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ABSTRACT

Pulmonary fibrosis is a disease of the lung interstitium characterised by excessive 

deposition of extracellular matrix proteins including collagen. The aetiology is 

frequently unclear, but the last decade has generated significant advances in our 

understanding of the pathogenesis. One current hypothesis is that polypeptide 

mediators, released by resident lung cells and recruited inflammatory cells, stimulate 

fibroblast replication and increased collagen synthesis. Interstitial collagen deposition 

then impedes gas exchange. Of the cytokines studied so far, current evidence strongly 

implicates transforming growth factor Bj (TOFBJ. However, it is now known that there 

are at least five TGFB isoforms, of which TGFB1.3 are found in mammals. The role of 

TGFB2 and TGFB3 in the pathogenesis of pulmonary fibrosis is currently unclear. The 

overall aim of this thesis was to examine the role of the three different TGFB isoforms 

in the pathogenesis of pulmonary fibrosis. In so doing, I addressed the hypothesis that 

TGFBj, TGFB2 and TGFB3 play distinct but overlapping roles in the pathogenesis of this 

disease. To address this hypothesis, the effect of TGFB2 and TGFB3 on human lung 

fibroblast procollagen metabolism was examined in vitro. TGFB1.3 all stimulated 

fibroblast procollagen production. TGFB3 was the most potent and also reduced 

intracellular procollagen degradation. Secondly, a non-isotopic in situ hybridisation 

technique was developed for use in lung tissue. This enabled the localisation of TGFB 

isoform gene expression in normal and fibrotic murine and human lung. TGFBi and 

TGFB3 mRNA transcripts were demonstrated in a wide variety of lung cells not hitherto 

recognised to express these genes, and TGFB3 gene expression was demonstrated in 

human lung for the first time. TGFBi but not TGFB3 gene expression was enhanced 

during bleomycin-induced lung injury in mice, and TGFBi gene expression was more 

consistently enhanced in human lung fibrosis than was that of TGFB3. Taken together, 

these data suggest that TGFBi is the predominant isoform implicated in the pathogenesis 

of this disease. Finally, results with the TGFB% riboprobes yielded positive 

hybridisation signal using the sense probe, but little or no signal using the antisense 

probe. These results and further studies involving characterisation of the TGFB2 probes 

and Northern analysis of rat lung and murine lung cells suggested that a natural TGFB2 

antisense transcript is present in mammalian lung.
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1.1 PREAMBLE

Pulmonary fibrosis is a disease characterised predominantly by interstitial lung 

pathology. It is a final common sequel to various insults to the lung and therefore 

arises in diverse clinical settings. Treatment is generally inadequate and the prognosis 

poor. Although the pathogenesis remains incompletely understood, pulmonary injury 

appears to cause an influx of inflammatory cells. These cells, together with resident 

lung cells, release polypeptide mediators, or cytokines. Cytokines then stimulate target 

cells such as fibroblasts to replicate and synthesise increased amounts of extracellular 

matrix proteins including collagen. Various cytokines have been implicated in the 

fibrotic process and considerable evidence currently implicates transforming growth 

factor (TGF)Bj in the pathogenesis of this disease. However, little is known about the 

role played by the other two mammalian TGFB isoforms, TGFB% and TGFB3. This 

thesis attempts to address the question of the role played by the three mammalian TGFB 

isoforms in the pathogenesis of pulmonary fibrosis.

The specific questions I have addressed are detailed at the end of this introduction 

(section 1.8). The work described in this thesis focuses on examining the effects of the 

three TGFB isoforms on lung fibroblast procollagen metabolism in vitro, and localising 

TGFB1 . 3  gene expression in normal and fibrotic murine and human lung. Current 

radiolabelled techniques for localising gene expression in tissue are limited in terms of 

cellular resolution, and a non-radioactive method was therefore developed for in situ 

hybridisation in lung tissue. The introduction reviews clinical aspects of pulmonary 

fibrosis and summarises current concepts of the pathogenesis. Regulation of lung 

collagen metabolism and the biology of transforming growth factor B (TGFB) are then 

described. Evidence is presented that TGFB is implicated in the pathogenesis of fibrotic 

disorders, and current in situ hybridisation techniques briefly outlined.

1.2 DEFINING PULMONARY FIBROSIS

This section introduces the clinical entity of pulmonary fibrosis. The major clinical 

settings in which pulmonary fibrosis may arise are summarised in table 1 . 1 . It may
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follow environmental exposure to a variety of dusts, both inorganic such as coal, 

asbestos or silica, or organic such as mycelial spores or avian serum proteins, giving 

rise to the diseases known as farmer’s and pigeon fancier’s lung respectively. Fibrosis 

may follow infections, such as pulmonary tuberculosis, where the fibrosis is 

characteristically localised to the upper lobes, or Mycoplasma pneumonia, when it is 

typically diffuse. Pulmonary fibrosis may follow exposure to certain drugs, such as 

practolol and amiodarone. It may arise in association with granulomatous diseases such 

as sarcoidosis, or connective tissue diseases such as systemic sclerosis, polymyositis, 

Sjogren’s syndrome or ankylosing spondylitis. Rarer associations include 

neurofibromatosis and tuberose sclerosis. Alternatively, pulmonary fibrosis may occur 

with no known associated disease or aetiology; in this case the disease is known as 

cryptogenic fibrosing alveolitis (CFA), or idiopathic pulmonary fibrosis (IPF) in the 

USA.
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KNOWN CAUSES UNKNOWN CAUSES

Inorganic dusts

Organic dusts

Infections

Drugs

Neoplasia

Radiation

Acute lung injury

Granulomatous diseases 

Inherited disorders 

Vasculitic disorders 

Connective tissue disorders 

Cryptogenic fibrosing alveolitis 

(CFA, IFF)

Table 1.1 Pulmonary fibrosis: clinical associations
Table shows the major clinical settings in which pulmonary fibrosis can arise. For 
convenience they are grouped into two main categories. The first comprises instances 
where the cause is to some extent defined; the second those cases where the cause 
remains obscure.
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Where human lung fibrosis is considered, emphasis in this thesis is placed on CFA and 

on pulmonary fibrosis arising in association with systemic sclerosis (SSc). This section 

gives a brief historical overview before summarising the clinical and pathological 

features. Pulmonary fibrosis in both CFA and SSc shares many common characteristics 

and these two entities are therefore described together except where there are 

distinguishing aspects.

1.2.1 Historical overview

The first reports of acute diffuse pulmonary fibrosis of unknown cause are attributed 

to Hamman and Rich in the first half of this century (Hamman, Rich, 1935; Hamman, 

Rich, 1944). These authors described four patients who died of a rapidly progressive 

disease characterised by the presence of lung inflammation and fibrosis. A fifth patient 

presented with chronic disease, but all patients died within six months of the onset of 

symptoms. No aetiological agent was identified; in one patient mycobacteria were 

isolated from the sputum but autopsy revealed only a small fresh tuberculous cavity in 

the left lung which was unrelated to the diffuse fibrosis.

However, subacute diffuse lung fibrosis of unknown cause was probably recognised 

before 1944. In 1803 an illustration of a longitudinal section of whole lung was 

published in Baillie’s Morbid Anatomy apparently depicting diffuse fibrosis with 

honeycombing (Baillie, 1803). In 1890 two case reports of fibrosis subsequent to 

’subacute indurative pneumonia’ were published in The Lancet (Kidd, 1890). Both 

patients were male, aged 44 and 51. Both died of the disease, the first six years after 

the onset of respiratory symptoms including a ’slight morning cough’, the second four 

months after the onset of illness. No infective agent was identified in either case at 

autopsy. The author concludes, "we affirm the existence of a subacute ... pneumonia 

distinct from the acute classical type, characterised by a tendency to fibrous ... changes 

in the lung. The indurative process may be mainly or exclusively interstitial, it may 

be represented wholly or in part by organisation of an alveolar exudation, or it may 

comprise both of these lesions". In the 19th century Harley, Dinkier and Osier also 

recognised lung fibrosis arising in association with scleroderma (Harley, 1877; Dinkier,
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1891; Osier, 1892). Radiological changes of pulmonary fibrosis associated with 

scleroderma were first described in 1941 (Murphy et al 1941; Linenthal, Talkov, 1941).

Several reports of chronic lung fibrosis of unknown cause followed (Grant et al 1956; 

Rubin, Lubliner, 1957; Scadding, 1960; Livingstone et al 1964; Stack et al 1965). 

Many of these cases were initially referred to as ’Hamman-Rich’ syndrome, but this 

term is no longer used. In 1964 Scadding proposed a definition of the disease, which 

he called fibrosing alveolitis, as a condition characterised by inflammation and fibrosis 

of the pulmonary interstitium and peripheral airspaces (Scadding, 1964). He added the 

prefix ’cryptogenic’ to indicate that no cause could be demonstrated. CFA is 

synonymous with the term idiopathic pulmonary fibrosis (IFF) used to describe the 

condition in the United States (Crystal et al 1976), but the British name emphasises the 

inflammatory component of the disease.

1.2.2 Clinical features

The commonest presenting symptom is breathlessness on exertion associated with an 

unproductive or minimally productive cough. Non-specific symptoms such as malaise 

and weight loss are also recognised and particularly marked in patients with progressive 

disease. Pulmonary symptoms usually progress gradually and up to 20% of patients 

remain stable for many years (Rubin, Lubliner, 1957; Scadding, 1970; Carrington et 

al 1978; Winterbauer, 1991). Finger clubbing has been reported in between 6 6  and 

85% of patients (Scadding, 1960; Livingstone et al 1964; Stack et al 1965; 

Tumer-Warwick et al 1980b) and fine basai crackles are almost universally heard on 

auscultation (Tumer-Warwick et al 1980b). Central cyanosis may follow exertion.

1.2.3 Investigations

General laboratory investigations may show the presence of circulating immune 

complexes (Dreisin et al 1978; Martinet et al 1984), a positive rheumatoid factor or 

antinuclear factor, and an elevated erythrocyte sedimentation rate (Tumer-Warwick, 

Doniach, 1965; Tumer-Warwick et al 1980b).
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1,2,3,1 Radiology

Chest radiograph (CXR) typically shows small lungs with round or irregular nodular 

or reticulonodular shadows usually most marked in the lower zones. Honeycombing 

is seen in severe cases. Less commonly the CXR may be normal or show an 

amorphous increase in lung density known as a ’ground glass’ pattern (Liebow et al 

1965). The radiological features of pulmonary fibrosis associated with collagen 

vascular diseases such SSc are indistinguishable from those seen in CFA (Bergin, 

Müller, 1987).

High resolution computed scanning (HRCT) permits detection of subtle interstitial 

changes and is now more accurate than CXR in predicting histological diagnosis in a 

variety of diffuse interstitial lung diseases (Mathieson et al 1989; Padley et al 1991). 

Honeycombing not recognised on CXR may be pronounced on HRCT (Staples et al 

1987). Typical findings include predominant involvement of the lower lung zones and 

subpleural regions.

Reticular abnormalities correspond histologically with areas of fibrosis on open lung 

biopsy in both CFA (Müller et al 1986; Nishimura et al 1992) and SSc (Wells et al

1992) while areas of so-called ’ground-glass’ attenuation represent regions of increased 

cellularity and inflammation (Müller et al 1987; Vedal et al 1988; Remy-Jardin et al

1993). Irregular lines of attenuation, mainly of the lower zones, and subpleural lower 

zone honeycombing may also be seen; these features follow the ground-glass changes 

(Terriff et al 1992). Serial HRCT is therefore of value in following the course of the 

disease. Figure 1.1 illustrates the HRCT findings of ground-glass and reticular 

shadowing, seen in two different patients.
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Figure 1.1 High resolution CT scan findings in pulmonary fibrosis.
Figure illustrates HRCT features of ground-glass (a) and reticular (b) shadowing, in 
scans taken from two different patients. These changes correspond to distinct 
histological patterns (section 1.2.3.1).
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1.2.3.2 Puhnonaty function testing

Pulmonary function testing reveals a restrictive ventilatory defect, with reduced vital 

capacity and total lung capacity, reduced compliance and impaired carbon monoxide 

transfer factor (diffusing capacity). The latter is in part due to reduction in lung 

volumes, but the transfer coefficient (KCO) is also usually reduced, probably reflecting 

a reduced pulmonary capillary volume (Denison et al 1984). Residual volume typically 

remains normal. Some patients have evidence of airflow obstruction. Where this 

occurs in non-smokers there is evidence that the disease process involves the small 

airways (Fulmer et al 1977). Arterial blood gas sampling usually reveals hypoxaemia 

in symptomatic patients, a widened alveolar-arterial (A-a) gradient variably increased 

on exercise (Carrington et al 1978) and a low or normal pC0 2 .

In SSc, impaired gas transfer and a restrictive ventilatory pattern are frequently found 

even when the patient has no respiratory symptoms and the CXR normal. A review of 

19 series of 512 patients with SSc revealed an average of 81% patients with 

physiological impairment, but review of 30 series of 1620 patients by the same authors 

showed the prevalence of radiological evidence of lung involvement to be only 36% 

(Alton, Tumer-Warwick, 1988). This figure included patients with vascular disease 

causing pulmonary arterial hypertension as well as those with interstitial involvement 

causing lung fibrosis. Lung function testing is therefore a vital element in the 

pulmonary assessment of patients with SSc.

1.2.3.3 Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) is increasingly used in the evaluation of patients with 

CFA (Daniele et al 1985). It typically yields an increased cell count of 3-6 x 10^/ml 

(Tumer-Warwick, Haslam, 1987), with 10-20% neutrophils. In some cases these 

authors and others (Watters et al 1987) also noted a lymphocyte excess. Furthermore, 

mast cell numbers are also frequently increased in patients with lung fibrosis 

(Kawanami et al 1979). These findings are not diagnostic of CFA since a granulocyte 

excess is found in a variety of interstitial lung diseases where a degree of fibrosis is 

present. However, lavage differential cell counts are of some value as a guide to 

prognosis and treatment. Response to corticosteroid treatment is associated with higher
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numbers of lymphocytes (Haslam et al 1990) and reduced numbers of eosinophils 

(Tumer-Warwick, Haslam, 1987). Furthermore, clinical, radiological and physiological 

response to corticosteroid treatment is usually accompanied by a reduction in 

neutrophils on repeat BAL.

In patients with SSc, a neutrophilia has been associated with an accelerated decline in 

pulmonary function (Silver et al 1990). Correlation of BAL findings with HRCT 

appearances in patients with SSc suggests that a neutrophilia is associated with extensive 

fibrosis, while eosinophilia is often observed in less advanced disease, particularly when 

HRCT appearances suggest lung inflammation (Wells et al 1994b).

1,2,3.4 Histology

The fibrosing alveolitis seen in association with SSc is histologically identical to CFA 

(Harrison et al 1991b). Autopsy reveals that the disease is most severe in the lung 

periphery. Early pathological features described were cellular thickening of the alveolar 

wall usually associated with fibrosis, and infiltration of alveolar spaces with large 

mononuclear cells (Scadding, Hinson, 1967). The interstitial changes are frequently 

patchy. The histological features now recognised and summarised below comprise 

alveolar epithelial cell damage and regeneration, endothelial cell damage, inflammatory 

cell infiltration, fibrosis, peripheral airway involvement and vascular changes.

A constant histological feature is damage to and loss of type I alveolar epithelial cells 

(Crouch, 1990), with consequent proliferation and hypertrophy of alveolar type II cells 

(Brody, Craighead, 1976; Coal son, 1982; Hammar et al 1985). The earliest changes 

are those of epithelial and endothelial cell injury (Harrison et al 1991b), which is 

thought to lead to inflammatory cell infiltration. The degree of infiltration can vary 

considerably within a section of the lung, and may be predominantly interstitial or intra- 

alveolar. When the cellular pattern predominates, the findings are of infiltration with 

macrophages and monocytes, together with smaller numbers of neutrophils, eosinophils 

and lymphocytes. Mast cell numbers are also increased (Hunt et al 1992; Pesci et al

1993). The populations of inflammatory cells in the alveoli commonly differ from 

those in the interstitium, with macrophages and monocytes predominating in the air
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spaces and lymphocytes and plasma cells predominating in the interstitium (Davis et al 

1978).

Blood-borne mediators and cytokines released by inflammatory and resident lung cells 

then stimulate enhanced fibroblast collagen synthesis and fibrosis. The degree of 

fibrosis in alveolar walls is variable, but when the fibrotic pattern predominates 

relatively few inflammatory cells are seen. The alveolar walls are thickened and 

electron microscopy reveals that they not only contain increased amounts of collagen, 

but that the fibrils are deposited in a disorganised pattern (Laurent et al 1988). 

Interstitial and intra-alveolar deposition of connective tissue leads to loss of normal 

alveolar architecture. Air spaces may collapse, or become enlarged as a consequence 

of damage to alveolar walls. The term ’honeycombing’ is used to describe the 

phenomenon of enlarged distal air spaces lined with bronchiolar epithelial-like or 

proliferating type II alveolar cells. Fig 1.2 shows the autopsy appearances of a fibrotic 

lung with honeycombing.

The disease can involve peripheral bronchioles as well as the alveoli, with peribronchial 

inflammation and/or fibrosis a common feature, frequently accompanied by a reduction 

in small airway diameter (Fulmer et al 1977). In some patients there is also mucous 

gland hyperplasia, increased luminal mucus and increased smooth muscle content in the 

large airways (Edwards, Carlile, 1982; Andoh et al 1992). Vascular changes are also 

observed in pulmonary fibrosis, affecting both pre-acinar and intra-acinar vessels. 

Muscular pulmonary arteries exhibit medial hypertrophy, intimai smooth muscle 

hyperplasia and connective tissue deposition, while distal arterioles develop a smooth 

muscle coat. There is evidence of injury to the endothelium of alveolar capillaries 

(Coalson, 1982; Corrin et al 1985).

In summary, pulmonary fibrosis is a disease predominantly involving the lung 

interstitium and was recognised over 100 years ago. Patients typically present with a 

dry cough and gradually worsening breathlessness. Lung function tests show a 

restrictive defect and radiology typically reveals bilateral basal reticulonodular opacities. 

The pathology is characterised by alveolar epithelial and endothelial damage.
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inflammatory cell infiltration of alveolar spaces and fibrotic thickening of alveolar 

walls. Typically these changes lead to loss of alveolar architecture. The next section 

outlines the nature of the problem in terms of its pathogenesis, epidemiology, response 

to currently available treatments and the prognosis.
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Figure 1.2 Macroscopic appearances of fibrotic lung
Figure shows a sagittal section o f an autopsy specimen o f  fibrotic lung. Peripheral 
honeycombing is seen, with relative sparing o f central areas. Reproduced with 
permission from Respiratory Medicine, eds Brewis RAL, Corrin B, Geddes DM, 
Gibson GJ. WB Saunders Company Ltd, second edition, London 1995.

34



1.3 THE NATURE OF THE PROBLEM

1.3.1 Pathogenesis

Although the pathogenesis of pulmonary fibrosis remains incompletely understood, the 

last decade has generated significant advances in our understanding. Current concepts 

in the pathogenesis of pulmonary fibrosis are as follows. Morphological and 

biochemical studies suggest that alveolar epithelial and/or endothelial cell injury are 

early events in the disease process (Harrison et al 1991b). Injury leads to an influx of 

inflammatory cells recruited from the circulation, including monocytes and alveolar 

macrophages. These cells, together with resident lung cells including epithelial (Khalil 

et al 1991) and endothelial cells (Phan et al 1991a), are then stimulated to release 

polypeptide mediators or cytokines (Martinet et al 1987; Jordana et al 1988; Khalil et 

al 1989). These growth factors stimulate fibroblasts, the major producers of lung 

collagen, to replicate and to increase production of extracellular matrix proteins 

including collagen. Various well-characterised cytokines such as platelet-derived 

growth factor (PDGF), interleukin 1 (IL-1), tumour necrosis factor a  (TNFa), insulin

like growth factor 1 (IGF-1), endothelin 1 (ET-1) and transforming growth factor B 

(TGFB) derived from resident and inflammatory lung cells can modify fibroblast 

function (Martinet et al 1987; Jordana et al 1988; Piguet et al 1989; Cambrey et al 

1995; Harrison et al 1994; Dawes et al 1994; Cambrey et al 1994; Khalil et al 1989). 

More recently, blood-derived proteins such as thrombin have also been implicated in 

the fibrotic process (Hemandez-Rodriguez et al 1995). The result is excessive 

extracellular matrix deposition in alveolar walls, leading to loss of alveolar architecture, 

a restrictive lung function defect and impaired gas exchange.

1.3.2 Epidemiology

Current prevalence of CFA in the UK is estimated to be three per 100,000 population 

(Grant, 1987). It most frequently presents in individuals aged between 40 and 70 years 

of age and the male: female ratio is 1:1. Patients with SSc are predominantly female 

and usually present at an earlier age. Autopsy evidence of pulmonary fibrosis is
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virtually universal in patients dying of SSc (Weaver et al 1968; D'Angelo et al 1969). 

A retrospective study has shown that mortality from CFA in England and Wales is 

rising steadily (Johnston et al 1990), is higher in males than in females, and is greatest 

in the industrialised regions of England and Wales. These authors also proposed that 

the number of deaths officially recorded as due to the disease may underestimate the 

real number of patients dying with the disease by up to half.

More recently published data show that the crude mortality rate, which was 0.7/l(X),(XX) 

in 1979, rose to over 1.6/100,000 in 1992 (Hubbard et al 1996a). Recent data from 

the Office of Population of Censuses and Surveys (Anonymous 1995; Anonymous 

1993a; Anonymous 1993b) suggest that this upward trend was maintained in 1993 (see 

fig 1.3). Changes in automated cause coding necessitate caution in interpretating later 

figures, but these changes are estimated to reduce the 1994 figures by no more than 7% 

(Anonymous 1996), suggesting that the 1993 figures were maintained in 1994. If 

Johnston and colleagues are correct that official mortality figures are an underestimate, 

annual mortality in 1994 may therefore have exceeded 2(XX). For comparison, mortality 

from asthma, over which there is currently much concern, was 1516 in the same year 

(Anonymous 1996) and has fallen from 1858 in 1990. Mortality from SSc alone was 

103 in 1994 and has not significantly changed since 1990 when it was 95, illustrating 

that different aetiological factors are implicated in SSc and CFA.

The aetiology of pulmonary fibrosis is unknown, but there is evidence that both genetic 

and environmental factors may be implicated. Several studies have documented a 

familial form of CFA, arising in two or more first degree relatives, including pairs of 

twins (for a recent review see Sulavik 1995 (Sulavik, 1995). The familial form of 

pulmonary fibrosis is identical to non-familial CFA. No specific genetic defect has yet 

been defined, but one study has suggested that genes located on chromosome 14 may 

play a role in the fibrotic process in CFA (Musk et al 1986). There is also evidence 

for immunogenetic factors being important in the development of pulmonary fibrosis 

in patients with SSc (Briggs et al 1991). This study of MHC class II genes and 

autoantibodies in 75 patients revealed that 57% with pulmonary fibrosis, but only 6 % 

without, had either HLA DR3/DRw53a or anti-Scl-70. For a recent review of existing
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evidence for a genetic basis for pulmonary fibrosis see Marshall et al 1997.

Regional variation in mortality in England and Wales, highest in the East Midlands and 

lowest in the South West, suggests that industrial environmental exposure may have an 

aetiological role. Two case-control studies have indicated that exposure to metal or 

wood dust may be an important factor in the aetiology of CFA (Scott et al 1990; 

Hubbard et al 1996b). The latter study of 218 patients with CFA estimated that the 

combined aetiological fraction attributable to exposure to metal or wood dust was 

approximately 2 0 %.
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Figure 1.3 Post 1990 mortality from CFA in the UK
Figure shows annual deaths plotted against year (data from the Office of Population 
Censuses and Surveys for 1991 to 1994).
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A viral aetiology for CFA has also been sought. One candidate is the Epstein-Barr 

virus (EBV). Raised serum antibodies to EBV and IgA against viral-capsid antigen 

have been documented in 13 patients with CFA (Vergnon et al 1984). More recently, 

antigen specific for replicating EBV has been identified in alveolar type II cells in lung 

biopsies from patients with CFA (Egan et al 1995). Further studies are required to 

determine the significance of these findings.

1.3.3 Prognosis

The prognosis of CFA is poor. Several studies have demonstrated that the five year 

survival rate is approximately 50% (Stack et al 1972; Tumer-Warwick et al 1980b; 

Tumer-Warwick et al 1980a). In addition to death from respiratory failure and 

pulmonary infections, patients with CFA exhibit excess mortality from ischaemic heart 

disease, cerebrovascular accidents, thromboembolism and bronchial neoplasms 

(Tumer-Warwick et al 1980b). In contrast, the rate of progress of pulmonary fibrosis 

in association with SSc is often slow when compared with that of CFA (Alton, 

Tumer-Warwick, 1988; Wells et al 1994a). Figures are variable, but lung involvement 

in SSc has been reported to reduce five year survival from approximately 90% to 

around 70% (Steen et al 1985). Treatment of pulmonary fibrosis in either setting has 

not improved the prognosis.

1.3.4 Current treatments

Three therapeutic agents are currently used, comprising corticosteroids (oral or 

parenteral), and the immunosuppressants cyclophosphamide and azathioprine. 

Treatment is usually initiated with a high dose of prednisolone (60-80 mg daily) alone, 

or with a combination of prednisolone at a lower dose ( 2 0  mg on altemate days) and 

either cyclophosphamide 2mg/kg up to 120 mg daily or azathioprine 2.5 mg/kg up to 

150 mg daily. Several studies have used one or more of these agents. An early 

response to treatment is associated with a more favourable long-term prognosis (Stack 

et al 1972; Tumer-Warwick et al 1980b) and in some patients a combination of 

prednisolone and cyclophosphamide may offer advantages over prednisolone alone
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(Johnson et al 1989). Finally, there is no difference in survival between patients treated 

with corticosteroids and those patients which receive no treatment (Carrington et al 

1978).

Lung transplantation remains the only treatment option for patients who deteriorate 

despite medical therapy, and the first successful single lung transplantation was 

performed in 1983 for pulmonary fibrosis. Although limited by organ availibility and 

the generally more advanced age of patients with CFA, experience so far indicates that 

single or double lung transplantation can provide a good quality of life in patients free 

from infection and rejection. However, chronic rejection resulting in obliterative 

bronchiolitis remains a problem in long-term survivors. Transplantation for pulmonary 

fibrosis in association with SSc is at present rarely a viable option, given the poor 

wound healing and the high incidence of renal impairment exhibited by these patients.

In summary, pulmonary fibrosis is a disease of unknown aetiology from which mortality 

is rising. Evidence exists that both genetic and environmental factors are important in 

aetiology but there are as yet no conclusive data. The prognosis is poor and current 

treatments are inadequate. For these reasons the study of the pathogenesis of this 

disease is both fascinating and vital if better treatments are to be made available for 

patients suffering from this disease. The reaminder of this introduction is devoted to 

discussing the possible role of altered extracellular matrix protein regulation, 

particularly collagen, and the transforming growth factor 8  family of cytokines, in the 

pathogenesis of pulmonary fibrosis.

1.4 COLLAGEN

1.4.1 Collagen in normal lung

1.4.1.1 Collagen types and distribution

Extracellular matrix protein accumulation in alveolar walls is a key feature of the 

pathogenesis of pulmonary fibrosis as well as a potential therapeutic target. In order 

to appreciate the ways in which altered collagen metabolism may lead to the
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development of lung fibrosis, our existing knowledge of the role played by collagen in 

normal lung and of the mechanisms underlying collagen biosynthesis and degradation 

is summarised below.

Collagens comprise the largest group of proteins in the lung and account for 

approximately 20% of its dry weight in the adult human lung (Bradley et al 1975; Hurst 

et al 1977). Together with other extracellular matrix proteins such as elastin, 

proteoglycans and fibronectin, collagens provide a three-dimensional structural 

framework which also plays roles in regulating cellular function including adhesion, 

migration and cell-matrix interactions (for a review see Schnaper and Kleinman 1993 

(Schnaper, Kleinman, 1993).

The collagens consist of a family of at least 19 closely related proteins, denoted by 

Roman numerals, which share common structural properties. All are composed of three 

polypeptide «-chains, which may be identical or different, and which are linked by 

hydrogen bonding to form a right handed triple helix. At least 30 «-chains are now 

recognised, denoted by Arabic numerals and encoded by separate genes (for recent 

reviews see Kielty et al 1993; Mays, Laurent, 1994; Chambers, Laurent, 1996). The 

«-chains have a high glycine content and contain repeated triplets of the structure Gly- 

X-Y, where approximately 30% of the X residues are proline and 30% of the Y 

residues are hydroxyproline (Miller, 1985).

Collagen types I, II, III, V and XI are the fibril-forming interstitial collagens. Types 

I and III constitute approximately 90% of collagen in adult human lung, in a ratio of 

2:1 (Rennard, Crystal, 1982; Kirk et al 1984). Type II collagen is found only in 

cartilage and is therefore restricted to the trachea and larger airways. Type V collagen 

is found in small amounts in basement membranes and in association with type I in the 

lung interstitium (Madri, Furthmayr, 1979) and type XI collagen is thought to be 

associated with type II collagen in the airways (Laurent, 1986).

1,4.1,2 Collagen turnover

Mammalian lung collagen content increases rapidly around and after birth (Bradley et
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al 1974), and continues to increase during growth to adulthood, with a five to ten fold 

increase in lung collagen concentration (Mays et al 1988). Moreover, collagens are not 

inert proteins, but are continuously synthesised and degraded throughout life. Synthesis 

and degradation rates are quite rapid, with a daily turnover rate of the order of 1 0 % in 

adult rats and rabbits (Laurent, 1986). In vitro studies have shown that a proportion 

of collagen produced by lung fibroblasts is degraded intracellularly within minutes of 

synthesis (Bienkowski et al 1978b; Bienkowski et al 1978a). In vivo, the process occurs 

within 15 mins (McAnulty, Laurent, 1987). Since collagen deposition in the lung is 

determined by the balance between synthesis and degradation, changes in either or both 

of these processes may lead to net collagen deposition and fibrosis.

1,4,1,3 Collagen synthesis

The fibroblast is an important source of pulmonary collagen (Hance et al 1976) but 

other cell types including endothelial, alveolar epithelial and mésothélial cells can also 

produce collagen (see review Bienkowski 1991 (Bienkowski, 1996). The pathways 

involved in collagen biosynthesis are now well-described (see reviews by Nimni, 

Harkness, 1988 and Kielty et al 1993) and the principal steps, illustrated in figure 1.3, 

are outlined below.

Collagen production begins in the nucleus with transcription of collagen genes to type 

specific mRNA transcripts. Translation of mRNA produces pre-procollagen «-chains 

containing large extension peptides at both ends and an N-terminal hydrophobic signal 

sequence designating the molecules for secretion. The signal peptide is cleaved in the 

rough endoplasmic reticulum. There is growing evidence that several classes of 

molecular chaperones, including heat-shock protein (Hsp) 47 and glucose-regulated 

protein (Grp) 78 and 94, regulate procollagen processing in the endoplasmic reticulum 

(Nakai et al 1992; Ferreira et al 1994; Freyria et al 1995; Lamande et al 1995). These 

proteins play important roles in binding malfolded procollagen molecules, preventing 

their secretion and promoting correct folding.

Further post-translational modification occurs in the Golgi apparatus. This includes 

hydroxylation of proline and lysine residues in the X position by prolyl-4-hydroxylase
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and lysyl hydroxylase. Some proline residues in the X position are hydroxylated in the 

3-position of the pyrrole ring by prolyl-3-hydroyxlase. The process of proline 

hydroxylation, for which ascorbic acid is an essential cofactor, is almost specific to 

collagen. Elastin, lung surfactant apolipoprotein A and D, mannose-binding protein, 

Clq component of complement and acetylcholinesterase also contain hydroxyproline. 

However, their relative scarcity and the small amounts of hydroxyproline they contain 

has led to the measurement of hydroxyproline being used as an index of collagen 

content. Hydroxylysine residues are glycosylated by galactosyl transferase and glucosyl 

transferase.

Interchain and intrachain disulphide bond formation then initiates the formation of the 

triple helix. In the Golgi apparatus procollagen molecules are packed into secretory 

vesicles. As the molecules are secreted the C- and N- terminal peptides are cleaved by 

specific proteases to yield the triple helical collagen molecule. The triple helices 

spontaneously assemble to form fibrils, four molecules are required to initiate fibril 

formation. Electron microscopy studies have shown that collagen fibrils have highly 

tapered and symmetrical pointed tips, and grow by addition of further molecules in the 

C- to N-terminal direction (Kadler et al 1990). Electrostatic interactions initially hold 

the molecules together, but as they mature, lysyl oxidase catalyses the formation of 

aldehyde derivatives from some of the lysine and hydroxylysine residues, generating 

covalent bonds between the chains of neighbouring molecules and stabilising the fibrils 

(Ricard-Blum, Ville, 1988).
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Figure 1.4 Steps involved in collagen synthesis and degradation
Figure shows the principal pathways involved in collagen biosynthesis. Reprinted from 
Laurent 1986, with permission from Thorax, London, UK.
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1.4.1.4 Collagen degradation

Collagen degradation may occur at both extracellular and intracellular sites. Mature 

collagen molecules are relatively resistant to proteolysis. However, a group of 

metalloproteinases (MMPs) are capable of degrading collagen outside the cell (see 

Murphy and Reynolds 1993 (Murphy, Reynolds, 1993) for a review). This family of 

enzymes is dependent on calcium and zinc and includes the interstitial collagenases, the 

gelatinases and the stromelysins. They are produced mainly by mesenchymal cells, 

neutrophils and macrophages. They are generally secreted as inactive precursors and 

are activated by proteolytic cleavage of the propeptides. Under normal circumstances, 

extracellular collagen degradation is regulated by a balance between proteinases and a 

variety of antiproteinases, the major group being the tissue inhibitors of 

metalloproteinases (TIMPs).

Intracellular procollagen degradation occurs rapidly during biosynthesis. Degradation 

of defective molecules (the ’enhanced’ pathway) is thought to take place in lysosomes 

(Berg, 1986), while ’basal’ degradation has been proposed to occur between the 

endoplasmic reticulum and Golgi apparatus (Barile et al 1990). Early studies in rats, 

measuring urinary excretion of isotopically labelled hydroxyproline, indicated that 

recently synthesised collagen was subject to rapid degradation with a half-life of less 

than 24 hrs (Lindstedt, Prockop, 1961). This rapid breakdown was subsequently 

confirmed in various tissues including the lung (Bienkowski et al 1978b; McAnulty, 

Laurent, 1987), and in vitro studies have shown that lung fibroblasts degrade 10 to 40% 

of newly synthesised procollagen (for a review see Rennard et al 1982). Degradation 

in vivo is rapid, occurring within 15 mins of synthesis (McAnulty, Laurent, 1987) 

before secretion has had time to occur. The proportion of newly synthesised lung 

procollagen degraded increases with age, from 30% in young rats to 80% in old 

animals (Mays et al 1989).

1.4.1.5 Mechanisms regulating collagen deposition

Collagen deposition can therefore be regulated at various stages. These include 

modulation of gene transcription, RNA processing, RNA transport into the cytoplasm
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and subsequent translation, intracellular and extracellular degradation and 

fibrillogenesis. Alterations in the number of collagen-synthesising cells will also play 

a role. Numerous mediators including cytokines, hormones and vitamins, together with 

alterations in physical and mechanical environments, can interact to modulate 

procollagen mRNA levels in vitro by altering gene transcription or mRNA processing 

and stablity. These mediators include TGFB, IL-1, TNFa, glucocorticoids, interferon 

gamma, ascorbic acid and prostaglandin (PG) E2  (for a recent review see Chambers, 

Laurent, 1996).

1.4.2 Collagen regulation in pulmonary fibrosis

It is clear that changes in either procollagen synthesis or degradation could potentially 

lead to collagen accumulation in the lung and consequent fibrosis. Figure 1.5 shows 

the electron micrograph appearances of collagen in normal and fibrotic lung, and the 

current evidence for increased collagen deposition in pulmonary fibrosis is summarised 

below.
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Figure 1.5 Electron micrographs of normal and fibrotic lung.
Figure shows the electron microscopy appearances o f normal (upper panel) and fibrotic 
(lower panel) lung. Of note are the thickened alveolar wall and increased numbers of 
collagen fibrils seen in the fibrotic specimen. BM =  basement membrane, Ep =  
epithelium, En =  endothelium, Rbc =  red blood cell, Co =  collagen.
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1.4.2.1 Animal models

A variety of animal models of pulmonary fibrosis have been developed. One of the 

most widely used is the bleomycin model, in which animals receive a single 

intratracheal instillation of the chemotherapeutic agent bleomycin. Bleomycins are a 

family of compounds produced by Streptomyces verticillis. They have potent 

antineoplastic properties but pulmonary fibrosis is a major adverse effect (see review 

Hay et al 1991) exploited in this model. The histological changes, similar to those seen 

in fibrosing alveolitis, have been well characterised and include oedema, necrosis of 

type I epithelial cells and inflammatory cell influx, followed by proliferation and 

metaplasia of type II epithelial cells together with fibrosis (Adamson, Bowden, 1974b; 

Adamson, Bowden, 1979; Thrall et al 1979).

Several studies have reported increased lung collagen content following bleomycin 

(Laurent et al 1981; Phan et al 1981; Shahzeidi et al 1991). Collagen synthesis rates 

also increase (Phan et al 1981; Laurent, McAnulty, 1983), as does collagen gene 

expression assessed by Northern analysis (Kelley et al 1985a; Raghow et al 1985; Hoyt, 

Lazo, 1988) or by in situ hybridisation (Shahzeidi et al 1993; Shahzeidi et al 1994). 

Collagen degradation rates following bleomycin were decreased (Phan et al 1981; 

Laurent, McAnulty, 1983).

Another well-characterised animal model is that of fibrosis induced by internal or 

external irradiation. Fibrosis under these circumstances is slowly progressive, in 

contrast to the acute fibrosis produced by bleomycin. In radiation models of pulmonary 

fibrosis increased rates of both collagen synthesis and degradation have been reported 

(Pickrell et al 1975; Pickrell et al 1976; Murray, Parkins, 1987; Walklin et al 1987; 

McAnulty et al 1991b) suggesting that distinct mechanisms may underlie the 

pathogenesis of pulmonary fibrosis induced by different agents.

1.4.2.2 Human pulmonary fibrosis

Immunohistochemistry suggests that collagen I is increased in areas of established lung 

fibrosis, whereas type III is increased in areas of early fibrosis (Bateman et al 1981). 

This is borne out by biochemical studies (Seyer et al 1976; Kirk et al 1984). Early
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studies differed as to whether the lungs of patients with pulmonary Abrosis contained 

increased amounts of collagen (Fulmer et al 1980; Madri, Furthmayr, 1980), probably 

owing to the patchy nature of the disease. However, increased collagen content in CFA 

has now been established (Kirk et al 1986; Selman et al 1986).

Indirect evidence for increased collagen synthesis in patients with lung Abrosis is 

provided by studies demonstrating increased levels of procollagen peptides in BAL fluid 

from patients with CFA (Low et al 1983; Cantin et al 1988; Bjermer et al 1989) and 

SSc (Harrison et al 1990). Elevated serum levels of glucosyl transferase, another 

marker of collagen synthesis, have been found in patients with pulmonary fibrosis 

(Anttinen et al 1985). Enhanced collagen gene expression has been demonstrated in 

primary fibroblast lines derived from human fibrotic lung tissue (McSharry et al 1987) 

and in fibrotic foci from the lungs of patients with pulmonary fibrosis (Broekelmann et 

al 1991). However, increased collagen production by primary fibroblast lines from 

human fibrotic lung has not been demonstrated (Raghu et al 1989).

Alterations in collagen degradation are less well studied. Reduced coUagenolytic 

activity in lung tissue has been reported in CFA (Selman et al 1986) while increased 

collagenase levels have been reported in BAL fluid from patients with CFA (Gadek et 

al 1979). The latter result may reflect the products of inflammatory cells present in 

BAL fluid rather than events occurring within the interstitium. A study of primary 

fibroblast lines derived from normal and fibrotic lung showed that fibrotic lung 

fibroblasts secreted half the amount of collagenase compared with control cells, 

suggesting that a predominance of low collagenase-producing fibroblast subpopulations 

could contribute to the development of fibrosis (Pardo et al 1992).

Increased collagen content in pulmonary fibrosis could also result from increased 

numbers of interstitial fibroblasts. There is evidence suggesting that this may be an 

important factor. A primary fibroblast line derived from a patient with familial CFA 

showed a peak thymidine incorporation double that of control lines (Gauldie et al 1987) 

and fibroblasts from patients with early lung fibrosis showed increased proliferative 

potential compared with controls (Raghu et al 1988).
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Most biochemical studies have concentrated on collagen, but the lung content of other 

extracellular matrix proteins is also altered in lung fibrosis. The relevance of this to 

the pathogenesis of the disease is at present unclear. Increased elastin content 

(McCullough et al 1978; Laurent et al 1981; Goldstein et al 1979) and gene expression 

(Lucey et al 1996) have been demonstrated in animal models of pulmonary fibrosis. 

Pulmonary fibronectin gene (Kelley et al 1985b; Raghow et al 1985; Hoyt, Lazo, 1988) 

and protein (Hemnas et al 1992) expression increases following bleomycin as do mRNA 

and protein content of the proteolgycan biglycan (Westergren-Thorsson et al 1993), 

while lung decorin gene and protein expression fall. Histological evidence of enhanced 

elastin deposition in fibrotic lesions in human lung is also reported (Eskenasy, 1982). 

Our understanding of the roles played by non-collagenous extracellular matrix protein 

components in the pathogenesis of pulmonary fibrosis is likely to increase in the future.

In summary, collagen is an important component of normal lung, providing a structural 

framework for tissue components as well as participating in the regulation of cellular 

function. Significant collagen turnover occurs throughout life. The pathways regulating 

biosynthesis and degradation are now fairly well understood and there are a number of 

different points at which excess synthesis or reduced degradation, or both, could arise 

and lead to collagen accumulation. Excess collagen deposition is now established as a 

feature of experimental and human pulmonary fibrosis. The next section discusses how 

the TGFfi family of cytokines might be involved in regulating collagen deposition in 

pulmonary fibrosis.

1.5 TRANSFORMING GROWTH FACTOR B

Although it is unlikely that a single cytokine is the sole mediator of the fibrotic 

response, one cytokine which is strongly implicated in the pathogenesis of pulmonary 

fibrosis is TGEB .̂ This section summarises the nature and functions of the TGFB 

family of cytokines. Since the subject of this thesis is the role of the TGFB family of 

cytokines in the pathogenesis of pulmonary fibrosis, this section will conclude by 

reviewing the evidence that TGFBi is a key mediator in the pathogenesis of this disease.
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1.5.1 The TGFfi superfamily

The TGF15 superfamily comprises at least 25 distinct but related molecules which have 

in common a number of structural features (for recent reviews see Lyons et al 1991, 

Laiho, Keski-Oja, 1992, Kingsley, 1994). All family members are initially synthesised 

as larger precursor molecules with an N-terminal signal sequence and a pro-domain of 

varying size. The precursor protein is usually cleaved to release a mature C-terminal 

segment of 110-140 amino acids, and the mature peptide consists of hetero- or 

homodimers of this C-terminal segment. Seven cysteine residues in the mature peptide 

are an almost invariant feature.

Some of the members can be grouped into distinct sub-families. These include the 

mammalian activins and inhibins, the Mullerian inhibitory substances, the DVR group 

comprising the decapentaplegic (dpp) gene complex and 60A subfamily, the bone 

morphogenetic proteins (BMPs) and growth differentiation factor 1 and 3. Other 

members include dorsalin, nodal, glial-derived neurotrophic growth factor and more 

recently described genes such as fugacin (Echochard et al 1995) and lefty (Meno et al 

1996). Key unifying aspects of the biology of these peptides are their involvement in 

the regulation of developmental processes, and the multiple functions of each individual 

family member in a given organism.

1.5.2 The TGFB isoforms

TGFBi is the prototype of the TGFB subfamily which consists of at least five different 

TGFB isoforms. TGFB2  was isolated from bone as a cartilage-inducing factor and 

named CIF-B before its identity as TGFB2  was recognised (Seyedin et al 1985). It was 

also independently identified as a renal epithelial cell growth inhibitor (Holley et al

1980) and T cell suppressor factor (Wrann et al 1987) before being cloned (Arrick et 

al 1994; Madisen et al 1988; Hanks et al 1988; Miller et al 1989). Human TGFB3  was 

initially identified by cDNA characterisation (ten Dijke et al 1988b; Derynck et al 1988) 

and was subsequently expressed in recombinant form (Graycar et al 1989; ten Dijke et 

al 1990b). To date only TGFB1 . 3  have been described in mammals.
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Two further TGFB isoforms have been described, designated as TGFB4  and TGFB5 , 

present in chicken (Jakowlew et al 1988c) and the frog Xenopus laevis (Kondaiah et al 

1990) respectively. Heterodimers between different TGFB gene products have also 

been reported. TGFB̂  2  heterodimers have been identified in porcine platelets (Cheifetz 

et al 1987) and both TGFBj 2  and TGFB2 . 3  heterodimers have been isolated from bovine 

bone (Ogawa et al 1992). The degree of identity between the five isoforms ranges from 

64% (TGFB2  compared with TGFBJ to 82% (TGFBj compared with TGFBJ (Kondaiah 

et al 1990). TGFB1 . 5  are all encoded as larger precursors (varying from 304 to 412 

amino acids in length) and are processed to 1 1 2  amino acid chains, with the exception 

of TGFB4  which contains 114 amino acids. All mature peptides contain nine cysteine 

residues.

Cloning of individual TGFB isoforms reveals that they are extremely well conserved 

between species. The sequences of the mature murine (Derynck et al 1986), bovine 

(Van Obberghen-Schilling et al 1987), porcine (Derynck, Rhee, 1987; Kondaiah et al 

1988), simian (Sharpies et al 1987) and chicken (Jakowlew et al 1988a) TGFB, peptides 

are identical to that of human TGFBj, with the exception of murine TGFB, which has 

serine substituted for alanine at position 75. The sequences of the mature human (de 

Martin et al 1987; Madisen et al 1988) and simian (Hanks et al 1988) TGFB2  are 

identical, as are the partial sequences of porcine and bovine TGFB2  (Cheifetz et al 

1987; Seyedin et al 1987). Human (ten Dijke et al 1988b; Derynck et al 1988) and 

chicken TGFB3  (Jakowlew et al 1988b) differ only in the substitution of a tyrosine for 

a phenylalanine, and human and porcine TGFB3  differ only in two amino acids 

(Derynck et al 1988).

Comparison of human and murine TGFB̂ , and human and porcine TGFB3 , N-terminal 

precursor regions reveals a high degree of polypeptide sequence conservation between 

species consistent with its important biological functions (Derynck et al 1986; Derynck 

et al 1988). In contrast, comparison of all three human TGFB precursor sequences 

reveals striking dissimilarity (Derynck et al 1988) with only three potential N- 

glycosylation sites preserved in all three isoforms and the RGD sequence preserved in 

the TGFBi and TGFB3  precursors only.
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Isoform sequence homology is apparent at genomic level. The TGFfii gene in various 

mammalian species has a seven-exon structure (Derynck et al 1987; Van 

Obberghen-Schilling et al 1987) largely conserved in genes encoding the other TGFB 

isoforms (Derynck et al 1988). Comparison of the sequences of the TGFB, and TGFB3  

genes shows that all intron-exon junctions are localised at exactly corresponding 

nucleotide positions, the one exception being that of the first intron (Derynck et al

1988). The high conservation of the splice junctions has led to the suggestion that the 

TGFB genes arose from early gene duplication events, with the structural similarities 

between the TGFB isoforms at polypeptide level preserved by functional requirements. 

Nevertheless, chromosomal mapping studies show that in mouse and man the TGFB1 . 3  

genes are located on separate chromosomes. In the mouse they are located on 

chromosomes 7,1 and 12; in man they map to chromosomes 19ql3, lq412 and 14q24 

respectively (Fujii et al 1986; Barton et al 1988; ten Dijke et al 1988a).

1.5.3 Chemistry

1,5,3.1 Structure

TGFBi was first described as a soluble factor present in conditioned medium of murine 

sarcoma virus and chemically transformed cells (de Larco, Todaro, 1978). It was 

subsequently shown to be identical to the growth inhibitor of BSC-1 African green 

monkey kidney cells described by Holley and colleagues (Holley et al 1978). TGFBi 

was later purified and characterised from human platelets (Assoian et al 1983), human 

placenta (Frolik et al 1983), and bovine kidney (Roberts et al 1983). The peptide was 

named for its ability to induce normal rat kidney fibroblasts to grow and form colonies 

of cells in soft agar in the presence of epidermal growth factor (EGF) (Roberts et al

1981). TGFBi is a 25 kd homodimer, each chain containing 112 amino acids including 

nine cysteine residues. Crystallography of TGFB2  reveals that eight of the cysteine 

residues are grouped together to produce a series of intrachain disluphide bridges, 

forming a rigid structure called a cysteine knot, while the remaining cysteine residue 

forms an interchain disulphide bond linking the monomers (Daopin et al 1992; 

Schlunegger, Grütter, 1992). NMR analysis of TGFBi suggests that the structures of 

TGFBi and TGFB2  are virtually identical (Archer et al 1993).
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Cloning of TGFBi (Derynck et al 1985) revealed that the TGFBi monomer is initially 

synthesised in a latent form as the C-terminal segment of a 390 amino acid (aa) 

precursor polypeptide. The precursor has a short N-terminal signal peptide designating 

the molecule for secretion. The high molecular weight latent TGFBi complex released 

by platelets consists of three subunits (see figure 1 .6 ) whose structure has been 

elucidated in some detail (Wakefield et al 1988; Miyazono et al 1988). The precursor 

sequence is termed the latency associated peptide (LAP). It is glycosylated at three N- 

linked sites (Brunner et al 1988) and itself forms a disulphide-bonded dimer of 

approximately 75 kd. LAP is further covalently linked by a disulphide bond to a 120- 

205 kd glycoprotein, latent TGFB binding protein (LTBP), which is transcribed from 

a separate gene (Kanzaki et al 1990). The third component is the mature, processed 

homodimeric TGFBi.

The TGFBi precursor is cleaved intracellularly at an Arg-Arg site between residues 278 

and 279. LAP is a homodimer representing two 249 aa remnants of the N terminals. 

Mature TGFBi and LAP remain associated through noncovalent interactions and are 

secreted as latent TGFBi (Pircher et al 1986). LTBP is synthesised separately but 

becomes associated with latent TGFBi prior to secretion. This probably promotes 

correct folding and secretion of the TGFBi molecule and is mediated by covalent 

bonding between an eight cysteine repeat of LTBP and Cys33 of LAP (Miyazono et al 

1991; Saharinen et al 1996).
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Figure 1.6 The high molecular weight latent TGFB complex
Figure shows the three subunits o f the high molecular weight latent TGFB complex. 
These comprise the latency associated peptide (LAP), the latent TGFB binding protein 
(LTBP) and the mature, processed homodimeric TGFB. LAP is covalently linked by 
a disulphide bond to LTBP. Adapted from Flaumenhaft et al 1993b.
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The role of LAP in regulating TGFBi activity is being elucidated. At least two of the 

LAP carbohydrate side chains contain phosphorylated mannose-6 -phosphate residues 

(Purchio et al 1988). Since agents that inhibit glycosylation block secretion (Sha et al

1989), the carbohydrate side chains are thought to play a role in secretion of the latent 

complex. This is supported by studies showing that if the cDNA encoding the 

precursor is engineered to produce the propeptide region of the precursor only, LAP 

is still secreted effectively (Gentry, Nash, 1990). LAP purified from cells transfected 

with a TGFBi precursor cDNA containing a stop codon prior to the sequence encoding 

the mature TGFBi can associate with and inactivate TGFBi. Furthermore, in transgenic 

mice with elevated hepatic levels of LAP, activity of hepatic TGFBi is inhibited 

(Bottinger et al 1996). Association with LAP after secretion therefore probably restricts 

TGFBi activity to locations where the latent complex can be activated. TGFBi LAP also 

binds TGFB2  and TGFB3  tightly (Miller et al 1992) and recombinant TGFBi LAP is a 

potent inhibitor of the activities of TGFB1 . 3  in vitro (Bottinger et al 1996).

The role of LTBP is still not entirely clear since it does not associate with mature 

TGFBi (Kanzaki et al 1990) and is not required for latency. However, amino acid 

sequencing by these authors revealed that it contains various motifs involved in protein- 

protein interactions, including 16 EGF-like domains (for a review on EGF-like repeats 

see Appella et al 1988), an Arg-Gly-Asp (RGD) sequence which may mediate 

interactions with integrins (Ruoslahti, Pierschbacher, 1987) and a sequence of eight 

amino acids identical to a sequence in the B2 chain of laminin (Sasaki, Yamada, 1987). 

Both free LTBP and LTBP complexed to TGFBi are efficiently incorporated into 

fibroblast extracellular matrix, and proteolytic cleavage of LTBP by plasmin releases 

latent TGFBj from the matrix (Taipale et al 1994). Recently it has been shown that the 

N terminal of LTBP associates covalently with extracellular matrix (Saharinen et al 

1996). LTBP may thus play a role in binding of the high molecular weight latent 

TGFBi complex to cell surface and matrix proteins.

Two further LTBP molecules have recently been identified, termed LTBP-2 and LTBP- 

3 and having beween 38 and 41% homology with LTBP-1 (Moren et al 1994; Yin et 

al 1995). All three proteins show structural similarities to the microfibril protein
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fibrillin and form a high molecular weight complex with the TGFBj precursor. The 

different associated proteins may serve to direct the complexes to specific sites. The 

binding of TGFBj and TGFB3 to individual LTBP isoforms has not been characterised.

In some cell types, including CHO cells transfected with the TGFBi precursor cDNA 

(Gentry et al 1987) and cultured osteoblasts (Bonewald et al 1991), TGFBi is produced 

as a low molecular weight (100 kd) latent complex consisting only of the mature TGFBi 

noncovalently associated with LAP. In serum, a latent form of TGFBi, consisting of 

the mature dimeric form of TGFBi complexed to a-macroglobulin, has been described 

(O’Connor-McCourt, Wakefield, 1987). This has been proposed to act as a clearance 

mechanism for excess TGFBi following its release. However, TGFBi bound to a- 

macroglobulin can be released by heparin, suggesting that a-macroglobulin may act as 

a carrier protein to deliver TGFB to cells. The growth factor may be released on 

encountering the cell surface and an environment rich in heparan sulphate proteoglycans 

(McCaffrey et al 1989).

1.5,3.2 Activation

The observation that conditioned cell culture medium treated with acid contained TGFB 

activity (Lawrence et al 1984) was the first indication that TGFB might be secreted in 

latent form. It is now known that all three TGFB isoforms are secreted as latent 

complexes and activated extracelullarly by release of the mature cytokines from their 

noncovalently associated LAPs. TGFBi has been shown to be released from 

degranulating platelets and secreted from most cells in inactive form. In vitro the 

peptide can be activated by extremes of pH, exposure to urea or more than 0.02% 

sodium dodecyl sulphate (Lawrence et al 1985; Miyazono et al 1988), suggesting that 

latency is conferred by electrostatic interactions between TGFBi and LAP.

Mechanisms which activate latent TGFBi in vivo are still being elucidated (see figure 

1.7). Proteases such as plasmin can activate latent TGFBi in vitro (Lyons et al 1988), 

possibly by cleaving a peptide bond in LAP and causing an alteration in its 

conformation which releases mature TGFBi (Lyons et al 1990). The concentrations of 

plasmin required (0.5 U/ml) are such that they are unlikely to exist in solution in vivo.
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However, they could occur at the cell surface where TGFBi activation is postulated to 

take place (Dennis, Rifkin, 1991). The requirement for TGFBi activation may allow 

TGFBi to regulate its own production. In co-cultures of endothelial and smooth muscle 

cells active TGFB increases plasminogen activator inhibitor 1 (PAI-1) expression. This 

inhibits conversion of plasminogen to plasmin by urokinase (uPA) and prevents further 

TGFBi activation (Sato et al 1990). TGFB also down-regulates uPA directly (Nunes et 

al 1995).

Two recent studies support the view that plasmin activates TGFBi in vivo. Transgenic 

mice expressing human apolipoprotein a (apo a) fail to exhibit TGFB activation in aortic 

wall and serum, possibly reflecting apo a inhibition of plasminogen activation (Grainger 

et al 1994). Following in vivo lung injury in rats, a rise in active TGFBi secretion by 

BAL fluid-derived alveolar macrophages is paralleled by a rise in plasmin release by 

the same cells, and « 2  antiplasmin added to the cultures prevents TGFBi activation 

(Khalil et al 1996a).

Binding of latent TGFBi to the mannose-6-phosphate/insulin like growth factor II (IGF- 

II) receptor is required for activation (Dennis, Rifkin, 1991), and probably occurs via 

interaction with mannose-6-phosphate residues on LAP. LTBP antibody inhibits TGFBi 

activation (Flaumenhaft et al 1993a), suggesting that LTBP directs TGFBi to activation 

sites on the cell surface. Recent studies have also implicated thrombospondin 1, a 

platelet alpha-granule and extracellular matrix glycoprotein, in TGFBi activation 

(Schultz-Cherry, Murphy-Ullrich, 1993; Schultz-Cherry et al 1995). This pathway of 

activation is protease-independent and does not require interaction with cell surface 

molecules. Since thrombospondin can co-localise with TGFB in extracellular matrix 

(Slater et al 1995), thrombospondin may regulate activation of matrix-bound TGFB.
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Figure 1.7 Possible mechanisms regulating TGFB activation
Figure shows the mechanisms which may regulate TGFB activation in vivo. Latent 
TGFB bound to the cell surface is probably activated by plasmin. Active TGFB then 
upregulates PAI-1 and downregulates the plasminogen activator uPA, thus reducing 
subsequent activation o f latent TGFB. An alternative, protease-independent activation 
pathway has also been described. This does not require interaction with cell surface 
proteins but utilises thrombospondin, an extracellular matrix glycoprotein. M -6-P =  
mannose-6-phosphate.
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1,5 ,33 Receptors

The actions of the TGFB family of cytokines are mediated through binding to specific 

cell membrane receptors, and almost all cell types bind TGFBi with affinities in the 

picomolar concentration range (Frolik et al 1984; Tucker et al 1984; Massagué, Like, 

1985; Wakefield et al 1987). In most cell types, three different types of TGFB 

receptor, type I (53 kd), type II (70-80 kd) and type III (250-350 kd) have been 

identified (Cheifetz et al 1988a). The type III receptor is a proteoglycan (Segarini, 

Seyedin, 1988; Cheifetz et al 1988a) named betaglycan because of its ability to bind 

TGFB (Andres et al 1989).

Cells lacking the type III receptor, including haematopoietic progenitor cells (Ohta et 

al 1987) and endothelial or epithelial cells in primary or early passage cultures (Segarini 

et al 1989) are still responsive to TGFB, indicating that the type III receptor is not 

required for signalling. Cloning of the type III receptor demonstrated that the 

betaglycan structure contained a short cytoplasmic domain with no signalling motif 

(Wang et al 1991). Betaglycan exists in soluble as well as membrane-bound form 

(Andres et al 1989). The membrane-bound form of betaglycan presents TGFB to the 

type II signalling receptor (Lopez-Casillas et al 1993) while the soluble form binds 

TGFB and inhibits binding to membrane receptors. Conversion of membrane-bound 

betaglycan to the soluble form may thus provide a mechanism for TGFB inhibition 

(Lopez-Casillas et al 1994).

The type I and II receptors are distantly related transmembrane serine/threonine kinases. 

Studies of mutant cells resistant to TGFB action have demonstrated that TGFB binding 

to the type I receptor requires the presence of the type II receptor, and that both type 

I and type II receptors are required for TGFB signalling (Attisano et al 1994; Franzen 

et al 1993; Bassing et al 1994; Laiho et al 1991). Studies in mink lung epithelial cells 

(Wrana et al 1994) suggest that TGFB binds directly to the type II receptor, which is 

a constitutively active kinase. Bound TGFB is then recognised by the type I receptor, 

which is recruited into the complex and becomes phosphorylated by the type II receptor. 

Phosphorylation subsequently enables the type I receptor to propagate the signal to 

downstream substrates. TGFB signalling is therefore mediated by a heteromeric
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complex. Isoforms of the type I and type II receptors with differing affinities for 

TGFfii_ 3 have also been reported (Kalter, Brody, 1991; Zhou et al 1995; Tsang et al

1995).

In addition to the three well-characterised TGFB receptors, several other membrane- 

bound proteins have been shown to bind TGFB. The type IV receptor is a 60 kd 

protein so far only isolated from a pituitary tumour cell line (Cheifetz et al 1988b). 

The type V receptor is a 4(X) kd non-proteoglycan glycoprotein originally isolated from 

bovine liver but since recognised in various cells (O’Grady et al 1991). The type VI 

receptor is a 180 kd receptor also found on a wide variety of cell types (Segarini et al 

1992). The functional importance of these receptors is at present unclear.

Components of the signalling pathways that lie downstream of the serine/threonine 

minase receptors are as yet poorly defined, but recent evidence implicates a family of 

genes homologous to the Drosophila gene called Mothers against dpp (Mad). The 

different proteins encoded by these genes appear to be localised to the cytoplasm and 

to transmit specific information to the nucleus, resulting in different biological 

responses (Riggins et al 1996; Graff et al 1996).

1.5.4 Biological activity

TGFBi is the prototype of a multifunctional growth factor and its actions on any 

particular target cell are highly dependent on cell phenotype, culture conditions and the 

presence of other growth factors. For example, TGFBi stimulates the growth of 

fibroblasts from very early fetuses but inhibits the growth of fibroblasts derived from 

older fetuses (Hill et al 1986). Both TGFBi and TGFB2  stimulate primitive 

mesenchymal cells to differentiate and express cartilage, but treatment of chondrocytes 

with TGFB suppresses synthesis of cartilage constituents including type II collagen 

(Rosen et al 1988). The diversity of the effects of TGFB, coupled with almost universal 

cellular expression of TGFB receptors, place it in a unique position to regulate normal 

and pathological processes. The biological actions of TGFB can be subdivided into 

three main categories. These comprise its regulatory effects on immune function, cell
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differentiation and growth, and extracellular matrix protein turnover. The next section 

discusses these in turn, placing greatest emphasis on the last, since it is the effects of 

TGFBi on matrix turnover which have led to its implication in the pathogenesis of 

pulmonary fibrosis.

Most studies have examined TGFBi. The biological activities of the TGFB isoforms are 

similar, but differences in potency exist dependent on cell type and assay (Graycar et 

al 1989). This may partly reflect differential affinities of the receptors for the TGFB 

isoforms (Segarini et al 1987; Cheifetz et al 1990; Lyons et al 1991; Mitchell et al 

1992). The majority of type I and II receptors bind TGFBi and TGFB3  with greater 

affinity than TGFB2  (Massagué, 1992) but receptor subsets exist which bind all three 

isoforms with equal affinity (Segarini et al 1987). Where functional differences are 

known to exist between the isoforms they will be highlighted.

1,5,4,1 Immunoregulation

Both TGFBi and TGFB2  have potent immunoregulatory actions. They inhibit T and B 

lymphocyte proliferation in femtomolar concentrations (Kehrl et al 1986a; Kehrl et al 

1986b; Kehrl et al 1989). TGFBi inhibits thymocyte proliferation (Ristow, 1986), 

suppresses natural killer cell activity (Rook et al 1986) and inhibits production of 

lymphokine-activated killer cells and cytotoxic T lymphocytes (Mulé et al 1988; 

Espevik et al 1988). TGFBi also inhibits B cell IgG and IgM secretion.

TGFBi antagonises some actions of the interleukins IL-1, IL-2 and IL-3 (Kehrl et al 

1986a; Kehrl et al 1986b; Ohta et al 1987; Wahl et al 1988) interferon-a (Rook et al 

1986), interferon gamma (Czamiecki et al 1988) and TNFa (Ranges et al 1987). 

TGFBi directs isotype switching in B lymphocytes, upregulating IgA production by 

splenic B cells (Coffman et al 1989) or alternatively suppressing IgA secretion by 

activated IgA-secreting lymphocytes (van Vlasselaer et al 1992).

TGFBi and TGFB2  can also suppress immune cell function in vivo. TGFB2  was 

independently characterised as an immunosuppressive factor produced by human 

glioblastomas (de Martin et al 1987) which can cause impaired cell-mediated immune
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responses in patients (Wrann et al 1987). Further evidence that TGFBi plays an 

essential role in immunoregulation in vivo comes from studies of TGFB, null mice 

(Shull et al 1992; Kulkami, Karlsson, 1993). These mice are bom healthy but within 

two to three weeks develop a rapidly progressive and fatal multifocal inflammatory 

disease characterised by severe wasting. Lymphocytes are required for this 

inflammatory response, indicating that TGFB, normally plays a vital role in regulating 

lymphocyte proliferation and activation (Diebold et al 1995).

In contrast to its effects on lymphocytes, TGFB, can activate macrophages and 

monocytes. It stimulates monocyte chemotaxis in picomolar concentrations and at 

higher concentrations enhances monocyte gene expression of various fibroblast growth 

factors including IL-1 (Wahl et al 1987). However, TGFB,, and to a lesser extent 

TGFB2 , also selectively inactivate macrophages by suppressing the release of HgO; 

(Tsunawaki et al 1988). TGFB, also inhibits cytokine-induced macrophage nitric oxide 

(NO) release in vitro (Nelson et al 1991) by reducing translation of inducible nitric 

oxide synthase (iNOS) mRNA and increasing iNOS degradation (Vodovotz et al 1993). 

TGFB, null mice exhibit elevated serum levels of NO reaction products and increased 

iNOS gene and protein expression, confirming that TGFB, downregulates iNOS 

expression in vivo (Vodovotz et al 1996). It has therefore been suggested that TGFB 

may participate in repair following injury by upregulating macrophage growth factor 

production and downregulating cytotoxicity.

1,5.4,2 Regulation o f cell proliferation and differentiation 

Owing to their potent effects on cell proliferation and differentiation, members of the 

TGFB family play important roles in embryogenesis and a variety of developmental 

processes (for reviews see Laiho, Keski-Oja, 1992, Mummery, van den 

Eijnden-van-Raaij, 1993, Shull, Doetschman, 1994, Wall, Hogan, 1994). Differential 

spatial and temporal gene and protein expression of TGFB,.] isoforms during 

embryogenesis suggests that the isoforms play distinct roles in development (Gatherer 

et al 1990; Pelton et al 1990; Millan et al 1991; Pelton et al 1991b; Schmid et al 1991; 

Akhurst et al 1992; Paria et al 1992; Roberts, Sporn, 1992; Jakowlew et al 1994).
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TGFBi is a potent growth inhibitor for many normal cell lines (for a review see Fynan, 

Reiss, 1993). It almost invariably inhibits epithelial cell replication in vitro, including 

that of kératinocytes (Moses et al 1985; Coffey et al 1988), tracheal (Jetten et al 1986) 

and bronchial epithelial cells (Masui et al 1986), intestinal epithelial cells (Kurokowa 

et al 1987) and renal proximal tubular cells (Fine et al 1985). Although differences in 

potency exist between the three TGFB isoforms, TGFB2  and TGFB3  share the ability of 

TGFBi to inhibit proliferation of human kératinocytes and that of the mink lung 

epithelial cell line CCL64 (Graycar et al 1989). The latter biological effect is 

frequently used as a bioassay for TGFB. TGFBi also inhibits haematopoietic cell 

proliferation but TGFB2  is 100 times less potent (Ohta et al 1987).

TGFBi is also a potent inhibitor of endothelial cell growth (Baird, Durkin, 1986; 

Frater-Schroder et al 1986; Müller et al 1987). TGFB2  is 100 times less active in 

inhibiting endothelial cell replication (Jennings et al 1988). Inhibition of cell growth by 

TGFBi is frequently associated with terminal differentiation (Jetten et al 1986; Masui 

et al 1986; Kurokowa et al 1987). TGFBi arrests the cell cycle in late Gi phase 

(Nakamura et al 1985; Laiho et al 1990), probably by blocking several steps involved 

in cyclin-dependent kinase activation and thereby preventing subsequent phosphorylation 

of retinoblastoma protein (Satterwhite, Moses, 1994).

In contrast, mesenchymal cells appear less susceptible to growth inhibition by TGFBi 

(see review Fynan, Reiss, 1993), with both inhibitory and stimulatory effects reported. 

TGFBi ) stimulate proliferation of embryonic mouse fibroblasts, with TGFB2  and TGFB3  

equipotent and significantly more active than TGFBi (Graycar et al 1989). TGFBi 

stimulates proliferation of human fibroblasts isolated from fetuses weighing up to 50 g 

(Hill et al 1986) and rat mesenteric fibroblasts cultured in intact connective tissue 

(Franzen, Dahlquist, 1994). TGFBi also stimulates human mésothélial cell replication 

(Gabrielson et al 1988). TGFBi and TGFB3  stimulate proliferation of osteoblast- 

enriched bone cell cultures, with TGFB3  being three to five times more potent than 

TGFBi (ten Dijke et al 1990a).

However, a biphasic effect was noted in this study and has also been reported in
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fibroblasts and smooth muscle cells, with stimulation at low concentrations and 

inhibition at higher concentrations (Kimura et al 1989; Battegay et al 1990). The 

proliferative response appears to be mediated in part by induction of platelet derived 

growth factor (PDGF) expression (Seifert et al 1994). At higher concentrations TGFBi 

downregulates PDGF receptor expression (Battegay et al 1990) but may also inhibit 

proliferation directly.

Comparison of TGFB1 . 3  has revealed that all three isoforms stimulate human foetal lung 

fibroblast proliferation at 0.2 pM (McAnulty et al 1997) but inhibit proliferation at 

concentrations of 1.6 pM and above. TGFB3  was the most and TGFB, the least potent 

in this study. Indomethacin overcame the inhibitory effects of higher concentrations of 

TGFB1.3 , suggesting that prostaglandin E2  (PGEg) plays a role in regulating in mediating 

the antiproliferative effects of TGFB. This is consistent with the observation that both 

the antiproliferative effects of TGFB on epithelial cells and TGFB,-induced PGE2  

synthesis are mediated via pertussis toxin sensitive G proteins (Howe et al 1990; 

Fukami et al 1995; McAnulty et al 1995).

1,5,4,3 Regulation o f extracellular matrix protein turnover 

TGFBi is the most potent stimulator of extracellular matrix protein deposition, 

particularly that of collagen, so far described. It does this by stimulating procollagen 

gene and protein expression, and inibiting collagen degradation.

TGFB, stimulates type I collagen and fibronectin synthesis in vitro by all fibroblast lines 

examined including mouse embryonic, rat kidney, rat lung, human skin, human 

gingival, human embryonic lung fibroblasts, adult normal and fibrotic lung fibroblasts 

(Ignotz, Massagué, 1986; Roberts et al 1986; Raghu et al 1989; Wrana et al 1986; 

McAnulty et al 1991a; McAnulty et al 1995). TGFB, also increases collagen synthesis 

in vivo (Roberts et al 1986; Pierce et al 1989; Nabel et al 1993). TGFB, augments 

synthesis of collagen types I and III by human embryonic lung fibroblasts without 

altering the proportion of collagen types (Fine, Goldstein, 1987) and this effect is 

selective for collagen as compared with total protein production.
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TGFBi also stimulates collagen synthesis by myoblasts (Ignotz et al 1987), rat embryo 

mesenchymal cells (Seyedin et al 1985), osteoblasts (Centrella et al 1987; ten Dijke et 

al 1990a), hepatic lipocytes (Matsuoka, Tsukamoto, 1990) and foetal rat lung epithelial 

cells (DiMari et al 1991). Little is known about the effects of the other two TGFB 

isoforms on collagen synthesis. The only study to address this question showed that 

TGFB) was three to five times more potent than TGFBi at stimulating collagen synthesis 

by osteoblast-enriched bone cultures (ten Dijke et al 1990a). TGFB% is less potent than 

TGFBi in stimulating type II collagen production by embryonic rat muscle cells, but 

more potent in stimulating proteoglycan synthesis by these same cells (Seyedin et al 

1985).

The pathways by which TGFBi enhances extracellular matrix protein synthesis, 

including that of collagen, are partly known. TGFBi stimulates increased collagen I and 

in  and fibronectin mRNA levels (Ignotz et al 1987; Raghow et al 1987; Varga et al 

1987; Dean et al 1988; Penttinen et al 1988; Raghu et al 1989). The mechanism 

involves both increased matrix protein transcription rates and increased mRNA stability 

(Raghow et al 1987; Penttinen et al 1988). TGFBi increases gene transcription by 

activation of the a2(I) (Rossi et al 1988) and a  1(1) collagen (Ritzenhaler et al 1991) 

promoters at different regions (Ritzenhaler et al 1991). In the case of the a2(I) 

collagen gene, nuclear factor-1 (NF-l)-like and AP I binding sites are thought to be 

partly reponsible for mediating the effects of TGFBi (Rossi et al 1988; Chung et al

1996). An NF-l-like binding site is located in the a  1(1) collagen promoter but 

apparently does not mediate TGFBi activation of the a  1(1) collagen gene (Jimenez et al 

1994), and the activation mechanism remains unclear. TGFBi also increases elastin 

synthesis by smooth muscle cells (Liu, Davidson, 1988) and lung fibroblasts 

(McGowan, McNamer, 1990), probably by activation of the elastin promoter (Katchman 

et al 1994).

TGFBi regulates the enzymes controlling degradation of newly synthesised extracellular 

matrix proteins. It reduces collagenase gene transcription (Edwards et al 1987; Overall 

et al 1991) and upregulates TIMP gene and protein expression (Edwards et al 1987; 

Overall et al 1991; Wright et al 1991). TGFBi also increases PAI-1 synthesis, probably
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by increasing transcription (Lund et al 1987). TGFBi also reduces the proportion of 

newly synthesised procollagen degraded intracellularly prior to secretion (McAnulty et 

al 1991a) although the mechanism by which it does this is not known. Recent data 

suggest that TGFfii-mediated induction of lung fibroblast procollagen synthesis is 

negatively regulated by PGEg production in response to TGFBi (McAnulty et al 1995).

In summary, the TGFB isoforms are a family of highly homologous multifunctional 

peptides with potent effects including control of immune function, cell growth and 

differentiation and extracellular matrix metabolism. TGFBg and TGFBg appear to have 

distinct but in some cases overlapping roles to TGFBi. Their activities have led to their 

being implicated in a variety of normal biological processes including organ and tissue 

development and wound healing. The TGFB family has also been implicated in the 

pathogenesis of a number of diseases characterised by inflammation, fibrosis and 

malignant transformation. The following section reviews the evidence that TGFB is 

implicated in the pathogenesis of fibrotic disease.

1.6 TGFB IN THE PATHOGENESIS OF FIBROSIS

Given the profibrotic potential of the TGFB isoforms, it is not surprising that this family 

of cytokines has also been implicated in the pathogenesis of diseases characterised by 

chronic inflammation and fibrosis. The following section reviews the evidence that the 

TGFB family is implicated in the pathogenesis of both extra-pulmonary and pulmonary 

fibrosis. Almost all studies have focused on TGFBi and it is to the prototype of the 

family that this section will therefore refer.

1.6.1 Role of TGFB, in extra-pulmonary fibrosis

Various studies have shown that TGFB, gene expression is enhanced in situations where 

increased extracellular matrix protein deposition follows injury. These include 

experimental glomerulonephritis (Yamamoto et al 1994), liver regeneration (Jakowlew 

et al 1991) and experimental and clinical ureteropelvic junction obstruction (Seremetis, 

Maizels, 1996). In vivo transfection of pig arteries with the TGFB, gene results in
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substantially increased extracellular matrix production (Nabel et al 1993). The first 

conclusive evidence that TGFB, plays a role in the pathogenesis of fibrosis in vivo came 

from studies in an animal model of renal fibrosis. In rats, administration of anti-TGFB, 

serum coincident with the induction of acute mesangial proliferative glomerulonephritis 

suppressed the increased production of extracellular matrix usually seen in this disease 

(Border et al 1990). This group subsequently demonstrated that the proteoglycan 

decorin, which can bind and neutralise TGFB,, had the same effect (Border et al 1992).

An important development in elucidating the role of TGFB, further has been the 

generation of transgenic mice overexpressing TGFB,. This has provided several lines 

of evidence suggesting that TGFB, is profibrotic in vivo. Transgenic mice 

overexpressing TGFB, in the central nervous system, pancreas and liver develop 

accumulation of extracellular matrix proteins in the tissues where the transgene is 

expressed (Wyss-Coray et al 1995; Lee et al 1995; Sanderson et al 1995). Finally, 

transgenic mice with high plasma TGFB, levels develop progressive renal fibrosis (Kopp 

et al 1996).

The available patient data also suggests that TGFB, is important in the development of 

fibrosis. Raised plasma TGFB levels predict the risk of developing liver or lung 

fibrosis following autologous bone marrow transplant for advanced breast cancer 

(Anscher et al 1993), and persistently elevated plasma TGFB levels correlate with the 

development of pneumonitis in patients with lung cancer who receive radiotherapy 

(Anscher et al 1994).

1.6.2 Role of TGFB, in pulmonary fibrosis

TGFB, is constitutively expressed in normal (Yamauchi et al 1988; Pelton et al 1991a; 

Khalil et al 1993; Magnan et al 1994) and fibrotic lung (Moreland et al 1992). 

Evidence that TGFB is an important mediator in the pathogenesis of lung fibrosis will 

be reviewed by considering data obtained from animal models followed by that available 

from human studies.
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1.6.2.1 Animal studies

Total lung TGFBi mRNA levels increase prior to enhanced collagen type I and III gene 

expression following intratracheal bleomycin in mice (Hoyt, Lazo, 1988; Raghow et al 

1989; Westergren-Thorsson et al 1993), The increase in TGFB gene expression is 

confined to bleomycin-sensitive strains of mice (Hoyt, Lazo, 1988; Phan, Kunkel, 

1992). Following bleomycin in rats, total lung TGFB levels rise 30 fold, and the peak 

in TGFB levels precedes maximal collagen synthesis (Khalil et al 1989). 

Immunohistochemistry shows that at seven days when TGFB production is maximal, 

TGFBi is almost exclusively localised to alveolar macrophages, whereas at 14 days 

when collagen synthesis peaks, TGFB, is localised extracellularly in association with 

areas of developing fibrosis (Khalil et al 1989). Following bleomycin, much of the 

TGFB released by alveolar macrophages is in active form (Khalil et al 1993).

In vitro studies show that bleomycin stimulates TGFB release by endothelial cells (Phan 

et al 1991b), and stimulates TGFB gene expression by rat lung fibroblasts (Breen et al 

1992) suggesting that alveolar macrophages are not the only cells producing TGFB 

during the course of bleomycin-induced lung fibrosis. The role of TGFB2  and TGFB3  

in the pathogenesis of bleomycin-induced pulmonary fibrosis is not yet clear. However, 

antibodies to TGFB; alone, or to TGFB; and TGFB, together, reduce total lung content 

in mice following bleomycin (Giri et al 1993).

1.6.2.2 Human studies

Although enhanced collagen production by fibrotic lung fibroblasts has not been 

demonstrated, there is evidence that primary lung fibroblast lines from patients with SSc 

and pulmonary fibrosis are more sensitive to TGFB, than control cells as judged by 

their procollagen synthesis when stimulated by exogenous TGFB, (Harrison et al 

1991a). The results of this study contrast with that by Raghu and colleagues, who 

failed to demonstrate any difference in TGFB,-stimulated procollagen production 

between fibrotic and normal human lung fibroblasts (Raghu et al 1989). This could 

relect differences in the stage of disease, since patients with SSc and pulmonary fibrosis 

often present earlier than do those with CFA. Fibroblasts at an earlier stage of disease 

may exhibit an enhanced response to stimulatory cytokines which is subsequently lost.
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TGFBi levels in BAL fluid are raised in infants who develop chronic lung disease of 

prematurity, in whom pulmonary fibrosis is a prominent feature (Kotecha et al 1996).

Immunohistochemistry for TGFBi in lung biopsy tissue from patients with idiopathic 

pulmonary fibrosis has revealed prominent deposition in epithelial cells, macrophages 

and extracellular matrix (Khalil et al 1991). TGFBi was not present in epithelial cells 

in normal lung tissue. A study of patients with pulmonary fibrosis including those with 

CFA and SSc showed TGFB protein localised to alveolar macrophages, airway epithelial 

cells, smooth muscle cells and hyperplastic type II pneumocytes (Corrin et al 1994). 

Control sections showed weak staining of alveolar macrophages, variable staining in 

airway epithelium and no staining in alveolar epithelial cells. TGFBj gene expression 

is also increased in human pulmonary fibrosis (Broekelmann et al 1991), with 

predominant gene expression in alveolar macrophages and TGFBi protein localised to 

foci containing activated fibroblasts.

In summary, TGFB, gene and protein expression are enhanced in animal models of lung 

fibrosis and in the lungs of patients with the disease. Animal models reveal a temporal 

relationship between the rise in TGFBi levels and increased collagen gene and protein 

expression. There is also a spatial association between TGFBi deposition and 

extracellular matrix accumulation. Taken together these data strongly suggest an 

important role for TGFBi in the pathogenesis of pulmonary fibrosis.

A number of questions need to be addressed. Firstly, it is not known whether TGFB2  

and TGFB3  share the ability of TGFBi to stimulate human lung fibroblast procollagen 

production and reduce intracellular degradation. Secondly it is not known which cells 

are the primary source of TGFB1 . 3  gene expression in the lung, and whether these alter 

during the course of the development of pulmonary fibrosis. A greater understanding 

of this would raise the possibility of cell-targeted therapy. It is also not known whether 

TGFB2  and TGFB3  play a role in the pathogenesis of pulmonary fibrosis in vivo. This 

is a particularly important question to address given the potential for specific 

anticytokine agents as therapeutic strategies in the treatment of this disease.
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In order to address the question of localisation of TGFB isoform gene expression in 

normal and fibrotic lung, in situ hybridisation techniques provide a powerful tool. 

However, current techniques are limited in a number of ways, and one of the aims of 

this thesis was to develop a technique which would adequately resolve these obstacles. 

The next section reviews briefly the current methods available and their limitations.

1.7 Current in situ hybridisation techniques

In situ hybridisation techniques permit the detection of specific nucleic acid sequences 

in morphologically preserved chromosomes, cells or tissue sections. The technique was 

first developed independently by two groups nearly thirty years ago (John et al 1969; 

Pardue, Gall, 1969). At this time radioisotopes were the only labels available for 

nucleic acids, and autoradiography was the only means of detecting hybridised 

sequences. Furthermore, as molecular cloning was not possible, in situ hybridisation 

was restricted to those sequences which could be isolated and purified by conventional 

biochemical means, such as viral DNA and ribosomal RNAs.

Molecular cloning techniques and improved radiolabelling methods have generated 

significant improvements in the efficiency of in situ hybridisation. DNA sequences of 

a few hundred base pairs in length can be detected in metaphase chromosomes, and 

radioactive in situ detection of low copy number mRNA transcripts is now possible in 

individual cells. However, radioactive methods still confer significant limitations in 

terms of cellular resolution and the length of time required for autoradiography. In 

particular, the degree of cellular resolution afforded by the use of the label 

frequently does not permit accurate identification of cell types expressing the gene 

product when whole tissue sections are examined. This becomes a significant 

disadvantage when examining lung tissue, which contains multiple cell types.

The localisation of TGFB isoform gene expression was a key part of this thesis (see 

section 1.8.2). It was therefore important to develop a method for in situ hybridisation 

in lung tissue which would permit a high degree of cellular resolution. Two non

isotopic labels currently exist, biotin and digoxigenin. Digoxigenin was chosen for this
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work, the reasons for which are discussed in section 4.2. The following section sets 

out the hypothesis and aims of this thesis.

1.8 AIMS OF THIS THESIS

1.8.1 Hypothesis

The overall aim of this thesis was to examine the role of the three different TGFB 

isoforms in the pathogenesis of pulmonary fibrosis. In so doing I will address the 

hypothesis that TGFBi, TGFB2  and TGFB3  play distinct but overlapping roles in the 

pathogenesis of pulmonary fibrosis.

1.8.2 Specific aims

The specific aims were fourfold and outlined below.

Firstly, to investigate whether TGFB2  and TGFB3  share the ability of TGFBi to stimulate 

human lung fibroblast procollagen production and elucidate the mechanisms in terms 

of their effects on procollagen synthesis and intracellular degradation.

Secondly, to localise TGFBi, TGFB2  and TGFB3  gene expression in normal murine and 

human lung.

Thirdly, to localise TGFBi, TGFB2  and TGFB3  gene expression during the course of 

murine bleomycin-induced lung fibrosis.

Fourthly, to localise TGFBi, TGFB2  and TGFB3  gene expression in human pulmonary 

fibrosis arising in the context of CFA or SSc.

The following chapter describes the methods used to approach these questions. Chapter 

three gives an account of the results, which are then discussed in chapter four.
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CHAPTER TWO

METHODS

73



IN  VITRO STUDIES

2.1 MATERIALS

Chemicals, of analytical grade or above, were obtained from BDH/Merck unless 

otherwise indicated. Water for buffer preparation was distilled and deionised. Solvents 

used to prepare HPLC buffers and solutions were of HPLC grade and obtained from 

BDH/Merck. Sterile tissue culture plates, polypropylene centrifuge tubes and pipettes

were purchased from Costar. Other disposable plasticware was obtained from Sterilin. 

Dulbecco’s modified Eagle’s medium, newborn calf and foetal bovine serum were 

purchased from Imperial laboratories. The same batch of serum was used throughout. 

Phosphate buffered saline, trypsin, streptomycin, penicillin and glutamine were obtained 

from the Institute of Cancer Research. Natural porcine TGFBi, natural porcine TGFB2  

and recombinant chicken TGFB3 were obtained from R&D Systems. Human foetal lung 

fibroblasts (HFL-1) were purchased from the American Type Culture Collection.

2.2 FIBROBLAST CELL CULTURE

2.2.1 Culture conditions

HFL-1 cells were cultured in 10 cm diameter tissue culture dishes in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 200 units/ml of penicillin, 200 units/ml 

of streptomycin, 4 mM glutamine and 10% newborn calf serum (NCS). Plates were 

incubated at 37°C in a humidified atmosphere of air containing 10% CO2 . Cells were 

passaged regularly and tested routinely for Mycoplasma infection using the Mycoplasma 

Gen-Probe Rapid Detection System kit (Laboratory Impex) according to the 

manufacturer’s instructions. Figure 2.1 shows the characteristically spindle-shaped 

HFL-1 cells in subconfluent cutlure, stained with 1 % methylene blue and photographed 

using an inverted phase-contrast light microscope.
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Figure 2.1 Morphology of human foetal lung fibroblasts
Figure shows HFL-1 cells in subconfluent culture, stained with 1 % methylene blue and 
photographed with an inverted phase-contrast light microscope. Original magnification:
X 100

75



2.2.2 Cell passage

HFL-1 cells exhibited contact inhibition and were passaged into fresh culture dishes on 

reaching visual confluence (approximately once every six days). The medium was 

aspirated and discarded, and the cell layer washed with phosphate buffered saline 

(PBS). Fibroblasts were resuspended with 1 ml of trypsin (0.05% w/v) followed by 

incubation at 37°C for 1 min. The cells were examined with an inverted phase contrast 

light microscope (Olympus TCK-2, Olympus Optical Company) to confirm that they 

had become rounded. Trypsin was neutralised by addition of 9 ml of DMEM

supplemented with 10% NCS. The cell suspension was then split into six fresh cell

culture plates. Cells remained viable for up to 15 passages after receipt from the 

supplier. Cells used for experiments were between passages 14 and 20. When plating 

cells for experiments, the trypsinised cells were resuspended in DMEM supplemented 

with 5% NCS prior to seeding in 12-well tissue culture plates at a density of 1 x 10̂  

cells/well.

2.3 DETERMINATION OF PROCOLLAGEN METABOLISM

Procollagen metabolism by HFL-1 cells was determined by measuring hydroxyproline 

in ethanol-insoluble protein and in low molecular weight degradation products (ethanol- 

soluble protein) derived from newly-synthesised procollagen degraded during the culture 

period. The method used permits measurement of picomolar amounts of 

hydroxyproline by reverse-phase high pressure liquid chromatography (HPLC) and was 

developed in this laboratory (Campa et al 1990; McAnulty et al 1991a).

2.3.1 Cell culture conditions

HFL-1 cells cultured to visual confluence were resuspended in DMEM with 5% NCS 

as described (section 2.2.2) and seeded into 12 well plates. When they had reached 

visual confluence the DMEM was removed and replaced with 1 ml of pre-incubation 

medium containing 4mM glutamine, 50/ig/ml ascorbic acid, 0.2mM proline and 2% 

NCS. After 24 hrs the medium was replaced with 1 ml of fresh pre-incubation medium
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containing TGFfii, TGFB2  or TGFB3. The cells were then incubated for a further 24 

hrs before harvesting. Identical parallel cultures were set up to estimate cell number 

by cell counting or measurement of DNA content of the cell layer.

2.3.1.1 TGFfij,3 dose response relationships

Lyophilised TGF6 isoforms were reconstituted in a sterile solution of 1 mg/ml of 

bovine serum albumin in 4 mM hydrochloric acid (HCl) to give a final concentration 

of l^g/ml. Stock solutions were aliquoted and stored at -4(TC. To determine dose 

response relationships for each TGFB isoform, cells were incubated with incubation 

medium containing TGFBj, TGFB2  or TGFB3 at concentrations ranging from 0.05 to 5 

ng/ml (2 to 200 pM). Control cells were incubated with medium without addition of 

TGFB.

2.3.1.2 Comparison o f  TGFfi isoforms

Cells were incubated with incubation medium containing TGFBi, TGFB2 or TGFB3 at 

a concentration of 1 ng/ml (40 pM). Control cells were incubated with medium alone.

2.3.2 Sample processing

2.3.2.1 Cell harvesting

After 24 hrs the cell layer was scraped into the medium and aspirated. Each well was 

washed with 1 ml of PBS and the washings combined with the initial aspirate in glass 

tubes. Samples were immediately stored at -40“C to prevent proteolysis.

2.3.2.2 Separation o f ethanol-insoluble and ethanol-soluble fractions

Samples were thawed on ice and proteins precipitated by addition of ethanol to a final

concentration of 67% (v/v) at 4°C overnight. Precipitated proteins were subsequently 

separated from low molecular weight moieties by filtration through an acid-resistant 

0.45 ^m pore filter (type HV, Millipore) using a vacuum filtration unit (Millipore). 

Supernatants were collected into glass hydrolysis tubes and the protein pellets adherent 

to the filters washed twice with 1.5 ml ethanol (67% v/v in H2 O). The filters with 

adherent proteins were then transferred to Pyrex hydrolysis tubes.
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The ethanol-insoluble fraction was hydrolysed in 6  M HCl for 16 h at 110°C. 

Hydrolysates were subsequently decolorised by mixing with 30 mg of activated charcoal 

and filtration through an acid-resistant 0.65 fim pore size filter (Millipore) prior to 

chromatography. The ethanol-soluble fraction was evaporated to dryness on a Dri- 

Block Sample Concentrator (DB-3 SC-3, Techne). These samples were then 

hydrolysed, mixed with activated charcoal and filtered as above.

2.3.3 Measurement of hydroxyproline by reverse-phase HPLC

Hydroxyproline content was determined by reverse-phase HPLC after derivatisation 

with 7-chloro-4-nitrobenzo-2-oxa-l ,3-diazole (NBD-Cl, Sigma). The chemical reaction 

between hydroxyproline and NBD-Cl is shown in figure 2.2. Secondary amino acids 

react with NBD-Cl to yield a chromophore with maximum absorbance at 495 nm. 

Interference from primary amino acids is minimised by restricting derivatisation time 

to 2 0  mins.
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Figure 2.2 Hydroxyproline derivatisation with NBD-Cl

79



23,3.1 Pre-column derivatisation

100 jttl of decolorised hydrolysate was transferred to a 1.5 ml microfuge tube 

(Marathon), covered with perforated parafilm and evaporated to dryness under vacuum 

with a sample concentrator (Savant Speedvac Plus AR SCI 10 AR, Life Science). Each 

sample was redissolved in 1(X) ftl of water, buffered with 100 /xl of 0.4 M potassium 

tetraborate, pH 9.5 (Sigma) and mixed with 1(X) pX of 36 mM NBD-Cl in methanol to 

a final concentration of 12 mM NBD-Cl. Samples were protected from light by 

wrapping the tubes in foil and incubated at 37®C for 20 mins. Derivatisation was 

terminated by acidification with 50 pX of 1.5 M HCl. 150 ^1 of a concentrated solution 

of HPLC running buffer A (167 mM sodium acetate in 26% aqueous acetonitrile, pH 

6.4) was added and samples filtered with an HPLC 0.22 ^m pore size filter (Millipore). 

A 100 pX aliquot was then injected onto the HPLC column and eluted with an 

acetonitrile gradient as described below.

2.3.3.2 Instrumentation and chromatographic conditions

Derivatised samples were separated on an LKB single pump HPLC system 

(LKB/Pharmacia) with a reverse-phase cartridge column (LiChroCART LiChrosopher 

250 nm length x 4mm diameter, 5 pm particle size, 100 RP-18, BDH/Merck). The 

column was maintained at 4ŒC in a heated column oven (Jones Chromatography). At 

the start of each day of HPLC analysis, running buffers (A and B, defined in table 2.1) 

were degassed with helium and the HPLC system equilibrated in buffer A for 40 mins. 

The first HPLC run consisted of a blank gradient and was followed by analysis of three 

derivatised standard hydroxyproline solutions containing 50 pmol.

NBD-Cl derivatives in samples and standards were eluted with an acetonitrile gradient. 

This was generated by changing the relative proportions of each running buffer with 

time, thereby increasing acetonitrile concentration. The chromatographic conditions are 

shown in table 2.1. Post-column detection was achieved by monitoring absorbance at 

495 nm using a flow-through variable wavelength monitor (LKB/Pharmacia). The 

signal was processed on an on-line chromatography computing integrator (Trio, 

Trivector) for quantitative analysis. The column eluent was collected and discarded. 

Total running and column regeneration time per sample was 25 mins.
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Column 

Mobile phase

Flow rate

Temperature

Detection

Gradient

LiChrosopher 100 RP-18, 250 x 4 mm, 5 /xm 

Buffer A: 8 % aqueous acetonitrile (v/v) and 50 

mM sodium acetate pH 6.4 

Buffer B: 75% aqueous acetonitrile (v/v)

1 . 0 0  ml/min 

40T  

495 nm

Time (mins) 

0
5

6 

12

12.5 

25

% Buffer B 

0 
5 

80 

80 

0 
0

Table 2.1 Chromatographic conditions for separation of hydroxyproline by 
reverse-phase HPLC
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2,3,3.3 Quantitation o f hydroxyproline content

The hydroxyproline content of each sample was determined by comparing the peak area 

of the chromatogram obtained to that of three separate aliquots of 50 pmol of 

hydroxyproline generated from standard conditions, derivatised and and run at the 

beginning of each day. Since the cell monolayer contains a small amount of 

procollagen and the serum contains hydroxyproline, the amount of hydroxyproline 

present in the combined culture medium and cell layer at the start of the 24 hour 

incubation was determined in both ethanol-soluble and insoluble fractions. This 

background level (to) was subtracted from all the sample values.

Figure 2.3 shows typical chromatograms obtained for ethanol-insoluble (upper panel) 

and ethanol-soluble sample fractions following reverse-phase HPLC. Hydroxyproline 

eluted from the column after approximately 6  mins, between glutamine and serine. The 

peaks from both fractions were well-defined and predictable.

Table 2.2 shows that the coefficient of variation for HPLC measurments of 

hydroxyproline did not exceed 8 %, indicating that the results were reproducible. Six 

replicate cultures for each experimental condition were therefore considered to be 

sufficient to demonstrate statistical significance.
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Figure 2.3 Separation of hydroxyproline by reverse-phase HPLC
Figure shows typical chromatograms obtained for ethanol-insoluble (upper panel) and 
ethanol-soluble Oower panel) sample fractions following reverse-phase HPLC. The 
hydroxyproline peak was a separate and well-defined peak with an average column 
retention time o f 5.73 minutes.
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Day Sample 1 Sample 2

1 13.746 4.812

2 13.381 4.859

3 12.706 4.615

4 12.741 4.638

Mean 13.143 4.731

Standard deviation 0.507 0 . 1 2 2

Coefficient of variation 8 % 5%

Table 2.2. Reproducibility of HPLC measurements
Table shows the coefficient of variation for HPLC measurements made on the same 
sample on different days. Values are given in nmol hydroxyproline. Aliquots of two 
samples were analysed on a total of eight different days. Sample 1 was from an 
ethanol-insoluble fraction and sample 2  was from an ethanol-soluble fraction.
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2.33 .4  Calculation o f procollagen synthesis, production and degradation rates 

Procollagen production was calculated from the quantity of hydroxyproline present in 

the ethanol-insoluble fraction. The proportion of newly-synthesised procollagen 

degraded intracellularly (expressed as a percentage) was calculated from the quantity 

of hydroxyproline in the ethanol-soluble fraction (the free amino acid pool) compared 

with that in both protein and the free pool. Total procollagen synthesis was represented 

by the sum of hydroxyproline in protein and the free pool. All rates were corrected for 

DNA, measured in identical parallel cell cultures, and results expressed as pmol 

hydroxyproline//xg DNA/hour.

2,3,3,5 Calculation o f the proportion o f  newly-synthesised procollagen

degraded

The proportion of newly synthesised procollagen degraded was calculated as follows 

and expressed as a percentage of total synthesis:

hyp in ethanol-soluble fraction x 100%
hyp in ethanol-soluble 4* ethanol-insoluble fractions

where hyp = hydroxyproline

2.4 DETERMINATION OF DNA CONTENT 

OF CELL MONOLAYERS

This assay was based on previously published methods (Burton, 1955; Burton, 1956) 

with modifications permitting the measurement of small amounts of DNA (McAnulty 

et al 1991a). RNA is extracted and DNA precipitated using 0.5 M perchloric acid 

(PCA) at 4°C. The RNA is then discarded and DNA extracted with 0.8 M PCA at 

70°C. The colorimetric reaction between DNA phosphates and diphenylamine is then 

measured at 595 nm.

2.4.1 Culture conditions

Parallel cultures of HFL-1 fibroblasts were set up as described above (section 2.3.1)
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and cells harvested after the 24 hr incubation period. The culture medium was 

discarded and cell layers washed with 1 ml of PBS which was then aspirated and 

discarded. Cell layers were scraped into 1 ml of fresh PBS and aspirated into a 1.5 ml 

microfuge tube which was centrifuged (GS-15R, Beckman) at 11,600 x g for 5 mins at 

4°C. Supernatants were discarded, each well was washed with a further 1 ml of PBS 

which was used to resuspend the cell pellet, and samples then spun at 11,600 x g for 

5 mins at 4°C. Supernatants were discarded and pellets frozen at -40°C until the assay.

2.4.2 Assay conditions

The assay was performed in microfuge tubes on ice. Samples were thawed, pellets 

resuspended in 1 ml of 0.5 M PCA and incubated for 10 mins. Samples were 

centrifuged at 11,600 x g for 5 min at 4°C, supernatants discarded and the pellets 

washed twice more, each time with 1 ml of 0.5 M PCA. After the third wash the 

supernatants were discarded, pellets resuspended in 1.2 ml of 0.8 M PCA and incubated 

at 70°C for 45 mins with occasional shaking.

A standard curve of calf thymus DNA (Sigma) was prepared in 1 ml of 0.8 M PCA, 

using glass tubes previously rinsed in acetone and dried. Concentrations ranged from

0 to 20 fig/ml. Standards were then heated to 7ŒC for 45 mins.

Samples and standards were incubated on ice for 15 mins, samples spun at 11,6(X) x g 

for 10 mins at 4°C and 1 ml of the supernatant transferred to a clean glass tube. To 

samples and standards were added 1(X) /il of an aqueous solution (1.6 mg/ml) of 

acetaldehyde (Sigma) and 1 ml of diphenylamine in concentrated acetic acid (4% w/v). 

The tubes were capped, vortexed and incubated at 30®C for 16 hrs. Absorbance of a

1 ml aliquot of each sample was then read at 595 nm with a spectrophotometer (Gilford 

2600, Gilford Instrument Laboratories). Spectrophotometry was completed within 20 

mins because the chromophore produced overnight fades after this time.
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2.4.3 Calculation of DNA content

A DNA standard curve was constructed by plotting absorbance versus concentration and 

the slope used to calculate the corresponding DNA concentration in each sample. Since 

only 1 ml of the 1.2 ml total sample was assayed, the calculated DNA concentration 

was multiplied by 1.2 to yield the total DNA concentration per sample, or well.

Cell counts were also performed to verify the results obtained for the DNA assay. 

Cells were trypsinised, and cell count and viablity assessed using a viablity dye, trypan 

blue, and a haematocytometer.

Figure 2.4 shows a typical standard curve obtained for the DNA assay. Linear 

correlation was high between absorbance and DNA values between 1 and 20 fig 

(r = 0.998, p<0.0001).
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Figure 2.4 Standard curve for DNA
Figure shows a typical standard curve obtained for the DNA assay. Absorbance values 
were linear for DNA values between 1 fig and 20 fig. The absorbance of 1 fig of DNA 
was 0.009.
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2 .5  DETERMINATION OF TGFBi PRODUCTION

The experiment described below was performed at the conclusion of these studies to 

provide preliminary data for future work. The methods are described here because they 

conclude the in vitro studies. To investigate the effect of TGFBi antisense on TGFBi 

production in vitro, murine mesothelioma cells (AC29) known to produce TGFBi and 

TGFB2  (Fitzpatrick, 1994) were examined. This cell line was made available by Dr 

Mutsaers. RNA extracted from these cells was also used for Northern analysis (section

2.15.1).

2.5.1 Mesothelioma cell culture conditions

Culture conditions were similar to those described for HFL-1 cells (section 2.2). 

However, AC29 cells were cultured in 75 cm  ̂tissue culture flasks (Costar) in DMEM 

containing 200 units/ml penicillin, 200 units/ml streptomycin, 4 mM glutamine, 5 ng/ml 

epidermal growth factor and supplemented with 5% foetal calf serum (FCS).

2.5.2 TGFB; antisense oligonucleotide synthesis

The following sequence was chosen : 5’ GAA GCA ATA GTT GGT GTC CA 3* 

(Merrilees, Scott, 1994). One phosphorothioate linkage was introduced at either end 

of the molecule. The oligonucleotide was prepared commercially (Pharmacia) to a 

concentration of 750 fjLg/ml and stored at -4ŒC prior to use.

2.5.3 Experimental conditions

One flask of AC29 cells grown to visual confluence were trypsinised as described 

(section 2.2.2) and resuspended in 1 ml of DMEM supplemented as above. 250 /xl of 

cell suspension was plated onto each of five tissue culture plates and 6.19 ml of DMEM 

supplemented as above was added. After 24 hrs, 560 fd of TGFB; antisense diluted in 

water to a final concentration of 1 ,5  and 10 ijM  was added to one of three test plates. 

560 ^1 of distilled water was added to each of the two remaining control plates. In this
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way the final volume of culture medium in each plate was 7 ml.

After a further 24 hrs the medium was aspirated from the three test plates and one of 

the control plates and centrifuged at 2000 x g for 7 mins in an MSE centrifuge (Mistral 

3000, Fisher Scientific). Supernatants were frozen at -40°C for later assay. The 

medium in these plates was replaced with serum-free DMEM supplemented as above. 

Cell counts were performed on the remaining control plate. After a further 24 hrs the 

medium was aspirated from the four remaining plates, spun and stored as above. Cell 

counts were performed on all four plates as previously described (section 2.4.3).

2.5.4 TGFRi enzyme-linked immunoabsorbent assay

A commercial TGFBi enzyme-linked immunoabsorbent assay (ELISA) was used 

(Promega) with minor modifications of the manufacturer’s protocol. Preliminary 

experiments by Dr Mutsaers indicated that shaking of the plate during incubations was 

unnecessary. One experiment using the TGFBi standard provided failed, and the TGFBi 

standard used in this experiment was the same as used in cell culture studies (section

2.3.1.1).

2.5.4.1 Plate coating

The day before the assay, 10 fû of anti-TGFBi monoclonal antibody (coat mAb) was 

added to 10 ml of carbonate coating buffer (0.025 M sodium bicarbonate, 0.025 M 

sodium carbonate, pH 9.7) and 100 (jlI added to each well of a 96 well, flat bottom 

ELISA plate (Costar). The plate was wrapped in parafilm and incubated for 16 hrs at 

4°C.

2.5.4.2 Sample preparation

5 ml push cap polypropylene tubes (Sarstedt) were labelled in duplicate to permit 

measurement of latent and active TGFBi in four serial dilutions of each sample. Media 

samples were spun briefly at 13,000 x g and 500 pi of each pipetted into the 

appropriate tube. Half the samples were activated with 100 /xl of 1 N HCl followed by 

incubation at room temperature (RT) for 15 mins. Samples were neutralised with 40
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/xl of 1 M NaOH. Serial dilutions of latent and active TGFBi-containing media samples 

were then prepared in serum-free DMEM.

2.5.4.3 Assay

28 ml of 1 X block buffer was prepared by diluting 5 x block buffer in water. The 

coated plate was warmed to RT, the contents of the wells flicked out and 270 /xl of 1 

X block buffer added to each well. The plate was then incubated at 37°C for 35 mins.

23 ml of 1 X sample buffer was prepared by diluting 10 x sample buffer in serum-free 

DMEM. A standard curve for TGFBi was prepared by diluting a stock solution of 

TGFBi in 1 X sample buffer to a starting concentration of 1 ng/ml. Following plate 

blocking, the contents of the wells were flicked out and 1 0 0  /xl of 1  x sample buffer 

added to all but the first two wells in two columns down the plate. 2 0 0  /xl of the 

prepared TGFBi standard was added to two wells in the first row of the plate. Serial 

two fold dilutions were performed down the plate to produce concentrations ranging 

from 1 0 0 0  to 0  pg/ml.

1 0 0  /xl of each sample dilution was then added to the appropriate well and the plate 

incubated for 90 mins at 37° C wrapped in parafilm. The plate was then washed five 

times with wash buffer (20 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.05% (v/v) 

Tween^-20) using an automated microplate washer (Wellwash 4, Denley).

10 ml of a 1:1,(XX) dilution of polyclonal antibody (pAb) was prepared in 1 x sample 

buffer and 100 /xl added to each well. The plate was incubated for 2 hrs at RT. The 

plate was then washed as above and 1 0  ml of a 1 : 1 , 0 0 0  dilution of stock antibody 

conjugate prepared in 1  x sample buffer. 1 0 0  /xl was added to each well and the plate 

incubated for 2 hrs at RT.

Enzyme substrate was prepared by mixing 5 ml of a proprietary chromogenic substrate 

(TMB) with 5 ml of peroxidase substrate. The mixture was protected from light in a 

foil-wrapped 15 ml polypropylene tube and kept at 4°C but warmed to RT before use. 

The plate was then washed as before, and 100 /xl of the enzyme substrate added to each
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well. The colour reaction was allowed to proceed at RT and was stopped within 4 mins 

by adding 100 ^1 of 1 M phosphoric acid.

The exterior base of the plate was cleaned with 70% ethanol and absorbance 

immediately measured at 450 nm using a Titertek microplate reader (MCC/340, Life 

Science International). A standard curve was obtained by plotting absorbance at 450 

nm versus TGFBi concentration. TGFBi concentration in the samples was then 

extrapolated from the curve and expressed as pg/ml.

IN  VIVO STUDIES

2.6 BLEOMYCIN MODEL OF LUNG FIBROSIS

This model has been used extensively in this laboratory (Laurent et al 1981; Hay et al 

1987; Shahzeidi et al 1991). Murine lung tissue for in situ hybridisation studies was 

obtained and prepared by Dr McAnulty and Dr Shahzeidi. Rat lung tissue for Northern 

analysis was obtained with the help of Dr McAnulty and Dr Mutsaers.

2.6.1 Animals, bleomycin instillation and sacrifice

Adult mice (strain B^DgFi) aged eight weeks and weighing 24-26 g were used for in situ 

hybridisation studies. For Northern analysis, adult male Lewis rats weighing 

approximately 170 g were employed. Mice received a single dose of intratracheal 

saline (0.14 M) or saline containing bleomycin sulphate ( 6  mg/kg) in a volume of 0.05 

ml and were killed 3, 10, 21 or 35 days later by pentobarbitone overdose as described 

previously (Shahzeidi et al 1994). Three animals were used in each group for in situ 

hybridisation studies.

2.6.2 Murine lung tissue preparation for in situ hybridisation

Lungs were 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
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and thoracic contents removed together. Tissue was fixed by immersion in freshly 

prepared 4% paraformaldehyde for 4 hrs (small samples) or 18 hrs (large samples) at 

RT, using 50 ml per cubic cm. It was subsequently immersed in 0.5 M sucrose in PBS 

overnight at RT.

The samples were then washed as follows, using fresh ethanol for dehydration.

1 xPBS 4°C 30 mins

0.85% NaCl 4°C 30 mins

1 : 1  saline/ethanol RT 15 mins

70% ethanol RT 15 mins (repeated once)

85% ethanol RT 30 mins

95% ethanol RT 30 mins

1 0 0 % ethanol RT 30 mins (repeated once)

Paraplast paraffin for embedding was melted the day before use and then filtered

through pre heated filter paper and funnel into a pre-heated flask. It was not remelted

more than twice. Preheated forceps were used to manipulate tissue in paraffin. The

tissue samples were then soaked in the following:

xylene RT 30 mins (repeated once)

1:1 xylene/paraffin RT 45 mins

paraffin RT 2 0  mins (repeated twice)

The third paraffin treatment was done in a weigh boat and after 20 mins the paraffin 

was allowed to solidify at RT overnight. Blocks were stored indefinitely.

2.6.3 Rat lung tissue preparation for RNA extraction

The trachea was ligated just caudal to the larynx and thoracic contents removed 

together. Lung tissue was quickly minced with sterile scissors, then immediately 

homogenised with an RNase-free homogeniser blade and power-driven homogeniser 

(Ultra-Turrax T25, Fisher Scientific) in 1 ml of TRIzol Reagent (Gibco) per 100 mg 

of tissue. Homogenised samples were frozen immediately at -8 ŒC prior to RNA
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extraction (section 2.15).

2.7 SELECTION OF PATIENT SAMPLES

2.7.1 Patient evaluation

2.7.1.1 Systemic sclerosis

These patients were from a cohort of over 80 patients with systemic sclerosis referred

by Dr Black (Consultant Rheumatologist, Royal Free Hospital, London) to Dr du Bois 

(Consultant Chest Physician, Royal Brompton National Heart & Lung Hospital, 

London) for investigation of pulmonary involvement. All fulfilled the American 

Rheumatism Association preliminary criteria for the diagnosis of systemic sclerosis and 

none were receiving treatment for lung disease at the time of investigation.

2.7.1.2 Cryptogenic fibrosing alveolitis

These patients were from a cohort of patients referred to Dr du Bois. CFA was 

diagnosed following history and examination, investigations including high resolution 

computed tomography and pulmonary function testing, and in the absence of evidence 

of other risk factors for pulmonary fibrosis such as dust exposure or connective tissue 

disease.

2.7.2 Open lung biopsies

Open lung biopsies were performed in patients in whom the above investigations 

strongly supported a diagnosis of pulmonary fibrosis and in whom biopsy was 

considered necessary to provide further information not available from CT scanning. 

Biopsy was therefore employed mainly for staging the disease rather than for diagnosis. 

It was not performed as part of a research protocol and all patients gave informed 

written consent. Two biopsies were usually taken by the surgeon from sites apparently 

the most and least affected by fibrosis. This usually entailed biopsies being taken from 

the lateral segments of the right lower and middle lobes. Biopsy tissue was then 

processed as described above for murine lung samples (section 2 .6 .2 ).
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2.8 MATERIALS

Chemicals used in the following protocols were of molecular biology grade and 

obtained from Gibco, Sigma or Fluka unless otherwise specified. Precautions to 

minimise extrinsic RNase contamination were followed, based on previously published 

recommendations (Maniatis et al 1989).

2.9 GENERAL MOLECULAR BIOLOGY PROCEDURES

These procedures were all based on established methods (Maniatis et al 1989), 

modifications being noted. They are described together because they were used 

routinely when preparing and analysing nucleic acid samples.

2.9.1 Spectrophotometric evaluation of nucleic acids

Quantitation of purified nucleic acid samples was performed by spectrophotometry. 

Nucleic acids absorb light maximally at 260 nm. At this wavelength 50 ^g/ml of DNA 

or 40 ^g/ml of RNA have an absorbance of 1. The presence of contaminating protein 

in the sample is measured at 280 nm. Calculation of the ratio of absorbance at 260 and 

280 nm (Ajeo/Ajgo) was performed to estimate the purity of the preparation. A ratio of

1 . 8  or greater was judged ideal.

2.9.2 Nucleic acid precipitation and recovery

Nucleic acid samples were precipitated with either 0.1 volume of 3 M sodium acetate 

(pH 5.2) or 0.1 volume of 8  M lithium chloride, followed by 2.5 volumes of chilled 

100% ethanol. Samples were mixed well and frozen at -80°C for a minimum of 2 hrs. 

Low molecular weight nucleic acids such as riboprobes were precipitated for 72 hrs 

before recovery.

Nucleic acids were recovered by centrifugation at 13,500 x g at 4°C for 20 mins, the 

supernatant discarded and the pellet washed with 1 volume of pre-chilled 75 % ethanol.
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The sample was then centrifuged at 13,500 x g at 4°C for 5 mins, the supernatant 

discarded and the pellet dried under vacuum. RNA pellets were not dried completely, 

as RNA is relatively insoluble. The pellet was then resuspended in TE buffer (lOmM 

Tris IM pH 7.4, ImM BDTA 0.5M pH 8 ) or water.

2.9.3. Agarose gel electrophoresis of nucleic acids

300 ml of 0.5 X TBE buffer was prepared from a stock solution of 5 x TBB (0.45 M 

Tris-borate, 0.01 M BDTA). 50 ml of a 1 % solution of electrophoresis grade agarose 

in 0.5 X TBB was prepared by heating in a microwave oven. 2 /d of a 10 mg/ml

ethidium bromide solution was added to a final concentration of 0.4 ng/ml and the

agarose cooled to 60°C. The agarose solution was poured into a 10 x 6.5 cm casting 

tray to a thickness of 5 mm, and allowed to set for 30 mins.

Lambda jyNKIHind III fragments (0.5 ^g//xl), a 100 bp DNA ladder (0.5 ^g/;d) or an 

RNA ladder (0.24-9.5 kb, 1 îgZ/il), from Gibco, and DNA or RNA samples were 

thawed on ice. Bach sample, containing up to 10 /ig, was made up to 10 fd with 0.5 

X TBB buffer and 2 /xl of gel loading buffer (Sigma) added. Samples were mixed, 

centrifuged briefly at 4°C to bring the contents of each tube to the bottom, and kept on 

ice. The gel was submerged in 250 ml of 0.5 x TBB, the samples loaded and the 

voltage applied. When the loading buffer had migrated at least 4 cm the bands were 

visualised under an ultraviolet (UV) transilluminator (UVP). The gel was photographed 

using a video camera (UVP) and image analyser (Image Store 5000, UVP) according 

to the manufacturer’s instructions.

2.9.4 Phenol-chloroform purification of DNA samples

Removal of contaminating protein from DNA samples was performed after DNA 

isolation and purification when the OD 260/280 ratio was less than 1.6, and following 

plasmid linearisation prior to in vitro transcription. The use of Phase Lock gel II (NBL 

Gene Sciences) maintained at RT facilitated removal of the aqueous phase when 

purifying small samples. To the DNA sample in a microfuge tube on ice was added
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an equal volume of water-equilibrated phenol pH 8 . The mixture was vortexed 

thoroughly for 1 min. 2 volumes of chloroformiisoamyl alcohol 24:1 were added, 20 

fd of Phase Lock gel II added with a glass Pasteur pipette tip and the sample vortexed 

for 1 min. The tube was centrifuged at 4°C at 13,500 x g for 5 mins, the aqueous 

phase removed to a fresh microfuge tube on ice and the organic phase retained for 

further extraction as described below.

To the aqueous phase were added a further two volumes of chloroform:isoamyl alcohol 

24:1 and approximately 20 ftl of Phase Lock gel. The sample was vortexed for 1 min, 

then centrifuged at 4°C at 13,500 x g for 5 mins. The aqueous phase was removed to 

a fresh microfuge tube on ice.

To the retained organic phase, 0.5 volume of water was added and the sample vortexed 

for 1 min. The sample was centrifuged at 4°C at 13,500 x g for 1 min, the aqueous 

phase removed and combined with the first one. The sample was then examined by 

spectrophotometry or electrophoresis and precipitated.

2.10 PLASMID PREPARATION

2.10.1 TGFOi.3 probes and plasmid vectors

The TGFB 1 3  cDNA probes were constructed and cloned into plasmid vectors conferring 

ampicillin resistance by Professor Harold Moses of Nashville, Tennessee, USA. They 

were supplied lyophilised and were a gift. The TGFB1 . 3  probes and the site of their 

insertion in the plasmid vectors are illustrated in figures 2.5-2.7. The vectors contain 

dual opposed SP6  and T7 promoters flanking the multiple cloning site, allowing RNA 

to be transcribed from either strand of the insert. Methods are based on previously 

published protocols (Maniatis et al 1989) unless otherwise specified.
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Figure 2.5 Vector map for TGFBj probe
Plasmid designation: pmTGFfii-A 
Vector: pGEM 7Zf^
Insert size: 974 bp
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Figure 2.6 Vector map for TGFBj probe 
Plasmid designation: pmTGFB2 -9 A 
Vector: SP72 
Insert size: 442 bp
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Figure 2.7 Vector map for TGFB3  probe 
Plasmid designation: pmTGFBj-llb 
Vector: pGEM 7Zf^
Insert size: 609 bp

100



2.10.2 Preparation of bacterial plates

32 g of Lennox L agar (Gibco) was mixed with 1 litre of distilled water in a conical 

flask. The flask was sealed with a bung fashioned from cotton wool wrapped in gauze, 

and autoclaved. A sterile field was established with a bunsen burner and the flask 

cooled to 45°C. 100 mg of ampicillin (Gibco) was reconstituted with water and added 

to the cooled agar to a final concentration of 1 0 0  iiglmX. 1 0  ml of agarose solution was 

poured onto each bacterial plate (Sterilin BS 611: part 2, 1990) and allowed to set. The 

plates were dried upside down for 5 mins at 50°C and stored at 4°C for up to three 

months.

2.10.3 Bacterial transformation

This method follows the manufacturer’s instructions. The bacteria are supplied

competent. E coli cells (MAX efficiency DH5a competent E coli, Gibco) were kept

on dry ice before thawing very briefly. Lyophilised plasmids were thawed slowly and 

reconstituted with water to a final concentration of 1 /xg/ml. 1 0 0  /̂ l of E coli suspension 

was pipetted into a 10 ml polypropylene Falcon tube (Falcon 2059, Marathon) kept on 

ice and 10 ^1 (10 ng) of plasmid solution added. The samples were mixed gently and 

the tubes incubated at 4°C for 30 mins. The cells were then heat-shocked by incubating 

the tubes at 42°C for 90 secs. The tubes were replaced at 4°C for 2 mins.

Maintaining a sterile field, 0.9 ml of S.O.C. medium (2% tryptone, 0.5% yeast extract, 

10 mM NaCl, 2.5 mM KCl, 10 mM MgSO^, 10 mM MgCl2 , 20 mM glucose, Gibco) 

was added to each tube and the samples shaken at 3TC for 1 hr. 1(X) ^1 of each sample 

was plated with a wire loop, the plates allowed to dry for 45 mins and then incubated 

upside down at 37°C overnight. The following day, two to six colonies were plated 

onto a fresh bacterial plate. The plates were incubated upside down at 3TC  for 24 hrs 

and subsequently stored for one month at 4°C.
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2.10.4 Freezing transformed bacteria

For long-term storage of transformed cells, one colony was removed from each plate 

and mixed with 2 ml of S.O.C. medium in a sterile 2059 Falcon tube. Tubes were 

shaken overnight at 37°C. Using a sterile field, 150 ^1 of filtered glycerol was pipetted 

into a nitrogen-fast Nunc vial (Costar), 850 (il of cell suspension added and the vials 

placed directly in liquid nitrogen.

2.10.5 Small scale plasmid DNA preparation

2AO,5,1 Detergent lysis

In this method, described below, bacteria are pelleted by centrifugation and lysed with 

EDTA, lysozyme and TRITON X. This denatures the linear bacterial chromosomal 

DNA but not the closely intertwined, closed circular plasmid DNA. Plasmid DNA is 

then recovered by centrifugation after incubation with polyethylene glycol.

40 ml of S.O.C. medium in an autoclaved 100 ml conical flask was inoculated with a 

single bacterial colony and incubated overnight at 3TC with vigorous shaking. The 

medium was then aliquoted into 1.5 ml microfuge tubes, centrifuged at 4°C at 13,500 

X g for 3 mins and the supernatant discarded. The samples were recentrifuged for 10 

secs and any remaining supernatant removed.

200 fjil of TS buffer (50 mM glucose, 25 mM Tris pH 8 , 10 mM EDTA pH 8 ) was 

added and samples vortexed for 1  min at maximum speed to solubilise the cells. 2 0 0  

(il of ELT buffer (EDTA lOmM pH 8 , chicken egg white lysozyme 2 mg/ml, TRITON 

X 0.1%), thawed on ice, was added to each tube and mixed gently. Samples were 

incubated for 20 mins at RT, followed by 20 mins at 70°C. Increased viscosity 

accompanies release of cellular proteins. The tubes were then centrifuged at 4°C at 

13,500 X g for 10 mins. Precipitated proteins appear as a thick white pellet.

The supernatant was removed to a fresh tube, 400 ^1 of 20% polyethylene glycol added 

and samples incubated for 20 mins at RT followed by centrifugation at 4°C at 13,500

102



X g for 3 mins. The supernatant was discarded and the sample recentrifuged for 10 

secs. The supernatant was aspirated and the plasmid DNA pellets were resuspended in 

20 /xl of TE buffer (lOmM Tris IM pH 7.4, ImM EDTA 0.5M pH 8 ) and the contents 

of the microfuge tubes pooled and kept at 4°C. Each tube was washed with a further 

10 fil of TE buffer and these washings combined with the previous ones. Plasmid DNA 

was examined by spectrophotometry and electrophoresis.

2,10,5,2 Alkaline lysis

The Wizard Minipreps DNA Purification System (Promega), which uses a proprietary 

silica-based resin, was employed to prepare the plasmid containing the TGFBj cDNA 

probe for sequencing. The method was simple and rapid. The protocol follows the 

manufacturer’s instructions.

Two 1 ml aliquots of S.O.C. medium were inoculated with one loopful each of 

transformed E coli and shaken for 8  hrs at 37°C until cloudy. Two fresh 5 ml aliquots 

of S.O.C. medium containing 50 /xg/ml of ampicillin were inoculated with 100 /tl of 

this culture and shaken overnight at 37°C. The culture medium was aliquoted into 1.5 

ml microfuge tubes. Cells were pelleted by centrifugation at 13,500 x g for 2 mins and 

resuspended in Cell Resuspension solution (50 mM Tris-HCl pH 7.5, 10 mM EDTA 

and 100 /xg/ml RNase A). 200 ^1 of Cell Lysis solution (0.2 M NaOH, 1 % SDS) was 

added and samples mixed gently by inversion until the solution cleared. 200 /xl of 

Neutralization solution (1.32 M potassium acetate pH 4.8) was added and mixed by 

inversion. Samples were centrifuged at 13,500 x g for 5 mins and cleared supernatants 

containing plasmid DNA transferred to fresh microfuge tubes.

1 ml of resuspended DNA Purification Resin was added to each supernatant and mixed 

by inversion. The plunger was removed from a 2 ml disposable syringe and the syringe 

barrel attached to the luer-lock extension of a Minicolumn. The tip of this assembly 

was then inserted into a vacuum manifold (Vac-Man, Promega). The Resin/DNA 

mixture was pipetted into the syringe barrel and a vacuum applied to draw the mixture 

into the column. The vacuum was interrupted and 2 ml of Column Wash solution (200 

mM NaCl, 20 mM Tris-HCl pH 7.5, 5 mM EDTA, 55% ethanol) added to the syringe
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barrel. The vacuum was reapplied to dry the Resin. The Minicolumn was transferred 

to a 1.5 ml microfuge tube, centrifuged at 13,500 x g for 2 mins to remove residual 

Column Wash solution and transferred to a new microfuge tube. 50 ^1 of TE buffer 

was applied to the Minicolumn for 1 min to elute the DNA, and the Minicolumn then 

removed and discarded. Plasmid DNA was examined by electrophoresis prior to 

storage at -80°C.

2.10.6 Large scale plasmid DNA preparation

This was performed using the Wizard Maxipreps DNA Purification System (Promega), 

which employs the same principles as the Miniprep System. The reagents have the 

same composition and the method follows the manufacturer’s instructions.

Large-scale bacterial cultures were prepared in two stages. 20 ml of S.O.C. medium 

in a 2059 Falcon tube was inoculated with one loopful of bacteria and shaken overnight 

at 37°C. 1 ml of this culture was then added to 500 ml of Terrific broth (Gibco) in a 

sterile 1 L flask, prepared as previously. The culture was shaken for 24 hrs at 37®C. 

Cells were pelleted by centrifugation at 4°C at 14,000 x g for 10 mins in a Sorvall 

centrifuge RC5C (Du Pont) and the supernatant discarded. Cell pellets were 

resuspended in 15 ml of Cell Resuspension solution, 15 ml of Cell Lysis solution added 

and the sample stirred gently for 2 0  mins until the solution became clear and viscous. 

15 ml of Neutralisation solution was added and the sample mixed by repeated inversion, 

then centrifuged at 4°C at 14,0(X) x g for 15 mins. The supernatant was decanted to a 

fresh 50 ml centrifuge tube through a funnel lined with filter paper (No. 1, Whatman). 

0.6 volumes of isopropanol were added to precipitate the DNA and the sample mixed 

by inversion. The sample was centrifuged at 4°C at 14,000 x g for 15 mins, the 

supernatant discarded and the plasmid DNA pellet resuspended in 2 ml of TB buffer.

10 ml of Wizard Maxipreps DNA Purification Resin was added to the DNA solution 

and the tube swirled to mix. The tip of a Wizard Maxicolumn was inserted into the 

vacuum source, the resin/DNA mix transferred into the Maxicolumn and a vacuum 

applied. The centrifuge tube was washed with 13 ml of Column Wash Solution,
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swirled and poured into the Maxicolumn. A vacuum was reapplied to draw the Wash 

Solution through the Maxicolumn. 5 ml of 80% ethanol was added to the Maxicolumn 

to rinse the resin and a vacuum used to draw the ethanol through the Maxicolumn. The 

resin was then dried in a centrifuge with a swinging bucket rotor (MSB, Mistral 3000, 

Fisher Scientific). This is necessary because the tube has to be in a horizontal position 

during centrifugation for the Resin to dry. The Maxicolumn was placed in a 50 ml 

Falcon tube, centrifuged at 1,300 x g for 5 mins, the Maxicolumn removed and the 

liquid decanted. The Maxicolumn was replaced in the tube and 1.5 ml of pre-heated 

(65-7ŒC) TE buffer applied. After 1 min, the Maxicolumn was recentrifuged at 1,300 

X g for 5 mins to elute the DNA. The Maxicolumn was discarded and plasmid DNA 

examined by spectrophotometry and electrophoresis prior to precipitation and storage 

at-80°C.

2.11 DIGOXIGENIN-LABELLED RIBOPROBE PREPARATION

2.11.1 Plasmid linearisation

Purified plasmids were resuspended in water to a concentration of 1 /xg//xl. Restriction 

endonuclease solutions of Hind III, EcoR I  and Xho I (Promega) all contained 12 

units//xl and were supplied with the appropriate buffer. Approximately 1 unit of 

enzyme activity was used per 1 /xg of uncut DNA. 20 /xg of plasmid was linearised in 

a final volume of 40 /xl, and reaction mixtures prepared in sterile microfuge tubes on 

ice. Table 2.3 shows the restriction enzymes which were used to linearise each 

plasmid. In some cases alternative restriction enzymes could have been used equally 

well (see figures 2 .5-2.7).

Reaction mixtures were incubated at 37°C for 1 hour, placed on ice, a 2 /xl aliquot 

examined by electrophoresis to confirm linearisation and 4 /xl (0.1 volume) of 2(X) mM 

EDTA added to terminate the reaction. Samples were precipitated for at least 2 hrs at - 

80°C. Linearised plasmids were purified with phenol-chloroform, precipitated and 

resuspended in water to a concentration of 1 /xg/4 /xl. They were stored at -4(TC prior 

to in vitro transcription (section 2 . 1 1 .2 ) or random prime labelling (section 2 . 1 2 .2 ).
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Riboprobe Restriction enzyme RNA polymerase

TGFili antisense Hind 111 T7

TGFBi sense EcoR I SP6

TGFB2  antisense EcoR I SP6

TGFfij sense Xho I T7

TGFJI3  antisense Hind III T7

TGFB3  sense Xho 1 SP6

Table 2.3 Restriction enzymes and RNA polymerases used to prepare TGFfij. 3  

riboprobes.
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Figure 2.8 Digoxigenin-labelled uridine triphosphate (DIG-11-UTP)
Digoxigenin is a steroid isolated from digitalis plants (Digitalis purpurea and Digitalis lanata). The blossoms and leaves of 
these plants are the only natural source of digoxigenin, so that no binding of the anti-digoxigenin antibody occurs in other 
biological material. Digoxigenin is linked to uridine at the number 5 position of the pyrimidine ring via an 11 C atoms spacer 
arm. During RNA labelling, the DIG-11-UTP analogue is incorporated every 20th to 25th nucleotide.
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2.11.2 In vitro transcription

Nucleic acid labelling with digoxigenin (DIG) was developed by Boehringer Mannheim 

(Kessler, 1990), from whom the following reagents were obtained. The structure of 

digoxigenin-labelled uridine triphosphate used in RNA labelling is shown in fig 2.8.

To a sterile microfuge tube on ice containing 4 /xl (1 /xg) of linearised cDNA template 

were added 2 /xl of 10 x transcription buffer (400 mM Tris-HCl, pH 8.0, 60 mM 

MgCl2 , 100 mM dithiothreitol, 20 mM spermidine, 100 mM NaCl, 1 U//xl RNase 

inhibitor), 10 /xl of water, 2 /xl of 10 x DIG RNA labelling mix (10 mM ATP, 10 mM 

CTP, 10 mM GTP, 6.5 mM UTP, 3.5 mM DIG-UTP, pH 7.5) and 2 /xl of SP6  or T7 

RNA polymerase. Table 2.3 shows the RNA polymerase used for each reaction.

Samples were incubated at 37°C for 2 hrs, placed on ice and a 2 /xl aliquot examined 

by electrophoresis to verify the size of the RNA transcript. Samples were compared 

with two dilutions of RNA ladder for semi-quantitative evaluation of riboprobe yield. 

2 /xl (0.1 volume) of 200 mM EDTA was then added to terminate transcription, 

followed by 0.5 /xl of a 10 mg/ml solution of Brewer’s yeast tRNA to co-precipitate the 

riboprobe. RNA samples were then precipitated.

2.11.3 Assessment of digoxigenin incorporation into riboprobes

The DIG Luminescent Detection kit (Boehringer) was used to confirm digoxigenin 

labelling of riboprobes. Digoxigenin-labelled probe is detected by an anti-digoxigenin 

antibody conjugated to alkaline phosphatase. Dephosphorylation of the 

chemiluminescent substrate Lumigen PPD, a proprietary reagent, with alkaline 

phosphatase generates light which is documented on X-ray film (fig 2.9). The method 

follows the manufacturer’s instructions.
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Figure 2.9 Detection of mRNA transcripts using digoxigenin-labelled riboprobes
Digoxigenin-labelled riboprobes hybridise to complementary mRNA transcripts. After 
hybridisation, tissue sections or membranes are incubated with an anti-digoxigenin 
antibody conjugated to alkaline phosphatase, followed by an alkaline phosphatase 
substrate. For assessment o f probe labelling and Northern analysis, a chemiluminescent 
substrate was used which yields light at the site o f hybridised probe. This is then 
detected by autoradiography. For in situ hybridisation. New Fuschin Red was used, 
which yields a red colour at the site o f hybridised probe.
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2 of control RNA was diluted in RNA dilution buffer (5:3:2 HjO, 20 x saline sodium 

citrate (SSC), formaldehyde) to a concentration of 20 ng//xl. Serial dilutions (1 ng/^1, 

100 pg//xl, 10 pg/fil, 1 pg//xl, 0.1 pg//xl, 0.01 pg/^1) of control RNA and digoxigenin- 

labelled riboprobe in RNA dilution buffer were prepared in microfuge tubes on ice. 

1  fil of each dilution was pipetted onto a positively charged nylon membrane 

(Boehringer), air dried, the membrane wrapped in Saranwrap and RNA fixed with 12(X) 

Joules from a UV crosslinker (UVC 1000, Hoeffer Scientific Instruments).

The DIG Wash and Block Buffer Set (Boehringer) were used for subsequent steps. The 

blocking reagent is a proprietary compound. The membrane was sealed in a 

hybridisation bag (Gibco) and incubated in a shaking water bath in 1 x washing buffer 

(0.01 M maleic acid, 0.015 M NaCl pH 7.5, 0.3% Tween^® w/v) at 37°C for 2 mins. 

The solution was replaced with blocking buffer (10% blocking reagent diluted 1:10 in 

freshly prepared 1 x maleic acid buffer). 1 x maleic acid buffer consisted of 0.01 M 

maleic acid, 0.015 M NaCl pH 7.5. The membrane was incubated at 37°C with 

shaking for 30 mins. Anti-digoxigenin-AP, Fab fragments (Boehringer) were diluted 

1 : 1 0 , 0 0 0  in blocking buffer and the membrane incubated in the antibody solution for 

at 37°C for 30 mins. The membrane was placed in a fresh hybridisation bag and 

washed in 1 x washing buffer at 37®C with agitation for 15 mins. This step was 

repeated once.

The membrane was equilibrated in 1 x detection buffer (0.01 M Tris, 0.01 M NaCl, 

0.005 M MgCl2  pH 9.5) for 2 mins, drained briefly onto filter paper, and placed 

between two clean acetate sheets. 1 ml of Lumigen PPD diluted 1:100 in 1 x detection 

buffer was prepared, pipetted onto the membrane and spread evenly by wiping the top 

acetate sheet with a damp paper towel. The filter was incubated in this solution at RT 

for 5 mins and the semi-dry membrane then sealed in a fresh hybridisation bag and 

incubated at 37°C with shaking for 15 mins. The membrane was removed from the 

bag, sealed in Saranwrap and placed with a Kodak x-ray film (X-OMAT, XAR-5, 

Sigma) in an autoradiography cassette (Amersham) at RT for up to 24 hrs.

The film was developed by immersion in developing solution (Photosol, Ilford) for up
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to 10 mins. The film was transferred to 0.17% glacial acetic acid for 2 mins to stop 

the reaction and then immersed in fixative (Photosol, Ilford) for up to 5 mins, rinsed 

and dried. Densitometry of serial dilutions of riboprobe was performed using an Image 

Master ID gel and film scanner (Pharmacia) according to the manufacturer’s 

instructions. Briefly, each area of interest was outlined, its optical density measured 

and the optical densities of control and test RNA dilutions compared.

2.11.4 Reduction of riboprobe length by alkaline hydrolysis

Probe hydrolysis to fragments between ICX) and 250 bp has been recommended for in 

situ hybridisation (Angerer, Angerer, 1992; Shahzeidi et al 1993; Shahzeidi et al 1994). 

Limited alkaline hydrolysis of the TGFB, probes was performed using a previously 

published method (Cox et al 1984). Incubation times were calculcated according to the 

equation t(min) = lo - If / 0 . 1 1  x lo x If, where lo = initial length of transcript (kb) 

and If = desired length (kb). Where lo = 0.974 and If = 0.1, t (min) = 0.974 x 0.1 

/ 0.11 X 0.974 X 0.1 = 82 mins.

Aliquots of digoxigenin-labelled TGFBi antisense riboprobe were mixed with alkali to 

a final concentration of 40 mM NaHCOg, 60 mM Na2 C0 3  and incubated at 60°C for 60, 

82 or 100 mins. Hydrolysis was terminated by addition of 0.65 /xl of concentrated 

acetic acid, and the RNA precipitated. Aliquots from each reaction were compared 

with a 1(X) bp size marker following electrophoresis to determine the size of the 

resulting probe fragments.

2.12 LABELLED cDNA PROBE PREPARATION

2.12.1 Preparation of template DNA

Plasmids were resuspended in water to a concentration of 1 /xg//xl. Reaction volumes 

were 50 /xl. Appropriate restriction enzymes (Promega) were chosen to cut out the 

cDNA insert from the plasmid (figs 2.5-2.7). Sma I contains 8  units//xl of enzyme 

activity and has optimal activity at 25°C, but only 25-50% activity at 37®C.
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Approximately 5 units of each enzyme were used per 1 /xg of uncut plasmid. To 

prepare the TGFfii probe, Sma I  was used. To prepare the TGFB2  probe, Cla I  and 

Xho I  were used together. To prepare the TGFB3  probe, EcoR I  and Sma I  were used 

together. All reactions were prepared in sterile microfuge tubes on ice. The sample 

containing the TGFfij-A plasmid was incubated at 25°C and the other two at 37°C, each 

for 1  hr.

Samples were placed on ice and a 5 /xl aliquot examined by electrophoresis to confirm 

that the insert had been generated. A 1.2% low melting point agarose gel (Gibco) was 

then cast into the tray of a 12 x 15 cm electrophoresis chamber (IBI). 10 /xl of gel 

loading solution was added to each remaining sample, which was then divided into two 

equal aliquots. Following electrophoresis, the gel was examined under UV 

transillumination. Inserts were excised cleanly, transferred to pre-weighed microfuge 

tubes and re-weighed. 3 ml of water was added per g of gel. Samples were denatured 

by boiling for 5 mins, divided into 25 ng aliquots and stored at -4ŒC. In some 

experiments linearised plasmid DNA, prepared as described previously (section 2.11.1), 

was used directly as a template for random prime labelling. In this case the amount of 

DNA used in the reaction was increased in proportion to the ratio of vector to probe 

length.

2.12.2 Random prime labelling

The Megaprime DNA Labelling System (Amersham) was employed using the 

manufacturer’s instructions. This employs nonamer primers which permit rapid 

labelling of template DNA at 37°C.

25 ng of DNA in agarose was first boiled for 30 secs. 5 /xl of primers was added, 

followed by water to give a total volume of 50 /xl in the final reaction. The sample was 

denatured by heating to 95°C-100°C for 5 mins and then centrifuged briefly at RT. 10 

/xl of labelling buffer was added followed by 5/xl of Redivue dCTP (50 /xCi, 1.85 

MBq, Amersham) and 2 /xl of Klenow enzyme. The sample was centrifuged briefly and 

incubated at 3TC for 10 mins, or 15-30 mins if labelling DNA in low melting point
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agarose. The reaction was terminated by the addition of 5 of 200 mM EDTA, 

labelled DNA denatured by heating to 95°-100°C for 5 mins, the sample chilled on ice 

and used immediately in a hybridisation reaction for Northern analysis (section 2.16).

2.12.3 Calculation of labelling efficiency

This protocol was adapted from the manufacturer’s (Amersham). 1 ^1 aliquots of 

radiolabelled probe were mixed with 20 fxl of water. Four 5 fil aliquots of diluted 

probe were pipetted onto 1 cm diameter DB81 chromatography paper circles 

(Whatman). Half were dried at 5ŒC for 10 mins. The remainder were washed twice 

for 5 mins each, at RT, in excess 2 x SSC with shaking. They were then rinsed briefly 

in distilled water and finally in 99% ethanol for 5 mins to stabilise the paper. They 

were then dried at 50°C for 10 mins. Dried filters were placed in scintillation vials 

containing 5 ml of scintillant and counted in a liquid scintillation counter (Minaxi B Tri- 

Carb 4000 Series, Canberra Packard) with windows adjusted for maximum counting 

efficiency.

2.12.4 Interpretation of results

% incorporation = mean counts on washed filters x 1 0 0

mean counts on unwashed filters

Total amount of DNA (A) ng =

Total number of /xCi added x 13.2 x % incorporation 
number of radioactive dNTPs added x average specific activity 
of dNTPs added

This assumes a 25% content of any dNTP in newly synthesised DNA and 25 ng of 

template DNA. 13.2 is four times the average molecular weight of the four dNTPs 

divided by 1 0 0 .

Amount of radioactivity incorporated (B) in dpm = 

total number of fiCi added x 2.2 x 10* x % incorporation 

Specific activity of labelled DNA = B/A x 10̂  dpm per fig
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2.13 IN SITU HYBRIDISATION

In this method an anti-digoxigenin antibody conjugated to alkaline phosphatase is 

reacted with hybridised, digoxigenin-labelled probe after the hybridisation reaction. 

Addition of an alkaline phosphatase substrate yields a colour at the site of hybridised 

probe. The principles are illustrated in fig 2.9.

2.13.1 Prehybridisation

The method was adapted from techniques previously published by this laboratory 

(Shahzeidi et al 1993; Shahzeidi et al 1994).

2.13.1.1 Slide and coverslip preparation and tissue sectioning

Glass slides (BDH) were washed, rinsed in distilled water and immersed in acetone for 

2 mins. They were then treated for 5 mins with freshly prepared 2% 3- 

aminopropyltriethoxysilane in acetone, rinsed in distilled water and dried.

Boroslicate coverslips (BDH) were washed, rinsed in distilled water, methanol, water 

and dried. They were immersed briefly in Repelcote (BDH), air-dried, rinsed in 

distilled water, 1 0 0 % ethanol, then dried.

5 fim tissue sections were cut in the Department of Lung Pathology at the Royal 

Brompton Hospital or on site with a Reichert-Jung 2035 Biocut cryotome (Leica). 

Using a paraffin section mounting bath (Electrothermal, BDH) they were floated onto 

silanised slides and dried on a slide drying bench (Electrothermal, BDH).

2.13.1.2 Prehybridisation tissue treatments

Sections were immersed twice in xylene for 15 mins and then in xylene: ethanol 1:1 for 

10 mins to complete dewaxing. They were rinsed in 100% ethanol for 2 mins, then 

dehydrated by brief immersion in 100%, 95%, 70% amd finally 30% ethanol. They 

were rinsed briefly in distilled water and immersed in 0.85% saline for 5 mins, 1 X 

PBS for 5 mins, freshly prepared 4% paraformaldehyde for 20 mins and twice in 1 x
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PBS for 5 mins.

After ringing with a wax pen (Dako), sections were treated individually for 10 mins 

with 100 /xl of 20 /xg/ml proteinase K (Gibco) in Tris HCl pH 7.5, 5 mM EDTA. They 

were washed in 1 x PBS for 5 mins, refixed in 4% paraformaldehyde for 5 mins and 

immersed in water for 1  min.

Sections were acetylated by stirring in freshly prepared 0.1 M triethanolamine 

containing 0.25% acetic anhydride for 10 mins, rinsed in 1 X PBS for 5 mins, 0.85% 

saline for 5 mins and distilled water. They were then dehydrated by rinsing in 30%, 

70%, 95% and 100% ethanol. Finally they were rinsed in clean 100% ethanol and air- 

dried.

2.13.2 Hybridisation

2.13.2.1 Hybridisation buffer preparation

Hybridisation buffer was prepared in advance and stored in aliquots at -40’C. It was 

composed of 50% formamide (deionised immediately prior to use with mixed bead resin 

(Sigma) according to the manufacturer’s instructions), 300 mM NaCl, 20 mM Tris HCl 

pH 7.4, 5 mM EDTA, 10 mM sodium dihydrogen phosphate pH 8.0, 10% dextran 

sulphate, 1 X Denhardt’s and 500 /xg/ml brewer’s yeast tRNA. Hybridisation buffer 

was not refrozen. 1 /xl of RNase inhibitor (Boehringer) was added per 30 /xl of thawed 

hybridisation buffer and the buffer heated to 50°C prior to use.

2.13.2.2 Hybridisation o f  tissue sections

Digoxigenin-labelled riboprobes, prepared as described (section 2.11.2) and resuspended 

in water to a concentration of 200 ng/ml, were thawed on ice. 30 /xl of hybridisation 

mix was prepared per slide in sterile microfuge tubes on ice, consisting of probe and 

hybridisation buffer mixed in a ratio of 1 : 1 0  to give a final probe concentration of 2 0  

ng/ml. The hybridisation mix was heated to 5ŒC for 10 mins, applied to tissue 

sections, covered with a preprepared coverslip and the slides placed in a chamber 

humidified with paper towels saturated with a solution containing 50% formamide and
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2 X SSC. The chamber was sealed with water-resistant adhesive tape and incubated at 

50°C overnight.

2.13.3 Post hybridisation treatments

Sections were immersed for 30 mins in 4 x SSC at RT followed by 30 mins in 0.2 x 

SSC at RT. Subsequent manipulations were performed at RT. Sections were washed 

for 5 mins in TBS buffer (0.1 M Tris pH 8.2, 0.15 M NaCl), then incubated with 

freshly prepared antibody blocking solution (5 % bovine serum albumin (Sigma) in TBS 

containing Tween^ 0.1% (Sigma) and 5 % sheep serum (Sigma)) for 30 mins. They 

were washed twice in TBS for 5 mins each, then incubated with freshly prepared 

antibody solution (anti-digoxigenin antibody. Fab fragments (Boehringer) diluted 1:100 

in a 1 % solution of bovine serum albumin in TBS containing Tween 0.1 %) for 30 mins. 

Sections were then washed twice with TBS for 5 mins each.

2 ml of the chromogen New Fuschin Red (Dako) was prepared according to the 

manufacturer’s instructions, levamisole added to a final concentration of 10 mM to 

inhibit endogenous alkaline phosphatase activity (Ponder, Wilkinson, 1981) and then 

applied to the sections for 2 0  mins prior to counterstaining and mounting.

2.13.4 Histological analysis

2.13.4.1 Counterstaining and mounting

Slides were rinsed in distilled water and counterstained for 2 seconds with Gills 

haematoxylin (Harris, BDH) or 2% methyl green in 2% acetic acid, using a 

modification of a published method (Bancroft, Stevens, 1996). Sections were mounted 

in glycerol or Aqua Poly mount (Park Scientific).

2.13.4.2 Microscopy and photography

Sections were visualised with an Axioskop microscope (Zeiss) using x 100, x 200, x 

400 or X 1000 magnification. Photomicrographs were taken using a Yashica 35 mm 

auto-exposure Single-Lens-Reflex camera (Zeiss). Kodak Ektachrome Tungsten film
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ASA 64 was used alone. Kodak Ektachrome Daylight film, ASA 64, was also used 

with 80A and 82C Cokin filters (Kingsley Photographic), singly or in combination. 

Film was purchased from Keith Johnson & Felling. Negatives, colour prints and 

photocopies were processed by the Middlesex Hospital Photography Department, 

London.

2.14 CHARACTERISATION OF TGFB  ̂RIBOPROBES

An unexpected finding using the TGFBj probes was that positive signal was frequently 

obtained using the sense probe, while little signal was obtained using the antisense 

probe. Having checked that this did not result from an error in slide labelling or 

riboprobe preparation, and having confirmed the identity of the probe with Professor 

Moses’ laboratory, the orientation of the probe within the vector was verified. If the 

probe were inserted in the SP72 vector in the opposite orientation, the sequence of 

sense and antisense riboprobes would be reversed (fig 2.6). Probe orientation was 

verified in two ways. Firstly, asymmetric restriction enzyme cuts were performed 

using Cla I. Secondly, dideoxynucleotide sequencing was performed.

2.14.1 Asymmetric restriction enzyme digestion

The TGFB2  probe sequence covers 1511 through to 1953 bp (Pelton et al 1991a). Cla 

I  recognises the sequence AT i CGAT, where i represents the site of cleavage. There 

are Cla I  restriction sites at 1953 and 1770. Asymmetric restriction endonuclease 

digestion of the plasmid could therefore either yield a fragment of 183 bp, or a 

fragment of 259 bp, depending on the probe orientation within the plasmid (fig 2.10). 

Approximately 5 units of Cla I  were used per 1 /xg of the pm TGF%-9A plasmid, the 

reaction incubated at 37°C for 1 hr and an aliquot examined by electrophoresis.

117



2.14.2 Dideoxynucleotide sequencing

The United States Biochemical Sequenase Version 2.0 T7 polymerase dideoxynucleotide 

sequencing kit (Amersham) was used according to the manufacturer’s instructions.

2.14.2.1 Template preparation

4 fjLg of the pm TGFB2 -9 A plasmid DNA prepared as described (section 2.10.5.2) was 

denatured by addition of 2 M NaOH, 2 mM EDTA to a final concentration of 0.2 M 

NaOH, 0.2 mM EDTA, and incubated at RT for 5 mins. The reaction was neutralised 

with 2 pi of 2M ammonium acetate pH 4.6, the DNA precipitated and then resuspended 

in 7 pi water.

2.14.2.2 Primer annealing, labelling and termination reactions

To the denatured plasmid in a sterile microfuge tube on ice were added 2 ^1 of 

annealing buffer (200 mM Tris-HCl, pH 7.5, 100 mM MgCl2 , 250 mM NaCl) and 1 

pi (0.5 pmol) of T7 primer. The sample was heated to 65°C for 2 mins and then 

cooled to RT over 30 mins prior to chilling on ice.

2.5 /d of each termination nucleotide mixture was added to four separate wells of a 

Thermowell P polymerase chain reaction (PCR) plate (Costar) which was then covered 

with Saranwrap. Each termination mixture contains 80 pM  dGTP, 80 pM  dATP, 80 

pM  dTTP, 80 pM dCTP and 50 mM NaCl. The ’G’ mixture also contains 8  pM 

ddGTP, the ’A’; mixture, 8  ^M ddATP, the ’T’ mixture, SpM ddTTP and the ’C’ 

mixture, 8 ^M ddCTP.
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Figure 2.10 Cla I  restriction mapping of pm TGFOg-PA
Figure shows the predicted orientation of plasmid insertion in the vector, together with 
restriction sites for Cla I. If this orientation is correct, restriction digest with Cla I 
will yield a 259 bp fragment and a much larger fragment containing the vector and 
remainder of the plasmid sequences. If the orientation is reversed, restriction digest 
with Cla I  will yield a 183 bp fragment in addition to the larger fragment.
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Concentrated labelling nucleotide mix (7.5 fiM dGTP, 7.5 dCTP, 7.5 /iM dTTP)

was diluted 5-fold and the PCR plate warmed to 37°C. To the ice-cold mixture 

containing annealed DNA was added 1 fil of dithiothreitol (O.IM), 2 fil of diluted 

labelling mix, 0.5 fil of dATP (6.25 /xCi, 0.23 MBq, Du Pont) and 2 fil (3 units) 

of Sequenase polymerase previously diluted 1:8 in enzyme dilution buffer (10 mM Tris- 

HCl, pH7.5, 5 mM DTT, 0.5 mg/ml bovine serum albumin). The sample was 

incubated at RT for 5 mins.

3.5 /il of the labelling reaction was added to each of the four wells in the PCR plate and 

samples incubated at 37°C for 5 mins on a thermal cycler (Techne PHC-3). Reactions 

were then stopped by addition of 4 fil of Stop solution (95% formamide, 20 mM 

EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol), samples mixed and chilled 

on ice.

2,14.2.3 DNA electrophoresis

A 4% polyacrylamide gel was prepared in advance. 15 ml of Sequagel (National 

Diagnostics), 52.5 ml Sequagel diluent (National Diagnostics), 7.5 ml Sequagel buffer 

(National Diagnostics) and 600 /il 10% ammonium persulphate were mixed and 40 fil 

of tetramethylethylenediamine (TEMBD, Sigma) added immediately prior to pouring 

the gel.

Clean glass sequencing plates (Gibco) were rinsed and dried with ethanol. The smaller 

plate was silanised with Sigmacoat (Sigma) and the plates assembled with dividers and 

sharkstooth combs (5.7 mm point-to-point spacing for 0.4 mm gels, Gibco) inserted in 

between. The apparatus was sealed with Permacel tape, the gel cast and the plates 

clamped.

When the gel had set the plates were assembled in a sequencing electrophoresis tank 

(Gibco) to which was added 0.5 x TBB buffer (upper chamber) and 1 x TBB (lower 

chamber). The gel was pre-run at 1.5 Kv for 30 mins, the DNA samples heated to 

95°C for 5 mins using the thermal cycler, and immediately loaded onto the sequencing 

gel. Samples were electrophoresed for 2 hrs until the leading edge of the dye reached
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the bottom.

2,14,2.4 Autoradiography and sequence analysis

The buffer was drained, the plates removed and carefully separated and the lower plate 

and gel immersed in 10% methanol, 10% acetic acid for 15 mins. Using a filter paper 

cut to the size of the gel, the gel was removed from the plate, covered with Saranwrap 

and dried at 80°C on a slab gel dryer (model SE1160, Hoeffer Scientific Instruments). 

It was then placed in an autoradiography cassette with a Kodak x ray film (X-OMAT, 

XAR-5, Sigma) and autoradiography performed for 24 to 72 hrs. The autoradiograph 

was read manually and the sequence matched for homology using the FASTA database 

searching programme (Human Genome Mapping Project CRC, Cambridge, UK)

2.14.3 Assessment of digoxigenin labelling

To verify that the results obtained using the TGFBj riboprobes were not the result of 

increased digoxigenin labelling of the sense compared with the antisense riboprobe, 

digoxigenin labelling of both probes was determined. Aliquots of each probe were 

examined by agarose gel electrophoresis and photographed. Serial dilutions of the same 

probe preparation were then prepared and the chemiluminescence assay for digoxigenin 

performed as described previously (section 2.11.3).

Densitometry of ethidium bromide staining and digoxigenin incorporation was 

performed with an Image Master ID gel and film scanner (Pharmacia). Optical density 

of the TGFB2  probes was corrected for ethidium bromide staining, and the ratio of 

digoxigenin labelling of the antisense to sense probe calculated.

2.15 RNA EXTRACTION

2.15.1 Total RNA extraction

This method is based on a previously described one (Chomczynski, Sacchi, 1987). A 

monophasic solution of phenol and guanidine isothiocyanate, TRIzol Reagent (Gibco)
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was used following the manufacturer’s instructions.

Rat lung tissue samples were homogenised in 1ml of TRIzol Reagent per 100 mg 

(section 2.6.3). 1 ml aliquots of homogenate were pipetted into sterile microfuge tubes 

and the homogenate sheared with a 21 G needle. AC29 mesothelioma cells were 

cultured to visual confluence (section 2.5.1). The medium was discarded, cells 

immediately harvested into 2 ml of TRIzol Reagent per flask (containing 2 x 10̂  cells) 

and the homogenate sheared as above. Homogenised samples were incubated for 5 

mins at RT to allow complete dissociation of nucleic acid and proteins.

0 . 2  ml of chloroform was added to each sample, samples shaken vigorously by hand 

for 15 seconds and incubated at RT for 3 mins. They were centrifuged at 12,000 x g 

for 15 mins at 4°C. The aqueous phase was transferred to a fresh tube and RNA 

precipitated by adding 0.5 ml of isopropyl alcohol. Samples were incubated at RT for 

10 mins, centrifuged at 12,000 x g for 10 mins at 4°C, the supernatant discarded and 

RNA pellets washed with 1 ml of 75 % ethanol. Samples were mixed by vortexing and 

centrifuged at 7,500 x g for 5 mins at 4°C. RNA pellets were then dried briefly and 

resuspended in 2 0  /d of sterile water prior to spectrophotometry and electrophoresis.

2.15.2 Polyadenylated RNA extraction

The Poly A Tract mRNA Isolation System III (Promega) was used to extract 

polyadenylated (poly A^) RNA from total RNA following the manufacturer’s 

instructions (fig 2 . 1 1 ).

100 to 1000 /xg of total RNA was resuspended in 500 /xl of water and samples heated 

to 65°C for 10 mins. 150 pmol (3 /xl) of biotinylated oligo (dT) probe was added 

followed by 13 /xl of 20 x SSC. Samples were cooled to RT. Streptavidin- 

paramagnetic particles (SA-PMPs) were resuspended, captured with a magnetic stand 

and the supernatant removed. SA-PMPs were then washed three times with 300 /xl of 

0.5 X SSC. Each time they were captured using the magnetic stand and the supernatant 

removed. They were then resuspended in 300 /xl of 0.5 x SSC.
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The cooled annealing reaction was added to the washed SA-PMPs and the mixture 

incubated at RT for 10 mins. The SA-PMPs were then captured using the magnetic 

stand and the supernatant removed. The particles were then washed four times with 

300 /xl of 0.1 X SSC. Poly A'*' RNA was eluted from the SA-PMP pellet by 

resuspending it in 100 /xl of water. The SA-PMPs were captured magnetically and the 

eluted mRNA transferred to a fresh tube. The elution step was repeated by 

resuspending the SA-PMP pellet in 150 /xl of water and the eluate pooled with the first 

one. Eluted poly A"̂  RNA was examined by spectrophotometry using a quartz cuvette 

previously soaked in 50 mM NaOH and rinsed with water.

2.15.3 Concentration of polyadenylated RNA

The yield of poly A"̂  RNA from total RNA varied between 1 and 3% of the initial 

sample. The volume of the final eluate (250 /xl) precluded direct use of samples in 

Northern analysis. To minimise further losses by precipitation, concentration of 

samples was performed.

For each sample, one microcon model 100 concentrator was used (Amicon) following 

the manufacturer’s instructions. The sample was pipetted into the reservoir of the 

assembled device and centrifuged at 500 x g at 4°C for 24 mins. The sample reservoir 

was then separated from the vial, placed upside down in a new vial and recentrifuged 

at 1000 X g at 4°C for 2 mins to transfer the concentrate to the new vial. The reservoir 

was discarded and the sample frozen at -80°C until required. Using this method, it was 

routinely possible to concentrate 250 /xl down to 5 /xl with minimal loss of poly A'̂  

RNA.
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Figure 2.11 Polyadenylated RNA isolation
The biotinylated oligo(dT) probe hybridises with the 3’ poly (A) region present in most 
mature eukaryotic mRNA species. Hybrids are captured using streptavidin coupled to 
paramagnetic particles (PMP) and a magnetic separation stand. They are then washed 
at high stringency. Finally the mRNA is eluted from the solid phase by addition of 
ribonuclease-free water.
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2.16 NORTHERN ANALYSIS

These methods are well-established and based on previously published protocols 

(Maniatis et al 1989).

2.16.1 RNA electrophoresis

A 20 X solution of formaldehyde running buffer (0.4 M 3-(N-morpholino) 

propanesulfonic acid (MOPS), pH 7.0, 0.1 M sodium acetate, 0.02 M EDTA) was 

prepared in a foil-wrapped bottle and autoclaved. 2 g of electrophoresis grade agarose 

was dissolved in 162 ml water by autoclaving. When the agarose had cooled to 7ŒC, 

10 ml of 20 X MOPS buffer, 10 ml of water and 18 ml of 37% formaldehyde were 

added and mixed to produce a 1% agarose solution in 1 x MOPS buffer and 1.1 M 

formaldehyde. It was poured into a 12 x 15 cm casting tray and gel thickness restricted 

to 5 mm in order to maximise subsequent efficiency of RNA transfer. A comb with 

wide teeth (0 . 6  cm) was found to produce the clearest results.

In a sterile microfuge tube on ice, a volume not exceeding 15 ^1, containing up to 10 

fcg of poly A"̂  RNA, was mixed with an equal volume of RNA loading buffer (Sigma). 

Final volumes of all samples were kept equal. An aliquot of RNA ladder was also 

prepared. RNA samples were denatured by heating at 65°C for 10 mins. Meanwhile 

the gel was submerged in 1  litre of 1  x formaldehyde running buffer, the comb 

removed, and the gel pre-run at 80 V for 5 mins. Denatured RNA samples were placed 

briefly on ice prior to loading.

The gel was run at 80 V for approximately 5 hrs, until the leading edge of the dye had 

migrated to within 2-3 cm of the edge of the gel. It was photographed under UV 

transillumination, the top right-hand comer cut away for future orientation, and washed 

for 20 mins in water to remove excess formaldehyde. To determine the size of 

unknown RNA transcripts subsequently identified by hybridisation, a size calibration 

curve was constructed by plotting the logio of the number of kilobases of known RNA 

standards against the distance these had migrated from the origin (fig 2 . 1 2 ).
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Figure 2.12 Size calibration curve for electrophoretically separated RNA
Figure shows a typical curve used to calculate the size of unknown RNA transcripts 
identifed by Northern analysis. The logio of the number of kilobases of known RNA 
standards was plotted against the distance these had migrated from the origin. The size 
of unknown RNA transcripts was then extrapolated from the curve.
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2.16.2 Northern transfer

A Hybond N nylon membrane (Amersham) was cut to the size of the gel. It was then 

wetted by full immersion in a plastic sandwich box containing 500 ml of 20 x SSC. 

The lid was placed at right angles over the box, three sheets of filter paper (Munktell 

grade IF, Pharmacia) placed across it to form a wick and three filter papers the same 

size as the lid, previously wetted in 20 x SSC, placed on top. The gel was inverted, 

placed on top and covered with the membrane. Strips of Saranwrap were placed around 

the gel to prevent short-circuiting of buffer. Three membrane-sized filter papers, 

previously wetted in 20 x SSC, were placed on top. A 5 cm thick layer of disposable 

paper towels was placed on top, covered with another plastic sandwich box lid and a 

1 litre bottle of water placed on top as a weight. Transfer was allowed to proceed for 

a minimum of 16 hrs.

The membrane, overlying filter papers and gel were examined under UV light to 

confirm that transfer had occurred. The membrane was washed briefly in 20 x SSC, 

drained of excess buffer and secured between two sheets of filter paper. RNA was 

crosslinked by brief exposure to UV light using a UV transilluminator followed by 

baking at 80°C for 2 hrs.

2.16.3 Prehybridisation

Conditions for prehybridisation and hybridisation using labelled cDNA probes were 

similar to those published previously for detection of TGFB transcripts (Felton et al 

1991a; Westergren-Thorsson et al 1993). 50 ml of a prehybridisation buffer (5 x SSPE, 

5 X Denhardt’s, 0.1% SDS and 50% deionised formamide) was prepared. To 25 ml 

was added salmon sperm DNA, previously denatured by boiling for 5 mins, to a 

concentration of 1(X) ^g/ml. The remaining 25 ml of buffer was retained for 

hybridisation. Prehybridisation was performed in a shaking water bath at 42°C for 1 

to 4 hrs.

When digoxigenin-labelled riboprobes were used for Northern analysis, DIG Easy Hyb
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buffer (Boehringer) was used for both prehybridisation and hybridisation (section 

2.16.4), according to the manufacturer’s instructions. Briefly, the membrane was 

prehybridised for a minimum of 30 mins in 25 ml of buffer previously prewarmed to 

42T.

2.16.4 Hybridisation and stringency washes

Radio- or digoxigenin-labelled probe was prepared as described (sections 2.11.2 and 

2.12.2). The prehybridisation buffer was replaced with the remaining 25 ml of 

hybridisation buffer. The probe, previously denatured by boiling for 5 mins, was added 

and hybridisation performed overnight at 42°C. Radiolabelled probe was used at a final 

concentration of 25 ng/ml and digoxigenin-labelled riboprobe at 100 ng/ml.

The membrane was washed in several changes of 2 x SSC, 0.1% SDS for 30 mins at 

42°C, followed by 0.1 x SSC, 0.1% SDS at 50°C for 20 mins. It was then rinsed 

briefly in fresh 0.1 x SSC, 0.1 SDS.

2.16.5 Imaging

For autoradiography following hybridisation with labelled probes the membrane was 

wrapped in Saranwrap and placed with a Kodak x-ray film (X-OMAT XAR-5, Sigma) 

in an autoradiography cassette at -80°C for between 8  hrs and 4 weeks. After thawing 

the cassette the film was developed as described previously (section 2.11.3).

Phosphoimaging was used for rapid secreening of low copy number transcripts. A Fuji 

Bas system (1000, Raytek Scientific Ltd) was used (Amemiya, Miyahara, 1988). The 

imaging plate is coated with a photostimulable phosphor which stores a fraction of the 

absorbed incident energy from X rays. When later stimulated by visible or infrared 

radiation, the plate emits photostimulated luminescence whose intensity is proportional 

to the absorbed radiation energy. The membrane was wrapped in Saranwrap, placed 

against an imaging plate (Fuji Bas, Raytek) covered with Saranwrap and both placed 

in an exposure cassette (Fuji Bas, Raytek). This was stored at RT away from electronic
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equipment for between 4 hrs and 2 weeks. The plate was then scanned using the image 

analyser.

Autoradiography using digoxigenin-labelled riboprobes was performed as described 

previously (section 2.11.3). Densitometry of autoradiographs and phosphoimaging 

scans was performed using an Image Master ID gel and film scanner (Pharmacia) as 

described previously (section 2.11.3).
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CHAPTER THREE

RESULTS
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IN  VITRO STUDIES

3.1 THE EFFECT OF TGFB1.3 on FIBROBLAST PROLIFERATION

The effect of TGFB1 . 3  on fibroblast proliferation was examined by measurement of DNA 

content in confluent monolayers. Changes in cell number in response to TGFB1 . 3  could 

lead to altered procollagen production without a change in individual fibroblast 

procollagen metabolism. It was therefore important to establish whether the TGFB 

isoforms had any effect on HFL-1 proliferation before considering their effects on 

procollagen metabolism. HFL-1 procollagen production and degradation was then 

standardised and expressed in terms of pmol hydroxyproline//ig DNA/hr. The results 

of the DNA assay were verified by direct cell counts.

Figure 3.1 shows that none of the TGFB isoforms altered HFL-1 DNA content over the 

24 hr culture period. Cell counts performed on four replicate wells following 24 hr 

incubation of HFL-1 cells with TGFB2  at 40 pM during a separate experiment 

confirmed this finding. There was no difference in cell count between media control 

(5 X 10̂  cells/well) and TGFB2  (4.8 x 10̂  cells/well). These results show that any 

changes in procollagen metabolism in response to the TGFB isoforms were not the 

result of an effect of TGFB on proliferation.
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Figure 3.1 The effect of TGFB1.3 on DNA content of fibroblast cultures
Figure shows the effect on DNA of each of the three TGFB isoforms at a concentration 
of 40 pM. Each value represents the mean ±  SEM from four separate experiments, 
each containing four to six replicate cultures.
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3.2 THE EFFECT OF TGFB,.3 ON PROCOLLAGEN METABOLISM

3.2.1 Dose-response relationships for TGFB, 3

Having established that TGFB,.) did not affect fibroblast proliferation over the 24 hr 

culture period, dose-response studies were performed. The purpose of these was to 

demonstrate a dose-response relationship between each of the TGFB isoforms and 

procollagen production, and to determine concentrations which would produce maximal 

effects. HFL-1 procollagen production was expressed as a function of TGFB 

concentration in the culture medium during the 24 hr incubation period. All three 

isoforms significantly stimulated procollagen production in a dose-dependent manner.

Figure 3.2 shows the dose-response relationship for TGFB,. Control procollagen 

production was 42.75+0.99 pmol/|ig DNA/h (mean ±  SEM). Concentrations of 4pM 

and below had no effect on procollagen production, but 10 pM (0.25 ng/ml) stimulated 

production above media control by 53+2% (p<0.01 compared with control). No 

further increase was observed at concentrations above 10 pM.

Figure 3.3 shows the dose-response relationship for TGFBg. Control procollagen 

production was 26.97+1.22 pmol/^ig DNA/h. Concentrations of 10 pM and below had 

no effect on procollagen production, but 20 pM (0.5 ng/ml) stimulated production above 

media control by 53±1% (p<0.01 compared with control). No further increase was 

observed at concentrations above 20 pM.

Figure 3.4 shows the dose-response relationship for TGFB3. Control procollagen 

production was 44.83 +1.13 pmol/fig DNA/h. Concentrations of 2 pM and below had 

no effect on procollagen production, but 4 pM (0.1 ng/ml) stimulated production above 

media control by 46+2% (p<0.01 compared with control). No further increase was 

observed at concentrations above 4 pM.
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Figure 3.2 Dose-response relationship for TGFO,
Figure shows HFL-1 procollagen production, assessed by measurement of 
hydroxyproline, as a function of TGFBi concentration. Each value represents the mean 
±  SEM from four to six replicate cultures. * = p<0.01 compared with control.
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Figure 3.3 Dose-response relationship for TGFfij
Figure shows HFL-1 procollagen production, assessed by measurement of 
hydroxyproline, as a function of TGFBg concentration. Each value represents the mean 
+  SEM from four to six replicate cultures. * = p<0.01 compared with control.
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Figure 3.4 Dose-response relationship for TGFB3
Figure shows HFL-1 procollagen production, assessed by measurement of 
hydroxyproline, as a function of TGFB3  concentration. Each value represents the mean 
±  SEM from four to six replicate cultures. * = p<0.01 compared with control.
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Having established that all three TGFB isoforms stimulated HFL-1 procollagen 

production in a dose-dependent manner, and that concentrations of 20 pM and above 

exerted a maximal effect, the effects of each isoform on production, intracellular 

degradation and total synthesis were compared at a concentration of 40 pM (1 ng/ml).

3.2.2 The effect of TGFfii.3 on procollagen production

Figure 3.5 shows the effect of each of the three TGFB isoforms on HFL-1 procollagen 

production. Data are the means ±  SEM of four experiments, each consisting of four 

to six replicate cultures. Control procollagen production was 37.4+1.5 pmol/fig 

DNA/h. TGFB1 . 3  stimulated procollagen production above media control by 46+3%, 

46+3% and 43+2% respectively (p<0.01 in all cases).

3.2.3 The effect of TGFB,.3 on procollagen degradation

Figure 3.6 shows the effect of each of the three TGFB isoforms on intracellular HFL-1 

procollagen degradation at a concentration of 40 pM (1 ng/ml). Data are the means + 

SEM of four experiments, each consisting of four to six replicate cultures. Control 

procollagen degradation was 22+1%. There was a tendency for all three isoforms to 

reduce intracellular degradation, but this was only significant in the case of TGF& 

which reduced degradation by 17+1% (p<0.05 compared with control).

3.2.4 The effect of TGFB,.3 on procollagen synthesis

Figure 3.7 shows the effect of each of the three TGFB isoforms on HFL-1 procollagen 

synthesis at a concentration of 40 pM (1 ng/ml). Data are the means + SEM of four 

experiments, each consisting of four to six replicate cultures. Control procollagen 

synthesis was 50.2±2.0. TGFB, . 3  stimulated procollagen synthesis above media control 

by 38+2%, 37+3% and 33+2% respectively (p<0.01 in all cases).
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3.2.5 Summary

These results demonstrate that all three isoforms stimulated lung fibroblast procollagen 

production in a dose-dependent, reproducible manner. TGFB3 was the most potent 

isoform, exerting a maximal effect at a concentration of 4 pM, whereas the other two 

peptides only exerted maximal stimulation between 10 pM and 20 pM. Although 

TGFB3 achieved maximal stimulation at a lower concentration than TGFBi or TGFB2, 

the maximal response was similar for all three isoforms, with increases of 

approximately 50% above media control values.

Comparison of the effects of the three isoforms shows that there were no reproducible 

differences between the isoforms in terms of their effects on either procollagen 

production or synthesis at 40 pM. TGFB3 was the only isoform to cause a significant 

reduction in intracellular degradation at this concentration.

Having determined that all three TGFB isoforms were profibrotic in vitro, their role 

in the pathogenesis of pulmonary fibrosis was examined further by localising TGFB1 . 3  

gene expression in normal and fibrotic lung. The results of these studies are described 

in the following sections.

138



60

O
ü
(D
>
O

_û
m
(D
(/)
(U
0 )
L _
ü

40

20

0

TGFBi TGFp2 TGFB3

Figure 3.5 The effect of TGFB1.3 on HFL-1 procollagen production
Figure shows the percentage increase in HFL-1 procollagen production above media 
control in response to each of the three TGFB isoforms at a concentration of 40 pM. 
Procollagen production is calculated from the quantity of hydroxyproline present in the 
ethanol-insoluble fraction. Each value represents the mean percentage change ±  SEM 
from four separate experiments, each containing four to six replicate cultures.
* = p < 0 . 0 1  compared with control.
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Figure 3.6 The effect of TGFfii.3 on HFL-1 procollagen degradation
Figure shows the percentage reduction in HFL-1 procollagen degradation compared 
with media control in response to each of the three TGFB isoforms at a concentration 
of 40 pM. Procollagen degradation (expressed as a percentage) is calculated from the 
amount of procollagen present in the ethanol-soluble fraction compared with that present 
in both the ethanol-soluble and ethanol-insoluble fractions. Each value represents the 
mean percentage change ±  SEM from four separate experiments, each containing four 
to six replicate cultures. * = p<0.05 compared with control. NS = not significant 
compared with control.

140



50

O

O
O
(D
>
O

JD

<D
00
(U
Q)
ü

40

30

20

10

0

TGFBi TGFGz TGFB3

Figure 3.7 The effect of TGFIÎ1.3 on HFL-1 procollagen synthesis
Figure shows the percentage increase in HFL-1 procollagen synthesis above media 
control in response to each of the three TGFB isoforms at a concentration of 40 pM. 
Procollagen synthesis is calculated from the sum of the quantity of hydroxyproline 
present in the ethanol-insoluble and ethanol-soluble fractions. Each value represents the 
mean percentage change ±  SEM from four separate experiments, each containing four 
to six replicate cultures. * = p <  0 . 0 1  compared with control.
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IN  VIVO STUDIES

3.3 VALIDATION OF METHODS

The development of a non-isotopic method for in situ hybridisation in the lung was new 

to this laboratory, as were the techniques for RNA extraction and Northern analysis. 

The success and reproducibility of the methods used was therefore verified at various 

stages as outlined below.

3.3.1 Plasmid preparation

Small-scale plasmid preparation was performed initially. The resulting plasmid DNA 

was analysed by spectrophotometry to determine the yield and purity. When the 

identity of the plasmid DNA had been confirmed by agarose gel electrophoresis, large- 

scale plasmid preparation was performed.

3.3.1.1 Yield and purity o f  plasmid DNA

Table 3.1 (upper panel) shows the results of spectophotometry of plasmid DNA 

prepared using the detergent lysis method for small-scale preparation. Between 120 and 

170 /ig of DNA were obtained from each 40 ml small-scale bacterial culture. Purity 

was very poor, the highest OD 260/280 ratio obtained being 0.52.

The results of spectrophotometry of plasmid DNA prepared using the Promega Wizard 

Maxipreps DNA Purification system are also shown in table 3.1 (lower panel). Using 

this system between 500 and 1000 pg of plasmid DNA was produced from each 500 

ml large-scale bacterial culture. The purity of pm TGFBg-PA and pm TGFfij-l lb DNA 

was good (OD 260/280 ratio 1.8). The purity of pm TGFB^-A DNA was poor (OD 

260/280 ratio 1.3) resulting in failure of plasmid linearisation. It was therefore purified 

further by phenol-chloroform extraction. The resulting DNA had an OD 260/280 ratio 

of 1.9, indicating that this method of purification was effective.
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3,3.1,2 Electrophoresis o f  purified plasmids

The identity and purity of the plasmid DNA was further confirmed by agarose gel 

electrophoresis. Figure 3.8 shows the results of electrophoresis of each of the three 

purified plasmids, pm TGFBi-A (lanes 1-3), pm TGFB2 -9 A (lanes 4-6) and pm TGFB3 - 

11b (lanes 7-9), prepared using the Promega Wizard Maxipreps DNA Purification 

system. The first lane in each group shows circular plasmid DNA. The second two 

lanes show plasmid DNA linearised with each of the appropriate restriction enzymes 

prior to in vitro transcription and generation of sense and antisense riboprobes. Lane 

10 shows lambda DNA/Hind III fragments. Size markers (bp) are given on the right.

The circular plasmid DNA in each case showed at least two major bands, superhelical 

and nicked DNA, migrating at different rates. Comparison of the linear plasmid DNA 

with molecular size standards showed that the DNA produced in each case was of the 

predicted size (3974 bp, 2841 bp and 3600 bp for pm TGFBj-A, pm TGFB2 -9 A and pm 

TGFBg-llb DNA respectively). Successful linearisation by restriction enzymes further 

confirmed satisfactory purity of the plasmid DNA.
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Plasmid OD 260 OD280 OD 260/280 Mg

pm TGFBi-A 0.133 0.255 0.52 1 2 0

pm TGFB2 -9 A 0.114 0.245 0.46 148

pm TGFBg-llb 0.092 0 . 2 2 0 0.42 170

Plasmid OD260 OD 280 OD 260/280 Mg

pm TGFBi-A 0.06 0.047 1.3 (1.9) 897

pm TGF8 2 -9 A 0.035 0.019 1 . 8 523

pm TGFBg-llb 0.07 0.04 1 . 8 1046

Table 3.1 Yield and purity of plasmid DNA obtained following small and large- 
scale preparation
Table shows results of spectrophotometry of the three plasmids prepared using the 
detergent lysis method (upper panel) and the Promega Wizard Maxipreps DNA 
Purification system (lower panel). The value in brackets was obtained after further 
purification by phenol-chloroform extraction.
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Figure 3.8 Agarose gel electrophoresis of plasmid DNA prepared 
using the Promega Wizard Maxipreps DNA Purification system
Figure shows electrophoresis o f the three plasmids, both circular and linearised prior 
to in vitro transcription. Size markers (bp) are shown on the right. Lanes 1-3: pm 
TGF8 , A, lane 1: circular; lane 2: linearised with EcoR /; lane 3: linearised with Hind 
III. Lanes 4-6: pm TGF82-9A, lane 4: circular; lane 5: linearised with EcoR /; lane 6 : 
linearised with Xho 1. Lanes 7-9: pm TGF83-I lb , lane 7: circular; lane 8 : linearised 
with Xho /; lane 9: linearised with Hind 111. Lane 10: lambda D N A //7W  III 
fragments. Circular plasmid DNA shows at least two major bands, superhelical and 
nicked D N A , migrating at different rates.
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3.3.2 Digoxigenin labelling of riboprobes

33.2 .1  Electrophoresis o f  digoxigenin-labelled riboprobes

Figure 3.9 shows the result of electrophoresis of the digoxigenin labelled TGFBi 

antisense riboprobe (lane 1). Comparison with an RNA ladder (lane 2) confirmed that 

the probe was of the correct size (974 bp). Size markers (kb) are shown on the right. 

Electrophoresis of the TGFBj and TGFB3 antisense riboprobes showed the probes to be 

442 and 609 bp respectively, as predicted. Electrophoresis of the TGFB1 . 3  sense 

riboprobes showed that they were equal in size to the antisense riboprobes. 

Electrophoresis of the TGFB2  sense and antisense riboprobes is shown in figure 3.50.

3.3.2.1 Assessment o f digoxigenin incorporation into riboprobes

Having determined that the riboprobes generated by in vitro transcription were of the 

correct length, it was important to confirm digoxigenin incorporation into the 

riboprobes. Figure 3.10 shows the results of chemiluminescence assay of digoxigenin 

labelling of the TGFB1 . 3  sense and antisense riboprobes compared with that of a control 

riboprobe supplied by the manufacturer. Autoradiography of serial spot dilutions of 

each probe, ranging from 1 0 0 0  to 0 . 0 1  pg, demonstrated digoxigenin incorporation into 

each of the riboprobes.

3,3,2,3 Reduction o f riboprobe length by alkaline hydrolysis

Having established that digoxigenin-labelled TGFB riboprobes could be generated 

successfully by in vitro transcription, the effect of alkaline hydrolysis on riboprobe 

length was determined. This experiment was performed using the TGFBi anti sense 

riboprobe only. Figure 3.11 shows electrophoresis of the TGFBi anti sense riboprobe 

after alkaline hydrolysis for 60 mins (lane 2), 80 mins (lane 3) and 100 mins (lane 4) 

compared with an RNA ladder (lanes 1 and 5). Bands corresponding to the riboprobes 

are indicated with arrows and size markers (bp) shown on the right. Yeast tRNA added 

to co-precipitate the riboprobes is seen as a prominent low molecular weight band at the 

leading edge of each sample. There was no difference in the size of the probe 

fragments hydrolysed for the different lengths of time, which were all approximately 

80 bp in length. The separate aliquots were therefore combined and used together.
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Figure 3.9 Agarose gel electrophoresis of digoxigenin-labelled TGFB, antisense 
riboprobe
Lane 1: digoxigenin labelled TGFB, antisense riboprobe; lane 2: 0 .24-9 .5  kb RNA 
ladder. Size markers (kb) are shown on the right.
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Figure 3.10 Assessment of digoxigenin incorporation into riboprobes
Figure shows chemiluminescence assay o f digoxigenin labelling o f  the TG FB ,.3 sense 
and antisense probes and a control riboprobe ( ’antisense’ neo RNA, Boehringer). Serial 
dilutions range from 1000 to 0.01 pg. a: control; b: TGFB, anti sense; c: TGFB] 
antisense; d: TGFB3 antisense; e: TGFB, sense; f: TGFB] sense; f: TGFB3 sense.
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Figure 3.11 Reduction of riboprobe length by alkaline hydrolysis
Figure shows electrophoresis o f TGFBi antisense riboprobe hydrolysed with alkali for 
three different times. Lanes 1 and 5: 100 bp size marker; lane 2: 60 mins; lane 3: 80 
mins; lane 4: 100 mins. The bands corresponding to the riboprobes are indicated by 
arrows and size markers (bp) shown on the right. Yeast tRNA added to co-precipitate 
the riboprobe appears as a prominent low molecular weight band at the leading edge of 
the sample.
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3,3,2,4 Effect o f  riboprobe length on detection ofmRNA transcripts by in situ

hybridisation

Figure 3.12 shows in situ hybridisation of normal murine lung with TGFBi antisense 

riboprobe hydrolysed to a length of 80 bp (upper panel) and unhydrolysed TGFBi 

antisense riboprobe 974 bp in length (lower panel). No increase in signal was observed 

using hydrolysed probe. After preliminary studies, unhydrolysed digoxigenin-labelled 

riboprobes were therefore used for in situ hybridisation experiments.

3.3.3 Assessment of incorporation into cDNA probes

Labelling efficiency by random prime labelling with the Megaprime DNA Labelling 

system was variable, and consequently so was the specific activity of the probes. 

incorporation in eight experiments varied between 8 % and 75%, and specific activity 

between 0.1 and 3.4 x 10̂  dpm/ng. Labelling efficiency was not predictably altered by 

the length of the labelling reaction, but tended to be lower using template DNA in 

agarose. Reaction conditions were therefore optimised wherever possible by using 

on the day of delivery, when its radioactivity was greatest.

3.3.4 RNA isolation

3,3.4,1 Yield and purity o f total lung and cellular RNA

Spectrophotometry of total RNA samples isolated from rat lung revealed OD ratios 

ranging between 1.9 and 2.5, indicating good purity. Between 130 and 250 pg were 

obtained from 1 0 0  mg of tissue.

OD ratios of total RNA isolated from murine mesothelioma (AC29) cells ranged from

1.5 to 2.1, indicating generally good purity. Between 80 and 230 pg of RNA was 

obtained from one culture flask containing 2 x 10̂  cells. OD ratios of poly A'  ̂RNA 

isolated from total RNA ranged from 1.6 to 2.1, and yield varied from 1.2 to 3% of 

the initial total RNA sample.
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Figure 3.12 Effect of riboprobe length on detection of mRNA transcripts by in situ 
hybridisation
Upper panel shows normal murine lung hybridised with TGFB, antisense riboprobe 
hydrolysed to a length o f 80bp.

Lower panel shows normal murine lung hybridised with unhydrolysed TGFBi anti sense 
riboprobe (length 974 bp).

Hybridised probe appears as a red colour. Original magnification: x 100. 
Counterstain: haematoxylin.
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33 .4 .2  Electrophoresis o f purified total RNA

Having determined the yield and purity of total RNA by spectrophotmetry, its integrity 

was verified by electrophoresis. Figure 3.13 shows 5 pg aliquots of total RNA isolated 

from rat lung by guanidium-acid-phenol extraction using the TRIzol reagent (lanes 2-8). 

Lane 1 shows a 0.24-9.49 kb RNA ladder. Size markers (kb) are shown on the right. 

Two prominent bands are seen in the RNA samples corresponding to 28 S 

(approximately 4 kb) and 18 S (approximately 2 kb) ribosomal RNA. The sharp 

definition of the rRNA species with minimum smearing reveals the integrity of the 

RNA. In lanes 6 - 8  transfer RNA is seen as a faint band at the leading edge. Similar 

results were obtained with total RNA from AC29 cells.

3.3.5 Specificity of TGFB1.3 probes

Figure 3.14 shows Northern analysis of 10 pg of poly A"̂  RNA from murine 

mesothelioma cells (AC29) using each of the labelled TGFB cDNA probes (lane 1: 

TGFBi; lane 2: TGFB2 ; lane 3: TGFB3 ). Size markers (kb) are shown on the right. 

The TGFBi probe detected a 2.4 kb transcript, the TGFB2  probe detected four 

transcripts between 3 to 6.5 kb and the TGFB3  probe detected a 3.5 kb transcript. 

These results confirm the specificity of each of the three TGFB probes.

3.3.6 Summary

These results show that good quality plasmid DNA was produced from bacterial 

cultures, and confirm successful digoxigenin labelling of the TGFBi riboprobe. 

Alkaline hydrolysis of digoxigenin-labelled riboprobes did not enhance signal detected 

by in situ hybridisation and was hence not performed after preliminary studies. 

Random prime labelling of cDNA probes with was variably efficient. High quality 

total and poly A"̂  RNA was isolated from rat lung and murine mesothelioma cells, and 

Northern analysis confirmed specificity of the TGFB1 . 3  probes.
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Figure 3.13 Electrophoresis of purified total RNA
Figure shows electrophoresis o f typical total RNA samples isolated from rat lung. Lane 
1: 0 .24-9 .49 kb RNA ladder; lanes 2-8: RNA samples. Size markers (kb) are shown 
on the left and the position o f the 28S and I8S species is indicated on the right. The 
sharp definition o f the rRNA species with minimum smearing demonstrates the integrity 
o f the RNA. In lanes 6-8 tRNA is seen as a faint band at the leading edge o f the 
sample.
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Figure 3.14 Northern analysis using TGFB, . 3  cDNA probes
10 /xg o f poly RNA from murine mesothelioma (AC29) cells was hybridised with 
each o f the radiolabelled TGFB cDNA probes. Size markers (kb) are shown on the left. 
The following transcripts were seen: TGFB,, 2 .3  kb; TGFBj, multiple bands from 6 to 
3 kb; TGFB), 3.5 kb, confirming the specificity o f the probes for each o f the three 
isoforms.
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3.4 TGFB, AND TGFB3 GENE EXPRESSION IN NORMAL MURINE

LUNG

3.4.1 Sense and antisense controls for TGFB, and TGFB3

Sections of normal murine lung hybridised with sense (a) and antisense (b) TGFB, and 

TGFB3  riboprobes are shown in figures 3.15 and 3.16 respectively. Hybridisation 

signal appears as a red colour. There was good discrimination between sense and 

antisense probes, with an absence of signal in sections to which the sense probes were 

applied. In all cases hybridisation signal was clearly cytoplasmic and outlined the 

nucleus. There was faint pink staining of extracellular matrix proteins by New Fuschin 

Red but this did not interfere with detection of hybridisation signal. Hybridisation 

signal for both isoforms was prominent in bronchiolar epithelium including Clara cells.

3.4.2 Localisation of TGFB, mRNA transcripts

Figure 3.17 shows the localisation of hybridisation signal for TGFB,. In addition to 

being predominant in bronchiolar epithelial cells, it was present in alveolar macrophages 

(a) and in cells lining alveolar walls (b). Signal was also noted in mesenchymal cells 

underlying blood vessels and in pulmonary endothelial cells, as shown in figure 3.18 

(a and b respectively).

3.4.3 Localisation of TGFB3 mRNA transcripts

Figure 3.19 shows the cell types expressing TGFB3 . The distribution of TGFB3  mRNA 

transcripts in normal murine lung was similar to that of TGFB,. Hybridisation signal 

was predominant in bronchiolar epithelial cells and in alveolar macrophages (a) but was 

also detected in mesenchymal cells underlying blood vessels and in cells lining alveolar 

walls (b).
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Figure 3.15 In situ hybridisation in normal murine lung: sense and antisense 
controls for TGFB,
Figure shows normal murine lung hybridised with TGFB, riboprobes. a: sense; b: 
antisense. Hybridisation signal appears as a red colour. Signal is evident in 
bronchiolar epithelial cells (arrows in b). Original magnification: x 200. Counterstain: 
haematoxylin.
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Figure 3.16 In situ hybridisation in normal murine lung: sense and antisense 
controls for TGFB3

Figure shows normal murine lung hybridised with TGF% riboprobes. a: sense; b: 
antisense. Hybridisation signal appears as a red colour. Signal is evident in 
bronchiolar epithelial cells (arrows in b). Original magnification: x 200. Counterstain: 
methyl green.

157



V  ^  >  V  .

i ^
%  . f  ^

À V '  >  ' '  ^  ■

■' y - y .
I '■ '•' '  4  ^  *

4  =■ ' * * ' ?? :. W f
<

r  *’ - y
\

- f *

t  ' ;  , 4

Figure 3.17 Cellular localisation of TGFB, gene expression in normal murine lung
(I)
Figure shows TGFB, mRNA transcripts in alveolar macrophages (arrows) and in cells 
lining alveolar walls (arrowheads). Original magnification: x 4(X). Counterstain: 
haematoxylin.

158



Lm. A

Éiff V

> -  .  ^ y :  ^  1 r .
^  • &% ^

"  ^  : i .~
* 'V

\ \

V

* ■ -  >

Figure 3.18 Cellular localisation of TGFfi, gene expression in normal murine lung
(II)
Figure shows TGFB, mRNA transcripts in mesenchymal cells underlying blood vessels 
(arrows in a) and in pulmonary endothelial cells (arrows in b). Original magnification: 
X 400. Counterstain: haematoxylin.

159



t
A

4

Figure 3.19 Cellular localisation of TGFB3  gene expression in normal murine lung
Figure shows TGFB, mRNA transcripts in alveolar macrophages (arrows in a), in 
mesenchymal cells underlying blood vessels (arrows in b) and in cells lining alveolar 
walls (arrowheads in b). Original magnification: x 400 (a), x 1000 (b). Counterstain: 
methyl green.
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3.4.4 Summary

Using digoxigenin-labelled riboprobes, TGFfii and TGFB3 gene expression was 

successfully localised in normal adult murine lung. mRNA transcripts for TGFBi and 

TGFB3 were identified in a wide variety of lung cell types including bronchiolar 

epithelium, alveolar macrophages, mesenchymal and mésothélial cells. TGFBi gene 

expression was also detected in pulmonary endothelium.

Unexpected results were obtained using the TGFB2  riboprobes and these are discussed 

fully in section 3.8. The following sections discuss results obtained using the TGFBi 

and TGFB3 riboprobes only.

The data obtained so far show that both TGFBi and TGFB3 are profibrotic in vitro^ and 

that a wide variety of lung cell types express both TGFBi and TGFB3 in normal murine 

lung. Taken together, these results indicate that both isoforms could be implicated in 

the pathogenesis of pulmonary fibrosis. In order to investigate this further, TGFBi and 

TGFB3 mRNA transcripts were localised during the course of bleomycin-induced murine 

lung fibrosis.

3 .5  TGFBi AND TGFB3 GENE EXPRESSION

IN BLEOMYCIN-INDUCED LUNG FIBROSIS

3.5.1 Characteristics of murine lung following bleomycin

Data for these animals has already been published showing increased total lung collagen 

content following bleomycin (Shahzeidi et al 1993; Shahzeidi et al 1994). This data is 

summarised in table 3.2. Figure 3.20 (photographs taken by Dr Shahzeidi) shows a 

section of normal murine lung (a) compared with lung tissue from an animal ten days 

after bleomycin (b). These sections illustrate the loss of normal alveolar architecture, 

inflammatory cell infiltration and fibrosis which result from bleomycin injury.
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3.5.1 TGFB| gene expression

TGFB, gene expression was only slightly enhanced three days after bleomycin and 

appeared maximally enhanced ten days after bleomycin administration. A pronounced 

peribronchial and perivascular inflammatory cell influx was seen at this time. Figure 

3.21 shows sense (a) and antisense (b) controls for TGFB, ten days after bleomycin.

Reduced TGFB, gene expression was noted in bronchiolar epithelium following 

bleomycin (compare with fig 3.15) and expression was predominant in inflammatory 

cells including macrophages, as shown in figures 3.21 and 3.22. Figure 3.23 shows 

that ten days after bleomycin signal was also present in increased intensity and in 

greater numbers of mesenchymal cells underlying blood vessels (a) and was enhanced 

in mésothélial cells adjacent to areas of subpleural fibrosis (b).

Figure 3.24 shows mRNA transcripts in pulmonary endothelial (a) and alveolar type II 

cells (b). In addition there was intense signal throughout the interstitium consistent with 

expression of TGFB, by capillary endothelial cells, alveolar type I cells and fibroblasts 

(data not shown).

Figure 3.25 shows lung tissue examined 21 days (a: sense; b: antisense) and 35 days 

(c; sense; d: antisense) after bleomycin and hybridised with the TGFB, probes. Patchy 

fibrosis was evident at 21 days with signal predominant in alveolar macrophages. At 

35 days there was a return towards the control pattern of gene expression for TGFB,, 

with mRNA transcripts predominant in bronchiolar epithelium.
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TIME AFTER CONTROL BLEOMYCIN-TREATED
BLEOMYCIN ANIMALS ANIMALS
(DAYS)

3 1.24±0.02 1.20+0.04

1 0 1 . 1 0 + 0 . 0 1 1.61+0.08*

2 1 1.23+0.03 1.76+0.14+

35 1.60+0.02 2.89+0.14+

Table 3.2 Time course of changes in lung collagen content during the development 
of bleomycin-induced pulmonary fibrosis.
Table shows total lung collagen content 3, 10 and 21 days following intratracheal 
bleomycin. Values for collagen content are expressed in mg and represent the mean 
values obtained from six animals ± SEM. * = p<0.05 compared with controls; 4- = 
p < 0 . 0 1  compared with controls.
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Figure 3.20 Changes in murine lung following bleomycin
Normal lung (a) is compared with lung tissue taken from an animal ten days after 
bleomycin (b). Loss o f normal alveolar architecture, inflammatory cell infiltration and 
fibrosis are seen following bleomycin. These morphological findings were confirmed 
by previously published data showing increased total lung collagen content in animals 
which had received bleomycin.
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Figure 3.21 Sense and antisense controls for TGFB, in murine lung ten days after 
bleomycin
Figure shows murine lung ten days after bleomycin hybridised with TCFlij riboprobes. 
a: sense; b: antisense. Original magnification: x 100 (a); x 200 (b). Counterstain: 
haematoxylin.
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Figure 3.22 Altered pattern of TGFO, gene expression in murine lung ten days 
after bleomycin
Figure shows a shift in predominant signal from bronchiolar epithelium (arrows in a) 
to inflammatory cells (arrows in b). Compare with TGFB, gene expression in normal 
bronchial epithelium, shown in figure 3 .15. Original magnification: x 200. 
Counterstain: haematoxylin.
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Figure 3.23 Enhanced TGFB, gene expression in mesenchymal and mésothélial cells 
ten days after bleomycin
Figure shows enhanced signal associated with mesenchymal cells underlying blood 
vessels (arrows in a) and mésothélial cells adjacent to areas o f subpleural fibrosis 
(arrows in b). Original magnification: x 200. Counterstain: haematoxylin.
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Figure 3.24 Enhanced TGFB, gene expression in pulmonary endothelial and 
alveolar type II cells ten days after bleomycin
Figure shows enhanced signal associated with pulmonary endothelial (arrows in a) and 
alveolar type II cells (arrows in b). Original magnification: x 1000 (a); x 4(X) (b). 
Counterstain: haematoxylin.
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Figure 3.25 TGFB, gene expression in m urine lung 21 and 35 days after bleomycin
Figure shows TGFB, gene expresion 21 days (a: sense; b: antisense) and 35 days (c: 
sense; d: antisense) after bleomycin. At 21 days signal was primarily localised to 
macrophages in fibrotic foci (arrows in b). By 35 days the pattern of gene expression 
had returned to that seen in control animals, with predominant signal in bronchiolar 
epithelium (arrows in d). Original magnification: x 200. Counterstain: methyl green.
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3.5.2 TGFfij gene expression

Figure 3.26 shows sense (a) and antisense (b) controls for TGFB3 ten days after 

bleomycin. Lung tissue examined ten days after bleomycin administration hybridised 

with TGFB3 antisense probe is shown in figure 3.27. In contrast to TGFBj, TGFB3 gene 

expression was not enhanced at any time after bleomycin, and little or no signal was 

observed in either bronchiolar epithelium (a) or in inflammatory foci (b).

3.5.3 Summary

Lung tissue from mice receiving bleomycin exhibited a peribronchial and perivascular 

inflammatory cell influx most apparent at ten days. Following bleomycin, TGFBi but 

not TGFB3  gene expression was enhanced, reaching a maximum after ten days. There 

was a shift from predominant signal for TGFBi in airway epithelium to principally 

interstitial signal. Following bleomycin, TGFBi gene expression was mainly localised 

to inflammatory cells including macrophages, but was also enhanced in mesenchymal, 

mésothélial, pulmonary endothelial and alveolar type II cells. Diffusely enhanced 

interstitial signal also suggested TGFBi gene expression by capillary endothelial and 

alveolar type I cells.

Patchy fibrotic changes were apparent by 21 days and TGFBi gene expression was most 

marked in macrophages within fibrotic foci. By 35 days the pattern of TGFBi gene 

expression had returned to that seen in control animals. A summary of lung cell types 

expressing TGFBi and TGFB3 in normal and fibrotic murine lung is shown in table 3.3.
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Figure 3.26 Sense and antisense controls for TGFfij in murine lung ten days after 
bleomycin
Figure shows murine lung ten days after bleomycin hybridised with TGFB, riboprobes. 
a: sense; b: antisense. Original magnification; x 200. Counterstain: haematoxylin.
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Figure 3 .27 TGFBj gene expression in m urine lung ten days after bleomycin
Figure shows lung tissue ten days after bleomycin hybridised with TGF% antisense 
probe. Little or no signal was seen in bronchiolar epithelium (a) or in association with 
inflammatory foci (b). Original magnification : x 200. Counterstain: haematoxylin.
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NORMAL FIBROTIC

Cell type TGFBi TGFB3 TGFBi TGFB3

Alveolar macrophage + + -H 4-4-4- 4-

Bronchiolar epithelial + + 4- 4- 4-

Clara cell 4-4- + 4- 4-

Alveolar type II epithelial 4- 4- 4--k 4-

Pulmonary endothelial 4- - 4-4- 4-/-

Mesenchymal cell 4- 4- 4-4- 4-

Mésothélial cell 4- 4- 4-4- 4-

Inflammatory cells* - - 4-4- -

Table 3.3 Cells expressing TGFB, and TGFB3 in normal and fibrotic murine lung
Table shows the cell types identified as expressing mRNA transcripts for TGFBi and 
TGFB3  in normal and fibrotic murine lung. +  = detected; - = not detected; + /- 
detected in some cells only. * inflammatory cells other than alveolar macrophages are 
likely to be lymphocytes and eosinophils (section 4.3.3.1).
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3.6 TGFBi AND TGFB3 GENE EXPRESSION IN NORMAL HUMAN

LUNG

3.6.1 Characteristics of control patients

Sections were taken from two patients, one female aged 59 years with bronchial 

adenocarcinoma, and one male aged 44 years with mixed small cell carcinoma and 

adenocarcinoma. Both were smokers, as reflected by the carbon deposits seen in some 

sections, for example fig 3.28 (a).

3.6.2 Sense and antisense controls for TGFB, and TGFB3

Sections of normal human lung hybridised with sense (a) and antisense (b) TGFBi and 

TGFB3 riboprobes are shown in figures 3.28 and 3.29 respectively. There was good 

discrimination between sense and antisense probes, but some weak non-specific signal 

was detected in sections to which the sense probes were applied. Hybridisation signal 

for TGFBi was seen in bronchial epithelium and mRNA transcripts for TGFB3 were 

evident in alveolar macrophages.

3.6.3 Localisation of TGFBj mRNA transcripts

Figure 3.30 shows further the localisation of hybridisation signal for TGFBi in normal 

human lung. It was predominant in alveolar macrophages (arrows in a) as well as in 

bronchial epithelium, but mRNA transcripts were also detected in alveolar walls 

(arrowheads in a) and in pulmonary endothelial cells (arrows in b). Some non-specific 

signal is also seen in fig 3.30 a.

3.6.4 Localisation of TGFB3 mRNA transcripts

Figure 3.31 shows the cell types expressing TGFB3  in normal human lung. The 

distribution of TGFB3  RNA transcripts was more limited than that of TGFBj, with signal 

detected only in bronchiolar epithelium (arrows in a) and alveolar macrophages (arrows
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in b).

3.6.5 Summary

TGFB3  as well as TGFBi mRNA was present in normal human lung. Gene expression 

for both isoforms was localised to bronchiolar epithelium and alveolar macrophages. 

TGFBi mRNA transcripts were also identified in alveolar walls and pulmonary 

endothelial cells.
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Figure 3.28 In situ hybridisation in normal human lung: sense and antisense 
controls for TGFB,
Figure shows normal human lung hybridised with TGFBi riboprobes. a: sense; b:
antisense. Carbon deposits (a) reflect the history o f smoking in this patient. 
Hybridisation signal was evident in bronchial epithelium (arrowed in b). Original 
magnification: x 200. Counterstain: methyl green.
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Figure 3.29 In situ hybridisation in normal human lung: sense and antisense 
controls for TGFh^
Figure shows normal human lung hybridised with TGF% riboprobes. a: sense; b:
antisense. Hybridisation signal is seen in an alveolar macrophage (arrow in b). 
Original magnification: x 400 (a); x 1000 (b). Counterstain: methyl green.
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Figure 3.30 Cellular localisation of TGFO, gene expression in normal human lung
Figure shows TGFB, mRNA transcripts localised to alveolar macrophages (arrows in 
a) and alveolar walls (arrowheads in a), and pulmonary endothelial cells (b). Original 
magnification: x 400 (a); x 1000 (b). Counterstain: methyl green (a); haematoxylin (b).
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Figure 3.31 Cellular localisation of TGFBj gene expression in normal human lung
Figure shows TGFB3 mRNA transcripts localised to bronchial epithelium (arrows in a) 
and alveolar macrophages (arrows in b). Original magnification: x 400 (a); x 1(X)0 (b). 
Counterstain: methyl green.
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3.7 TGFBi AND TGFB3 GENE EXPRESSION IN FIBROTIC HUMAN

LUNG

3.7.1 Patient characteristics

Biopsies were taken from five patients with SSc and three patients with CFA. The

patients with SSc were all female and ranged in age from 36 to 55 years. Two of the 

patients with CFA were male, aged 64 and 6 6  years, and the third was a female aged 

42 years. Three SSc patients had a predominantly cellular pattern and two had a 

predominantly fibrotic pattern of disease. Two of the three patients with CFA had 

advanced fibrosis and one had patchy fibrosis.

3.7.2 TGFCi gene expression

Figure 3.32 shows lung tissue from a patient with SSc hybridised with sense (a) or 

anti sense (b) TGFfii riboprobes. Although there was good discrimination between the 

sense and antisense probes, some non-specific signal was obtained using the sense 

probe. Loss of the normal alveolar architecture together with a striking inflammatory 

cell infiltrate was apparent in these sections. Hybridisation signal for TGFBi was seen 

in association with the inflammatory focus (arrows in b). The accumulation of 

connective tissue, stained a faint pink by New Fushcin Red, was also evident 

(arrowheads in b).

There was no difference in the localisation of TGFBi gene expression between patients 

with SSc and patients with CFA. In comparison with control lung tissue, TGFBi gene 

expression was slightly increased in two out of five patients with SSc (as an example, 

compare figs 3.28b and 3.32b). Of these, one showed a predominantly cellular pattern 

and one had predominant fibrosis. TGFBi gene expression appeared slightly increased 

in the CFA patient with patchy fibrosis, while in one of the two patients with advanced 

fibrosis it was unchanged and in the other one hybridisation signal was undetectable.

Figure 3.33 shows TGFBi mRNA transcripts localised to bronchial epithelium (a) and
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alveolar macrophages (b). Figure 3.34 also shows TGFBi gene expression in type I 

alveolar epithelial (a) and mésothélial (b) cells. In contrast, figure 3.38 shows a section 

taken from a patient with CFA and advanced fibrosis hybridised with the TGFBi 

antisense probe. No hybridisation signal was detected in sections from this biopsy.
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Figure 3.32 In situ hybridisation in fibrotic human lung: sense and antisense 
controls for TGFbi
Figure shows lung tissue from a patient with SSc hybridised with sense (a) and 
antisense (b) TGFBi riboprobes. Hybridisation signal is evident in association with an 
inflammatory cell infiltrate (arrows in b). The faint pink staining o f  connective tissue 
is also clearly seen (arrowheads in b). Original magnification: x 400. Counterstain: 
methyl green.
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Figure 3.33 TGFB, gene expression in bronchial epithelium and alveolar 
macrophages in fibrotic human lung
Figure shows TGFBi mRNA transcripts localised to bronchial epithelium in lung tissue 
from a patient with SSc (a) and to alveolar macrophages in lung tissue from a patient 
with CFA (b). No differences were detected in the localisation o f TGFBi gene 
expression between patients with SSc and patients with CFA. Original magnification: 
X 400. Counterstain: methyl green.
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Figure 3.34 TGFB, gene expression in alveolar epithelial and mésothélial cells in 
fibrotic human lung
Figure shows TGF8, mRNA transcripts localised to type I alveolar epithelial (arrows 
in a) and mésothélial (arrows in b) cells in the same patient with SSc. Original 
magnification: x 400. Counterstain: methyl green.
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Figure 3.35 Absence of hybridisation signal for TGFBj in a patient with CFA and 
advanced fibrosis.
Figure shows lung tissue from a patient with CFA and advanced fibrosis hybridised 
with the TGF3i antisense probe. No hybridisation signal was detected in sections 
examined from this biopsy. Original magnification: x 400. Counterstain: methyl 
green.
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3.7.3 TGFBj gene expression

Figure 3.36 shows lung tissue from a patient with SSc hybridised with sense (a) or 

antisense (b) TGFB3  riboprobes. As for TGFBi, some weak non-specific signal was 

obtained with the sense probe. TGFBi and TGFB3 gene expression co-localised in 

fibrotic human lung. This is illustrated by comparison of figs 3.32 (b) and 3.36 (b) 

which represent consecutive sections.

There was no difference in the localisation of TGFB3 gene expression between patients 

with SSc and patients with CFA. In comparison with control tissue, TGFB3 gene 

expression was not increased in any of the patients with SSc. In one patient with a 

predominantly cellular pattern it appeared reduced, in one patient with predominant 

fibrosis it was undetectable and in three it appeared unchanged. TGFB3 gene expression 

appeared slightly increased in the CFA patient with patchy fibrosis, while in one patient 

with advanced fibrosis it was unchanged and in the other with advanced fibrosis 

hybridisation signal was undetectable. These changes paralleled those for TGFBi 

described above.

Figure 3.37 shows TGFB3 gene expression localised to bronchial epithelium (a) and 

mésothélial cells (b). TGFB3 gene expression was also noted in alveolar macrophages 

and alveolar type II cells, as illustrated in figure 3.38. Figure 3.39 shows lung tissue 

from a patient with CFA and advanced fibrosis hybridised with the TGFB3 antisense 

probe. No hybridisation signal was detected in sections from this biopsy.

3.7.4 Summary

TGFB3  as well as TGFBi mRNA transcripts were detected in fibrotic human lung and 

the distribution of the transcripts appeared identical. There was no difference in the 

localisation of TGFBi and TGFB3  gene expression between patients with SSc and CFA. 

Table 3.4 summarises the lung cell types expressing TGFBi and TGFB3  in normal and 

fibrotic human lung. TGFBi and TGFB3  mRNA transcripts were localised to bronchial 

epithelium, alveolar macrophages, mésothélial and alveolar epithelial cells. Gene
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expression for both isoforms was predominantly localised to areas of mild fibrosis, 

regions of dense acellular fibrosis being characterised by a paucity or complete absence 

of hybridisation signal.

Table 3.5 summarises the quantitative changes seen in gene expression for both 

isoforms in patients with SSc and CFA. TGFBj gene expression was slightly increased 

in two out of five patients with SSc, and in one of three patients with CFA. In one 

patient with CFA mRNA transcripts for TGFBi were undetectable. In the remaining 

four patients TGFBi gene expression appeared to be unchanged.

TGFB3 gene expression was increased in one of the three patients with CFA but was not 

increased in any of the patients with SSc. In one patient with SSc it was reduced and 

in another it was undetectable. In one patient with CFA mRNA transcripts for TGFi^ 

were undetectable. In the remaining four patients TGFB3 gene expression appeared to 

be unchanged.

Changes in isoform gene expression relative to the histological pattern can be 

summarised as follows. In the two patients with a predominant cellular pattern, TGFBi 

gene expression was increased in one and was unchanged in the other. TGFB3 gene 

expression was decreased in one and unchanged in the other. In the patient with a 

mixed fibrotic and cellular pattern, gene expression for both isoforms was increased. 

In the remaining five patients with a predominant fibrotic pattern, gene expression for 

both isoforms was either unchanged or undetectable, with the exception of one patient 

where TGFBi gene expression was enhanced.
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Figure 3.36 In situ hybridisation in fibrotic human lung: sense and antisense 
controls for TGFB3

Figure shows lung tissue from a patient with SSc hybridised with sense (a) and 
antisense (b) TGFfij riboprobes. Hybridisation signal is seen in association with an 
inflammatory cell infiltrate (arrows in b). The faint pink staining o f connective tissue 
is also clearly seen. Original magnification: x 400. Counterstain: methyl green.
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Figure 3.37 TGFB3  gene expression in bronchial epithelium and mésothélial cells 
in fibrotic human lung.
Figure shows TGFB3 mRNA transcripts localised to bronchial epithelium (a) and 
mésothélial cells (b) in lung tissue from a patient with SSc. Original magnification: x 
400. Counterstain: methyl green.
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Figure 3.38 TGFB3  gene expression in alveolar macrophages and alveolar epithelial 
cells in fibrotic human lung
Figure shows hybridisation signal for TGFRg in intra-alveolar macrophages (arrowheads) 
and in cuboidal type II alveolar epithelial cells lining the alveolar surface (arrows). 
This lung tissue was taken from a patient with SSc.
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Figure 3.39 Absence of hybridisation signal for TGFB3 in a patient with CFA and 
advanced fibrosis.
Figure shows lung tissue from a patient with CFA and advanced fibrosis hybridised 
with the TGFB3 antisense probe. No hybridisation signal was detected in sections 
examined from this biopsy. Original magnification: x 400. Counterstain: methyl 
green.
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NORMAL FIBROTIC

Cell type TGFBi TGFB3 TGFBi TGFB3

Alveolar macrophage 4- + + 4-

Bronchiolar epithelial + + 4- 4-

Alveolar wall/epithelial + - 4- 4-

Pulmonary endothelial + - - -

Mésothélial cell + - 4- 4-

Mesenchymal cell + - 4- -

Table 3.4 Cells expressing TGFfii and TGF63 in normal and fibrotic human lung
Table shows the cell types identified as expressing mRNA transcripts for TGFBi and 
TGFB3 in human lung. +  =  detected; - =  not detected. There was no difference in 
localisation between SSc and CFA.
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Diagnosis Histology TGFBi TGFB3

SSc Cellular t 1

SSc Fibrotic t — »

SSc Fibrotic

SSc Fibrotic —» -

SSc Cellular - >

CFA Fibrotic

CFA Fibrotic - -

CFA Mixed t t

NUMBER OF SAMPLES 
WITH INCREASED SIGNAL

3/8 1 / 8

Table 3.5 Quantitative changes in TGFfii and TGFfij gene expression in fibrotic 
human lung
Table summarises the quantitative changes in TGFBi and TGFB3  gene expression in 
patients with SSc and CFA. Histology is summarised as being predominantly fibrotic, 
predominantly cellular or mixed (both fibrotic and cellular areas seen), t =  increased 
gene expression; 4 =  decreased; -*■ =  unchanged compared with control human lung 
tissue. - =  not detected
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3.8 IN  SITU HYBRIDISATION WITH TGFBj RIBOPROBES

3.8.1 Normal murine lung

Figure 3.40 shows the results of in situ hybridisation in normal murine lung with sense

(a) and antisense (b) TGFBg riboprobes. Unexpected results were obtained using the 

TGFB2  probes. Hybridisation with the sense probe consistently yielded positive signal, 

while hybridisation with the antisense probe yielded little or no signal. These results 

were obtained on two separate occasions and with two different batches of freshly 

prepared probe. The distribution of hybridisation signal obtained using the TGFBg sense 

probe was similar to that observed with the TGFBi and TGFB3 antisense probes, with 

signal predominant in bronchiolar epithelium and alveolar macrophages.

3.8.2 Bleomycin-induced murine lung fibrosis

Similar results were obtained in mice following bleomycin, although the intensity of 

hybridisation signal was variable. Figure 3.41 shows results of in situ hybridisation in 

murine lung ten days after bleomycin using sense (a) and antisense (b) TGFB2  

riboprobes. At this time the difference in hybridisation signal obtained using the two 

probes was less striking, but signal was still evident in inflammatory cells (arrows in

a).

Figure 3.42 shows results of in situ hybridisation in murine lung 21 days after 

bleomycin using sense (a) and antisense (b) TGFB2  riboprobes. At this time the 

difference in signal obtained using the two probes was marked. Hybridisation signal 

was localised to interstitial cells within developing fibrotic foci (arrows in a).
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Figure 3.40 In situ hybridisation in normal murine lung: sense and antisense 
controls for TGFBj
Figure shows normal murine lung hybridised with TGFB2 riboprobes. a: sense; b: 
antisense. Original magnification; x 100. Counterstain: methyl green. The results 
obtained using these probes were unexpected. Hybridisation with sense probe produced 
positive signal but hybridisation with antisense probe yielded little or no signal. 
Hybridisation signal obtained with the sense probe was predominant in bronchiolar 
epithelium and alveolar macrophages.
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Figure 3.41 In situ hybridisation with TGFBj probes in murine lung ten days after 
bleomycin
Figure shows murine lung ten days after bleomycin hybridised with sense (a) and 
antisense (b) TGF82 riboprobes. Positive signal, localised to inflammatory cells, was 
obtained with sense probe (arrows in a). No signal was obtained with antisense probe. 
Original magnification: x 200. Counterstain: haematoxylin.
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Figure 3.42 In situ hybridisation with TGFtij probes in murine lung 21 days after 
bleomycin
Figure shows murine lung 21 days after bleomycin hybridised with sense (a) and 
antisense (b) TGFB2 riboprobes. Positive signal obtained with sense probe was localised 
to interstitial cells within developing fibrotic foci (arrows in a). No signal was obtained 
with antisense probe. Original magnification: x 200. Counterstain: methyl green.
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3.8.3 Normal rat lung

In order to determine whether this phenomenon was species-dependent, in situ 

hybridisation with the TGFBj riboprobes was repeated in normal rat lung. Similar 

results were obtained although the difference in hybridisation signal between the two 

probes was less marked than in normal murine lung. Figure 3.43 shows the results 

obtained with sense (a) and antisense (b) probes. Hybridisation signal was localised to 

bronchial epithelium and alveolar macrophages.

3.8.4 Normal human lung

In situ hybridisation was also performed in normal human lung. As in murine and rat 

lung, hybridisation signal was obtained with sense probe but little was obtained with 

antisense probe. The difference in hybridisation signal was once again less marked than 

in murine lung. Figure 3.44 shows the results obtained using sense (a) and anti sense

(b) probes. Hybridisation signal was localised to alveolar macrophages.

3.8.5 Summary

In situ hybridisation studies using the TGFB2  riboprobes yielded unexpected results. 

Use of the sense probe yielded positive signal, while little or no signal was obtained 

using the anti sense probe. These results were confirmed on two separate occasions and 

with two different, freshly prepared batches of probe. The difference in hybridisation 

signal between the two probes was most marked in normal murine lung and 2 1  days 

after bleomycin, but it was also detectable ten days after bleomycin, and in normal rat 

and human lung.
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Figure 3.43 //% situ hybridisation with TGFhj probes in normal rat lung
Figure shows normal rat lung hybridised with sense (a) and antisense (b) TGFB2 
riboprobes. Hybridisation with sense probe yielded signal localised to bronchiolar 
epithelium and alveolar macrophages. Some signal was also obtained using antisense 
probe. Original magnification: x 200. Counterstain: methyl green.

199



*9 r V ç , r

S ’É ô '

^  % & # # #
•fcr.-f

%  - , #

« % C ;;

m'.A#

; - V ^

%  ^
c i :

\  A

1 '

VI

Figure 3.44 In situ hybridisation with TGFh2  probes in normal human lung
Figure shows normal human lung hybridised with sense (a) and antisense (b) TGFR2 
riboprobes. Hybridisation with sense probe yielded positive signal localised to alveolar 
macrophages. Little signal was obtained using antisense probe. Original magnification: 
X 200. Counterstain: haematoxylin.
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3.9 CHARACTERISATION OF TGFfij PROBES

Having obtained unexpected results using the TGFB2  riboprobes for in situ hybridisation 

studies, possible interpretations were investigated. The first explanation explored was 

that the probe might be inserted in the vector in the opposite orientation to that 

predicted. In this case the sequences of the sense and antisense probes would be 

reversed, and this would be expected to generate the results described above. This 

possibility was investigated by asymmetric restriction enzyme mapping (section 3.9.1) 

and sequencing (section 3.9.2).

3.9.1 Determination of TGFBj probe orientation by asymmetric 

restriction enzyme mapping

Figure 3.45 shows electrophoresis of pm TGFB2 -9 A (lane 2) following asymmetric 

restriction enzyme digest with Cla /, with a 100 bp DNA ladder for comparison (lane 

1). Size markers (bp) are given on the left. A fragment of approximately 259 bp 

length was produced following restriction digest, indicating that the orientation of the 

probe in the vector was as originally predicted (see figure 2.7). Incorrect orientation 

would have generated a fragment of approximately 183 bp.

3.9.2 Determination of TGFO2 sense riboprobe sequence

The results obtained above were verified by sequencing. Sequencing was also 

performed in order to exclude the possibility that the TGFB2  sense riboprobe was 

hybridising with an unrelated mRNA species. Figure 3.46 shows the sequence 

homology obtained between the TGF8 2  sense probe and mRNA for murine TGFB2 , 

using data derived from the FASTA database searching programme (Human Genome 

Mapping Project CRC, Cambridge, UK). The percent identity was 86.301.

3.9.3 Assesment of digoxigenin incorporation into TGFBj riboprobes

Asessment of digoxigenin incorporation into the TGFfij sense and anti sense riboprobes
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was performed in order to exclude the possibility that signal obtained with the sense but 

not the antisense probe was the result of disproportionately greater digoxigenin 

incorporation into the sense probe.

Figure 3.47 shows electrophoresis of the digoxigenin-labelled TGFi^ sense and 

antisense riboprobes. Size markers (kb) are given on the right. A single discrete band 

was obtained for each probe. The probes were of equal size and were 442 bp in length 

as predicted.

Figure 3.48 shows the results of chemiluminescence assay of digoxigenin incorporation 

into the TGFBj sense and antisense probes (upper panel). The aliquots analysed were 

from the same sample as those electrophoresed in figure 3.47. Densitometry of the 

blots obtained, corrected for ethidium bromide staining, is shown in the lower panel. 

The mean ratio of digoxigenin incorporation into the antisense compared with the sense 

probe, corrected for ethidium bromide staining on electrophoresis, was 1.3:1.
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Figure 3.45 Cla I restriction digest of pm TGFB2-9 A
Figure shows electrophoresis of pm TGFB2-9 A following asymmetric restriction digest 
with Cla I. Size markers (bp) are shown on the left. Lane 1: 100 bp DNA ladder; lane 
2: pm TGF1L-9A following Cla I digest. A fragment nearly 300 bp in size (arrow) is 
seen at the leading edge o f the gel.
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1582 1629

TCTACAGACCCTACTTCAGAATCGTCCœXTTGATGTCTCAACAAjœ

TTTACAGACCTTACTT . A G A  TGRTTTGATGTCTCAACAATGG

4 46

1630 1665

AGAAAAATGCTTCGAATCTGGTGAAGGCAGAGTTCA

AGAAGAR. . .. RTGATTCTGGTGAAGGAAGAGTTCA 

47 79

Figure 3.46 Dideoxynucleotide sequencing of pm TGFBj-PA
Figure shows the sequence homology between the TGF 8 2  sense probe (lower strand) 
and mRNA for murine TGFBj (upper strand). Data was derived from the FASTA 
database searching programme (Human Genome Mapping Project CRC, Cambridge, 
UK). Percent identity: 86.301.
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Figure 3.47 Electrophoresis of TGFBj riboprobes
Figure shows electrophoresis o f digoxigenin-labelled TGF82 sense and anti sense 
riboprobes. Size markers (kb) are shown on the right. Lane 1: TGF82 antisense probe; 
lane 2: TGF82 sense probe. A single discrete band was obtained for each probe, which 
were o f equal length (442 bp).
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A m o u n t  (p g) 1000 100 10 1

T G F R 2 a n t isen se e # #

T G F 82 s en se # # e

Probe (pg) 1000 100 10 1

TGFB2 antisense 17.251 8.088 2.882 0

TGF82 sense 16.637 5.359 2.098 0

Anti sen se/sen se ratio 1.0 1.5 1.4 -

Figure 3.48 Digoxigenin incorporation into TGFBj riboprobes.
Upper panel shows chemiluminescence assay o f digoxigenin incorporation into the 
TGF82 sense and anti sen se riboprobes. Serial dilutions range from 1000 to 1 pg.

Lower panel shows mean densitometry of each dilution (expressed as optical density x 
area). The mean ratio o f digoxigenin labelling o f the antisense to the sense probe, 
corrected for ethidium bromide staining on electrophoresis, was 1.3:1.
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3.9.4 Summary

The possibility that probe reversal within the vector could have produced the 

unexpected results obtained with the TGFBj riboprobes was excluded following 

verification of probe orientation within the vector by two independent methods. The 

possibility that the sense probe was hybridising with an unrelated species was excluded 

as far as possible by sequencing. That disproportionately greater digoxigenin labelling 

of the sense probe with respect to the antisense probe could have been responsible for 

these results was excluded by chemiluminescence assay and densitometry. The nature 

of the mRNA transcript with which the TGFfij sense riboprobe was hybridising was 

therefore investigated further by Northern analysis. The results are described in the 

next section.

3.10 IDENTIFICATION OF TRANSCRIPTS DETECTED

BY THE TGFBj SENSE RIBOPROBE

3.10.1 Identification of a transcript in rat lung

Figure 3.49 shows results of Northern analysis of 10 fjLg of poly A"̂  RNA from rat lung 

using TGFBj antisense (lane 1) or TGFBg sense (lane 2) riboprobes. The antisense 

probe detected four transcripts of 4, 5, 5.9 and 6.9 kb each. The sense probe detected 

one 3.5 kb transcript, the optical density of which exceeded that of the other four 

transcripts.

3.10.2 Identification of a transcript in murine mesothelioma cells

Results obtained were similar to those obtained for rat lung and are shown in fig 3.50. 

The antisense probe detected four transcripts of 3.7, 4.8, 5.8 and 6.7 kb each. The 

sense probe detected one 3.6 kb transcript. Its optical density exceeded that of the 

other four transcripts.

207



3.10.3 Summary

The TGFBj antisense riboprobe hybridised with multiple transcripts ranging from 3.7 

to 6.9 kb in rat lung and murine mesothelioma cells. In both species the sense probe 

hybridised with a single but prominent transcript.
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6 .9 .
5 .9 .

5 .

4 . 3.5

Transcript size 

(kb) 3.5 4.0 5.0 5.9 6.9

Optical density 1.911 0.669 0.717 0.783 0.698

Figure 3.49 Northern analysis in rat lung with digoxigenin-labelled TGFfij 
riboprobes
Upper panel shows the results o f hybridisation of 10 jug o f poly RNA from rat lung 
with antisense (lane 1) or sense (lane 2) TGFB2 riboprobe. Hybridised probe was 
detected by chemiluminescence assay. The antisense probe detected four mRNA 
transcripts. The sense probe detected one 3.5 kb transcript whose peak optical density 
was more than double that o f the other four transcripts.

Lower panel shows the densitometry o f each transcript (expressed as optical density x 
area).
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6 .  7_______^
5 .  8 -----------►

4 . 8_______ ►

3.7_______ ^ 3.6

Transcript size 
(kb) 3.6 3.7 4.8 5.8 6.7

Optical density 1.616 0.343 0.990 0.640 0.134

Figure 3.50 Northern analysis in murine mesothelioma cells with digoxigenin- 
labelled TGFO2  riboprobes
Upper panel shows the results of hybridisation of \0 fxg o f poly RNA from murine 
mesothelioma cells with antisense (lane 1) or sense (lane 2) TGFB2 riboprobe. 
Hybridised probe was detected by chemiluminescence assay. The antisense probe 
detected four mRNA transcripts. The sense probe detected one 3 .6 kb transcript whose 
peak optical density was twice that o f the other four transcripts.

Lower panel shows the densitometry of each transcript (expressed as optical density x 
area).
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3.11 PRELIMINARY STUDIES: EFFECT OF TGFBi ANTISENSE ON

MESOTHELIOMA CELL GROWTH AND TGFB, SECRETION

3.11.1 Murine mesothelioma cell morphology and cell number

Figure 3.51 shows normal murine mesothelioma (AC29) cells in culture (a) compared 

with AC29 cells after 24 hrs’ incubation with 10 of TGFBi antisense (b). Cells 

(unstained) were photographed using an inverted phase-contrast light microscope. 

Untreated cells remained confluent while many of those incubated with anti sense 

rounded up and detached from the culture plate, resulting in a non-confluent culture 

pattern. Similar but less striking changes were seen after incubation with 1 and 5 fiM 

of TGFBi antisense.

Figure 3.52 shows the effect of 1, 5 and 10 /xM of TGFBi antisense on AC29 cell 

number over 24 hrs. Total cell count at tO was 8.26 x 10̂ , and all three concentrations 

inhibited cell growth. No statistical analysis was performed on these preliminary data 

obtained from one experiment.

3.11.2 Murine mesothelioma cell TGFBi production

Figure 3.53 shows the effect of 1, 5 and 10 of TGFBi antisense on AC29 cell 

TGFBi production as measured by ELISA. All concentrations reduced latent TGFBi 

production when corrected for cell number. 1  and 1 0  antisense also reduced active 

TGFBi production.

3.11.3 Summary

A 20 mer TGFBi antisense oligonucleotide reduced cell number and TGFBi production 

at concentrations of between 1 and 10 /xM when incubated for 24 hrs with AC29 cells. 

Cell morphology was also strikingly altered.
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Figure 3.51 Morphology of murine mesothelioma (AC29) cells
Figure shows normal morphology of confluent murine mesothelioma (AC29) cells (a) 
compared with that following 24 hrs’ incubation with 10 o f TGFR, antisense (b). 
Cells were unstained and photographed using an inverted phase-contrast light 
microscope. Following incubation with antisense many cells became rounded and 
detached from the plate.
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Figure 3.52 Effect of TGFfij antisense on AC29 cell number
Figure shows the effect of TGFBi antisense (5’-GAA GCA ATA GTT GGT GTC GA
S’) on cell number. AC29 cells were incubated with antisense for 24 hr. Each value 
represents a single culture in one experiment.
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Figure 3.53 Effect of TGEBj antisense on TGFBi production
Figure shows the reduction in latent (solid bars) and active (hatched bars) TGFBi 
production by AC29 cells following incubation with TGFBi antisense (5’-GAA GCA 
ATA GTT GGT GTC CA-3’) for 24 hr. TGFBi in conditioned medium was measured 
by ELISA. Each value represents a single culture in one experiment.
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CHAPTER FOUR 

DISCUSSION
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IN VITRO STUDIES

4 .1  THE EFFECT OF TGFB ISOFORMS ON PROCOLLAGEN

METABOLISM

The initial phase of this study examined the effects of TGFBi.j on tibroblast procollagen 

synthesis and degradation. The results demonstrate that TGFB2  and TGFB3  share the 

ability of TGFB, to promote collagen deposition by stimulating fibroblast procollagen 

synthesis. This is consistent with their high degree of homology and previous assays 

demonstrating similar biological effects (Seyedin et al 1985; Ohta et al 1987; Graycar 

et al 1989; ten Dijke et al 1990a).

In the experiment shown in fig 3.3 the basal level of fibroblast procollagen production 

was lower than that for experiments with TGFBi and TGFB3, but there was a clear 

increase in response to TGFB2 . There is some variation in the basal rate of procollagen 

production between experiments which is in part accounted for by cells being of 

different passage number. The experiments shown in figs 3.2-3.4 were designed to 

demonstrate a dose response relationship between each of the TGFB isoforms and 

procollagen production, and to determine concentrations which would produce maximal 

effects. It was not designed to demonstrate absolute rates of production. It was felt, 

therefore, that it was inappropriate to repeat dose-response experiments continually 

merely to obtain a set of data with similar basal rates, especially as these studies are 

extremely time-consuming.

The dose-response relationship studies show that TGFB3  was ten times more potent than 

the other two isoforms in stimulating procollagen production. Furthermore, TGFB3  was 

the only isoform to reduce intracellular procollagen degradation. These findings are 

consistent with the observation that TGFB3  is more potent than TGFBi in stimulating 

collagen production by foetal rat bone cells (ten Dijke et al 1990a), and may reflect 

differing receptor affinities for TGFB,.3. Previous studies in this department have 

shown that TGFB, reduces intracellular procollagen degradation by foetal rat fibroblasts 

(McAnulty et al 1991a). That TGFB, did not reduce HFL-1 procollagen degradation
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significantly may reflect the fact that the control level of procollagen degradation in 

these cells was relatively low (22%) compared with that in foetal rat fibroblasts (38%). 

The low baseline degradation rate could make any reduction difficult to assess.

IN  VIVO STUDIES

4.2 USE OF DIGOXIGENIN-LABELLED RIBOPROBES

4.2.1 Previous in situ hybridisation studies

To date few studies have employed digoxigenin-labelled probes for in situ hybridisation 

in the respiratory tract. At the time of developing this method, there were only two 

reports of the use of digoxigenin-labelled riboprobes, both to detect cytokine gene 

expression in nasal biopsy tissue (Ying et al 1993; Ying et al 1994). Four studies in 

lung tissue had used digoxigenin-labelled probes (Durham et al 1993; Fukuda et al 

1994; Black et al 1993; Morey et al 1992) but ail employed oligomers or DNA probes. 

One study, using digoxigenin-labelled riboprobes to detect gene expression in 

pulmonary interstitium, has been published since then (Santana et al 1995), but the 

results shown demonstrate faint hybridisation signal, possible reasons being discussed 

later (section 4.2.3). The protocols developed during this thesis therefore represent the 

optimum technique currently available for this particular application. Its advantages are 

discussed below.

4.2.2 Advantages over radiolabelled probes

The speed of execution is a major advantage of this method, since the procedure

presented here can be completed within 48 hours. In contrast, isotopic methods require 

generation of fresh radiolabelled probe for each experiment and time-consuming 

autoradiographic detection techniques, lasting between weeks and months for isotopes 

such as which provide the greatest degree of resolution. The data presented here 

show that digoxigenin incorporation is predictable and synthesis of digoxigenin-labelled 

riboprobes efficient, with up to 1 0  ftg of digoxigenin-labelled riboprobe being
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synthesised from 1 fig of starting template. Handling of non-toxic reagents is simpler 

and safer, and waste disposal is greatly factilitated. Long-term storage of probe, for 

at least two years, is also possible using this method.

A further advantage is enhanced tissue resolution. Comparison of my results with 

previous in situ hybridisation studies of pulmonary gene expression (Pelton et al 1991a; 

Shahzeidi et al 1993; Shahzeidi et al 1994; Zhang et al 1995) suggests that mRNA 

transcripts can be localised more precisely and sensitively in lung tissue using a non

radioactive technique. In the past, digoxigenin-labelled probes have been shown to be 

less sensitive or only equally sensitive as radiolabelled probes. This probably reflects 

the fact that until recently it was only possible to generate end-labelled probes. Only 

one anti-digoxigenin antibody will bind to each end-labelled probe. The number of 

antibody molecules which bind to probes labelled along their entire length is greater, 

and hybridisation signal correspondingly enhanced. The sensitivity of this method is 

discussed in more detail below (sections 4.2.3 and 4.3.1).

Little non-specific signal was observed, as shown by the cytoplasmic nature of the 

hybridisation signal and the high degree of cellular resolution obtained. This is an 

important feature because high levels of non-specific binding seen with radiolabelled 

probes may confound identification of labelled cells. The Dako New Fushcin reagent 

provides a readily identifiable colour signal and has the advantage, in the setting of 

fibrosis, of staining extracellular matrix proteins in a way that is distinguishable from 

hybridisation signal. Its other advantage is that it is relatively permanent. Preliminary 

experiments with alternative alkaline phosphatase substrates yielded colours which faded 

and became granular in appearance with time (unpublished observations). Finally, the 

use of non-isotopically labelled probes will in future enable immunohistochemistry to 

be performed on the same sections, or simultaneous detection of more than one nucleic 

acid target using different probe labels.

4.2.3 Advantages over biotinylated probes

The digoxigenin system offers important advantages over the other non-isotopic

218



technique available, which involves labelling with biotin. Earlier comparisons of 

digoxigenin with biotin labelling have revealed that the latter more frequently generates 

false positive signal (Morris et al 1990; Morey et al 1992) and is up to 10 times less 

sensitive (Morris et al 1990; Furuta et al 1990; Egger et al 1994). Biotin-labelled 

probes may also yield false positive results because of the presence of endogenous 

biotin in certain tissues, such as mitochondria. Since digoxigenin is unique to Digitalis, 

such false positive results do not arise.

4.2.4 Probe hydrolysis

Hydrolysis of probes to 50 to 500 bp is sometimes recommended for in situ hyridisation 

(Tautz et al 1992), shorter probes being thought to penetrate more easily into cross- 

linked tissues than longer ones. In these studies signal was not enhanced by probe 

hydrolysis, suggesting that if lung tissue is sufficiently permeabilised, hydrolysis of 

probes not exceeding 10(X)bp is unnecessary. The longer the probe, the greater the 

number of digoxigenin molecules incorporated. Anti-digoxigenin antibody binding is 

correspondingly amplified and signal intensity enhanced. Given these findings, I would 

recommend that the longest probes which can reproducibly penetrate the tissue are used 

to achieve maximum sensitivity. Digoxigenin-labelled oligonucleotides may 

consequently not be appropriate for detecting mRNA transcripts present in low copy 

number in lung tissue.

4.2.5 Use in Northern analysis

Digoxigenin-labelled riboprobes were found to be equally valuable for Northern 

analysis. Northern analysis with labelled cDNA probes was found to be relatively 

insensitive for detection of TGFB mRNA in lung tissue. The time required for 

autoradiography therefore extended to several weeks and frequently necessitated the use 

of phosphoimaging. In contrast, the chemiluminescent detection method adopted 

following Northern analysis with digoxigenin-labelled riboprobes generated signal after 

only 10 mins exposure at room temperature. These findings confirm those of a 

previous study in which the chemiluminescent detection system was found to afford
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equivalent sensitivity to the system (Puchhammer-Stoeckl et al 1993) and illustrate 

vividly the speed of this technique.

4.2.6 Summary

At the time this method was developed, digoxigenin-labelled riboprobes had not been 

used previously to study cytokine gene expression in pulmonary interstitium, and the 

results presented demonstrate that this technique offers numerous advantages over other 

existing methods, including speed, reproducibility, safety, sensitivity and specificity. 

Using this method, riboprobe hydrolysis was not found necessary. The method was 

equally useful for Northern analysis. The advantages of enhanced sensitivity and 

specificity conferred by the use of digoxigenin-labelled riboprobes for in situ 

hybridisation are illustrated further by the findings discussed in detail below.

4.3 IN  SITU HYBRIDISATION IN MURINE LUNG

4.3.1 TGFfii and TGFO3  expression in normal lung

I have shown that mRNA transcripts for TGFBi and TGFB3 are present in adult murine 

lung and predominantly localised to bronchiolar epithelial cells, including Clara cells, 

and alveolar macrophages. They are also present in mesenchymal, mésothélial and 

alveolar lining cells. TGFBi mRNA transcripts were also observed in pulmonary 

endothelial cells. Relatively few large blood vessels were present in the sections of 

mouse lung examined, which may account for TGFB3 mRNA transcripts not being 

detected in pulmonary endothelium. With this exception, TGFBi and TGFB3 mRNA 

transcripts co-localised in normal murine lung.

In an earlier study, Pelton and colleagues used labelled probes to localise TGFB 

isoform gene expression in murine lung (Pelton et al 1991a). They demonstrated 

TGFBi and TGFB3 gene expression in mesenchymal cells underlying bronchiolar 

epithelium, but did not detect signal in bronchiolar epithelial, alveolar or endothelial 

cells. A study in sheep lung also failed to demonstrate TGFB mRNA transcripts in
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bronchiolar epithelium (Perkett et al 1994). Both these studies used riboprobes of 

identical sequence to mine. A study of TGFBi gene expression during bleomycin- 

induced lung injury in rats using a radiolabelled 30-mer oligonucleotide probe failed to 

demonstrate any significant gene expression in control animals (Zhang et al 1995).

Endothelial cells express TGFBi mRNA and secrete TGFBi in vitro (Phan et al 1992), 

but TGFBi gene expression by endothelial cells in vivo has not to my knowledge been 

reported before. Taken together, these data suggest that digoxigenin-labelled riboprobes 

may be more sensitive than ^^S-labeled riboprobes. Certainly a recent report showed 

that digoxigenin-labelled riboprobes are at least as sensitive as ^^S-labelled riboprobes 

when used to detect interleukins in T lymphocytes (Karr et al 1995).

Cultured bronchial epithelial cells secrete TGFB (Sacco et al 1992) and immunostaining 

shows the TGFB isoforms to be preferentially localised in bronchiolar epithelial cells 

in murine lung (Pelton et al 1991b). These authors suggested that the presence of 

TGFB protein but not mRNA transcripts in bronchiolar epithelium indicated a paracrine 

mode of action for this peptide. I propose instead that gene expression and synthesis 

of TGFBi and TGFB) are co-localised in bronchiolar epithelial cells, permitting 

autocrine as well as paracrine modes of action.

4.3.2 Functions of TGFBi and TGFB) in normal lung

The wide variety of cells in the lung expressing the TGFBi and TGFB) genes supports 

the hypothesis that these peptides have important roles in normal lung homeostasis. As 

discussed in the introduction, multiple in vitro biological effects are ascribed to TGFBi, 

including regulation of cell proliferation, immune response and extracellular matrix 

metabolism. TGFBi inhibits epithelial and endothelial cell proliferation in vitro, and 

transformed bronchial epithelial cells are charaterised by a loss of sensitivity to growth 

inhibition by TGFBi (Fynan, Reiss, 1993). In normal mature lung TGFBi and TGFB) 

may therefore act in autocrine fashion in bronchiolar epithelial and pulmonary 

endothelial cells to maintain physiological homeostasis by regulating cell proliferation 

and subsequent differentiation. Clara cells can participate in epithelial repair by
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division and differentiation (Evans et al 1978), and type II cells perform a similar 

function in the alveoli (Adamson, Bowden, 1974a), thus possibly explaining why these 

cell types express TGFB.

As previously outlined (section 1.5.4.1), TGFB probably plays a role in normal immune 

defence. Activated human macrophages express TGFBi mRNA (Assoian et al 1987) 

and constitutive TGFBi gene expression by alveolar macrophages in normal human lung 

has been documented (Shaw et al 1991). This may reflect continuous macrophage 

activation, which is also exhibited by non-specific pathogen-free mice. In view of the 

various effects of TGFBi on macrophage function, TGFB gene expression by 

macrophages in normal lung may indicate a vital role in preventing tissue injury 

following repeated exposure to inhaled irritants and pathogens. This is also supported 

by the findings in animals in which TGFBi expression is compromised (Shull et al 1992; 

Kulkami, Karlsson, 1993). In bronchiolar epithelial cells TGFB may have a further 

immunomodulatory role consistent with the ability of TGFBi to stimulate IgA secretion 

by B lymphocytes (van Vlasselaer et al 1992). Finally, since TGFB is also a potent 

stimulator of extracellular matrix protein synthesis, TGFB in bronchiolar epithelial, 

pulmonary endothelial, mésothélial and mesenchymal cells may play a further role in 

regulating extracellular matrix metabolism.

4.3.3 TGFfii and TGFfi  ̂ during development of bleomycin-induced

pulmonary fibrosis

4.3,3,1 Altered localisation o f TGFfii expression

A striking finding ten days following bleomycin was the shift from predominant signal 

in airway epithelium of normal animals to principally interstitial signal. This may 

reflect a combination of epithelial cell damage, inflammatory cell influx and increased 

TGFBi gene expression by interstitial cells including fibroblasts. It was not seen in 

control animals, indicating that it was specific to bleomycin injury. Increased TGFBi 

gene expression by pulmonary interstitial cells has been reported in rats three to 14 days 

after bleomycin-induced injury (Zhang et al 1995). Following bleomycin, TGFBi gene 

expression was mainly localised to inflammatory cells. Seven to 14 days after
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bleomycin in rats, the majority of inflammatory cells expressing TGFBi have been 

identified as eosinophils, macrophages and lymphocytes (Zhang et al 1995). 

Macrophages are recognised as an important source of TGFBi in pulmonary fibrosis 

(Khalil et al 1989; Broekelmann et al 1991). However, my results demonstrate that 

signal in mesenchymal, pulmonary endothelial and mésothélial cells was also enhanced 

after bleomycin. Furthermore, the generalised increase in interstitial signal suggests 

that alveolar epithelial and microvascular endothelial cells were also expressing TGFBi.

4.3.3.2 Mesenchymal ceU TGFfij expression

Mesenchymal cells expressing TGFBi may be fibroblasts, myofibroblasts or smooth

muscle cells. Zhang’s study identified significant numbers of myofibroblasts, staining

strongly for «-smooth muscle actin, expressing TGFBi after bleomycin (Zhang et al 

1995). Lung fibroblasts produce TGFB in vitro (Kelley et al 1991) and auto-induction 

can occur (Kelley et al 1993), probably mediated by AP-1 binding to the promoter (Kim 

et al 1990a). Fibroblast and endothelial cell TGFBi gene expression increases after in 

vitro bleomycin exposure (Phan et al 1991b; Cutroneo et al 1991), and TGFBi augments 

endothelial matrix protein synthesis (Muller et al 1987). In the light of this evidence, 

my data suggest that increased TGFBi gene expression by mesenchymal cells, 

pulmonary and capillary endothelial cells after bleomycin administration contributes to 

interstitial matrix accumulation.

4.3.3.3 Mésothélial cell TGFfii expression

Cultured mésothélial cells express TGFBi mRNA (Gerwin et al 1987; Bermudez et al 

1990) and protein (Offner et al 1996) but to my knowledge this is the first study to 

show this in vivo. Mésothélial cells have not been shown to express TGFB3  mRNA or 

protein previously. Earlier studies from this department have demonstrated procollagen 

gene expression in the subpleural region of fibrotic mouse lung (Shahzeidi et al 1993; 

Shahzeidi et al 1994). Mésothélial cells may thus participate in the pathogenesis of 

pulmonary fibrosis by producing TGFBi which stimulates subpleural fibroblast collagen 

synthesis. TGFBi also stimulates mésothélial cell proliferation in vitro (Franzen, 

Dahlquist, 1994; Gabrielson et al 1988; Mutsaers et al 1996). TGFBi produced by 

these cells may therefore also act in autocrine fashion to stimulate their replication after
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injury. Previous evidence suggests that mésothélial cells actively participate in repair 

following pleural injury (Davila, M., Crouch, 1993; Owens, Grimes, 1993; Adamson 

et al 1994). These findings suggest that mésothélial cells also respond to paracrine 

mediators, including TGFBi, released as a consequence of proximal lung injury.

4.3.3.4 Type II  cell TGFfii expression

Cells lining alveolar walls expressing TCFB* may be alveolar type II cells or adherent 

macrophages. Bleomycin induces proliferation and metaplasia of type II cells 

(Adamson, Bowden, 1979). However, TGFB1 . 3  inhibit alveolar type II cell replication 

and TGFB secretion by these cells after bleomycin, as measured by bioassay, is 

inversely related to their proliferation (Khalil et al 1994). TGFBi production by 

metaplastic type II cells may therefore act in autocrine manner to regulate their 

proliferation and differentiation following injury.

4.3.3.5 Time course o f TGFfii expression

Following bleomycin, TGFBi gene expression increased to a maximum at ten days. 

The intensity of signal then declined to that seen in control animals by 35 days. At 21 

days hybridisation signal was predominant in fibrotic foci within the interstitium, but 

by 35 days the pattern of TGFBi gene expression had returned to that seen in control 

animals, with mRNA transcripts predominant in bronchial epithelium and in alveolar 

macrophages. The time course for TGFBi gene expression observed in this study is 

similar to that observed by Zhang and colleagues (Zhang et al 1995) and earlier studies 

which quantified TGFBi mRNA by Northern analysis (Hoyt, Lazo, 1988; Raghow et 

al 1989; Phan, Kunkel, 1992).

4.3.3.6 TGFfii expression

In contrast to TGFBi, TGFB3 gene expression was not enhanced ten days after 

bleomycin nor associated with macrophage influx. Little signal was detected in 

bronchiolar epithelium or inflammatory cells following bleomycin, either at three, ten 

or 21 days. 35 days after bleomycin the pattern and intensity of TGFB3 gene expression 

was indistinguishable from that seen in control animals.
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Gene expression of TOFBj and TGFB3  is therefore differentially regulated. The basis 

for differential gene expression is probably structural differences between the TGFBi 

and TGFB3  promoters. The TGFBj gene lacks a TATA box but includes a GC-rich 

region containing several Spl binding sites just upstream of the first transcriptional start 

site (Kim et al 1989b). AP I sites, located upstream of each of the two distinct 

transcriptional start sites, bind the jun/fos protein complex and are the main positive 

regulatory sequences involved in the upregulation of TGFBi gene expression (Kim et 

al 1989c; Kim et al 1990a; Kim et al 1990b; Kim et al 1989a)

In contrast, the TGFB3 contains a TATA box 21 bp upstream of the transcription start 

site but no AP I sites (Potts et al 1991) Transcriptional control of both the TGFB2  and 

TGFB3 promoters appears to be mediated by cAMP responsive elements (CRE) and AP- 

2 binding sites. The main differences between the promoter regions of the three 

mamalian TGFB isoforms are illustrated in fig 4.1.
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4.3.4 TGFAi and TGFA3  expression in wound healing

These findings suggest that TGFBi but not TGFfij is implicated in the pathogenesis of 

bleomycin-induced pulmonary fibrosis. Evidence for differential TGFB isoform gene 

expression and protein synthesis exists in a variety of other models of injury and wound 

healing, including embryonic and adult tissues such as skin, liver and heart (Jakowlew 

et al 1991; Flanders et al 1993; Levine et al 1993; Martin et al 1993; Schmid et al 

1993b; Schmid et al 1993a; Nath et al 1994; Frank et al 1996). The isoforms have also 

been proposed to play different roles in wound healing, with exogenous TGFB3  

apparently having an anti-scarring effect (Shah et al 1995).

In the majority of these studies, TGFBi was implicated in acute repair following injury 

to adult tissues, while upregulation of TGFB; and TGFB3 expression was variable. The 

available evidence to date therefore suggests that TGFBi is somewhat more consistently 

implicated in wound healing and repair following injury than is TGFB3, although further 

studies, using standardised models of adult and embryonic wound healing, will be 

required before definitive conclusions can be reached.

Consistent with our observations are the results of recent studies of bleomycin-induced 

lung fibrosis showing that TGFBi but not TGFB2 or TGFB3 secretion by alveolar 

macrophages and alveolar epithelial type II cells increases during the evolution of this 

disease (Khalil et al 1993; Khalil et al 1994). Furthermore, increased mRNA for 

TGFBi but not TGFBg has been demonstrated in bleomycin-treated mice (Baecher-Allan, 

Barth, 1993).

One study of TGFB gene and protein expression during bleomycin-induced pulmonary 

fibrosis has reported that gene expression of TGFB1 . 3  increases after bleomycin. The 

authors therefore propose that all three isoforms are implicated in the pathogenesis of 

lung fibrosis (Santana et al 1995). Several factors may account for the different results 

obtained in this study. Firstly, these authors used male Sprague-Dawley rats, so species 

variation in the TGFB response may be important. Secondly, the hybridisation signal 

illustrated in all cases was weak, probably because a lower concentration of probe was 

applied to tissue sections (0 . 8  ng//ig compared with 2 0  ng/^1 ) and a post hybridisation
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RNase A wash was performed. Thirdly, no sense controls were shown for comparison. 

These two latter factors are likely to obscure any quantitative differences between the 

isoforms. They probably also explain why no hybridisation signal for any of the 

isoforms was observed in normal bronchial epithelium, despite the fact that digoxigenin- 

labelled riboprobes were employed of identical sequence to the ones I used.

One study has reported an increase in mRNA for TGFBj. 3  in the murine radiation model 

of lung fibrosis (Finkelstein et al 1994). These authors used Northern analysis to 

quantitate changes in mRNA at days 1 and 14 after radiation. Differences in the type 

of injury induced in this model may account for the discrepancy between my results and 

these.

4.3.5 Summary

I have successfully developed a technique for in situ hybridisation in lung tissue using 

digoxigenin-labelled riboprobes. The technique is rapid, reproducible, safe, sensitive 

and specific. Using this method I have localised TGFB isoform gene expression in 

normal murine lung and during bleoymcin-induced lung fibrosis. In normal lung TGFBi 

and TGFB3 mRNA transcripts were identified in a wide variety of cells including 

bronchiolar epithelium, alveolar macrophages, pulmonary endothelial, mesenchymal and 

mésothélial cells. The widespread distribution of TGFBi and TGFB3 mRNA transcripts 

in adult murine lung adds significant new information to previous data using 

radiolabeled probes which showed gene expression for TGFB1 . 3  to be limited to smooth 

muscle cells and fibroblasts. These findings suggest that digoxigenin-labelled 

riboprobes are a more sensitive tool for cytokine detection than radiolabelled ones. 

They also suggest that TGFBi and TGFB3 play important roles in normal lung 

homoeostasis consistent with the recognised regulatory effects of TGFBi on epithelial 

cell proliferation and differentiation, immunomodulation and matrix protein turnover.

Following bleomycin, TGFBi gene expression was maximally enhanced at ten days and 

predominantly localised to macrophages and monocytes. TGFB3 gene expression was 

not enhanced after bleomycin. Differential gene regulation of the isoforms during the 

course of bleomycin-induced pulmonary fibrosis is consistent with data emerging from
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other models of wound healing. Recognised structural differences in the promoter 

regions presumably underlie differential regulation of the two isoforms. These results 

presented here are consistent with the hypothesis that, while TGFfii is involved in the 

pathogenesis of bleomycin-induced lung fibrosis, TGF% is not. The role of TGFB; is 

discussed later (section 4.4).

4.4 IN  SITU  HYBRIDISATION IN HUMAN LUNG

4.4.1 TGFBi and TGFB, expression in normal lung

Few studies to date have examined TGFBi gene expression in normal adult human lung. 

TGFBi mRNA transcripts have been localised to alveolar macrophages (Broekelmann 

et al 1991; Shaw et al 1991) using isotopic in situ hybridisation, and Northern analysis 

has demonstrated TGFBi gene expression in the airways of healthy smokers (Aubert et 

al 1994). As far as I am aware this is the first report of TGFB, gene expression in 

adult human lung.

The data presented here show that mRNA transcripts for both TGFBi and TGFB3 are 

present in normal human lung and predominantly co-localised to bronchiolar epithelium 

and alveolar macrophages. TGFBi gene expression was also observed in pulmonary 

endothelial and mesenchymal cells. Immunohistochemical studies in normal human 

lung and healthy smokers have demonstrated TGFB in bronchial epithelium, alveolar 

macrophages, smooth muscle cells and blood vessels (Magnan et al 1994; Aubert et al

1994), but some workers report little or no TGFBi in normal lung (Corrin et al 1994; 

Khalil et al 1996b). The latter study demonstrated TGFB3 protein in alveolar 

macrophages, epithelial and smooth muscle cells in normal human lung. Taken 

together, these data suggest that as in murine lung, gene and protein expression for 

TGFBi and TGFB3 are co-localised, indicating an autocrine as well as paracrine mode 

of action. As in murine lung, the diversity of cells expressing these genes is consistent 

with the wide variety of biological functions ascribed to these peptides.
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4.4.2 TGFfii and TGFR3  expression in fîbrotic lung

4.4.2.1 Differential TGFfij and TGFfi^ expression

TGFBi gene expression appeared to be increased in a total of three out of eight patients, 

while TGFB3 gene expression was increased in only one of these patients. In patients 

with dense fibrosis there was a paucity of hybridisation signal for either isoform. These 

results confirm the findings in murine bleomycin-induced lung fibrosis, namely that the 

isoforms are generally co-localised but that differential gene regulation occurs. 

Although the numbers of patients are too small for definitive conclusions to be drawn, 

there was a tendency for TGFBi to be the predominant isoform expressed in fibrotic 

lung. Since TGFBi production is increased in many tumours, and since the control lung 

tissue was obtained from tumour resections, the increases observed in TGFBi and 

TGFB3 gene expression may be an underestimate.

Human lung tissue was taken from current or previous smokers, raising the possibility 

that smoking might alter TGFB gene expression. To date no studies have addressed this 

question directly. However, in a study of TGFBi gene expression in human airways, 

no differences were found between smokers and non-smokers (Aubert et al 1994).

These data suggest that TGFBi may be more consistently implicated in the pathogenesis 

of pulmonary fibrosis associated with SSc or CFA than is TGFB3. This is consistent 

with the findings of Khalil and colleagues (Khalil et al 1996b). They reported 

ubiquitous TGFB2 and TGFB3 protein in normal human lung but little TGFBi. In 

contrast, TGFBi was widespread in macrophages, epithelial cells and extracellular 

matrix in fibrotic lung. TGFB2 and TGFB3 deposition was unchanged in fibrotic lung, 

suggesting that the presence of TGFBi is a marker of chronic fibrosis. However, given 

the greater profibrotic potential of TGFB3 in vitro, the possibility that this isoform does 

play an important role in some patients, or at a particular stage of the disease, cannot 

yet be excluded.

4.4.2.2 Localisation o f  gene expression

Both TGFBi and TGFB3 mRNA transcripts were observed in fibrotic lung and their 

distribution appeared identical. Gene expression for both isoforms was observed in
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alveolar macrophages, bronchial epithelium, alveolar walls and mésothélial cells. No 

differences in localisation of TGFBi and TGFB3 gene expression were detected between 

patients with CFA or SSc. This reflects the affinity between these conditions in terms 

of their histology and radiology, and suggests that aspects of their pathogenesis, 

including their profile of TGFB induction, are very similar. In this context it is 

interesting that a recent study examining TGFB1 . 3  protein deposition in fibrotic lung 

found no difference between patients with IFF, asbestosis, hypersensitivity or non

specific pneumonitis (Khalil et al 1996b).

The prognosis of pulmonary fibrosis associated with SSc is better than for patients with 

CFA (Alton, Turner-Warwick, 1988; Wells et al 1994a). This may be because 

pulmonary fibrosis in patients with SSc is detected at an earlier stage and patients with 

SSc are generally younger. However, it may also be that upregulation of TGFB gene 

and protein expression, while important in the pathogenesis of the disease, is not the 

sole determinant of prognosis and that other factors are important.

In contrast with the murine model, a switch from predominant TGFBi gene expression 

in bronchial epithelium to predominantly interstitial expression following lung injury 

was not observed in human fibrotic lung. There are several possible explanations for 

this. Firstly, the bleomycin model is a model of acute lung injury rather than slowly 

progressive disease. Changes in localisation of gene expression may therefore be more 

subtle and less easily detected in the human disease. Secondly, human airway epithelial 

cells may be subject to a greater degree of activation than those of laboratory mice, 

leading to higher basal TGFB gene expression. Finally, patients with pulmonary 

fibrosis often present relatively late. It is therefore possible that an obvious switch does 

occur early on in the disease, but was no longer apparent by the time biopsies were 

taken.

One previous study has examined TGFBj gene expression in human fibrotic lung 

(Broekelmann et al 1991). This study, employing a radiolabelled probe, localised 

TGFBi gene expression to macrophages adjacent to fibrotic foci but did not detect other 

cells expressing the gene. This again suggests that digoxigenin-labelled riboprobes may 

be a more sensitive tool than radiolabelled ones for detecting cytokine gene expression
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in lung tissue. Immunohistochemical studies of TGFB in pulmonary fibrosis have 

localised the protein to fibroblastic foci (Broekelmann et al 1991), alveolar 

macrophages, bronchiolar epithelial and hyperplastic alveolar type n  cells (Khalil et al 

1991; Corrin et al 1994). As in murine lung, these data, taken together, suggest a 

predominantly autocrine mode of action for TGFB.

4,4,2.3 Gene expresion in dense fibrosis

Hybridisation signal for both TGFBi and TGFB3 was scarce in biopsies characterised by 

areas of dense, acellular fibrosis. This may reflect the fact that the predominant source 

of TGFB is inflammatory cells, so that when few of these cells are present, little gene 

expression is observed. This would be consistent with Broekelmann’s data showing that 

mRNA transcripts for TGFBi were associated with macrophages while TGFBi was 

associated with areas of extracellular matrix deposition.

An alternative explanation is that TGFB gene expression is downregulated by matrix 

protein accumulation. To my knowledge the only evidence for this comes from 

experiments showing that TGFBi promoter transcription and gene expression by 

mammary epithelial cells is downregulated when these cells are cultured in contact with 

extracellular matrix rather than on plastic (Streuli et al 1993). This phenomenon was 

not observed with TGFB2 and no data are available for TGFB3. However, if this kind 

of regulation of TGFBi gene expression occurs in vivo it would be consistent with the 

recognised ability of various extracellular matrix components to bind and sometimes 

inactivate active TGFBi, including betaglycan (Andres et al 1989), decorin (Yamaguchi 

et al 1990) and type IV collagen (Paralkar et al 1991). It might also provide a 

mechanism whereby tissue injury, involving disruption of the interaction between cells 

and their basement membranes, causes upregulation of TGFBi gene expression. If this 

is the case, the absence of TGFBi mRNA transcripts in murine lung bronchial epithelial 

cells following bleomycin must presumably reflect injury severe enough to inhibit gene 

transcription.

Finally, biopsies characterised by dense fibrosis may simply represent an advanced 

stage of the disease where the stimulus for increased TGFB gene expression is no longer 

present. If this is the case, a very low level of TGFB gene expression is presumably
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sufficient to maintain increased extracellular matrix deposition. It is likely that a 

combination of the above factors accounts for the reduction in TGFB gene expression 

observed in association with densely fibrotic lung tissue.

4.4.3 Summary

In summary, I have localised TGFBi gene expression in normal and fibrotic human lung 

and demonstrated TGFB3 gene expression in normal adult and fibrotic human lung for 

the first time. In normal lung the isoforms are predominantly co-localised to 

bronchiolar epithelium and alveolar macrophages. TGFBi gene expression was also 

observed in pulmonary endothelial and mesenchymal cells. In fibrotic lung, gene 

expression for both isoforms was observed in alveolar macrophages, bronchial 

epithelium, alveolar walls and mésothélial cells. No differences in localisation of 

TGFBi and TGFB3 gene expression were detected between patients with CFA or SSc. 

TGFBi gene expression was more consistently enhanced in fibrotic lung than was TGFB3 

gene expression. In patients with dense fibrosis there was a paucity of hybridisation 

signal for either isoform.

These data confirm the sensitivity of digoxigenin-labelled riboprobes for in situ 

hybridisation detection of cytokine gene expression in human lung tissue. In 

conjunction with previously published immunohistochemical studies they suggest an 

autocrine as well as paracrine mode of action for TGFB in human lung and are 

consistent with the view that TGFB plays multiple roles in normal human pulmonary 

homoeostasis.

As in the murine model, the results show that the isoforms can be regulated 

differentially, but suggest that the two different forms of pulmonary fibrosis behave 

very similarly in terms of their profiles of TGFB induction. TGFBi and TGFB3 gene 

expression was apparent in association with cellular, inflammatory patterns of disease 

but was scarce in densely fibrotic patterns.
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4.5 TGFB; EXPRESSION

Using the antisense riboprobe, TGFB; mRNA was not detectable in normal murine, 

human or rat lung, or in fibrotic murine lung. Signal obtained using the sense probe 

raises several possibilities, amongst them that a naturally-occurring antisense molecule 

is present in lung tissue. This section discusses the progress that has already been made 

towards resolving this question, the evidence currently available to support this 

possibility, and addresses potential future studies.

4.5.1 In situ hybridisation

Positive hybridisation signal obtained with the TGFB; sense but not the antisense probe 

could have a variety of explanations. Firstly, the probe may have been inserted 

incorrectly in the vector. Secondly, digoxigenin labelling of the sense probe may be 

much greater than that of the antisense probe, so that non-specific signal obtained with 

the sense probe is more readily visualised than specific hybridisation signal with the 

antisense probe. Finally, an endogenous TGFB; antisense molecule may be present in 

excess in the lung. These are discussed in turn below.

4.5.2 Characterisation of TGFB; riboprobes

In order to address the first possibility, asymmetric restriction enzyme digests and 

sequencing of the plasmid DNA containing the probe were performed. The results 

show that the probe was correctly inserted in the plasmid vector, so that the sense and 

antisense probes did indeed correspond to their predicted sequences. In order to 

address the second possibility, chemiluminescence assay of digoxigenin labelling of the 

sense and antisense probes was performed. This showed that the antisense probe was 

slightly more heavily labelled with digoxigenin than the sense probe.

4.5.3 Northern analysis

Northern analysis confirmed previous data (Pelton et al 1991a; Perkett et al 1994) 

demonstrating that all three probes are specific for each of the TGFB isoforms.
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Northern analysis of RNA from rat lung or murine mesothelioma cells using TGFB2  

riboprobes showed that the sense probe detected a 3.5 or 3.6 kb transcript respectively. 

This provides further evidence that an endogenous TGFBj antisense transcript may be 

present in normal and fibrotic lung. Since Pelton and colleagues were able to 

demonstrate murine TGFBj mRNA transcripts with identical TGFB2  probes to those I 

used (Pelton et al 1991a), the appearance of a natural antisense may be strain or age- 

specific.

4.5.4 Endogenous antisense transcripts

4.5.4.1 Antisense transcripts in prokaryotes

The possibility of an endogenous TGFfij antisense RNA is potentially very exciting 

because in prokaryotes endogenous antisense RNAs have been shown to bind to a 

complementary region of a target RNA and affect its function (Eguchi et al 1991). 

Regulation by antisense RNA was first discovered while studying replication of the 

Escherichia coli plasmid ColEl. Plasmid replication is dependent on the formation of 

an RNA primer whose precursor RNA is functional only when it adopts a certain 

structure during its synthesis. Interaction of a small antisense RNA to the primer 

precursor inhibits formation of this structure, and consequently prevents plasmid 

replication. Since then, a number of examples of regulation by antisense transcripts 

have been reported. Levels at which control is exerted include primer formation, as 

in the example given above, transcription termination, mRNA stability or translation. 

Functions controlled include replication, lysis and protein synthesis. Antisense RNAs 

and their target RNAs are usually transcribed from the complementary strands of the 

same region of DNA, but the antisense may be transcribed from a region away from 

the target gene. Alternatively, both molecules may be transcribed from the same 

promoter, when the shorter antisense RNA probably interacts with a distal region of the 

target RNA.

4.5.4.2 Antisense transcripts in eukaryotes

To date no naturally occurring antisense RNA regulation has been proven in eukaryotes. 

However, there are several reports in eukaryotes of both strands of a DNA segment 

being transcribed, or of complementary RNAs being detected. Examples in vertebrates
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include complementary sequences to chicken myosin heavy chain (Heywood, 1986) and 

murine dihydrofolate reductase (Famham et al 1985). The former can inhibit 

translation of myosin heavy chain mRNA in vitro.

4.5.4.3 Cytokine antisense transcripts

More recently, antisense transcripts for cytokines have also been described. An 

antisense RNA transcript for the human basic fibroblast growth factor (bFGF) gene was 

identified and characterised in 1994 (Murphy, Knee, 1994). bFGF is overexpressed in 

human glioma cells and increased mRNA stability has been shown to contribute to 

elevated FGF mRNA levels in these cells. The authors found that normal rat tissues 

and human breast cancer cells contained low levels of bFGF mRNA, but high levels of 

the antisense RNA molecule. In contrast, the antisense transcript was undetectable in 

tissues overexpressing bFGF mRNA. The reciprocal relationship between bFGF 

mRNA and antisense expression supports a role for the antisense transcript in regulating 

bFGF gene expression.

4.5.4.4 TGFfi antisense transcripts

An endogenous TGFB antisense also has a precedent since a naturally occurring 

antisense RNA to TGFB) mRNA has been reported in chick heart (Potts et al 1992). 

In this study, spatial and temporal analysis revealed that TGFB) mRNA is concentrated 

in the atrioventricular (AV) canal tissue where valve formation occurs. The antisense 

transcript is also expressed in the AV canal. Expression of the antisense transcript 

increased during the period of development examined. The increase coincided with the 

loss of capacity of the AV canal myocardium to induce the epithelial-mesenchymal 

transformation of endothelial cells which initiates valve formation. The temporal 

expression of the antisense transcript during this stage of development suggests that it 

may play a role in the regulation of TGFB) production during cardiac valve formation. 

At present there are no published data on antisense transcripts in the lung or data 

showing that TGFB antisense transcripts are playing roles in regulating matrix 

production in vivo.

In the in situ hybridisation studies, signal obtained with the TGFB2  sense probe was 

most intense in control animals and during the phase of resolution, 2 1  days after
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bleomycin. Signal was weakest at the height of the inflammatory response, that is, ten 

days after bleomycin, coincident with the peak in TGFBi gene expression. It is 

tempting to speculate that a natural antisense transcript negatively regulates TGFB2  

production under normal conditions, but is downregulated following injury, thereby 

facilitating enhanced TGFB2  gene expression, protein synthesis and accumulation of 

extracellular matrix. Such a view must remain tentative until further studies resolve 

this issue. However, it seems likely that in future, other endogenous cytokine antisense 

transcripts will be identified. It may therefore become increasingly important to 

identify them and develop means of examining their roles in vivo.

4.5.4,5 Future studies and potential applications

Future studies should examine whether a natural TGFB2  antisense is present in normal 

lung and fibrotic lung, and whether it may play a role in regulating TGFB2  production. 

These could include using RNase protection assays and vector deletions to define the 

sequence which hybridises to the TGFB2  sense probe, amplifying this sequence by PCR 

and finally cloning the antisense transcript. In vitro studies could then be performed 

to determine whether the antisense transcript is able to inhibit TGFBj transcription 

and/or translation. Using the murine bleomycin model of pulmonary fibrosis. Northern 

analysis and immunohistochemistry of normal and fibrotic lung tissue could be 

performed in order to determine whether there is a relationship between levels of 

TGFB2  mRNA, TGFB2  antisense RNA and TGFB protein synthesis which might indicate 

an in vivo role for the antisense. Furthermore, my data demonstrate the presence of the 

antisense transcript in lung tissue from three species. It would therefore be of interest 

to determine whether it is present in other tissues.

A significant challenge facing researchers designing antisense treatments is that of 

developing safe and effective delivery systems. Viral vectors carry potential hazards 

and liposome-mediated delivery, although safe, remains relatively inefficient. 

Modulation of an endogenous inhibitory antisense could provide a safe and effective 

means of limiting TGFB synthesis and further collagen deposition. This is a distant goal 

at present but information on natural regulatory mechanisms is essential to further our 

understanding of pathogenesis and enable effective therapies to be designed.
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4.5.5 Summary

Hybridisation signal obtained with the TGFB2  sense but not the antisense probe raises 

the possibility that a natural TGFB2  antisense RNA transcript may be present in normal 

lung tissue. Natural antisense transcripts have been documented in both prokaryotes 

and eukaryotes and may play a role in regulating mRNA translation and thereby protein 

synthesis. Endogenous antisense transcripts have been reported for bFGF and TGFB3 , 

but their function in vivo remains to be confirmed. The possibility that endogenous 

antisense transcripts might regulate TGFB production during the pathogenesis of 

pulmonary fibrosis is an exciting concept and could provide a novel therapeutic target.

4.6 FUTURE PERSPECTIVES

This section summarises the results of the preliminary in vitro studies using TGFBj, 

discusses possible explanations and considers potential future applications.

4.6.1 The effect of TGFfi, antisense in vitro

Incubation of murine mesothelioma cells with a 20 mer TGFB, antisense 

phosphorothioate oligodeoxynucleotide for 24 hrs altered cell morphology, reduced cell 

number and decreased TGFB, production.

Following antisense treatment, a substantial proportion of cells became rounded and 

detached from the culture plate. It is possible that the antisense was toxic to the cells. 

Toxicity might result from inhibition of TGFB, production per se, or from the 

negatively charged sulphur atom introduced in the phosphorothioate oligomer to 

increase resistance to nuclease degradation. In cultured cells, this substitution can lead 

to the oligomer binding to proteins or other unintended targets, sometimes with 

unwanted consequences. A particular example is that which results in an anti-adhesive 

effect. Some phosphorothioate antisense molecules interact with laminin to prevent its

binding to its ligand, sulphatide, thereby disrupting the extracellular matrix on which

cells spread and grow. This effect is particularly noted with antisense molecules 

containing four contiguous guanosine residues (the ’G-quartet’), but research to date has
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not yet excluded the possibility that it could arise with other sequences (Stein, 1995). 

Further studies would be required to ascertain whether this antisense is toxic.

An alternative explanation for these findings could be that, by inhibiting TGFBi 

production, the antisense reduced synthesis and deposition of extracellular matrix 

required for cell attachment and growth. Antisense inhibition of TGFB expression by 

these cells can certainly reduce anchorage-independent growth (Fitzpatrick, 1994).

Both latent and active TGFBi secretion were reduced by treatment with antisense, 

although the reduction in active TGFBi production was less predictable. All three 

concentrations of antisense were effective. Although cell number was also reduced, as 

discussed above, TGFBi production was reduced even when corrected for final cell 

number, indicating that it was a real effect.

The 20 mer I used has previously been shown to inhibit induction of proteoglycan 

synthesis by TGFBi (Merrilees, Scott, 1994) and does not contain a *G quartet’ 

sequence. It is therefore likely that it reduced TGFBi production via a sequence-specific 

effect. It is thought that antisense oligonucleotides pair with complementary mRNA to 

inhibit translation or reduce stability. However, it is becoming clear that many effects 

of phosphorothioate antisense oligomers are unrelated to Watson-Crick base pair 

hybridisation (Stein, 1995). As polyanions they are capable of binding to various 

proteins, binding being dependent not only on charge but also to some extent on base 

sequence. In order to determine whether the effect seen in this experiment is sequence- 

specific it would be important to repeat it using several control oligomers including 

’sense’ and ’nonsense’ sequences.

It is also becoming apparent that if the concentration of antisense is kept below 5 ^M, 

and preferably below 1 /xM, the majority of non sequence-specific effects may be 

abolished. It would therefore be valuable to repeat this experiment at concentrations 

of 1 and below. Finally, the use of short oligomers (no longer than 15-17 bases) 

may also reduce non sequence-specific effects (Stein, 1995). It would therefore be of 

interest to repeat this experiment with several different antisense sequences in order to 

determine whether the effects are sequence-specific.
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4.6.2 TGFfi] antisense as a therapeutic strategy in pulmonary fibrosis

Antisense oligonucleotides are among the first of the new ’genetic’ therapies to have 

reached clinical trials. It was the discovery that natural antisense RNA transcripts 

existed which regulated gene expression in prokaryotes which first led to the idea that 

antisense oligonucleotides could have therapeutic value. Taken together, the data 

suggesting that TGFfi] is the predominant isoform involved in the pathogenesis of 

pulmonary fibrosis, that a natural TGFfi2  antisense transcript exists in lung tissue, and 

that TGFfi] antisense oligonucleotides can regulate TGFfi] production in vitro, raise the 

possibility that TGFfi] antisense might be an appropriate therapy for pulmonary fibrosis.

In view of the debate, outlined above, over whether antisense oligomers exert sequence- 

specific effects, the use of antisense molecules as a therapeutic approach has been 

criticised. However, additional motifs are being discovered which exert unpredictable 

biological effects, such as the CpG motif (Krieg et al 1995) which can murine trigger 

B cell activation. It is therefore becoming apparent that antisense molecules may have 

other, valuable biological effects, which even though they are not sequence-specific, are 

nevertheless worth investigating and possibly exploiting.

A number of studies of antisense therapy are emerging. Antisense therapy has been 

shown to be effective in suppressing B cell lymphomas in mice (Cotter et al 1994) and 

clinical studies are now in progress (Cotter, personal communication). Angiotensinogen 

antisense oliogodeoxynucleotides reduce hypertension transiently in rats (Tomita et al

1995), and TGFfi] antisense gene therapy can eradicate established intracranial rat 

gliomas (Fakhrai et al 1996). The use of TGFfi] antisense as therapy for a number of 

conditions characterised by fibrosis, including pulmonary disease, is thus becoming a 

credible prospect.

4.6.3 Summary

In summary I have shown that a 20 mer TGFfi] antisense can reduce TGFfi] production 

by murine mesothelioma cells in vitro, even when corrected for an accompanying 

reduction in cell number. Whether this is a sequence-specific effect remains to be
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determined. These results, together with data emerging from other studies, suggest that 

TGFBi antisense might be a valuable therapeutic strategy for the future treatment of 

pulmonary fibrosis.

4.7 SUMMARY AND CONCLUSIONS

The findings presented in this thesis have fulfilled the specific aims set out previously 

(section 1 .8 .2 ) as follows.

I have shown that TGFBi, TGFB2  and TGFB3 all stimulate fibroblast procollagen 

production. TGFB3 is the most potent. In addition to increasing procollagen synthesis, 

TGFB3 also reduces intracellular procollagen degradation.

I have developed a method using digoxigenin-labelled riboprobes to localise cytokine 

gene expression in lung tissue. I have shown that this technique is quick, reproducible, 

sensitive and specific. It offers several technical advantages over isotopic methods and 

provides improved tissue resolution with a greater potential for specific signal 

localisation.

Using this technique it has been possible to identify a wide variety of lung cells not 

previously recognised to express TGFBi and TGFB3 genes in vivo. I have documented 

widespread cellular gene expression of both isoforms, confirmed in human as well as 

murine lung. This suggests significant roles for both peptides in normal pulmonary 

homeostasis. These are likely to include regulation of cellular proliferation, growth and 

differentiation, immune function and extracellular matrix metabolism. Future studies 

utilising this technique should provide further information concerning the role of 

individual genes during lung development and in the pathogenesis of a wide variety of 

lung diseases.

I have demonstrated the cellular localisation of TGFBi 2uid TGFB3 gene expression 

during the course of bleomycin-induced lung fibrosis. Following bleomycin, TGFBi 

gene expression is maximally enhanced after ten days when it is predominantly localised 

to macrophages and inflammatory cells. In contrast, TGFB3 gene expression is not
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enhanced after bleomycin. These results suggest that TGFBi but not TGFB3 is involved 

in the pathogenesis of murine bleomycin-induced lung fibrosis. The role of TGFi^ 

remains unclear.

I have localised TGFBi and TGFB3 gene expression in human pulmonary fibrosis, both 

CFA and fibrosis arising in association with SSc. In fibrotic human lung, TGFBi and 

TGFB3 mRNA transcripts were again found in a wide variety of cells, and no 

differences were detected between patients with CFA or SSc. TGFBi gene expression 

was more consistently enhanced in fibrotic lung than TGFi^ gene expression, suggesting 

that TGFBi may be the predominant isoform involved in the pathogenesis of this 

disease. In densely fibrotic tissue there was little hybridisation signal for either 

isoform. If these results are confirmed in larger numbers of patients, TGFBi will 

become the key target for anticytokine therapies.

An unexpected finding was that mRNA transcripts for TGFB2  were not detected at any 

stage. Hybridisation signal obtained with the sense probe raises the possibility that a 

natural antisense transcript is present and may regulate TGFBg gene expression. If 

expression of the TGFB2  antisense transcript were confirmed in normal and fibrotic 

lung, it would have important implications for our understanding of the regulation of 

TGFB gene expression in vivo. Such an antisense transcript may be regulating TGFB2  

gene expression in various ways, and it is likely that other antisense RNA transcripts 

will be discovered. If confirmed, the implications of an antisense RNA molecule 

regulating TGFB2  gene expression will be important not only for our understanding of 

regulation of its gene expression and its role in the pathogenesis of fibrosis, but also for 

the design of future therapies directed at modifying TGFB function in a variety of 

fibrotic disorders.

Finally, a 20 mer TGFBi antisense oligonucleotide reduced TGFBi production by murine 

mesothelioma cells in vitro. The results of this preliminary study, together with data 

emerging from other groups, suggest that TGFBi anti sense may have potential as a 

therapeutic agent in the treatment of pulmonary fibrosis. They also highlight the 

importance of elucidating the existence and role of endogenous TGFB antisense 

transcripts in the lung.
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In conclusion, all three TGFB isoforms are profibrotic in vitrOy but differential gene 

expression during the development of pulmonary fibrosis suggests that TGFBi may be 

the predominant isoform implicated. Further studies are required to clarify this issue 

in human disease. TGFBi and TGFB3  are expressed by a wide variety of pulmonary 

cells in normal and fibrotic lung and probably play important roles in lung 

homoeostasis. A natural TGFBg antisense transcript may be present in normal and 

fibrotic lung, and could regulate TGFB2  gene expression in vivo. Preliminary data 

suggests that exogenous TGFBi antisense can reduce TGFBi production in vitro, raising 

the possibility that this could represent a potential therapeutic approach in lung fibrosis. 

The nature and functions of natural TGFB antisense transcripts in the lung remain to be 

elucidated.
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APPENDIX
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MANUFACTURERS AND SUPPLIERS

American Type Culture Collection Rockville MD 20852 USA

Amersham International Pic Little Chalfont Buckinghamshire UK

Amicon Stonehouse Gloucestershire UK

Beckman High Wycombe Buckinghamshire UK

Bio-Rad Laboratories Ltd Hemel Hempstead Hertfordshire UK

BDH/Merck Lutterworth Leicestershire UK

Boehringer Mannheim Lewes East Sussex UK

Canberra Packard Pangboume Berkshire UK

Costar High Wycombe Buckinghamshire UK

Dako Ltd High Wycombe Berkshire UK

Du Pont Ltd Stevenage Hertfordshire UK

Fisher Scientific Loughborough Leicester UK

Fluka Chemicals Ltd Gillingham Dorset UK

Gibco BRL Life Technologies Paisley Scotland UK

Gilford Instrument Laboratories Inc Oberlin Ohio USA

Hoeffer Scientific Instruments San Francsico California USA

IBI Ltd (Eastman Kodak Co) Cambridge UK

Ilford Ltd Knutsford Cheshire UK

Imperial Laboratories Andover Hampshire UK

Institute of Cancer Research Fulham Road London UK

John Lewis Oxford Street London UK

Jones Chromatography Hengoed Mid Glamorgan Wales UK

Keith Johnson & Felling Ltd Drummond Street London UK

Kingsley Photographic Tottenham Court Road London UK

Laboratory Impex Teddington Middlesex UK

Leica Milton Keynes Buckinghamshire UK

Life Science International Basingstoke Hampshire UK

LKB/Pharmacia Milton Keynes Buckinghamshire UK

Marathon Unit Park Royal Road London UK

Millipore Watford Hertfordshire UK

National Diagnostics Hull North Yorkshire UK
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NBL Gene Sciences Ltd Cramlington Northumberland UK

Olympus Optical Company Honduras Street London UK

Park Scientific Ltd Northampton UK

Pharmacia Biotech St Albans Hertfordshire UK

Promega Southampton Hampshire UK

Raytek Scientific Ltd Sheffield South Yorkshire UK

R&D Systems Abingdon Oxfordshire UK

Sartorius Ltd Epson Surrey UK

Sarstedt Leicester UK

Sigma Chemical Co Ltd Poole Dorset UK

Sterilin Ashford Middlesex UK

Techne Ltd Cambridge UK

Trivector Sandy Bedfordshire UK

UVP International Cambridge UK

Whatman International Ltd Maidstone Kent UK

Zeiss Welwyn Garden City Hertfordshire UK
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110:1361-1367.

Lyons RM, Miller DA, Graycar JL, Moses HL, Derynck R (1991) Differential binding 

of transforming growth factor-jgl,-jg2 and -jg3 by fibroblasts and epithelial cells 

measured by affinity cross-linking of cell surface receptors. Mol Endocrinol 

5:1887-1896.

274



Madisen L, Webb NR, Rose TM, Marquardt H, Ikeda T, Twardzik D, Seyedin S, 

Purchio AF (1988) Transforming growth factor-|82: cDNA cloning and sequence 

analysis. DNA 7:1-8.

Madri JA, Furthmayr H (1979) Isolation and tissue localization of type AB; collagen 

from normal lung parenchyma. Am J Path 94:323-332.

Madri JA, Furthmayr H (1980) Collagen polymorphism in the lung: an 

immunochemical study of pulmonary fibrosis. Human Pathol 11:353-366.

Magnan A, Frachon I, Rain B, Peuchmar M, Monti G, Lenot B, Fattal M, Simonneau 

G, Galanaud P, Emilie D (1994) Transforming growth factor in normal human lung: 

preferential location in bronchial epithelial cells. Thorax 49:789-792.

Maniatis T, Fritsch EF, Sambrook J (1989) Molecular cloning. A laboratory manual. 

New York: Cold Spring Harbor Laboratory Press.

Marshall RP, McAnulty RJ, Laurent GJ (1997) The pathogenesis of pulmonary fibrosis: 

is there a fibrosis gene? Int J Biochem (in press).

Martin P, Dickson MC, Millan FA, Akhurst RJ (1993) Rapid induction and clearance 

of TGFjSl is an early response to wounding in the mouse embryo. Develop Genet 

14:225-238.

Martinet Y, Haslam PL, Turner-Warwick M (1984) Clinical significance of circulating 

immune complexes in Tone’ cryptogenic fibrosing alveolitis and those with associated 

connective tissue disorders. Clin Allergy 14:491-497.

Martinet Y, Rom WN, Grotendorst GR, Martin GR, Crystal RG (1987) Exaggerated 

spontaneous release of platelet-derived growth factor by alveolar macrophages from 

patients with idiopathic pulmonary fibrosis. New Engl J Med 317:202-209.

275



Massagué J (1992) Receptors for the TGF-j8  family. Cell 69:1067-1070.

Massagué J, Like B (1985) Cellular receptors for type beta transforming growth factor. 

J Biol Chem 260:7059-7066.

Masui T, Wakefield LM, Lechner JF, La Veck MA, Spom MB, Harris CC (1986) 

Type transforming growth factor is the primary differentiation-inducing serum factor 

for normal human bronchial epithelial cells. Proc Natl Acad Sci USA 83:2438-2442.

Mathieson JR, Mayo JR, Staples CA, Muller NL (1989) Chronic diffuse infiltrative 

lung Disease: comparison of diagnostic accuracy of CT and chest radiography. 

Radiology 171:111-116.

Matsuoka M, Tsukamoto H (1990) Stimulation of hepatic lipocyte collagen production 

by Kupffer cell-derived transforming growth factor |8 : implication for a pathogenetic 

role in alcoholic liver fibrogenesis. Hepatology 11:599-605.

Mays PK, Bishop JE, Laurent GJ (1988) Age-related changes in the proportion of types 

I and III collagen. Mech Ageing & Develop 45:203-212.

Mays PK, McAnulty RJ, Laurent GJ (1989) Age-related changes in lung collagen 

metabolism. Am Rev Respir Dis 140:410-416.

Mays PK, Laurent GJ (1994) The regulation of collagen and elastin gene expression in 

normal lung and during pulmonary disease. In: Molecular Biology of Lung Disease 

(Barnes PJ, Stockley RA eds), pp 216-260. Oxford: Blackwell Scientific.

McAnulty RJ, Campa JS, Cambrey AD, Laurent GJ (1991a) The effect of transforming 

growth factor j8  on rates of procollagen synthesis and degradation in vitro. Biochim 

Biophys Acta 1091:231-235.

McAnulty RJ, Moores SR, Talbot RJ, Bishop JE, Mays PK, Laurent GJ (1991b) 

Long-term changes in mouse lung following inhalation of a fibrosis-inducing dose of

276



^ ^ u 0 2 : changes in collagen synthesis and degradation rates. Int J Radiat Biol 

59:229-238.

McAnulty RJ, Chambers RC, Laurent GJ (1995) Regulation of fibroblast procollagen 

production: Transforming growth factor-/81 induces prostaglandin E2 but not 

procollagen synthesis via a pertussis toxin-sensitive G-protein. Biochem J 307:63-68.

McAnulty RJ, Hemandez-Rodriguez NA, Mutsaers SE, Coker RK, Laurent GJ (1997) 

Indomethacin suppresses the antiproliferative effects of transforming growth factor- / 8  

isoforms on fibroblast cell cultures. Biochem J (in press).

McAnulty RJ, Laurent GJ (1987) Collagen synthesis and degradation in vivo. Evidence 

for rapid rates of collagen turnover with extensive degradation of newly synthesised 

collagen in tissues of the adult rat. Coll Rel Res 7:93-104.

McCaffrey TA, Falcone DJ, Brayton CF, Agarwal LA, Welt FG, Weksler BB (1989) 

Transforming growth factor-beta activity is potentiated by heparin via dissociation of 

the transforming growth factor-beta/alpha2 -macroglobulin inactive complex. J Cell Biol 

109:441-448.

McCullough B, Collins JF, Johanson Jr WG, Grover FL (1978) Bleomycin-induced 

diffuse interstitial pulmonary fibrosis in baboons. J Clin Invest 61:79-88.

McGowan SE, McNamer R (1990) Transforming growth factor-jS increases elastin 

production by neonatal rat lung fibroblasts. Am J Respir Cell Mol Biol 3:369-376.

McSharry C, Jordana M, Hamish D, Kelly J, Newhouse I, Gauldie J (1987) 

Procollagen gene expression by primary fibroblast lines derived From control and 

fibrotic lung tissue in humans. Am Rev Respir Dis 135:A306.

Meno C, Saijoh Y, Fujii H, Ikeda M, Yokoyama T, Yokoyama M, Toyoda Y, Hamada 

H (1996) Left-right asymmetric expression of the TGF/3 family member lefty in mouse 

embryos. Nature 381:151-155.

277



Merrilees MJ, Scott L (1994) Antisense S-oligonucleotide against transforming growth 

factor-jSi inhibits proteoglycan synthesis in arterial wall. J Vase Res 31:322-329.

Millan FA, Denhez F, Kondaiah P, Akhurst RJ (1991) Embryonic gene expression 

patterns of TGF/Sl, j82 and j83 suggest different developmental functions in vivo. 

Development 111:131-144.

Miller DA, Lee A, Felton RW, Chen EY, Moses HL, Derynck R (1989) Murine 

transforming growth factor-/82 cDNA sequence and expression in adult tissues and 

embryos. Mol Endocrinol 3:1108-1114.

Miller DM, Ogawa Y, Iwata KK, ten Dijke P, Purchio AF, Soloff MS, Gentry LE

(1992) Characterization of the binding of transforming growth factor-j81,-j82, and -j83 

to recombinant jSl-latency-associated peptide. Mol Endocrinol 6:694-702.

Miller EJ (1985) The structure of fibril forming collagens. Ann N Y Acad Sci 

460:1-13.

Mitchell EJ, Fitz-Gibbon L, O’Connor-McCourt MD (1992) Subtypes of betaglycan and 

of type I and type II transforming growth factor-j8  (TGF-jS) receptors with different 

affinities for TGF-j81 and TGF-j82 are exhibited by human placental trophoblast cells. 

J Cell Physiol 150:334-343.

Miyazono K, Heilman U, Wemstedt C, Heldin C (1988) Latent high molecular weight 

complex of transforming growth factor A. J Biol Chem 263:6407-6415.

Miyazono K, Olofsson A, Colosetti R, Heldin C (1991) A role of the latent 

TGFjSi-binding protein in the assembly and secretion of TGFA. Embo J 10:1091-1101.

Moreland LW, Goldsmith KT, Russell WJ, Young Jr KR, Garver Jr RI (1992) 

Transforming growth factor jS within fibrotic scleroderma lungs. Am J Med 

93:628-636.

278



Moren A, Olofsson A, Stenman G, Sahlin P, Kanzaki T, Claesson-Welsh L, ten Dijke 

P, Miyazono K, Heldin C (1994) Identification and characterisation of LTBP-2, a novel 

latent transforming growth factor-^ binding protein. J Biol Chem 269:32469-32478.

Morey AL, Porter HJ, Keeling JW, Fleming KA (1992) Non-isotopic in situ 

hybridisation and immunophenotyping of infected cells in the investigation of human 

fetal parvovirus infection. J Clin Pathol 45:673-678.

Morris RG, Arends MJ, Bishop PE, Sizer K, Duvall E, Bird CC (1990) Sensitivity of 

digoxigenin and biotin labelled probes for detection of human papillomavirus by in situ 

hybridisation. J Clin Pathol 43:800-805.

Moses HL, Tucker RF, Leof EB, Halper J, Shipley GD (1985) Type-beta transforming 

growth factor is a growth stimulator and a growth inhibitor. In: Cancer Cells. 

(Feramisco J, Ozanne B, Stiles C eds), pp 65-71. New York: Cold Spring Harbor.

Mulé JJ, Schwarz SL, Roberts AB, Spom MB, Rosenberg SA (1988) Transforming 

growth factor-beta inhibits the in vitro generation of lymphokine-activated killer cells 

and cytotoxic T cells. Cancer Immunol Immunother 26:95-100.

Mummery CL, van den Eijnden-van-Raaij AJ (1993) Type beta transforming growth 

factors and activins in differentiating embryonal carcinoma cells, embryonic stem cells 

and early embryonic development. Int J Dev Biol 37:169-182.

Murphy G, Reynolds JJ (1993) Extracellular matrix degradation. In: Connective Tissue 

and Its Heritable Disorders (Royce PM, Steinman B eds), pp 287-316. New York: 

Wiley-Liss.

Murphy JR, Krainin P, Gerson MJ (1941) Scleroderma with pulmonary fibrosis. J Am 

Med Assoc 116:499-501.

Murphy PR, Knee RS (1994) Identification and characterization of an antisense RNA

279



transcript (gfg) from the human basic fibroblast growth factor gene. Mol Endocrinol 

8:852-859.

Murray JC, Parkins CS (1987) Collagen metabolism in mouse lung after X-irradiation. 

Radiat Res 111:498-510.

Musk AW, Zilko PJ, Manners P, Kay PH, Kamboh MI (1986) Genetic studies in 

familial fibrosing alveolitis. Chest 89:206-210.

Mutsaers SE, McAnulty RJ, Laurent GJ, Versnel MA, Whitaker D, Papadimitriou JM 

(1996) Cytokine regulation of mésothélial cell proliferation in vitro and in vivo. Eur J 

Cell Biol (in press).

Müller G, Behrens J, Nussbaumer U, Bohlen P, Birchmeier W (1987) Inhibitory action 

of transforming growth factor on endothelial cells. Proc Natl Acad Sci USA 

84:5600-5604.

Müller NL, Miller RR, Webb WR, Evans KG, Ostrow DN (1986) Fibrosing alveolitis: 

CT-pathologic correlation. Radiology 160:585-588.

Müller NL, Staples CA, Miller RR, Vedal S, Thurlbeck WM, Ostrow DN (1987) 

Disease activity in idiopathic pulmonary fibrosis: CT and pathologic correlation. 

Radiology 165:731-734.

Nabel EG, Shum L, Pompili VJ, Yang Z, San H, Bing Shu H, Liptay S, Gold L, 

Gordon D, Derynck R, Nabel GJ (1993) Direct transfer of transforming growth factor 

gene into arteries stimulates fibrocellular hyperplasia. Proc Natl Acad Sci USA 

90:10759-10763.

Neikai A, Satoh M, Hirayoshi K, Nagata K (1992) Involvement of the stress protein 

Hsp47 in procollagen processing in the endoplasmic reticulum. J Cell Biol 117:903-914.

Nakamura T, Tomita Y, Hirai R, Yamaoka K, Kaji K, Ichihara A (1985) Inhibitory

280



effect of transforming growth factor-jS on DNA synthesis of adult rat hepatocytes in 

primary culture. Biochem Biophys Res Commun 133:1042-1060.

Nath RK, LaRegina M, Markham H, Ksander GA, Weeks PM (1994) The expression 

of transforming growth factor type g in fetal and adult rabbit skin wounds. J Pediatr 

Surg 29:416-421.

Nelson BJ, Ralph P, Green SJ, Nacy CA (1991) Differential susceptibility of activated 

macrophage cytotoxic effector reactions to the suppressive effects of transforming 

growth factor-jSl. J Immunol 146:1849-1857.

Nimni ME, Harkness RD (1988) Molecular structure and function of collagen. In: 

Collagen. Volume 1. Biochemistry. (Nimni MB ed), pp 1-77. Boca Raton Florida: CRC 

Press.

Nishimura K, Kitaichi M, Izumi T, Nagai S, Kanoaka M, Itoh H (1992) Usual 

interstitial pneumonia: histologic correlation with high resolution CT. Radiology 

182:337-342.

Nunes I, Shapiro RL, Rifkin DB (1995) Characterization of latent TGF-beta activation 

by murine peritoneal macrophages. J Immunol 155:1450-1459.

O’Connor-McCourt MD, Wakefield LM (1987) Latent transforming growth factor-beta 

in serum. A specific complex with alpha2 -macroglobulin. J Biol Chem 

262:14090-14099.

O’Grady P, Kuo M, Baldassare JJ, Huang SS, Huang JS (1991) Purification of a new 

type high molecular weight receptor (type V) of transforming growth factor (TGFjS) 

from bovine liver: identification of the type V receptor in cultured cells. J Biol Chem 

266:8583-8589.

Office of Population Censuses and Surveys. (1993a) Mortality statistics for England and 

Wales in 1992.

281



Office of Population Censuses and Surveys. (1993b) Mortality statistics for England and 

Wales in 1991.

Office of Population Censuses and Surveys. (1995) Mortality statistics for England and 

Wales in 1993.

Office of Population Censuses and Surveys. (1996) Mortality statistics for England and 

Wales in 1994.

Offner FA, Feichtinger H, Stadlmann S, Obrist P, Marth C, Klingler P, Grage B, 

Schmahl M, Knabbe C (1996) Transforming growth factor-jS synthesis by human 

peritoneal mésothélial cells. Induction by interleukin-1. Am J Pathol 148:1679-1688.

Ogawa Y, Schmidt DK, Dasch JR, Glaser CB (1992) Purification and characterization 

of transforming growth factor-beta 2.3 and -beta 1.2 heterodimers form bovine bone. 

J Biol Chem 267:2325-2328.

Ohta M, Greenberger JS, Anklesaria P, Bassols A, Massagué J (1987) Two forms of 

transforming growth factor-jg distinguished by multipotential haematopoietic progenitor 

cells. Nature 329:539-541.

Osier W (1892) The Principles and Practice of Medicine.

Overall CM, Wrana JL, Sodek J (1991) Transcriptional and post-transcriptional 

regulation of 72-kDa gelatinase/type IV collagenase by transforming growth factor-jSl 

in human fibroblasts. J Biol Chem 266:14064-14071.

Owens MW, Grimes SR (1993) Pleural mésothélial cell response to inflammation: 

tumor necrosis factor-induced mitogenesis and collagen synthesis. Am J Physiol 

265:L382-L388.

Padley SPG, Hansell DM, Flower CDR, Jennings P (1991) Comparative accuracy of

282



high resolution computed tomography and chest radiography in the diagnosis of chronic 

diffuse infiltrative lung disease. Clin Radiol 44:222-226.

Paralkar VM, Vukicevic S, Reddi AH (1991) Transforming growth factor-jS type 1 

binds to collagen IV of basement membrane matrix: implications for development. Dev 

Biol 143:303-308.

Pardo A, Selman M, Ramirez R, Ramos C, Montano M, Stricklin G, Raghu G (1992) 

Production of collagenase and tissue inhibitor of metalloproteinases by fibroblasts 

derived from normal and fibrotic human lungs. Chest 102:1085-1089.

Pardue ML, Gall JG (1969) Molecular hybridization of radioactive DNA to the DNA 

of cytological preparations. Proc Natl Acad Sci USA 64:600-604.

Paria BC, Jones KL, Flanders KC, Dey SK (1992) Localization and binding of 

transforming growth factor-jS isoforms in mouse preimplantation embryos and in 

delayed and activated blastocysts. Develop Biol 151:91-104.

Pelton RW, Dickinson ME, Moses HL, Hogan BLM (1990) In situ hybridization 

analysis of TGFj83 RNA expression during mouse development: comparative studies 

with TGF/31 and j82. Development 110:609-620.

Pelton RW, Johnson MD, Perkett BA, Gold LI, Moses HL (1991a) Expression of 

transforming growth factor-jSj, -/Sj, and mRNA and protein in the murine lung. Am 

J Respir Cell Mol Biol 5:522-530.

Pelton RW, Saxena B, Jones M, Moses HL, Gold LI (1991b) Immunohistochemical 

localization of TGF/81, TGFj82, and TGF/83 in the mouse embryo: expression patterns 

suggest multiple roles during embryonic development. J Cell Biol 115:1091-1105.

Penttinen RP, Kobayashi S, Bomstein P (1988) Transforming growth factor jS increases 

mRNA for matrix proteins both in the presence and in the absence of changes in mRNA 

stability. Proc Natl Acad Sci USA 85:1105-1108.

283



Perkett EA, Pelton RW, Meyrick B, Gold LI, Miller DA (1994) Expression of 

transforming growth factor- / 8  mRNAs and proteins in pulmonary vascular remodeling 

in the sheep air embolization model of pulmonary hypertension. Am J Respir Cell Mol 

Biol 11:16-24.

Pesci A, Bertorelli G, Gabrielli M, Olivieri D (1993) Mast cells in fibrotic lung 

disorders. Chest 103:989-996.

Phan SH, Thrall RS, Williams C (1981) Bleomycin-induced pulmonary fibrosis: effect 

of steroid on lung collagen metabolism. Am Rev Respir Dis 124:428-434.

Phan SH, Gharaee-Kermani M, Wolber F, Ryan US (1991a) Stimulation of rat 

endothelial cell transforming growth factor-jS production by bleomycin. J Clin Invest 

87:148-154.

Phan SH, Gharee-Kermani M, Wolber F, Ryan US (1991b) Bleomycin stimulates 

production of transforming growth factor-/^ by rat pulmonary artery endothelial cells. 

Chest 99:66S

Phan SH, Gharaee-Kermani M, McGarry B, Kunkel SL, Wolber FW (1992) Regulation 

of rat pulmonary artery endothelial cell transforming growth factor-g production by 

IL-ljS and tumor necrosis factor-a. J Immunol 149:103-106.

Phan SH, Kunkel SL (1992) Lung cytokine production in bleomycin-induced pulmonary 

fibrosis. Exp Lung Res 18:29-43.

Pickrell JA, Harris DV, Pfleger RC, Benjamin SA, Belaisch JJ, Jones RK, McClellan 

RO (1975) Biological alterations resulting from chronic lung irradiation. U. Connective 

tissue alterations following inhalation of ̂ "̂ Ce fused clay aerosol in beagle dogs. Radiat 

Res 63:299-309.

Pickrell JA, Harris DV, Benjamin SA, Cuddihy RG, Pfleger RC, Mauderly JL (1976)

284



Pulmonary collagen metabolism after lung injury from inhaled in fused clay 

particles. Exp Mol Pathol 25:70-81.

Pierce GF, Mustoe TA, Lingelbach J, Masakowski VR, Gramates P, Deuel TF (1989) 

Transforming growth factor jS reverses the glucocorticoid-induced wound-healing deficit 

in rats: possible regulation in macrophages by platelet-derived growth factor. Proc Natl 

Acad Sci USA 86:2229-2233.

Piguet PF, Collart MA, Grau GE, Kapanci Y, Vassalli P (1989) Tumor necrosis 

factor/cachectin plays a key role in bleomycin-induced pneumopathy. J Exp Med 

170:655-663.

Pircher R, Jullien P, Lawrence DA (1986) jS-Transfbrming growth factor is stored in 

human blood platelets as a latent high molecular weight complex. Biochem Biophys Res 

Commun 136:30-37.

Ponder BA, Wilkinson MM (1981) Inhibition of endogenous tissue alkaline phosphatase 

with the use of alkaline phosphatase conjugates in immunohistochemistry. J Histochem 

& Cytochem 29:981-984.

Potts JD, Dagle JM, Walder JA, Weeks DL, Runyan RB (1991) 

Epithelial-mesenchymal transformation of embryonic cardiac endothelial cells is 

inhibited by a modified antisense oligodeoxynucleotide to transforming growth factor 

/83. Proc Natl Acad Sci USA 88:1516-1520.

Potts JD, Vincent EB, Runyan RB, Weeks DL (1992) Sense and antisense TGFj83 

mRNA levels correlate with cardiac valve induction. Develop Dynam 193:340-345.

Puchhammer Stoeckl E, Heinz FX, Kunz C (1993) Evaluation of 3 nonradioactive 

DNA detection systems for identification of herpes simplex DNA amplified from 

cerebrospinal fluid. J Virol Methods 43:257-266.

Purchio AF, Cooper JA, Brunner AM, Lioubin MN, Gentry LE, Kovacina KS, Roth

285



RA, Marquardt H (1988) Identification of mannose-6 -phosphate in two 

asparagine-linked sugar chains of recombinant transforming growth factor-jSj precursor. 

J Biol Chem 263:14211-14215.

Raghow R, Lurie S, Seyer JM, Kang AH (1985) Profiles of steady state levels of 

messenger RNAs coding for type I procollagen, elastin, and fibronectin in hamster 

lungs undergoing bleomycin-induced interstitial pulmonary fibrosis. J Clin Invest 

76:1733-1739.

Raghow R, Postlethwaite AE, Kesld-Oja J, Moses HL, Kang AH (1987) Transforming 

growth factor-jg increases steady state levels of type I procollagen and fibronectin 

messenger RNAs posttranscriptionally in cultured human dermal fibroblasts. J Clin 

Invest 79:1285-1288.

Raghow R, Irish P, Kang AH (1989) Coordinate regulation of transforming growth 

factor j8  gene expression and cell proliferation in hamster lungs undergoing 

bleomycin-induced pulmonary fibrosis. J Clin Invest 84:1836-1842.

Raghu G, Chen Y, Rusch V, Rabinovitch PS (1988) Differential proliferation of 

fibroblasts cultured from normal and fibrotic lungs. Am Rev Respir Dis 138:703-708.

Raghu G, Masta S, Meyers D, Narayanan AS (1989) Collagen synthesis by normal and 

fibrotic human lung fibroblasts and the effect of transforming growth factor-jS. Am Rev 

Respir Dis 140:95-1(X).

Ranges GE, Figari IS, Espevik T, Palladino MA (1987) Inhibition of cytotoxic T cell 

development by transforming growth factor /S and reversal by recombinant tumor 

necrosis factor a. J Exp Med 166:991-998.

Remy-Jardin M, Giraud F, Remy J, Copin MC, Gosselin B, Duhamel A (1993) 

Importance of ground-glass attenuation in chronic diffuse infiltrative lung disease: 

pathologic-CT correlation. Radiology 189:693-698.

286



Rennard SI, Stier LE, Crystal RG (1982) Intracellular degradation of newly synthesized 

collagen. J Invest Dermatol 79:77s-82s.

Rennard SI, Crystal RG (1982) Lung. In: Collagen in Health and Disease (Weiss IB, 

Jayson MIV eds), pp 424-444. London: Churchill Livingstone.

Ricard-Blum S, Ville G (1988) Collagen cross-linking. Cell and Mol Biol 34:581-590.

Riggins GJ, Thiagalingam S, Rozenblum B, Weinstein CL, Kern SE, Hamilton SR, 

Willson JK, Markovitz SD, Kinzler KW, Vogelstein B (1996) Mad-related genes in the 

human. Nat Genet 13:347-349.

Ristow HJ (1986) BSC-1 growth inhibitor/type | 8  transforming growth factor is a strong 

inhibitor of thymocyte proliferation. Proc Natl Acad Sci USA 83:5531-5534.

Ritzenhaler JD, Goldstein RH, Fine A, Lichtler A, Rowe DW, Smith BD (1991) 

Transforming growth factor-jS activation elements in the distal promoter regions of the 

rat a l  type I collagen gene. Biochem J 280:157-162.

Roberts AB, Anzano MA, Lamb LC, Smith JM, Spom MB (1981) New class of 

transforming growth factors potentiated by epidermal growth factor. Proc Natl Acad Sci 

USA 78:5339-5343.

Roberts AB, Anzano MA, Meyers CA, Wideman J, Blacher R, Pan YE, Stein S, 

Lehrman SR, Smith JM, Lamb LC, Spom MB (1983) Purification and properties of a 

type jg transforming growth factor from bovine kidney. Biochemistry 22:5692-5698.

Roberts AB, Spom MB, Assoian RK, Smith JM, Roche NS, Wakefield LM, Heine UI, 

Liotta LA, Falanga V, Kehrl JH, Fauci AS (1986) Transforming growth factor type jS: 

rapid induction of fibrosis and angiogenesis in vivo and stimulation of collagen 

formation in vitro. Proc Natl Acad Sci USA 83:4167-4171.

Roberts AB, Kim S, Noma T, Glick AB, Lafyatis R, Lechleider R, Jakowlew SB,

287



Geiser A, O’Reilly MA, Danielpour D, Spom MB (1991) Multiple forms of TGF-j8 : 

distinct promoters and differential expression. Ciba Foundation Symposium 157:7-228.

Roberts AB, Spom MB (1992) Differential expression of the TGF-j8  isoforms in 

embryogenesis suggests specific roles in developing and adult tissues. Mol Reprod Dev 

32:91-98.

Rook AH, Kehrl JH, Wakefield LM, Roberts AB, Spom MB, Burlington DB, Lane 

HC, Fauci AS (1986) Effects of transforming growth factor on the functions of 

natural killer cells: depressed cytolytic activity and blunting of interferon 

responsiveness. J Immunol 136:3916-3920.

Rosen DM, Stempien SA, Thompson AY, Seyedin PR (1988) Transforming growth 

factor-beta modulates the expression of osteoblast and chondroblast phenotypes in vitro. 

J Cell Physiol 134:337-346.

Rossi P, Karsenty G, Roberts AB, Roche NS, Spom MB, de Crombmgghe B (1988) 

A nuclear factor 1 binding site mediates the transcriptional activation of a type I 

collagen promoter by transforming growth factor-jg. Cell 52:405-414.

Rubin EH, Lubliner R (1957) The Hamman-Rich syndrome: review of the literature and 

analysis of 15 cases. Medicine Baltimore 36:397-463.

Ruoslahti E, Pierschbacher MD (1987) New perspectives in cell adhesion: RGD and 

integrins. Science 238:491-497.

Sacco O, Romberger D, Rizzino A, Beckmann JD, Rennard SI, Spurzem JR (1992) 

Spontaneous production of transforming growth factor-jg2 by primary cultures of 

bronchial epithelial cells. J Clin Invest 90:1379-1385.

Saharinen J, Taipale J, Keski-Oja J (1996) Association of the small latent transforming 

growth factor-jg with an eight cysteine repeat of its binding protein LTBP-1. Embo J 

15:245-253.

288



Sanderson N, Factor V, Nagy P, Kopp J, Kondaiah P, Wakefield L, Roberts AB, 

Spom MB, Thorgeirsson SS (1995) Hepatic expression of mature transforming growth 

factor jSl in transgenic mice results in multiple tissue lesions. Proc Natl Acad Sci USA 

92:2572-2576.

Santana A, Saxena B, Noble NA, Gold LI, Marshall BC (1995) Increased expression 

of transforming growth factor jS isoforms (jSl, j32, g3) in bleomycin-induced pulmonary 

fibrosis. Am J Respir Cell Mol Biol 13:34-44.

Sasaki M, Yamada Y (1987) The laminin B2 chain has a multidomain structure 

homologous to the B1 chain. J Biol Chem 262:17111-17117.

Sato Y, Tsuboi R, Lyons RM, Moses HL, Rifkin DB (1990) Characterization of the 

activation of latent TGF-/3 by co-cultures of endothelial cells and pericytes or smooth 

muscle cells: a self-regulating system. J Cell Biol 111:757-763.

Satterwhite DJ, Moses HL (1994) Mechanisms of transforming growth 

factor-jSj-induced cell cycle arrest. Invasion Metastasis 14:309-318.

Scadding JG (1960) Chronic diffuse interstitial fibrosis of the lungs. Brit Med J 

1:443-450.

Scadding JG (1964) Fibrosing alveolitis. Brit Med J ii : 6 8 6

Scadding JG (1970) Lung biopsy in the diagnosis of diffuse lung disease. Brit Med J 

2:557-564.

Scadding JG, Hinson KFW (1967) Diffuse fibrosing alveolitis (diffuse interstitial 

fibrosis of the lungs). Thorax 22:291-304.

Schlunegger MP, Griitter MG (1992) An unusual feature revealed by the crystal 

structure at 2.2 A resolution of human transforming growth factor-beta 2. Nature

289



358:430-434.

Schmid P, Cox D, Bilbe G, Maier R, McMaster GK (1991) Differential expression of 

TGF /81, ^2 and j83 genes during mouse embryogenesis. Development 111:117-130.

Schmid P, Cox D, Bilbe G, McMaster G, Morrison C, Stàhelin H, Lûscher N, Seiler 

W (1993a) TGF-/3S and TGF-jS type II receptor in human epidermis: differential 

expression in acute and chronic skin wounds. J Pathol 171:191-197.

Schmid P, Kunz S, Cerletti N, McMaster G, Cox D (1993b) Injury induced expression 

of TGF-jSl mRNA is enhanced by exogenously applied TGF-/3s. Biochem Biophys Res 

Commun 194:399-406.

Schnaper HW, Kleinman HK (1993) Regulation of cell function by extracellular matrix. 

Pediatr Nephrol 96-104.

Schultz-Cherry S, Chen H, Mosher DF, Misenheimer TM, Krutzsch HC, Roberts DD, 

Murphy-UlMch JE (1995) Regulation of transforming growth factor-beta activation by 

discrete sequences of thrombospondin 1. J Biol Chem 270:7304-7310.

Schultz-Cherry S, Murphy-Ullrich JE (1993) Thrombospondin causes activation of 

latent transforming growth factor-beta secreted by endothelial cells by a novel 

mechanism. J Cell Biol 122:923-932.

Scott J, Johnston I, Britton J (1990) What causes cryptogenic fibrosing alveolitis? A 

case-control study of environmental exposure to dust. Brit Med J 301:1015-1021.

Segarini PR, Roberts AB, Rosen DM, Seyedin SM (1987) Membrane binding 

characteristics of two forms of transforming growth factor-jg. J Biol Chem 

262:14655-14662.

Segarini PR, Rosen DM, Seyedin SM (1989) Binding of transforming growth 

factor-beta to cell surface proteins varies with cell type. Mol Endocrinol 3:261-272.

290



Segarini PR, Ziman JM, Kane CJM, Dasch JR (1992) Two novel patterns of 

transforming growth factor jS (TGFjS) binding to cell surface proteins are dependent on 

the binding of TGF/Si indicate a mechanism of positive cooperativity. J Biol Chem 

267:1048-1053.

Segarini PR, Seyedin SM (1988) The high molecular weight receptor to transforming 

growth factor-beta contains glycosaminoglycan chains. J Biol Chem 263:8366-8370.

Seifert RA, Coats SA, Raines EW, Ross R, Bowen-Pope DF (1994) Platelet-derived 

growth factor (PDGF) receptor a-subunit mutant and reconstituted cell lines 

demonstrate that transforming growth factor-/? can be mitogenic through PDGF 

A-chain-dependent and -independent pathways. J Biol Chem 269:13951-13955.

Selman M, Montano M, Ramos C, Chapela R (1986) Concentration, biosynthesis and 

degradation of collagen in idiopathic pulmonary fibrosis. Thorax 41:355-359.

Seremetis GM, Maizels M (1996) TGFjS mRNA expression in the renal pelvis after 

experimental and clinical ureteropelvic junction obstruction. J Urol 156:261-266.

Seyedin SM, Thomas TC, Thompson AY, Rosen D, Piez KA (1985) Purification and 

characterization of two cartilage-inducing factors from bovine demineralized bone. Proc 

Natl Acad Sci USA 82:2267-2271.

Seyedin SM, Segarini PR, Rosen DM, Thompson AY, Bentz H, Graycar J (1987) 

Cartilage-inducing factor-B is a unique protein structurally and functionally related to 

transforming growth factor-jS. J Biol Chem 262:1946-1949.

Seyer JM, Hutcheson ET, Kang AH (1976) Collagen polymorphism in idiopathic 

chronic pulmonary fibrosis. J Clin Invest 57:1498-1507.

Sha X, Brunner AM, Purchio AF, Gentry LE (1989) Transforming growth factor 

importance of glycosylation and acidic proteases for processing and secretion. Mol

291



Endocrinol 3:1090-1098.

Shah M, Foreman DM, Ferguson MWJ (1995) Neutralisation of TGF-j31 and TGF-j82 

or exogenous addition of TGF-j83 to cutaneous rat wounds reduces scarring. J Cell Sci 

108:985-1002.

Shahzeidi S, Samstrand B, Jeffery PK, McAnulty RJ, Laurent GJ (1991) Oral 

N-acetylcysteine reduces bleomycin-induced collagen deposition in the lungs of mice. 

Eur Resp J 4:845-852.

Shahzeidi S, Mulier B, de Crombmgghe B, Jeffery PK, McAnulty R, J., Laurent GJ

(1993) Enhanced type HI collagen gene expression during bleomycin induced lung 

fibrosis. Thorax 48:622-628.

Shahzeidi S, Jeffery PK, Laurent GJ, McAnulty RJ (1994) Increased type I procollagen 

mRNA transcripts in the lungs of mice during the development of bleomycin-induced 

fibrosis. Eur Resp J 7:1938-1943.

Sharpies K, Plowman GD, Rose TD, Twardzik DR, Purchio AF (1987) Cloning and 

sequence analysis of simian transforming growth factor jS cDNA. DNA 6:239-244.

Shaw RJ, Benedict SH, Clark RAF, King Jr TE (1991) Pathogenesis of pulmonary 

fibrosis in interstitial lung disease. Am Rev Respir Dis 143:167-173.

Shull MM, Ormsby I, Kier AB, Pawlowski S, Diebold RJ, Yin M, Allen R, Sidman 

C, Proetzel G, Calvin D, Annunziata N, Doetschman T (1992) Targeted dismption of 

the mouse transforming growth factor-|81 gene results in multifocal inflammatory 

disease. Nature 359:693-699.

Shull MM, Doetschman T (1994) Transforming growth factor-beta 1 in reproduction 

and development. Mol Reprod Dev 39:239-246.

Silver RM, Scott Miller K, Kinsella MB, Smith EA, Schabel SI (1990) Evaluation and

292



Management of Scleroderma Lung Disease Using Bronchoalveolar Lavage. Am J Med 

88:470-476.

Slater M, Patava J, Mason RS (1995) Thrombospondin co-localises with TGF beta and 

IGF-I in the extracellular matrix of human osteoblast-like cells and is modulated by 17 

beta estradiol. Experientia 51:235-244.

Stack BHR, Grant IWB, Irvine WJ, Moffat MAJ (1965) Idiopathic diffuse interstitial 

lung disease. Am Rev Respir Dis 92:939-948.

Stack BHR, Choo-Kang YFJ, Heard BE (1972) The prognosis of cryptogenic fibrosing 

alveolitis. Thorax 27:535-542.

Staples C, A., Müller NL, Vedal S, Abboud R, Ostrow D, Miller RR (1987) Usual 

interstitial pneumonia: correlation of CT with clinical, functional and radiologic 

findings. Radiology 162:377-381.

Steen VD, Owens GR, Fino GJ, Rodnan GP, Medsger Jr TA (1985) Pulmonary 

involvement in systemic sclerosis (scleroderma). Arthrit and Rheum 28:759-767.

Stein CA (1995) Does antisense exist? Nature Medicine 1:1119-1121.

Streuli CH, Schmidhauser C, Kobrin M, Bissell MJ, Derynck R (1993) Extracellular 

matrix regulates expression of the TGF-/81 gene. J Cell Biol 120:253-260.

Sulavik SB (1995) A Clinician’s View. In: Pulmonary Fibrosis (Phan SH, Thrall RS 

eds), pp 1-57. New York: Marcel Dekker.

Taipale J, Miyazono K, Heldin C, Keski-Oja J (1994) Latent transforming growth 

factor-jSl associates to fibroblast extracellular matrix via latent TGF/ 8  binding protein. 

J Cell Biol 124:171-181.

293



Tautz D, Hülskamp M, Sommer RJ (1992) Whole mount in situ hybridization in 

Drosophila. In: In Situ Hybridization. A Practical Approach. (Wilkinson DG ed), pp 

61-73. Oxford: Oxford University Press.

ten Dijke P, Geurts van Kessel ARM, Foulkes JG, Le Beau MM (1988a) Transforming 

growth factor-beta type 3 maps to human chromosome 14, region q23-24. Oncogene 

3:721-724.

ten Dijke P, Hansen P, Iwata KK, Pieler C, Foulkes JG (1988b) Identification of 

another member of the transforming growth factor type jS gene family. Proc Natl Acad 

Sci USA 85:4715-4719.

ten Dijke P, Iwata KK, Goddard C, Pieler C, Canalis E, McCarthy TL, Centrella M 

(1990a) Recombinant transforming growth factor type /83: biological activities and 

receptor-binding properties in isolated bone cells. Mol Cell Biol 10:4473-4479.

ten Dijke P, Iwata KK, Thorika M, Schwedes J, Stewart A, Pieler C (1990b) Molecular 

chzu-acterization of transforming growth factor type jSg. Ann NY Acad Sci 593:26-42.

Terriff BA, Kwan SY, Chan-Yeung MM, Müller NL (1992) Fibrosing alveolitis: chest 

radiography and CT as predictors of clinical and functional impairment at follow-up in 

26 patients. Radiology 184:445-449.

Thrall RS, McCormick JR, Jack RM, McReynolds RA, Ward PA (1979) 

Bleomycin-induced pulmonary fibrosis in the rat: inhibition by indomethacin. Am J 

Pathol 95:117-128.

Tomita N, Morishita R, Higaki J, Aoki M, Nakamura Y, Mikami H, Fukamizu A, 

Murakami K, Kaneda Y, Ogihara T (1995) Transient decrease in high blood pressure 

by in vivo transfer of antisense oligodeoxynucleotides against rat angiotensinogen. 

Hypertension 26:131-136.

Tsang ML, Zhou L, Zheng BL, Wenker J, Fransen G, Humphrey J, Smith JM,

294



O’Connor-McCourt M, Lucas R, Weatherbee JA (1995) Characterization of 

recombinant soluble transforming growth factor-jg receptor type II (rhTGF-jS sRII). 

Cytokine 7:389-397.

Tsunawaki S, Spom MB, Ding A, Nathan C (1988) Deactivation of macrophages by 

transforming growth factor-jS. Nature 334:260-262.

Tucker RF, Branum EL, Shipley GD, Ryan RJ, Moses HL (1984) Specific binding to 

cultured cells of *^I-labeled type jS transforming growth factor from human platelets. 

Proc Nati Acad Sci USA 81:6757-6761.

Tumer-Warwick M, Burrows B, Johnson A (1980a) Cryptogenic fibrosing alveolitis: 

response to corticosteroid treatment and its effect on survival. Thorax 35:593-599.

Tumer-Warwick M, Burrows B, Johnson A (1980b) Cryptogenic fibrosing alveolitis: 

clinical features and their influence on survival. Thorax 35:171-180.

Tumer-Warwick M, Doniach D (1965) Auto-antibody studies in interstitial pulmonary 

fibrosis. Brit Med J 1:886-891.

Tumer-Warwick M, Haslam PL (1987) The value of serial bronchoalveolar lavages in 

assessing the clinical progress of patients with cryptogenic fibrosing alveolitis. Am Rev 

Respir Dis 135:26-34.

Van Obberghen-Schilling E, Kondaiah P, Ludwig RL, Spom MB, Baker CC (1987) 

Complementary deoxyribonucleic acid cloning of bovine transforming growth factor-jSj. 

Mol Endocrinol 1:693-698.

van Vlasselaer P, Punnonen J, de Vries JE (1992) Transforming growth factor- / 8  directs 

IgA switching in human B cells. J Immunol 148:2062-2067.

Varga J, Rosenbloom J, Jimenez SA (1987) Transforming growth factor (TGFjS) 

causes a persistent increase in steady-state amounts of type I and type IE collagen and

295



fibronectin mRNAs in normal human dermal fibroblasts. Biochem J 247:597-604.

Vedal S, Welsh EV, Miller RR, Müller NL (1988) Desquamative interstitial 

pneumonia. Chest 93:215-217.

Vergnon JM, de Thé G, Weynants P, Vincent M, Momex JF, Brune J (1984) 

Cryptogenic fibrosing alveolitis and Epstein-Barr virus: an association. Lancet 

ii:768-770.

Vodovotz Y, Bogdan C, Paik J, Xie QW, Nathan C (1993) Mechanisms of suppression 

of macrophage nitric oxide release by transforming growth factor jS. J Exp Med 

178:605-613.

Vodovotz Y, Geiser AG, Chester L, Letterio JJ, Campbell A, Lucia MS, Spom MB, 

Roberts AB (1996) Spontaneously increased production of nitric oxide and aberrant 

expression of the inducible nitric oxide synthase in the transforming growth factor /81 

null mouse. J Exp Med 183:2337-2342.

Wahl SM, Hunt DA, Wakefield LM, McCartney-Francis N, Wahl LM, Roberts AB, 

Spom MB (1987) Transforming growth factor type jS induces monocyte chemotaxis and 

growth factor production. Proc Natl Acad Sci USA 84:5788-5792.

Wahl SM, Hunt DA, Wong HL, Dougherty S, McCartney-Francis N, Wahl LM, 

Ellingsworth L, Schmidt JA, Hall G, Roberts AB, Spom MB (1988) Transforming 

growth factor-/3 is a potent immunosuppressive agent that inhibits IL-1 dependent 

lymphocyte proliferation. J Immunol 140:3026-3032.

Wakefield LM, Smith DM, Masui T, Harris CC, Spom MB (1987) Distribution and 

modulation of the cellular receptor for transforming growth factor-beta. J Cell Biol 

105:965-975.

Wakefield LM, Sntith DM, Flanders KC, Spom MB (1988) Latent transforming growth 

factor-/? from human platelets. J Biol Chem 263:7646-7654.

296



Walklin CM, Freedman RB, Law MP (1987) Biosynthesis and degradation of collagen 

in X-irradiated mouse lung. Radiat Res 112:341-350.

Wall NA, Hogan BL (1994) TGF-j8  related genes in development. Curr Opin Genet 

Dev 4:517-522.

Wang XF, Lin HY, Ng-Eaton E, Downward J, Lodish HF, Weinberg RA (1991) 

Expression cloning and characterization of the TGF-beta type m  receptor. Cell 

67:797-805.

Watters LC, Schwarz MI, Chemiack RM, Waldron JA, Dunn TL, Stanford RE, King 

TE (1987) Idiopathic pulmonary fibrosis: pretreatment bronchoalveolar lavage cellular 

constituents and their relationships with lung histopathology and clinical response to 

therapy. Am Rev Respir Dis 135:696-704.

Weaver AL, Divertie MB, Titus JL (1968) Pulmonary Scleroderma. Dis Chest 54:4-12.

Wells AU, Hansell DM, Corrin B, Harrison NK, Goldstraw P, Black CM, du Bois RM 

(1992) High resolution computed tomography as a predictor of lung histology in 

systemic sclerosis. Thorax 47:738-742.

Wells AU, CuUinan P, Hansell DM, Rubens MB, Black CM, Newman Taylor AJ, du 

Bois RM (1994a) Fibrosing alveolitis associated with systemic sclerosis has a better 

prognosis than lone cryptogenic fibrosing alveolitis. Am J Respir Crit Care Med 

149:1583-1590.

Wells AU, Hansell DM, Rubens MB, Cullinan P, Haslam PL, Black CM, du Bois RM 

(1994b) Fibrosing alveolitis in systemic sclerosis. Am J Respir Crit Care Med 

150:462-468.

Westergren-Thorsson G, Hemnas J, Samstrand B, Oldberg A, Heinegârd D, 

Malmstrom A (1993) Altered expression of small proteoglycans, collagen, and

297



transforming growth factor-jSi in developing bleomycin-induced pulmonary fibrosis in 

rats. J Clin Invest 92:632-637.

Winterbauer RH (1991) The treatment of idiopathic pulmonary fibrosis. Chest 

l(X):233-235.

Wrana JL, Sodek J, Ber RL, Bellows CG (1986) The effects of platelet-derived 

transforming growth factor on normal human diploid gingival fibroblasts. Eur J 

Biochem 159:69-76.

Wrana JL, Attisano L, Wieser R, Ventura F, Massagué J (1994) Mechanism of 

activation of the TGF jS receptor. Nature 370:341-347.

Wrann M, Bodmer S, de Martin R, Siepl C, Hofer-Warbinek R, Frei K, Hofer E, 

Fontana A (1987) T cell suppressor factor from human glioblastoma cells is a 12.5 kd 

protein closely related to transforming growth factor-jS. Embo J 6:1633-1636.

Wright JK, Cawston TE, Hazleman BL (1991) Transforming growth factor beta 

stimulates the production of the tissue inhibitor of metalloproteinases (TIMP) by human 

synovial and skin fibroblasts. Biochim Biophys Acta 1094:207-210.

Wyss-Coray T, Feng L, Masliah E, Ruppe MD, Lee HS, Toggas SM, Rockenstein 

EM, Mucke L (1995) Increased central nervous system production of extracellular 

matrix components and development of hydrocephalus in transgenic mice 

overexpressing transforming growth factor-/81. Am J Pathol 147:53-67.

Yamaguchi Y, Mann DM, Ruoslahti E (1990) Negative regulation of transforming 

growth factor-jS by the proteoglycan decorin. Nature 346:281-284.

Yamamoto T, Noble NA, Miller DE, Border WA (1994) Sustained expression of 

TGFjSl underlies development of progressive kidney fibrosis. Kidney Int 45:916-927.

Yamauchi K, Martinet Y, Basset P, Fells GA, Crystal RG (1988) High levels of

298



transforming growth factor jS are present in the epithelial lining fluid of the normal 

human lower respiratory tract. Am Rev Respir Dis 137:1360-1363.

Yin W, Smiley E, Germiller J, Mecham RP, Florer RP, Wenstrup RJ, Bonadio J 

(1995) Isolation of a novel latent transforming growth factor-g binding protein gene 

(LTBP-3). J Biol Chem 270:10147-10160.

Ying S, Durham SR, Barkans J, Masuyama K, Jacobson M, Rak S, Lowhagen O, 

Moqbel R, Kay AB, Hamid Q (1993) T Cells are the principal source of interleukin-5 

mRNA in allergen-induced rhinitis. Am J Respir Cell Mol Biol 9:356-360.

Ying S, Durham SR, Jacobson MR, Rak S, Masuyama K, Lowhagen O, Kay AB, 

Hamid Q (1994) T lymphocytes and mast cells express messenger RNA for 

interleukin-4 in the nasal mucosa in allergen-induced rhinitis. Immunology 82:200-206.

Zhang K, Flanders KC, Phan SH (1995) Cellular localization of transforming growth 

factor-j8  expression In bleomycin-induced pulmonary fibrosis. Am J Path 147:352-361.

Zhou G, K., Sechrist GL, Periyasamy S, Brattain MG, Mulder KM (1995) 

Transforming growth factor jS isoform-specific differences in interactions with type I 

and type II transforming growth factor jS receptors. Cancer Res 55:2056-2062.

299



PUBLICATIONS ARISING FROM THIS THESIS

Papers

Coker RK, Laurent GJ, Shahzeidi S, Hemandez-Rodriguez NA, Pantelidis P, du Bois 

RM, Jeffery PK and McAnulty RJ. Diverse Cellular TGFBi and TGFB3 gene expression 

in normal human and murine lung. Eur Resp J  1997 (in press).

Coker RK, Laurent GJ, Shahzeidi S, Lympany PA, du Bois RM, Jeffery PK and 

McAnulty RJ. Transforming growth factor-Bi, -B2  and -B3  all stimulate fibroblast 

procollagen production in vitro but are differentially expressed during bleomycin- 

induced lung fibrosis. Am J Path 1997 (in press).

McAnulty RJ, Hemandez-Rodriguez NA, Coker RK and Laurent GJ. Antiproliferative 

effects of transforming growth factor-B isoforms on fibroblasts are mediated via 

autocrine synthesis of prostaglandin £ 3 . Biochem J  1997 (in press).

Reviews

Laurent GJ, Coker RK and McAnulty RJ. TGFB antibodies: a novel treatment for 

pulmonary fibrosis? Thorax 1993 48:953-954.

Coker RK and Laurent GJ. Pathogenesis of pulmonary fibrosis: implications for 

pharmacological intervention. In: Immunology and Management of Interstitial Lung 

Diseases. Eds EH Walters and RM du Bois. Chapman & Hall, London 1995.

Coker RK. Anticytokine approaches in pulmonary fibrosis: bringing factors into focus. 

Science Matters. Thorax 1997 (in press).

Abstracts

Coker RK, McAnulty RJ, Laurent GJ. The effect of transforming growth factor B 

isoforms on collagen metabolism by human foetal lung fibroblasts. Resp Med 1993 

87(8):652-653.

300



Coker RK, McAnulty RJ and Laurent GJ. Transforming growth factor Bl, B2 and B3 

isoforms all stimulate procollagen synthesis and reduce procollagen degradation by 

human fetal lung fibroblasts. Am J  Resp and Crit Care Med 1994 149(4): A627.

Coker RK, McAnulty RJ, Hemandez-Rodriguez NA, Shahzeidi S, Jeffery PK and 

Laurent GJ. Increased transforming growth factor B1 but reduced transforming growth 

factor B3 gene expresssion during bleomycin-induced lung fibrosis. Am J  Resp and Crit 

Care Med 1995 151(4):A51.

Coker RK, McAnulty RJ, Hemandez-Rodriguez NA, Jeffery PK, Shahzeidi S and 

Laurent GJ. Differential gene expression of transforming growth factor B1 and B3 

isoforms during bleomycin-induced lung fibrosis. EurRespirJ 1995 8  (suppl 19): 141S.

Coker RK, McAnulty RJ, Hemandez-Rodriguez NA, Jeffery PK, Shahzeidi S and 

Laurent GJ. Differential TGFB isoform gene expression during bleomycin-induced lung 

fibrosis. Resp Med 1995 89(10): 723.

McAnulty RJ, Hemandez-Rodriguez NA, Coker RK and Laurent GJ. Antiproliferative 

effects of TGFB isoforms are mediated via autocrine synthesis of PGE2 . Resp Med 1995 

89(10): 745-6.

Coker RK, McAnulty RJ, Black CM, du Bois RM and Laurent GJ. Localization of 

transforming growth factor B3  gene expression in lungs of patients with pulmonary 

fibrosis. Am J  Resp and Crit Care Med 1996 153(4):A224.

301


