pulmonary g en e  therapy
RG Jen k in s  e t  al m

%

I

C
'S
2
c.
tjij
c
D
hJ

3

20
p < 0.05

15

5

-V-
0

LID LSD

397

V e c to r  c o m p le x

F ig u r e  S C o u tp a riso ii o f  lu c ifen iee  n c tiv i t i /  1 d a y  fo llo ie iu g  tra iis fe c tio ii  
u 'itli co iu p lex es  c o } i ta ii i i i ig  ii i tc g r ii i  ta rg e te d  (L ID ) o r  sc ra iid d e d  p e p tid e s  
(L S D ). Each p o in t  r e p r e se n ts  th e  lu c ifera se  a c t i v i t y  in  u 'ho le lu n g  ly s a te s  
from  each a n im a l a n d  th e  h o r iz o n ta l ba rs  re p r e se id  th e  m ed ia n  v a lu e  for  
th e  g r o u p .

#

F ig u r e  7  P a re n c h y m a l s e c tio n s  i l ln s tr a t in g  (a ) n o rm a l a lve o la r  a rc h ite c 
tu r e  fo lk n o in g  a rep ea ted  in s t i l la t io n  o f th e  L ID  ve c to r ; a n d  (b ) p n e u m o 
n it is  fo llo zo in g  s in g le  i} ts t i l la tio n  o f  a d en o v ir a l v e c to r . O r ig in a l m a g n ifi
c a tio n  x4(X).

inflammatory pneumonitis (Figure 7) 1 day following a 
single instillation.

Targeting specificity of LID vector
To determine whether LID vector transfection was inte
grin specific, animals were instilled with either the LID 
complex or an LSD complex, containing the scrambled 
peptide (S), which has no known integrin binding 
capacity. The luciferase gene was used in both complexes 
and activity was assessed in whole lung lysates 1 day 
following instillation of the complexes. The median 
luciferase activity following LID vector transfection was 
three-fold higher than that for lungs transfected with the 
LSD vector (Hgure 8).

Discussion
We have demonstrated that a non-viral vector system, 
based on integrin-targeting peptides and a cationic lipo
some, transfects bronchial and alveolar cells in vivo with 
high efficiency. We compared the transfection efficiency 
of the LID vector with DOTAP and a low titre of aden
ovirus, as both have been assessed in clinical trials for

cystic f i b r o s i s . T h e  transfection efficiency of the LID 
vector, as determined by the number of cells expressing 
the transgene, was greater than DOTAP and rivals that of 
an adenovirus, but with a greatly reduced inflammatory 
response. Whilst these experiments are not exhaustive 
comparisons of the LID vector with either adenoviral or 
liposomal vectors under individually optimised con
ditions, our data indicate that the LID vector may per
form better, with regard to transfection efficiency and 
inflammatory potential, than either of the other two vec
tors. The LID system, therefore, has considerable poten
tial for respiratory gene therapy.

We have shown that the LID vector induced gene 
expression with complexes containing as little as 50 gg 
of DNA. In comparison, in a study which assessed intra
tracheal delivery in rats by cationic liposomes, 4 mg of 
plasmid DNA encoding fl-galactosidase was required to 
achieve levels of reporter gene activity similar to the LID 
vector with only 50 gg of p la sm id .S tu d ie s  that have 
assessed liposomal delivery of reporter genes in mice 
have also required large doses of DNA to obtain demon
strable transgene e x p r e s s i o n . T h e  efficiency of trans
fection achieved in the lung by the LID vector with com
paratively small amounts of DNA is a significant 
advantage over current non-viral vector systems.

Histological assessment following adenoviral adminis
tration demonstrated acute pneumonitis 1 day following 
instillation. This acute inflammation is a known draw
back of adenoviral vectors,^^-^ and it has been demon
strated that this response peaks in the lung 1 day follow
ing adenoviral gene d e liv e ry .P ep tid es , unmethylated 
plasmid CpG motifs^" and transgene products all have 
the potential to induce an immune response.^' Therefore, 
inflammation following LID vector administration was
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398 assessed after 1 and 7 days. There was no evidence of 
inflammation associated with the use of the LID vector 
in the lung, either after initial transfection or repeated 
administration of the same complex 7 days later. Follow
ing repeat delivery of the LID vector, containing the lacZ 
gene, the increase in (3-galactosidase activity was at least 
equivalent to that of the initial transfection; suggesting 
that any immune response induced was not sufficient to 
attenuate gene expression on the second administration, 
as occurs with adenoviral vectors.^^ Further assessment 
of the LID vector's immunogenic potential is required but 
the absence of inflammation after two successive instil
lations of the LID vector is encouraging and suggests that 
repeated administration may be possible to maintain 
long-term gene expression.

Luciferase gene expression in LlD-transfected lungs 
was sustained for at least 3 days following transfection 
but was not detectable by 7 days. This is consistent with 
previous studies using non-viral systems to assess the 
duration of reporter gene expression in the lung.^ '̂^  ̂ In 
contrast, p-galactosidase activity was still detectable 7 
days following transfection. Luciferase has a short in vivo 
half-life of approximately 2 h,^  ̂whereas (3-galactosidase 
has a longer half-life of about 48 ĥ  ̂ which probably 
accounts for the apparent difference in duration of 
gene expression.

Previous in vitro data indicate that transfection by the 
LID vector is dependent on both the integrin-targeting 
and cationic properties of the peptides, whilst the liposo
mal element probably enhances expression by reducing 
endosomal degradation.^’ To assess integrin specificity of 
transfection in vivo, the activity of the LID vector was 
compared with the LSD complex. The median luciferase 
activity with the LID vector was three times greater than 
with the LSD vector suggesting that the LID vector is act
ing, at least partly, via integrin-mediated mechanisms. 
Gene transfer by non-viral systems relies in part on their 
physical characteristics,’  ̂and both the LID and LSD com
plexes have similar positive charge and size character
istics, which may account for the residual activity of the 
LSD complex.

In conclusion, these results indicate that the LID vector 
may provide an alternative to currently available gene 
delivery strategies in vivo. It is highly efficient and can 
be re-administered without diminution of transgene 
expression or apparent toxicity. These features provide 
advantages over currently available vectors, which could 
prove beneficial in the treatment of diseases such as cys
tic fibrosis, asthma, pulmonary fibrosis and non-small 
cell lung cancer. The success of gene therapy with non- 
viral vectors will depend upon efficient delivery targeted 
to appropriate sites and being able to repeat this for the 
duration of the illness without significant adverse effects. 
The LID vector has the potential to achieve these require
ments and may provide an alternative to current gene 
delivery systems.

Materials and methods
Vector preparation
The aSpi specific peptide (1), [KJig-GACRRETAWACG 
and the scrambled peptide (S), [Kljg-GACATRWARECG 
were synthesised by Zinsser Analytic (Maidenhead, UK). 
Peptides were dissolved in phosphate buffered saline

(PBS) at a concentration of 1 m g/m l and cyclised by the 
formation of intermolecular disulphide bridges between 
cystine residues by exposure to air overnight. Plasmid 
DNA was dissolved in distilled water at 1 m g/m l while 
lipofectin (Gene Medicine, Texas, USA) was provided at 
1 mg/ml. The components of the LID complex: lipofectin 
(L), peptide (1) and DNA (D) were mixed in an optimised 
weight ratio of 0.75:4:1, respectively.^’ Lipofectin was 
mixed with the peptide and the resulting mixture added 
to the plasmid DNA. The volume of total LID complex 
instilled into each animal was 287.5 jjul containing 5() |xg 
of plasmid DNA.

The cationic liposome, DOTAP, (N-[l-(2,3-Dioleoyloxy) 
propyl]-N,N,N-trimethylainmonium methylsulphate; Boehr- 
inger Mannheim, Lewes, UK) was complexed with 50 p,g 
of plasmid DNA in a 5:1 (vol:wt) ratio. All complexes 
were prepared on the day of transfection.

Recombinant adenovirus serotype 5 carrying the 
nuclear localising lacZ gene with a cytomegalovirus 
immediate/early promoter inserted in the El-deleted 
region (Ad5CMVlac Z) was prepared as described 
previously.^^

Plasmid DNA
The plasmid pABll contains a nuclear localising |3- 
galactosidase reporter gene lacZ (gift from J Samulski, 
Gene Therapy Center, Department of Pharmacology, 
University of North Carolina at Chapel Hill, NC, USA) 
while pGL3 contains the luciferase gene (gift from O 
Schwickerath, Institute of Child Health, University Col
lege London, London, UK) both driven by the cytomega
lovirus (CMV) immediate/early promoter-enhancer. A 
plasmid containing the human growth hormone gene 
was used in control transfections. Plasmid DNA was 
grown in Escherichia coli DH5a and purified, after bac
terial alkaline lysis, on resin columns (Qiagen, Crawley, 
UK). Isopropanol-predpitated DNA pellets were washed 
with 70% ethanol then dissolved in water at 1 mg/ml.

Animals
Male Lewis rats at 4-5 weeks of age (Harlan, UK) were 
anaesthetised by intramuscular injection of 40 |xl hyp- 
norm (fentanyl citrate 0.315 m g/m l and fluanisone 10 
mg/ml; Janssen Animal Health, High Wycombe, UK). 
The trachea was exposed by ventral incision and can- 
nulated. All animals received a single dose of LID, 
DOTAP, or adenoviral vector instilled intratracheally 
over several minutes before wound closure. At least three 
animals per group were assessed for histological analysis 
and seven animals per group for biochemical analysis.

Histologicai assessment of fi-gaiactosidase activity 
The staining protocol for (3-galactosidase was based on 
previously described methods Briefly 1, 7 or 8 days 
after vector instillation the animals were killed with pen
tobarbitone sodium (200 mg/ml; Sanofi Animal Health, 
Watford, UK). Following laparotomy and exsanguin
ation, the lungs were perfused initially with ice-cold hep- 
arinised PBS and then freshly prepared ice-cold fixative 
(4% paraformaldehyde and 0.2% glutaraldehyde) via the 
vena cava. Lungs were also fixed by intratracheal instil
lation of fixative at a pressure of 20 cm H2O for 15 min. 
The fixative was then removed with three PBS washes 
before instillation of X-gal staining solution (5 m M  
KgFefCN)^, 5 m M  K^FefCNfg' BHgO and 0.2 m M  MgClz in
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Tris pH 8.0) containing 1 m g/m l X-gal (5-bromo-4- 
chloro-3-indolyl-|3-D-galactopyranoside; Melford Labora
tories, Ipswich, UK) dissolved in N-N-dimethylformam- 
ide (Sigma, Poole, UK). The heart and lungs were 
removed en bloc and immersed in X-gal staining solution. 
In order to minimise background staining the lungs were 
incubated at 37°C for 6 h in Tris buffer at pH 8.^ After 
further immersion in fixative overnight at 4°C, lungs 
were transferred to 15% sucrose in PBS before dehy
dration in alcohols and embedding in paraffin wax. 
Transverse and longitudinal sections, 5 |xm thick, were 
cut and lightly counter-stained with 0.1% eosin. Adjacent 
sections were stained with haematoxylin and eosin for 
assessment of inflammation.

Histological scoring of ^-galactosidase activity 
Following initial experiments with methylene blue dye 
instillation it was determined that delivery of the 
instillate was patchy and variable. Therefore, to deter
mine the relative transfection efficiency in the absence of 
potential delivery bias, histological sections (from all 
treatment groups) were examined only in regions where 
there was evidence of transfection. The percentage of (3- 
galactosidase positive epithelial cells within a bronchus 
and the number of (3-galactosidase positive cells within a 
high power field (hpf) (x200) of parenchymal tissue were 
scored by three independent observers. Seven sections, 
three from the left lung and four from the right lung were 
analysed from each animal. Data from five bronchi and 
five parenchymal fields per lung were obtained. The per
centage of epithelial cells/bronchus or number of paren
chymal cells/hpf was calculated for each lung. The mean 
value for each group was calculated. All sections were 
assessed without knowledge of the treatment.

Biochemical assessm ent of luciferase activity 
One, 3 and 7 days following intratracheal instillation the 
rats were killed as described above and the lungs per
fused via the inferior vena cava with heparinised PBS 
until free of blood. The lungs were removed and blotted 
dry before snap freezing in liquid nitrogen. Cell lysis 
buffer (Promega, Southampton, UK) was added to each 
lung (4 jjul/mg). The tissue was then homogenised twice 
on ice, for 30 s each (Polytron PT10-35, Philip Harris, 
Nottingham, UK). Lung homogenates were centrifuged 
at 10000 g at 4°C for 10 min, then 20 |xl of the supernatant 
was added to 100 |xl luciferase assay buffer (Promega) 
and luminescence measured in a luminometer (TD- 
20/20; Steptech Instruments, Stevenage, UK). All results 
were repeated in triplicate and the mean calculated. The 
total protein concentration in the lysate was measured 
using previously described methods'‘° (BioRad, Hemel 
Hempstead, UK) using bovine serum albumin as a stan
dard. Luciferase activity was expressed in relative light 
units (RLU) for each sample of lung lysate minus the 
background and normalised per milligramme of protein. 
It was established from luciferase standards (Boehringer 
Mannheim) that 1 RLU is equivalent to approximately 10 
femtograms of luciferase.

Statisticai analysis
Data obtained from histological scoring of |3-galacto- 
sidase staining was normally distributed, and differences 
between groups were assessed using a Student's t test. 
The mean ± standard error of the mean are shown.

Luciferase activity, assessed biochemically in whole lung 
lysates, was not normally distributed. The data are there
fore shown as the median and range of values and differ
ences between groups assessed using the Mann-Whitney 
U test. In all cases a P value <0.05 was considered 
significant.
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Cyclooxygenase-2 Deficiency Results in a Loss of 
the Anti-Proliferative Response to Transforming 
Growth Factor-jg in Human Fibrotic Lung Fibroblasts 
and Promotes Bleomycin-Induced Pulmonary 
Fibrosis in Mice

C arm el B. Keerthisingam,* R. Gisli Jenkins,* 
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Prostaglandin (PGEg) inhibits fibroblast prolifera
tion  and collagen production. Its synthesis by fibro
blasts is induced by profibrotic mediators including 
transform ing growth factor (TGF)-/3i. However, in pa
tients w ith pulm onary fibrosis, PGE  ̂ levels are de
creased. In this study we exam ined the effect o f 
TGF-/3j on  PGE  ̂ synthesis, proliferation, collagen  
production, and cyclooxygenase (COX) mRNA levels 
in  fibroblasts derived from  fibrotic and nonfibrotic 
human lung. In addition, w e exam ined the effect o f 
bleom ycin induced pulm onary fibrosis in  COX 2 de 
ficient m ice. We dem onstrate that basal and TGF-/3j- 
induced PGE  ̂synthesis is lim ited in  fibroblasts from  
fibrotic lung. Functionally, this correlates w ith a loss 
o f the anti proliferative response to TGF-/3i. This fail
ure to induce PGE  ̂synthesis is because o f an inability 
to up regulate COX-2 mRNA levels in  these fibroblasts. 
Furtherm ore, m ice deficient in  COX-2 exhibit an en
hanced response to bleom ycin. We conclude that a 
decreased capacity to up regulate COX-2 expression  
and COX 2 derived PGE  ̂synthesis in  the presence o f 
increasing levels o f profibrotic m ediators such as 
TGF-/3i may lead to unopposed fibroblast prolifera
tion  and collagen synthesis and contribute to the 
pathogenesis o f pulm onary fibrosis. (Am J  Pathol 
2001, 158:1411-1422)

Pulmonary fibrosis is characterized by inflammatory cell 
infiltration, fibroblast proliferation, and excess deposition 
of extracellular matrix proteins including collagen in the 
lung parenchyma. This results in the loss of normal alve
olar structure and impaired lung function. The disease 
can occur as an isolated pulmonary disorder in response 
to known or unknown causes’’ and in association with 
connective tissue disorders such as systemic sclerosiŝ 
and rheumatoid arthritis.’̂ The pathogenesis of pulmo
nary fibrosis is incompletely understood. However, fibro
blast proliferation and collagen synthesis are known to be 
regulated, at least in part, by a complex interaction be
tween stimulatory and inhibitory mediators."* Several stim
ulatory mediators including transforming growth factor 
(TGF)-/3i, platelet-derived growth factor (PDGF), insulin
like growth factor-1, and thrombin as well as inhibitory 
mediators such as interferon, glucocorticoids, epidermal 
growth factor, and prostaglandin E (PGE)g have been 
suggested to play a role in the pathogenesis of pulmo
nary fibrosis."*

PGEg is a potent inhibitor of fibroblast proliferation̂'® 
and collagen synthesis.̂ '® It is normally present in the 
lung at much higher concentrations than in plasma® and 
is the major eicosanoid product of fibroblasts.To
gether, this suggests that PGEg may play an important 
role in maintaining normal lung extracellular matrix ho
meostasis. In addition, a number of pro-inflammatory me
diators such as TGF-/3i, interleukin (IL)-1/3, tumor necro
sis factor-a, and PDGF induce fibroblasts to synthesize 
PGEg.®'*̂ -'®

In pulmonary fibrosis, levels of TGF-]8 and other profi
brotic mediators that induce synthesis of PGEg are ele
vated.Despite this, PGEg levels in bronchoalveolar 
lavage fluid from patients with idiopathic pulmonary fibro-
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sis have been shown to be 50% lower than in normal 
individuals.''® In addition, fibroblasts cultured from pa
tients with idiopathic pulmonary fibrosis fail to induce 
PGEg synthesis on stimulation with IL-1/3, tumor necrosis 
factor-a, or lipopolysaccharide because of aberrant ex
pression of the inducible cyclooxygenase (C0X)-2 en
zyme, the rate-limiting enzyme in prostanoid biosynthe- 
siŝ®'̂"" but the functional effects of this have not been 
investigated. Furthermore, mice deficient in COX-2 ex
hibit fibroproliferative disorders of the heart and kid- 
neyŝ '̂̂® but there is no data on the fibroproliferative 
response in the lungs of these animals.

Evidence suggests that TGF-/3i plays a key role in the 
pathogenesis of pulmonary fibrosis. It is a potent stimu
lator of collagen synthesis and regulator of fibroblast 
proliferation.® TGF-/3i levels are increased in pa
tients with pulmonary fibrosis''and in the lungs of 
animals with experimentally-induced pulmonary fibro- 
sis.̂  ̂TGF-jSi has been localized to sites of extracellular 
matrix gene expression̂® and increased mRNA expres
sion of TGF-j8i has been reported after bleomycin-in
duced lung injury.Subcutaneous injection of TGF-j3i 
induces granulation tissue formation̂® and adenoviral 
transfer of a gene construct that expresses active 
to rat lung results in a severe and sustained fibrotic 
response.̂® Inhibition of TGF-/3i limits the fibroprolifera
tive response in animal models.®®"®® In addition, we have 
shown that in lung fibroblasts, TGF-j3i stimulates auto
crine synthesis of PGEg that is responsible for the anti
proliferative effects of TGF-/3i® and limits its stimulation of 
collagen synthesis.''®

In this study we investigated the effects of TGF-jŜ on 
PGEg synthesis, proliferation, and collagen production by 
lung fibroblasts isolated from human fibrotic and nonfi
brotic lung. In addition, we have assessed the role of 
COX-1 and COX-2 in mediating the effects of TGF-j3i on 
fibroblast PGEg synthesis by Northern analysis and using 
selective COX inhibitors. We have also performed in vivo 
experiments examining the effect of bleomycin-induced 
pulmonary fibrosis in COX-2-deficient mice. We provide 
evidence, for the first time, to demonstrate that fibroblasts 
from patients with pulmonary fibrosis have a limited ca
pacity to up-regulate PGEg synthesis in response to 
TGF-^1 and that in control fibroblasts this response is 
mediated via COX-2. The lack of stimulation of PGEg 
synthesis by the fibroblasts derived from fibrotic lung 
correlates with a loss of the anti-proliferative response to 
TGF-gi. We also demonstrate that mice deficient in 
COX-2 are more susceptible to bleomycin-induced lung 
injury.

Materials and Methods

Fibroblast Cell Lines
Thirty-five lung fibroblast cell lines were studied. The 
fibrosis group consisted of 17 cell lines derived from 
patients with pulmonary fibrosis (idiopathic pulmonary 
fibrosis, n = 9; systemic sclerosis, n = 7). All biopsies 
from which cell lines were derived showed histological

evidence of pulmonary fibrosis. In addition one cell line 
(CCL-134) established from a patient with idiopathic pul
monary fibrosis was obtained from the American Type 
Culture Collection (ATCC, Rockville, MD). The control 
group consisted of 18 cell lines that were established 
from lung tissue derived from various sources. Thirteen 
were biopsy samples from patients undergoing lung re
section for localized tumor. Tissue was taken from areas 
of macroscopically normal lung parenchyma, distal to 
any tumor mass. Two cell lines were established from 
patients who died of non-lung related causes. In addition 
to these, another three human lung fibroblast cell lines 
were obtained from the ATCC (CCI-201, CCI-204, and 
CCL-200).

Isolation and Culture of Lung Fibroblasts
Fibroblast cell lines were established from explant cul
tures.®'* Briefly, lung tissue biopsies were cut into 1-mm® 
fragments and placed - 1 0  mm apart on the surface of 
culture dishes with Dulbecco’s modified Eagle’s medium 
(Life Technologies, Paisley, UK) supplemented with 10% 
(v/v) newborn calf serum (Imperial Laboratories, An
dover, UK), penicillin (100 U/ml), streptomycin (100 ixgl 
ml), and 2.5 jug/ml amphotericin B (all from Life Technol
ogies, Paisley, UK). Fibroblasts were observed growing 
out of the tissue fragments after 6 to 8 days, developing 
into a near confluent monolayer of cells after 3 to 4 weeks. 
Experiments were conducted on cells between passages 
3 and 17. Fibroblast cell lines were characterized immu- 
nohistochemically to confirm their purity. Staining with 
antibodies to cytokeratin, von Willebrand factor, and 
desmin was negative, indicating that the cultures did not 
contain significant numbers of epithelial, mésothélial, en
dothelial, or smooth muscle cells. Greater than 95% of the 
cells stained positively for vimentin, and between 20 and 
30% of the cells were also positive for a-smooth muscle 
actin, confirming the fibroblast/myofibroblast phenotype 
of the cell lines.

Measurement of Fibroblast Proliferation
Cell proliferation was assessed using either a spectro- 
photometric assay based on the uptake and subsequent 
elution of methylene blue as described previously® or by 
measuring the incorporation of ®H-thymidine into DNA. 
Briefly, 96-well microtiter plates were seeded with 6 x 
10® cells/well in Dulbecco’s modified Eagle’s medium 
containing 0.4% newborn calf serum. After a 24-hour 
preincubation, serum-free media was added containing 
TGF-j3i (R&D Systems Europe Ltd., Oxon, UK) at con
centrations between 0 and 640 pg/ml. The final concen
tration of newborn calf serum in the media was 0.2% (v/v). 
Changes in cell number were assessed 72 hours later. 
Results were expressed aŝpercentage change in mean 
absorbance compared with cells exposed to medium 
alone. To measure thymidine incorporation, [®Fi]-thymi- 
dine (Amersham, Buckinghamshire, UK) was added to 
each well to give a final concentration of 37 KBq/well.
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Changes in DNA synthesis were assessed at various 
times up to 72 hours. Thymidine incorporated into DNA 
was harvested onto glass fiber filters (ION Flow, Oxford
shire, UK), radioactivity measured, and values expressed 
as percentage change in mean disintegrations per min 
(dpm) as compared to cells exposed to medium alone. In 
experiments to block PGEg synthesis, indomethacin at a 
final concentration of 1 ĝ/ml (Sigma, Poole, England) 
was added to the cells 30 minutes before the addition of

Measurement of Hydroxyproline
Hydroxyproline was measured as an index of fibroblast 
procollagen production using previously described 
methods.’’̂ Cells were grown to confluence in 2.4-cm 
diameter wells in Dulbecco’s modified Eagle’s medium 
supplemented with 5% newborn calf serum. Once con
fluent, cells were incubated for a further 24 hours. The 
media was removed and replaced with 1 ml of preincu
bation medium containing 4 mmol/L glutamine, 50 /Ltg/ml 
ascorbic acid (Sigma), 0.2 mmol/L proline (Sigma), and 
0.4% newborn calf serum (v/v) and incubated for 24 
hours. The media was then replaced with either 0.5 ml of 
fresh preincubation medium alone or preincubation me
dia containing indomethacin (1 pg/ml) and incubated for 
30 minutes. Finally 0.5 ml of media or media containing 
TGF-jS-i (1 ng/ml final concentration) was added and 
incubated for 24 hours before harvesting. Parallel sets of 
plates were seeded and treated in the same way to 
determine cell number. To assess procollagen produc
tion, the cell layer and medium were combined and pro
teins precipitated in 67% (v/v) ethanol at 4°C overnight. 
The precipitated proteins were recovered by vacuum 
filtration onto polyvinylidene difluoride filters (pore size, 
0.45 pm\ Millipore Ltd., Watford, UK) and hydrolyzed in 2 
ml of 6 mol/L HCl at 110°C overnight. Hydroxyproline was 
isolated and quantified by reverse-phase high-pressure 
liquid chromatography of 7-chloro-4-nitrobenzo-2-oxa- 
1,3-diazole (NBD-Ci)-derivatized hydrolysates as de
scribed previously.Values were corrected for the 
amount of hydroxyproline present in the cell layer and 
culture medium at the start of the incubation period as 
well as cell number and expressed either as pmol of 
hydroxyproline/10  ̂cells/hour or as a percentage in
crease greater than basal procollagen production.

Measurement of PGE^ Synthesis
PGEg was measured in the medium from cells cultured in 
the same way as described for the determination of pro
collagen production. In addition to indomethacin, cells 
were also preincubated with the COX-2 selective inhibi
tor; NS-398 (Biomol Research Labs; Plymouth, UK) at a 
final concentration of 5 pg/m\^^ or the COX-1 preferential 
inhibitor, piroxicam (Sigma) at a final concentration of 2.5 
ng/ml̂® Cells were exposed to the selective and nonse- 
lective inhibitors for 30 minutes before the addition of 
TGF-|3i (1 ng/ml) or preincubation medium. After a further 
24-hour incubation period, PGÊ was measured using a

specific enzyme immunoassay (Amersham, Bucks, UK). 
Results were expressed as pg of PGEg per 10̂ cells or 
per ml of media.

RNA Extraction and Analysis
Cells were seeded into 10-cm Petri dishes at a concen
tration of 5 X 10̂ cells/dish and treated in an identical 
manner to those cultures used for the procollagen assay. 
Cells were exposed to TGF-/3i (1 ng/ml) for various times 
up to 24 hours. Total RNA was extracted from the cells 
using Trizol reagent (Life Technologies, Paisley, UK) in 
accordance with the manufacturer’s instructions. Five to 
10 pQ of RNA was fractionated by electrophoresis 
through a 1% (w/v) agarose/formaldehyde gel, trans
ferred to a nylon membrane (Hybond N, Amersham, 
Bucks, UK) by Northern transfer, and fixed by UV 
crosslinking. To assess COX-1 and COX-2 mRNA levels, 
membranes were hybridized with a [̂ P̂]dCTP-labeled 
human cDNA probe for COX-1 (Biogenesis, Poole, UK), 
or a [̂ P̂]dCTP-labeled human cDNA probe for COX-2 
(kindly donated by T. Hla, Dept, of Molecular Biology, 
Holland Lab, American Red Cross, Rockville, MD). mRNA 
levels were quantitated by densitometric laser scanning.

Animals
C0X-24-/-F (wild-type, strain SV129/C57BL/6 F2) and 
COX-2-deficient mice (COX-2-/-, obtained from the 
Jackson Laboratory Bar Harbor, ME (stock numbers 
101045 and 002476), aged 6 weeks received a single 
intratracheal instillation of saline (0.9%) or saline contain
ing bleomycin sulfate (1 mg/kg body weight) in a volume 
of 50 jLtI and were killed after 14 days by pentobarbitone 
overdose. Lungs were harvested from between four and 
six mice of each genotype for histological analysis. The 
vasculature was perfused with heparinized phosphate- 
buffered saline (PBS) and the lungs fixed by intratracheal 
instillation of freshly prepared 4% paraformaldehyde in 
PBS at a pressure of 25 cm HgO. The trachea was ligated 
just caudal to the larynx and the thoracic contents were 
removed and immersed in fixative overnight, transferred 
to 15% sucrose in PBS before dehydrating and embed
ding in paraffin wax. Sections (5 pm) were cut and 
stained with Masson’s trichrome. The extent of fibrosis 
was scored in a blinded manner by three independent 
observers based on a previously described method. 
Each lung lobe was scored on a scale of 0 to 4 and a 
mean derived from the five lobe scores for each individ
ual mouse.

Statistical Analysis
For comparisons between patient groups, data were ex
pressed as the median (range) and statistical differences 
were determined using the Mann-Whitney L/test. To com
pare the effects of TGF-jŜ, indomethacin, and the COX 
selective inhibitors on individual cell lines, data were 
expressed as the mean ± SEM and statistical differences 
were evaluated using the Student’s two-tailed unpaired
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f-test for single group comparisons and Newman-Keuls 
one-way analysis of variance (analysis of variance) for 
multiple group comparisons. Fibrosis scores were evalu
ated by calculating the mean ± SEM, followed by single 
comparisons between individual treatment groups using 
the Student’s two-tailed unpaired Mest. Data were con
sidered to be statistically significant when P < 0.05.

Results

Basal and TGF-^.,-lnduced PGE2 Synthesis by 
Fibroblasts
Analysis of the nonfibrotic lung fibroblast cell lines sug
gested that these fell into two distinct phenotypic groups 
in terms of their PGEg production, basally and in re
sponse to TGF-j3i, as well as their functional responses to 
TGF-01 (see below). The groups consisted of those cell 
lines that produced PGEg basally that was further stimu
lated by incubation with TGF-j3i, and those that produced 
little or no PGEg basally and that were not stimulated 
further by TGF-/3i. We therefore divided this group on the 
basis of basal and TGF-̂ i-induced PGEg production. 
Group II {n = 4) consisted of cell lines isolated from 
nonfibrotic lung where basal PGEg production was lower 
than the highest level produced by cell lines derived from 
fibrotic lung and was not stimulated by incubation with 
TGF-/3i. Group I (n = 6) contained all other cell lines 
derived from nonfibrotic lung and group III (n = 6) con
tained the cell lines derived from fibrotic lung. Basal and 
TGF-/3i-induced PGÊ levels for cell lines in the three 
groups are shown in Figure 1. Under basal conditions, 
levels of PGE2 synthesis in group I ranged from 30 to 
2,176 pg/10̂ cells (median, 321 pg/10̂ cells) and 
TGF-/3i (1 ng/ml) enhanced this further by up to 16-fold 
(median, 798 pg/10̂ cells; range, 446 to 3,077 pg/10̂ 
cells). Basal levels of PGEg synthesis by group II cell lines 
ranged from 10 to 26 pg/10  ̂cells (median, 12 pg/10  ̂
cells) and treatment with TGF-jĝ had no effect (median, 
29 pg/10̂ cells; range, 13 to 38 pg/10® cells). Group III 
cell lines also synthesized lower levels of PGEg basally 
(median, 43 pg/10̂ cells; range, 22 to 153 pg/10̂ cells) 
and in response to IGF-jŜ (median, 87 pg/10̂ cells; 
range, 47 to 371 pg/10̂ cells) compared with group I cell 
lines (P < 0.05 and P < 0.01, respectively). None of the 
cell lines derived from fibrotic lung exhibited a phenotype 
similar to that of the group I cell lines. Furthermore, a 
comparison of group II with group III indicated that group 
II cell lines produced less PGEg than group III both ba
sally and in response to IGF-jŜ (P < 0.05 and P < 0.01, 
respectively). Basal and TGF-/3i-induced PGEg synthesis 
was found to be consistent in different experiments con
ducted with cells at the same passage number and in 
experiments throughout three passages (data not 
shown).

Effect of  TGF-jSy on Fibroblast Proliferation

To ascertain whether the differences in PGÊ synthesis 
affected fibroblast function, the effect of TGF-jŜ on the
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Figure 1. Basal and T G F-p,-induced lung fibroblast PGE^ production. Fibro
blasts w ere grow n to con flu en ce and then incubated for 24 hours in m edia  
alon e (a ) or in TGF-jS, at a concentration o f 1 ng'm l lb). Cell lines from  
groups I and II w ere established from nonfibrotic lung and w ere categorized  
according to their ability to synthesize PGE^. Group 111 cell lines w ere derived  
from lung tissue from patients with pulm onary fibrosis. Results are expressed  
in pg o f  PGE2 per 10“’ cells. Each p o in t represents an individual cell line and  
is derived from the m ean for six replicate cultures. The median is indicated  
by the h orizon ta l bar

proliferation of cell lines from groups I, II, and III was 
examined. Figure 2 shows the effect of TGF-jĝ on repre
sentative cell lines from the three groups. In response to 
the TGF-/3i, group I fibroblasts exhibited a diphasic pat
tern of response with significant stimulation of prolifera
tion at TGF-j3i concentrations of 5 to 40 pg/ml. With 
increasing concentrations of TGF-jŜ, the mitogenic re
sponse declined and at concentrations of 160 pg/ml 
TGF-̂t and greater, proliferation was inhibited. In con
trast, group II fibroblasts failed to demonstrate an anti-
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Figure 3. Effect o f  a low  and high concentration o f  TGF-/3i on lung fibroblast 
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proliferative response to TGR-jS,. Concentrations of 
TGF-/3t at and less tfian 80 pg/ml had no significant effect 
whereas concentrations of 160 pg/ml and above induced 
proliferation. Fibroblasts from group III responded to 
TGF-j3i in a similar manner to the group II fibroblasts with 
a concentration-dependent increase in proliferation. Con
centrations of TGF-j3i at and greater than 40 pg/ml in
duced significant proliferation. However, fibroblasts de
rived from fibrotic lung were still capable of responding to 
PGEg. In the presence of exogenous PGÊ (2 to 64 ng/ 
ml), fibroblast proliferation was significantly inhibited in a 
dose-dependent manner ranging from -20 ± 3% at the 
lowest concentration of PGEg (P < 0.05) to -35 ± 1% 
inhibition with 64 ng/ml PGEg (P < 0.005). Treatment of 
cell lines with TGF-jSg and -^3 produced similar results to 
those observed for TGF-/3-, (data not shown).

The effect of TGF-/3i on the proliferation of fibroblasts 
derived from seven group I cell lines, four group II cell 
lines, and 11 group III cell lines is shown in Figure 3. A 
similar pattern of response was observed on treatment of 
these cell lines with a low (5 pg/ml) and high (160 pg/ml) 
concentration of TGF-/3i. At 5 pg/ml TGF-jĝ, six of seven 
group I cell lines were stimulated to proliferate (median, 
21%; range, -22 to 58%) and in all seven cell lines, 
proliferation was inhibited at 160 pg/ml TGF-/3i (median, 
-19%; range, -11 to -44%). Of the group II cell lines, 
three of four cell lines did not respond significantly to 5 
pg/ml TGF-j3i (median, 2%; range, -7 to 26%). More
over, all four group II cell lines failed to demonstrate any 
inhibitory response to TGF-|3i at 160 pg/ml (median, 
26%; range, 10 to 41%) and in three cell lines this con
centration was mitogenic (P < 0.05). A similar response 
was observed with group III, in which at 5 pg/ml TGF-/3-,, 
all 11 cell lines displayed a trend toward stimulation of 
proliferation (median, 10%; range, 4 to 38%). Again, at
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Figure 5. Effect o f  indom ethacin on TG F-/3,-induced lung fibroblast prolif
eration. Fibroblasts w ere pretreated for 30 m inutes with indom ethacin  (1 
g.g/m l) before the addition o f  TGF-/3i (160 pg^ml) and proliferation w as  
assessed  48 hours later in representative cell lines from groups I, II, and III. 
Results are expressed  as percentage change com pared with cells ex p o sed  to 
media alone. The m ean absorbance at 650 nm for ce lls  grow n in m edia alone  
w as 0.149 ±  0.004, 0.349 ±  0.011. and 0.154 ±  0.004 in groups I, II, and III, 
respectively. Each bar represents the mean ±  SEM for six replicate cultures.

160 pg/ml TGF-̂ 1, all group III cell lines failed to show 
any inhibitory response (median, 15%; range, 1 to 40%). 
In eight of 11 cell lines, TGF-/3i at 160 pg/ml caused a 
further stimulation of proliferation. Further increasing the 
concentration of TGF-/3i up to 640 pg/ml did not induce 
an inhibitory response (data not shown).

Effect of  TGF-^i on Fibroblast Procollagen 
Production

Median basal procollagen production in cell lines from 
group I was 86 pmol hyp/10̂ cells/hour (range, 18 to 162 
pmol hydroxyproline (hyp)/10  ̂cells/hour) compared with 
46 pmol hyp/10̂ cells/hour (range, 17 to 83 pmol hyp/10̂ 
cells/hour) in group II fibroblasts, which were not signifi
cantly different. In group III cells, derived from fibrotic 
lung, median procollagen production was approximately 
twofold to fourfold higher than for group I and II cell lines, 
respectively (median, 179 pmol hyp/10̂ cells/hour; range 
27 to 323 pmol hyp/10̂ cells/hour; P < 0.02 in both 
cases). Treatment with TGF-jŜ increased procollagen 
production further in all cell lines studied although the 
magnitude of stimulation varied (Figure 4). In group I cell 
lines, a median stimulation of 54% greater than basal 
levels was observed with TGF-/3i (range, 7.1 to 94%). In 
group II cell lines, the median increase in procollagen 
production was almost threefold higher than that demon
strated for group I (median, 154%; range, 142 to 201%). 
The group III cell lines also displayed a greater increase 
in procollagen production on stimulation with TGF-̂ ,̂

with median values twofold greater than those for group 1 
(median, 100%; range, 19 to 224%).

Effect of  Indomethacin on TGF-^-j-induced 
Fibroblast Proliferation and Procollagen 
Production

To confirm that PGEg was responsible for the anti-prolif
erative effects of TGF-(3i, proliferation studies were per
formed in the presence and absence of indomethacin 
(Figure 5). In group I fibroblasts indomethacin reversed 
the growth inhibition obtained with 160 pg/ml TGF-j3i 
alone and a mitogenic response was restored. In contrast 
to this, indomethacin had no effect on group II or group III 
fibroblasts in which 160 pg/ml TGF-jŜ alone induced a 
proliferative response. Indomethacin had no effect on 
basal proliferation in any of the cell lines studied (data not 
shown). Indomethacin blocked the anti-proliferative re
sponse to TGF-)3-| in three other group I cell lines (data 
not shown).

The effect of indomethacin on basal and TGF-)3i-in
duced procollagen production in representative fibro
blast lines from groups I, II, and III is shown in Figure 6 . 
In fibroblasts from group I, indomethacin increased basal 
and TGF-j3-|-induced procollagen production by 24 ± 
13% and 24 ± 7%, respectively, but this just failed to 
achieve statistical significance (P = 0.087 and P = 0.061, 
respectively). In fibroblasts from groups II and III, indo
methacin had minimal effect on either basal or TGF-jŜ- 
induced procollagen production. Similar results were ob
tained for a further three group I cell lines, three group II 
cell lines, and two group III cell lines (data not shown).



Cyclooxygenase-2 and Pulmonary Fibrosis 1417
AJP April 2001, Vol. 158, No. 4

T3 
C Co ffi 

11 
s iat <D 
iS m

I I

40

30

20

=  10 o
o

1
I  -10

O
-20 -

-30

■  Indomethacin (1 pg/ml)
@ Indomethacin + TGF-p, (1 ng/ml)

Group I Group II Group 111
F ig u re  6 . Effect o f indom ethacin on basal and TGF-/3j-induced lung fibro
blast p rocollagen  production. R epresentative fibroblast cell lines from groups  
I, 11, and III w ere  grow n to con fluence and pretreated with indom ethacin ( 1 
g.g,'ml) for 30 m inutes before the addition o f  TG F-0, (1 n g/m l). Procollagen  
.synthesis w as assessed  24 hours later. Values for basal and TG F-^,-induced  
procollagen production (p m ol h y p /10^ ce lls/h ou r) from w hich percentage 
ch an ges w ere calculated are as follows: group I: basal 86 ±  4, TGF-/3, 146 ±  
9; group 11: basal 83 ±  4, TGF-/3, 207 ±  l6; group 111: basal 284 ±  10, TGF-/3, 
922 ±  74. Each value represents the m ean ±  SEM for six replicate cultures.

Effect of Selective COX-1 and COX-2 Inhibitors 
on TGF-\i-,-induced PGE^ Synthesis by 
Fibroblasts
To (determine the mechanism of TOF-jŜ-iniduceid PGEg 
synthesis, COX isoforms were selectively inhibited using 
a selective COX-2 inhibitor, NS-398, and a preferential 
COX-1 inhibitor, piroxicam (Figure 7). NS-398 (5 jttg/ml) 
inhibited TGF-/3i-induced PGÊ synthesis in representa
tive cell lines from groups I, II, and III. Similar results were 
obtained with another three group I cell lines and two 
group III cell lines (data not shown). In contrast, the 
COX-1 preferential inhibitor, piroxicam (2.5 ng/ml), had 
no significant effect on TGE-jĝ-mediated PGEg synthesis 
by group I or group III fibroblasts. Similar results were 
observed in another two group I and group III cell lines 
(data not shown). However, partial inhibition of TGF-)3i- 
induced PGEg synthesis did occur in group II fibroblasts 
in the presence of piroxicam.
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Figure 7. Effect o f  COX selective inhibitors on TGF-jSi-induced lung fibro
blast PGE2  production. Fibroblasts w ere grow n to confluence and then 
pretreated for 30 m inutes with either NS-398 (a) or piroxicam  ( b) before the 
addition o f  TGF-/3, (1 n g /m l) for 24 hours in representative cell lines from  
groups I, II, and III. Results are expressed  in pg o f PGE2 per ml o f media. 
Each bar represents the mean ±  SEM for six replicate cultures. P <  0.05; **, 
P <  0.005; and ***, P <  0.0005, respectively.

contrast, levels of COX-2 mRNA were increased by —35 
and 25% in response to TGF-/3i in group II and group III 
fibroblasts, respectively. In cells exposed to media alone, 
abundant COX-1 message was detected as a 2.7-kb 
transcript in all three groups. Levels of this transcript did 
not increase further in the presence of TGF-j3i in any of 
the cell lines studied. COX-1 mRNA was also readily 
detectable at 24 hours in all three groups (data not 
shown).

TGF-(i-,-induced Changes in COX-1 and COX-2 
mRNA in Fibroblasts

To examine whether the failure by group II and III fibro
blasts to synthesize PGEg was determined by pretrans- 
lational events. Northern analysis was performed on rep
resentative cell lines from each group (Figure 8). A feint 
signal corresponding to basal COX-2 expression was 
detected as a 4.4-kb mRNA species in all three cell lines. 
A 6-hour treatment with TGF-/3i (1 ng/ml) increased 
steady-state levels of COX-2 mRNA by approximately 
fourfold in the group 1 control fibroblasts and this de
clined to baseline levels by 24 hours (data not shown). In

Bleomycin-induced Pulmonary Fibrosis in COX- 
2-Deficient Mice

To determine whether COX-2 and its induction of PGEg 
synthesis modulates the fibrotic response, bleomycin 
was administered to C0X-2-b/4- and C O X -2 -/-  mice. 
Figure 9 shows Masson's trichrome-stained lung sections 
from COX-2+/+ and C O X -2 -/-  mice, 14 days after in
stillation With either saline (0.9%) or bleomycin (1 mg/kg 
body weight). Alveolar architecture was preserved in sa
line-treated animals, with no apparent differences be
tween COX-2-b/-b and C O X -2 -/-  mice (Figure 9, a and 
b). In C0X-2+/-b mice, treatment with bleomycin induced
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phils and lymphocytes, and complete loss of alveolar 
architecture (Figure 9, d and f). At higher magnification, 
increased extracellular matrix protein staining was evi
dent (Figure 9f). The increased fibroproliferative re
sponse in the lungs of bleomycin-treated COX-2- / -  
mice compared with C0X-2-I-/-I- mioe was reinforoed by 
semiquantitative analysis, with mean fibrosis scores of 
2.44 ± 0.12 (n = 4) and 1.7 ± 0.14 (n = 6) in C O X -2-/- 
and COX-24-/-I- mice, respectively (P < 0.02). In saline- 
treated animals, mean fibrosis scores were 0.47 ±0.19 
and 0.33 ± 0.21 for C0X-2+/-I- {n = 7) and COX-2—/— 
{n = 4) mice, respectively, and were not significantly 
different.
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Figure 8. Effect o f TGE-jS, on  COX-1 and COX-2 mRNA levels in lung 
fibroblasts. Representative fibroblast cell lines from groups 1, 11, and 111 w ere  
grow n to con flu en ce and incubated witit m edia a lon e or m edia containing  
TGF-j3] (1 n g /m l) for 6 hours before extraction o f  total RNA. Hybridized  
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laser scanning. mRNA levels  for COX-2 (a) and COX-1 (b ) are expressed  in 
arbitrary densitom etry units after correcting for levels o f  28S RNA.

a mild fibrotic reaction, which was patchy and consisted 
of an inflammatory response and moderate thickening of 
the interstitium (Figure 9, c and e). In contrast, in COX- 
2 -/- mioe, bleomyoin-induced lung injury resulted in an 
aggressive fibroproliferative response, characterized by 
increased inflammation, with greater numbers of neutro-

Discussion

The pathogenesis of pulmonary fibrosis is thought to be 
associated with the induction of mediators that promote 
fibroblast proliferation and extracellular matrix synthesis. 
Flowever, the reduction of inhibitory mediators of fibro
blast function may be equally important. In the present 
study, we have addressed the hypothesis that a loss of 
the normal inhibitory mechanisms coupled with an in
crease in profibrotic mediators plays an important role in 
the development of pulmonary fibrosis.

Autocrine induction of PGÊ synthesis in response to 
TGF-j3i is well dooumented in lung fibroblasts.®'
In this study, we have demonstrated that fibroblasts from 
fibrotic lungs synthesize less PGEg both basally and in 
response to TGF-jŜ. Similar findings were reported by 
another group using IL-1j3, phorbol myristate, or lipopoly- 
saocharide as stimulants of PGÊ synthesis.̂® This im
plies that this defect is not confined to TGF-/3i alone but 
extends to other stimuli. In addition, the defect in PGEg 
synthesis may not be speoific to the fibroblast cell type, 
because the lung contains other cells capable of synthe
sizing PGE2 including macrophages, bronchial epithelial, 
and smooth muscle cells.This premise is further 
supported by data demonstrating that PGEg levels are 
—50% lower in bronchoalveolar lavage fluid from patients 
with pulmonary fibrosis than nonfibrotic controls,de
spite elevated levels of mediators capable of stimulating 
PGEg production. In the present study, we also discov
ered a number of cell lines derived from nonfibrotic lung, 
which synthesized low levels of PGEg basally and in 
response to TGE-jŜ. Similar results have been reported 
previously for human arterial smooth-muscle cell lines 
stimulated with PDGF and this correlated with a lack of 
COX-2 expression.'’̂ Because PGEg has potent inhibitory 
effects on fibroblast proliferation and collagen produo- 
tion, this decreased capacity to synthesize PGEg may 
affect fibroblast function and contribute to the pathogen
esis of pulmonary fibrosis.

We have previously shown that TGF-jB̂ induces a di
phasic response in normal human fetal lung fibroblasts 
with stimulation of proliferation at low concentrations and 
inhibition at high conoentrations.® Autocrine synthesis of 
PGEg in response to JGF-(3^ was shown to be responsi
ble for the anti-proliferative effects. In the present study, 
inhibition of PGEg synthesis with indomethacin abolished
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Figure 9. Extracellular matrix protein deposition  after b leom ycin-induced  pulm onary fibrosis in COX-2-deficient m ice. COX-2-t-/-t- (a, c, and e) and C O X -2 - /— 
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Ma.sson's trichrome. In saline-treated animals (a  and b) normal lung architecture w as preserved. In bleom ycin-treated COX-24-/-t- m ice, mild inflammation and 
m oderate alveolar wall thickening w as observed (c  and el. In contrast, w idespread inflammation and destruction o f  alveolar structures occurred in C O X -2 - /-  
m ice instilled with b leom ycin  (d  and f). Original magnifications: X 400 (a, b, e, and f); X 100 (c  and d).

the anti-proliferative effect of TGF-j3i in fibroblasts from 
nonfibrotic lung that were capable of synthesizing PGEg, 
suggesting that PGEg also mediates such effects in adult 
human fibroblasts. The striking lack of TGF-jS-,-mediated 
inhibition of proliferation in the fibroblast cell lines from 
fibrotic lung correlates with their inability to synthesize 
PGEp. This was also exemplified by the non-PGEg syn
thesizing, control cell lines in which TGF-jŜ failed to 
evoke an inhibitory response. In many of these cell lines, 
increasing the concentration of TGF-j3-, produced a fur
ther stimulation of proliferation. The mitogenic response 
to TGF-/3i has previously been shown to be because of

autocrine synthesis of PDGF̂"' '*̂ and it has recently been 
shown that PGEg down-regulates expression of the a 
subunit of the PDGF receptor.It is therefore possible 
that the further enhancement in proliferation observed in 
these cell lines with increasing concentrations of TGF-/3i 
is because of up-regulation of the PDGF receptor a sub
unit. Furthermore, in the absence of PGEg fibroblasts can 
proliferate in response to leukotriene C4, which is known 
to be increased in the lungs of patients with idiopathic 
pulmonary fibrosis.'*̂'"’® Thus in fibrosis, the decreased 
capacity of fibroblasts to up-regulate PGEg production in 
response to profibrotic mediators provides several poten-
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tial mechanisms for the fibroblast hyperproliferation ob
served in this disease.
Autocrine synthesis of PGEg limits TGF-/3i-induced 

procollagen production in human fetal lung fibroblasts.''̂  
In the current study, fibroblasts from the fibrosis and 
non-PGEg synthesizing groups produced approximately 
twofold and threefold more procollagen, respectively, 
than group I control fibroblasts in response to TGF-/3i. 
This exaggerated increase in procollagen production co
incides with the failure to induce PGEg synthesis in re
sponse to TGF-/3., by these cell lines. Indomethacin did 
not further stimulate IGF-̂ -̂induced procollagen pro
duction in fibroblasts from groups II and III. In group I 
control fibroblast cell lines, indomethacin showed a ten
dency to potentiate TGF-̂ -̂induced collagen synthesis 
by —20%, a similar potentiation to that observed previ
ously in fetal lung fibroblasts,̂  ̂although In this study this 
was not statistically significant. Because the develop
ment of pulmonary fibrosis is relatively slow and progres
sive in most cases, an increase of this magnitude could 
contribute significantly to the impairment of alveolar func
tion throughout time. However it is unlikely that reduced 
PGEg synthesis is the only mechanism involved in the 
enhanced collagen production by group II and III cell 
lines in response to IGF-jŜ.

Experiments addressing the mechanism by which 
TGF-/3i induced PGEg synthesis implicated induction of 
COX-2. A COX-2 selective inhibitor, NS-398 almost com
pletely inhibited TGE-jŜ-induced-POEg synthesis in all 
groups. The preferential COX-1 inhibitor, piroxicam had a 
minimal effect in fibroblasts from groups I and III but It 
partially inhibited TGE-jŜ-induced PGEg synthesis in 
group II fibroblasts. This may be because of the Inhibition 
of COX-2 by piroxicam because this compound is not 
totally selective for COX-1 or inhibition of basal COX-1- 
mediated PGEg synthesis in this group. Northern analysis 
showed that in response to TGF-/3i, group I control fibro
blasts up-regulated steady state COX-2 mRNA levels by 
at least fourfold whereas effects were minimal for the 
group III fibrosis and group II control fibroblasts. Al
though group I cell lines produced more PGEg basally 
than cell lines from groups II and III, there did not seem to 
be any difference in COX-2 mRNA levels between the 
groups. However, this may reflect the very low levels of 
basal COX-2 expression that makes accurate quantita
tion of any small differences between groups difficult. 
COX-1 mRNA levels, although more abundant, did not 
increase with TGF-jSi in any of the cell lines studied. 
Previous studies have suggested that TGF-̂-, does not 
induce steady state levels of COX-2 mRNA in human lung 
fibroblasts.'̂®'̂® However, these studies were performed 
throughout 16 to 24 hours whereas we assessed COX-2 
mRNA levels after 6 hours stimulation with TGE-jŜ. 
COX-2 is an immediate early gene, and levels of mRNA 
have been shown to return to baseline by - 8  hours in the 
murine homologue of COX-2.'*®
The failure to up-regulate COX-2 mRNA levels sug

gests a pretranslational defect in both the group II non- 
PGEg synthesizing control cells and the group III fibro
blasts derived from fibrotic lung. There are a number of 
possible explanations for this including a possible pro

moter-associated defect or decreased mRNA stability. A 
TGF-/3 response element has been localized to the 
COX-2 promoter®® but this is unlikely to be the source of 
the defect given that IL-1/3 also fails to induce COX-2 in 
fibroblasts from fibrotic lung.̂° In addition, a number of 
other putative regulatory regions have also been identi
fied in the COX-2 promoter®* and parts of the 3'-untrans- 
lated region of the human COX-2 gene have been shown 
to affect basal and IL-1/3-induced mRNA metabolism.®̂ 
Further studies will be required to determine the mecha
nisms involved in the dysregulation of COX-2 expression 
in these cells.
The reason for the limitation in COX-2 induction is 

unknown. However, there are several potential mecha
nisms. It may be because of COX-2 polymorphisms that 
result in the loss of COX-2 inducibility. At present, there is 
no evidence for the existence of COX-2 polymorphisms in 
the normal population. Alternatively, the inability to in
duce COX-2 could reflect an acquired defect that is 
specific to the lung. For example, viral infection could 
alter a cell’s ability to induce COX-2. There is evidence to 
suggest an association between Epstein-Barr virus infec
tion and pulmonary fibrosis.®® ®'" Furthermore, in human B 
cells, the presence of Epsteln-Barr virus in either its wild- 
type or latent form results in a loss of the anti-proliferative 
effects of TGF-/3i ®® Other DNA tumor viruses such as 
SV40, adenovirus, and human papilloma virus also confer 
resistance to TGF-̂ -̂mediated growth inhibition in hu
man kératinocytes.®® Further studies are required to de
termine the role of viral infection and COX-2 expression in 
patients with pulmonary fibrosis.
The decreased capacity to up-regulate COX-2 and 

PGEg synthesis in fibroblasts derived from fibrotic lung 
together with the effects this confers on these cells sug
gests that this defect may play an important role in the 
pathogenesis of pulmonary fibrosis. Other studies also 
support a role for COX-2 in this fibroproliferative pathol
ogy. For example, up to 58% of patients with rheumatoid 
arthritis develop interstitial lung disease.® Frequently, 
these patients are on long-term treatment with nonsteroi
dal anti-inflammatory drugs and given the data presented 
here it is possible that persistent pharmacological inhibi
tion of COX-2 may contribute to the development or pro
gression of pulmonary disease in these individuals. In 
addition, evidence is accumulating that suggests that 
COX-2 is anti-inflammatory.®'̂ '®® The pathology exhibited 
by COX-2-deficient mice is also consistent with an anti
fibrotic role for this enzyme. COX-2 null mice, although 
demonstrating no obvious innate lung pathology, suffer 
from fibrotic abnormalities of the kidneys, heart, and ova
ries, as well as developing peritoneal adhesions.®®'®® In 
terms of the lung, COX-2-deficlent mice sensitized and 
challenged with ovalbumin develop an increased inflam
matory response.®® Furthermore, we provide evidence 
for the first time demonstrating that COX-2-deficient mice 
exhibit enhanced lung Injury In response to bleomycin. 
Histologically, this was characterized by marked inflam
mation, Including increased numbers of neutrophils and 
lymphocytes, and increased collagen deposition in the 
lungs of COX-2-deficient mice compared with wild-type 
mice instilled with bleomycin. Increased COX-2 expres
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sion is evident in the lungs of wild-type mice exposed to 
bleomycin (data not shown) and is consistent with ele
vated levels of PGEg after bleomycin-induced pulmonary 
fibrosis in hamsters.̂® This suggests that PGEg synthesis 
via induction of COX-2 is required to promote normal 
healing and resolution and that COX-2 plays an important 
role in the regulation of inflammatory and fibroproliferative 
conditions.

In summary, we have provided functional evidence 
demonstrating the effects of deficient COX-2 expression 
in fibroblasts from patients with pulmonary fibrosis. We 
have also examined the effect of bleomycin-induced lung 
injury in COX-2-deficient mice. In control fibroblasts, 
TGF-j3i up-regulates COX-2 expression and PGEg syn
thesis that in turn inhibits proliferation and limits collagen 
production, however, fibroblasts from fibrotic lung lack 
this anti-proliferative response to TGF-/3i and exhibit en
hanced collagen synthesis. Furthermore, we have iden
tified a group of cell lines established from nonfibrotic 
lung that also fail to induce COX-2 expression and dem
onstrate loss of TGF-jg.1-mediated growth inhibition and 
exhibit exaggerated collagen synthesis. The individuals 
from whom these cell lines were derived may represent a 
subset of the normal population who are predisposed to 
developing pulmonary fibrosis. Finally, we demonstrate 
that COX-2-deficient mice are more susceptible to bleo
mycin-induced lung injury, which suggests that augment
ing COX-2 or PGEg levels in the lung may be of thera
peutic benefit in patients with pulmonary fibrosis.
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