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““Research is the process of going up alleys to see if they are blind”

Marston Bates (1906-74) American writer, author



Abstract

One of the features of asthma is the remodelling of the airway wall with increased deposition
of extracellular matrix molecules, in particular collagen and proteoglycans, in the lamina
reticularis beneath the epithelial basement membrane. The mechanism of this deposition is
currently unknown and current therapies have little effect on this aspect of asthma pathology.
Fibroblasts and myofibroblasts, which are thought to be major producers of extracellular
matrix molecules, are present within the lamina reticularis, however the mechanisms by
which these cells are activated are unclear. Within the asthmatic airway there are also
increased numbers of activated mast cells that produce a range of mediators capable of
modulating fibroblast function. One such mediator, tryptase, is a known fibroblast mitogen
and profibrotic agent. The mechanism by which this occurs is also unclear, although recent
evidence suggests that tryptase is able to activate protease activated receptor (PAR)-2, a
member of a family of 7-transmembrane, G-protein coupled receptors activated by
enzymatic cleavage. The overall aim of this thesis was to examine fibroblast mitogenesis
and extracellular matrix production in relation to airway remodelling associated with asthma.
In doing so, I addressed the hypothesis that mast cell tryptase modulates fibroblast function
by the activation of PAR-2 present on the cell surface. To address this hypothesis the effects
of tryptase, trypsin, a known activator of PAR-2, and small polypeptide activators of PAR-2,
SLIGKYV and SLIGRL, were examined on fibroblast proliferation, procollagen and
proteoglycan metabolism. All four agonists induced lung parenchymal and airway fibroblast
proliferation. The two enzymes were more potent than the two activating peptides. The
mitogenic responses of the enzymes were dependent of their catalytic activity. It was found
that lung parenchymal and airway fibroblasts expressed PAR-2 mRNA, using reverse
transcriptase polymerase chain reaction, and PAR-2 protein was localised to the cell surface
by immunohistochemistry using polyclonal antibodies. The same antibodies inhibited
trypsin- and partially inhibited tryptase-induced fibroblast proliferation, demonstrating that

both enzymes activated PAR-2. It was unclear whether PAR-2 was present on fibroblasts in



the airway. Therefore using PAR-2 antibodies and a cell cytoskeletal marker for smooth
muscle F-actin, phalloidin, it was possible to co-localise PAR-2 and actin filaments
suggesting that PAR-2 is expressed on myofibroblast-like cells in human bronchus. Finally,
results using a procollagen o2(I) promoter linked to a luciferase reporter gene demonstrated
that both tryptase and the PAR-2 activating peptides were able to stimulate procollagen gene
promoter activity. However, neither agonist induced increases in the steady-state levels of
a1(I)-procollagen mRINA or procollagen protein metabolism assessed by measurement of
hydroxyproline. This inconsistency may be due to known effect of tryptase to induced the
release, and activate, matrix metalloproteinases that are capable of degrading newly formed
and/or deposited procollagen. Tryptase and trypsin had variable effects on large and small
molecular weight proteoglycan metabolism in human lung fibroblast cell cultures. The data
presented in this thesis demonstrate that tryptase mediates its effects on fibroblast
mitogenesis, at least partly via the activation of PAR-2 and is consistent with the hypothesis
that tryptase may play an important role in fibroblast proliferation and matrix deposition in

the airways of asthmatic patients.
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1 Chapter 1

1.1 Preamble. An Introduction to asthma

Asthma has been recognised for centuries as a major disease within the civilised world since
the early 1900’s. Within the last 20-30 years asthma has become an ever increasing burden
on the health services of many countries around the world. Although, it is now possible to
diagnose asthma and treat the symptoms in the majority of cases, the underlying causes for
this disease are uncertain. In addition in a sub-group of patients the symptoms are not
adequately controlled by the current therapies leading to what has been described as ‘steroid-
resistant’ asthma, with these patients having to be maintained on high dose oral steroids. In
addition, the airway obstruction seen in severe chronic asthmatic patients (status
asthmaticus) is resistant to bronchodilating agents such as the 3,-adrenoceptor agonists. The
reasons for these chronic changes are unclear but may involve changes in the numbers and
types of resident cells seen within the airway wall, infiltration of inflammatory cells and
structural remodelling of the airway tissue. These changes include an increase in the number
of cells within the epithelium, in particular, the number of goblet and serous cells. Upon
activation these cells can produce large amounts of mucus which, in a severe asthmatic
attack, can block the airways (mucus plugging). There are also increased amounts of
bronchial smooth muscle, which demonstrate increased reactivity to a number of specific and
non-specific stimuli, leading to severe, irreversible bronchoconstriction (bronchial
hyperreactivity). There is also an increase in the deposition of extracellular matrix within the
lamina reticularis beneath the epithelial basement membrane and within the adventitial tissue
of the airway wall (airway fibrosis). This thesis will investigate one aspect of this structural
re-modelling of the airways, the sub-epithelial airway fibrosis. In particular, the role of
tryptase, a mediator released by inflammatory mast cells, that are known to be activated in
the airways of asthmatic patients, and the mesenchymal cells, fibroblasts and myofibroblasts,

cells known to be associated with the production of structural proteins during development
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and injury repair. The proliferation of fibroblasts/myofibroblasts and the production of
extracellular matrix following their activation by mast cell mediators are not unique to
asthma, and therefore their interactions in other fibrotic diseases will be considered. The
following section gives an historical perspective of asthma leading to a discussion of the

pathophysiological changes seen in the airways of asthmatic patients.

1.1.1 An historical perspective of asthma

Bronchial asthma has been known and written about for over 4000 years. The “Fire
Emperor” of China, Shen-Nung (2838-2698 B.C.) may have been the first person to describe
the symptoms of a disease similar to asthma. He recognised the therapeutic nature of a
Chinese herbal medicine from ma-huang, a plant from which ephedrine (adrenaline) was
extracted and added to wine. Interestingly, a second reference to a ‘first description’ of
asthma was in the ancient medical annals of internal medicine, Nei Ching ascribed to the

third of China’s mythological emperors — Huang Ti, the “Yellow Emperor” (2698-2598 B.C.).

The Emperor said “Man is afflicted when he cannot rest and when his
breathing has a sound (is noisy)- or when he cannot rest and his breathing is
without any sound. He may rise and rest (his habits of life may be) as of old
and his breathing noisy; he may have his rest and his exercise and his
breathing is troubled (wheezing, panting): or he may not get any rest and be
unable to walk about and his breathing is troubled. There are those who do not
get a rest and those who rest and yet have troubled breathing.....”

An excerpt taken from Vieth I. Huang Ti Nei Ching Su Wen, The Yellow Emperor’s
Classic of Internal Medicine: Williams & Wilkins, 1949 pp 252-253

From his writings, Hippocrates (460-375 B.C.) seems to have studied the disease using the
Greek, crofuc, meaning panting to describe what is now known as asthma. Also, early
manuscripts by Galen (circa 130-200 A.p.) and Paracelsus (1493-1541) both described the
production of mucus in the lungs of asthmatics. A comprehensive study of asthma in ancient

medicine can be found in a 1992 review by Cohen (Cohen, 1992).
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In a review by Donald (Donald, 1971) the following definition of asthma was quoted from
the first English medical textbook, The compleat System of Physic by Salmon in 1686.
“A difficult respiration, sometimes with and sometimes without fever,
sometimes with a noise and sometimes without, arising from an obstruction of
the bronchia and cells of the lungs.................. The bronchia are most hurt in
this disease”
This text also mentioned the work of Galen and Paracelsus with the quote:
...... the original of this Disease to Phlegm falling on the lungs”
Prior to this, Helmont (1579-1644) had described asthma as
“......Asthma seizes one suddenly just as if a Rope were tied about a Man'’s neck”
In addition he wrote
...... the cause of this Disease is a peculiar Poyson which affects the Lungs by its
property”
Thus, Helmont had made the observations that asthma involves the obstruction of the
airways, restricting airflow and also described the property and actions of allergens upon the

lung.

However, only relatively recently has progress been made in understanding the mechanism

of asthma. In the late 1800°s Dr Henry Hyde Salter described asthma as

...... paroxysmal dyspnea of a peculiar character generally periodic with healthy
respiration between attacks”

suggesting the reversible nature of bronchoconstriction in the asthmatic patient (Salter, 1868)

a description still used in clinical asthma today. The first description of inflammation as a

feature of asthma was by William Osler (Osler, 1898). However, it was not until the

introduction of fibre-optic bronchoscopy that asthma was seen, in terms of the modern

definition of inflammation, as an inflammatory disease. Prior to this, studies on asthma had

been restricted to case reports of patients who had died of their disease (Ellis, 1908;
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Fraenkel, 1900; Schmidt, 1892). These were the first reports of, airway remodelling -
thickening of the region below the subepithelial basement membrane, epithelial damage,
goblet cell hyperplasia with the presence of excessive luminal secretions, and the infiltration

of inflammatory cells into the airway wall. This will be discussed further in section 1.3.

With the identification of the pathophysiological changes in the asthmatic airways it is
important to put this into context with clinical features of the disease. The following section
therefore explores these features in more detail and includes a brief overview of asthma

epidemiology.

1.1.2 Clinical features of asthma

Asthma is a syndrome with a number of clinical and pathological features leading to a
shortness of breath. The clinical diagnosis of asthma is difficult, as the symptoms are
common to a number of lung diseases including Chronic Obstructive Pulmonary Disease
(COPD), in particular bronchitis and emphysema (American Thoracic Society, 1987; Ciba
Symposium, 1959). There have been several published guidelines on the diagnosis and
management of asthma. In particular an early publication by the American Thoracic Society
(ATS) defined and classified asthma in terms of other chronic lung diseases in 1962, which
was modified and updated in 1987 (American Thoracic Society, 1962; American Thoracic
Society, 1987). The British Thoracic Society (BTS), in association with other eminent
Medical Societies, published their guidelines to the diagnosis and treatment of asthma in
1993, with an extensive update in 1997 (British Thoracic Society et al., 1993; The British

Thoracic Society et al., 1997).

The classical symptoms are an intermittent or daily shortness of breath (dyspnea), a
productive cough, chest tightness or wheezing due to repeated bronchoconstriction which

either reverses spontaneously or by the use of bronchodilating agents, such as the 3,-
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adrenoceptor agonists salbutamol or terbutaline. The given clinical term is ‘reversible
bronchoconstriction’. Clinicians also use [3;-adrenoceptor treatment diagnostically to
establish that patients have reversible airway obstruction due to smooth muscle contraction
rather than blocked airways due to mucus plugging. There is an increase in airways
responsiveness (i.e. bronchoconstriction) to provocating agents such as histamine,
methacholine, adenosine, isotonic saline or cold air. This is known as bronchial hyper-
responsiveness and is measured by evaluating th¢ concentration of a particular agent that
induces a 20% decrease in airflow, measured as Forced Expiratory Flow in 1 sec (FEV), and
is termed the PCyy. In most patients the symptoms tend to be worse at night leading to
disturbed sleep, or they are woken early in the morning with a shortness of breath - ‘4 AM

early morning dip’.

On lung function testing there is a pronounced diurnal variation in Peak Expiratory Flow

Rate (PEFR) which is the maximum flow velocity (L/min) of a forced expiration from total

lung capacity. To allow a diagnosis of asthma, airflow and lung volume measurements in

patients are compared to age, sex and height matched normal controls, they include

e areduced FEV, due to airway restriction or obstruction

¢ anapproximate 120% increase in the Functional Residual Capacity (FRC) and/or
Residual Volume (RV) due to air trapping.

¢ areduction in the Forced Vital Capacity (FVC) due to a combination of airway
restriction and air trapping. -

e an FEV/FVC ratio of less than 75%, indicating a greater airway constriction component

to the functional reduction in airflow.
Although clinicians have a battery of tests to aid in the diagnosis of asthma, at best they give

a good indication but do not provide conclusive proof, due to the similarity of the symptoms

with other lung diseases. In addition to the physiological and functional changes seen in
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asthma, clinicians can use pathological and cytological examinations to aid their diagnosis.
The introduction of bronchial biopsies, the histological evaluation of the pathological
changes, the use of bronchoalveolar lavage (BAL) and induced sputum, demonstrate the
consistent finding of structural remodelling and increased numbers of inflammatory cells
within the airways of asthmatics (See Section 1.6). These types of studies have also been
useful in the investigations of asthma epidemiology, which are briefly reviewed in the next

section.

1.1.3 Epidemiology: Prevalence, morbidity and mortality of Asthma

Many different definitions of asthma have been used in epidemiological studies, the most
widely used being “a history of wheeze”. Values of prevalence range from between 1% to
35% depending on the country being studied, with the majority of epidemiological studies in
childhood asthma. In the recent UK National Asthma Campaign’s “Asthma Agenda” it was
reported that 38% of school children miss more than one week at school per year, with 8%
missing more than a month (National Asthma Campaign, 1999). Many more children having
to curtail their daily activities due to the severity of their disease. Over 20 years from 1971
to 1991/92 there has been a 4-5 fold increase in the number of children (aged 0-15 years)

consulting General Practitioners (GP) about their asthma (Department of Health, 1995).

The prevalence in adults is difficult to define due to age-related increases of different
respiratory diseases with symptoms similar to that of asthma. 15-20% of adults suffer from
wheeze but less than 5% suffer from night-time breathlessness or reversible airflow
limitation — characteristic symptoms of asthma. In the 1958 Birth Cohort study, 4% of 23
year olds reported having suffered from asthma, whereas by the age of 33, this had increased

to 8% (Burney, 1997, Sears, 2000).
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From 1968 to 1985 there has been a steady increase in the numbers of patients admitted to
hospital with a main diagnosis of asthma (Department of Health, 1995). Similar changes
have been reported in Australia, New Zealand and United States of America (Moore et al.,
1996). In England during 1992, asthma caused in excess of 1600 deaths accounting for 0.3%
of all deaths (Department of Health, 1995). These deaths were mainly people over the age of
65 (>60%) whereas only 2% were in children under the age of 15. Since 1970 the mortality
rates for males and females under the age 54 years have decreased, whereas, there were
increases in the 54-75 and 75 and over age groups. However, data from the 1992 — 1997
suggest that asthma mortality is falling by approximately 6% a year among people between 5
— 64 years, with a slightly lower rate of decline for people over the age of 65 years

(Department of Health, 1995).

With the large and increasing numbers of patients who are presenting with asthma, the cost
to the Health Service is also increasing. It is estimated that 1 in 7 children (aged 2-15) and at
least 1 in 25 adults (16 and over) have asthma in the United Kingdom which is equivalent to
3.4 million people, of which 640,000 (~20%) have severe asthma. It has also been
calculated that asthma costs the National Health Service (NHS) in excess of £1000 million a

year (~£300 per patient per year) (National Asthma Campaign data, 1999).

In summary, it appears there is an increase in the prevalence and morbidity of asthma in all
age groups throughout the world. Overall, the mortality rate due to asthma is declining.
With the spiralling costs adding to the overall burden on the health systems, new approaches
to the treatment of asthma have to be sort. All the therapeutic approaches to date have
concentrated on the relief of asthma symptoms (bronchodilators) and the reduction in airway
inflammation (steroids). Even with optimal use of these treatments there is a small, but
significant group of patients in which it is difficult to control their symptoms, as they do not
respond to treatment. In particular, they do not respond to high dose inhaled or orally

administered steroids, leading to these patients being termed ‘steroid-resistant’. With the
g p g
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introduction of new technologies over the last 20 years (bronchoscopy, bronchial biopsies) it
has been possible to study the changes in airway structure associated with the development
of asthma, thus allowing new approaches to be used to gain a better understanding of the

disease.

The following section will describe the pathophysiology of asthma. To allow a better
understanding of these changes I will first describe the normal structural features of the
human airway, followed by a description of the structural changes seen in the asthmatic

airway and the consequential changes in lung function.

1.2 Pathophysiology of Asthma

1.2.1 Structural features of the human bronchial airway

The trachea divides into two main bronchi, which further subdivide into segmental bronchi
that enter the left and right lungs. The trachea and bronchi are supported by surrounding
cartilage, however, as the bronchi subdivide further into bronchioles the cartilage is lost.
The terminal bronchioles give rise to respiratory bronchioles and finally the alveoli (Hegele

and Hogg, 1996).

The bronchiole wall consists of a mucosal lining (epithelium), a basement membrane, sub-
epithelial connective tissue (lamina reticularis), a sub-mucosal layer (smooth muscle) and
adventitia (Figure 1.1, Kuhn, 1988). The proximal airway epithelium consists mainly of
basal cells, pseudo-stratified, ciliated, columnar epithelial cells, clara cells, goblet (mucus),
and serous cells, with more cuboidal, non-ciliated epithelial cells in the distal airways (Kuhn,

1988, Tavakoli et al., 1997).

The basal and epithelial cells are attached to a basement membrane which consists of lamina

rara and lamina densa (Figure 1.1c) which contain matrix molecules, including collagen
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types IV, VII and XV, the glycoproteins, laminin, nidogen (entactin), fibronectin, SPARC
(BM-40) and the heparan sulphate-linked proteoglycan, perlecan (Yurchenco and Schittny,
1990). Type V collagen is also found in small amounts within the basement membrane
(Roche et al., 1989). 1t is the distribution and density of these molecules which gives rise to
the characteristic features of the lamina rara and lamina densa. This membrane is 80-90 nm
thick and provides a scaffold for attachment of cells and regulates the surrounding milieu by

controlling the flux of small and large molecules (Yurchenco and Schittny, 1990).

Within the lamina reticularis there are fibroblast-like cells which continuously metabolise
extracellular matrix molecules to maintain the structural integrity of the airway wall (Figure
1.1b & c, see Section 1.5 Fibroblasts in the airways, (Brewster et al., 1990, Redington et al.,
1998)). These cells and the extracellular matrix molecules are in continuum with the smooth
muscle cells and other resident cells in the sub-mucosa (Figure 1.1b, Cutz et al., 1978, Roche

et al., 1989, Minshall et al., 1997, Redington et al., 1998).

Within the sub-mucosal layer there are bronchial glands that contain both serous and mucus-
secreting cells that are in communication with the airway lumen (Rogers, 2001). The
numbers of glands decreases within successive generations of airways (Whimster et al.,
1984). In contrast, the amount of smooth muscle increases with successive airways. In the
upper, large airways the amount of smooth muscle is only 5% of the total airway wall,
whereas in the lower membranous bronchioles it is 20% of the total wall thickness (Hegele
and Hogg, 1996). The outer adventitial layer of the wall consists of bundles of collagen,
arterial and venous blood vessels, lymphatics and nerves (Figure 1.1b, (Hegele and Hogg,
1996)). This outer adventitial layer of the airway connects with the parenchymal tissue of
the alveoli and is important in keeping the airway lumen open by applying forces to the

outside of the airway wall (See Section 1.2.3, Mead, 1961, Pare et al., 1997).
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Huber and Koessler published the first comprehensive account of the pathology of bronchial
asthma (Huber and Koessler, 1922). They described an increase in the overall thickness of
the airway wall, including increases in the amount of smooth muscle, the numbers of
inflammatory cells and the amount of mucus within the lumen of the airways. In
morphological studies, the airway wall was found to be significantly thicker in asthmatic
compared with non-asthmatic patients (James et al., 1989) and Carroll and colleagues
demonstrated increased wall thickness in both the large and small airways in fatal asthma,

but only in the small airways in non-fatal asthma (Carroll ez al., 1993).

This increase has also been noted in other airway diseases such as chronic obstructive
pulmonary disease (Bosken et al., 1990; Crepea and Harman, 1955; Pare et al., 1991),
bronchiectasis, bronchitis, and tuberculosis (Crepea and Harman, 1955). The thickening
results from an increase in the thickness of the mucosa (James et al., 1989, Laitinen et al.,
1985), lamina reticularis (Jeffery et al., 1989; Jeffery, 1991; Jeffery et al., 1992; Roche et al.,
1989), and sub-mucosal layers of the airway (Cutz et al., 1978; Dunnill, 1960; Huber and
Koessler, 1922; James et al., 1989; Jeffery, 1991, Figure 1.3). Changes in the sub-mucosa
are likely to involve both smooth muscle cell hyperplasia (Hossain and Heard, 1970) and

hypertrophy (Ebina et al., 1990).

33



517 4 4

O# 1 4
1
4 "%
"o " 4 % 4 > >
"I % ">?296%1 # = 4 o 4 16
1
1% " $%
2 " 4 % "> "B6++%1 N #F "5<<*%
1, 4 3
1/ 1 # J = 2 N . b<gx #
%
, 4 0
3
3 ,<)+P B 3 ,<)+P 5<6?P F 3 5<!1%1
3 3 2 4
3 4
"N 5<;<P N 3 5<<5P $5<;<%1
3 2
4 " 8<9;% 4
"N 5<;<%1
2 4
"N 5<;<% 4
"7 3 5<95P . 5<<?%1 4 3

A4



this layer was shown to consist predominantly of collagen types I, III and V, fibronectin
(Roche et al., 1989; Wilson and Li, 1997) and elastin (Gabbrielli et al., 1994), molecules that
are generally thought to be produced by fibroblasts, rather than epithelial cells. Also, no
laminin was identified within the lamina reticularis, but was found within the ‘true’
basement membrane, again, suggesting that the matrix deposition in the sub-epithelial layer

was not associated with epithelium (Roche et al., 1989).

In addition to the increase in collagen, fibronectin and elastin, other extracellular matrix
components are increased within the lamina reticularis of asthmatic airways. For example,
hyaluronan, versican, biglycan and decorin are increased in the airways of patients with
severe asthma (Roberts, 1995). Recently, the deposition of lumican, biglycan and versican
were shown to be increased in the airway walls of mild, atopic asthmatic subjects when
compared with that seen in normal controls (Huang et al., 1999)and also increased levels of
proteoglycans have been demonstrated in the sputum from asthmatic subjects (Shute et al.,
1998). In support of these findings, recent reports demonstrate increased proteoglycan
production from bronchial fibroblast cell lines cultured from the airways of asthmatic
patients (Tremblay ez al., 1998a). Due to the hydrophilic nature of these molecules, it can be
speculated that an increased fluid content within the sub-mucosa may further thicken the
airway wall. Tenascin, a glycoprotein normally found in embryogenesis and tumour tissue,
is expressed in lamina reticularis of airways from chronic and seasonal asthmatic subjects,
whereas there is little or no expression in the airways of normal control subjects (Laitinen et
al., 1997). The authors of this study suggest that the increased expression of tenascin is part

of a wound repair and/or remodelling process within the damaged airways of the asthmatic.

An increase in the size and number of vessels (vascularity) within the bronchial wall has

been reported (Li and Wilson, 1997). It is postulated that vasodilatation, induced by

inflammatory mediators, and the increase in plasma protein leak (cedema) from these vessels

35



would add to the thickness of the airway wall. This increase in fluid content within the

airway wall would be enhanced by the hydrophilic nature of the proteoglycans.

Thus in summary, the increase in the thickness of the airway wall due to the deposition of
extracellular matrix molecules, increased smooth muscle mass, increased numbers of blood
vessels, tissue oedema are all likely to play a role in controlling airway lumen size and the
subsequent restriction of airflow to and from the alveoli. The following section discusses
further the role of these changes in controlling airflow and the subsequent impact on the lung

function in the asthmatic patient.

1.2.3 Functional effects of extracellular matrix deposition in the airway wall

Both the airways and the parenchyma contribute to the elastic recoil of lung tissue. Mead
hypothesised that the parenchyma is able to stabilise the alveoli and terminal bronchioles, by
generating a recoil force (interdependence), thus preventing airway collapse (Figure 1.4a)
(Mead, 1961, Pare et al., 1997). A decrease in elastic recoil may have profound effects on
the airway contractility. This hypothesis was extended to suggest that the adventitial tissue
around the airway is an important determinant of the magnitude of bronchoconstriction
(Hoppin, Jr., 1995; Mead et al., 1970; Robinson et al., 1992). Several groups have
hypothesised that the load exerted by the lung parenchyma in the normal airways must be
overcome by the smooth muscle to enable the airway to contract (Figure 1.4a, Hoppin, Jr.,
1995; Macklem, 1995; Robinson et al., 1992). Excessive extracellular matrix deposition
outside the smooth muscle layer, within the adventitial tissue surrounding the airway (peri-
bronchial fibrosis), would uncouple these opposing forces allowing the smooth muscle to
contract more easily (Figure 1.4c, Bramley et al., 1994). The increase in the deposition of
extracellular matrix within the mucosal layer and lamina reticularis would also have

consequences for airway constriction. A thickened mucosal layer, compared to normal,
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causes an increase in the narrowing of the lumen for any given degree of smooth muscle

contraction (Figure 1.4b, Paré and Bai, 1996).

An important normal physiological response to smooth muscle contraction is the folding of
the mucosa, which restricts lumenal narrowing. However, in the inflamed airway, deposition
of the extracellular matrix within the lamina reticularis would limit the number of folds
generated, thus allowing a further reduction in lumenal diameter (Figure 1.4 b & ¢, Lambert,

1991).
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long term exposure to allergens, noxious chemicals/pollutants or viruses may resulf in
inappropriate release of cytokines, chemokines or enzymes, inducing tissue and cellular
damage. This implies an interaction between local resident cells and inflammatory cells
within the airway. The following two sections review the cell types that could be involved in
this proposed mechanism, highlighting the interaction between the resident

fibroblast/myofibroblasts and the inflammatory mast cells.

1.3 The role of resident cells in pathology of asthma

Initial autopsy studies from patients who had died of asthma, clearly showed a the loss of
epithelial cells, copious quantities of mucus containing Charcot-Leydon crystals of major
basic protein from eosinophils and smooth muscle hyperplasia and hypertrophy (Cardell and
Pearson, 1959; Craige, 1941; Earle, 1953; Kountz and Alexander, 1928; Macdonald, 1933).
In addition, sputum from asthmatic patients contain Curshmann’s spirals (condensed spirals
or whorls arising from mucus casts of the smaller airways), clumps of shed epithelial cells

(Creola bodies) and Charcot-Leydon crystals.

For the purposes of this overview, macrophages, epithelial cells, smooth muscle cells and
fibroblasts/myofibroblasts are termed ‘resident cells’, which are present in both the normal
and the asthmatic airway. Macrophages are the major cell type in BAL from both normal
and asthmatic lung. These cells, which are derived from monocyte precursors, are
phagocytic for particulate material including bacteria and viruses. They are able to present
antigen to T-lymphocytes and participate directly in the allergic response due to the
expression of low affinity IgE receptor (Fc.RII). The numbers of macrophages in BAL
increase after allergen challenge, which is thought to be due to the migration into the airways
of monocytes from the peripheral circulation, where they differentiate into macrophages.

When these cells are activated by particle ingestion, antigens and other locally produced
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mediators such as interleukin-1 and interferon-y, they release a wide range of meediators
which may have profound effects of inflammatory cell infiltration and tissue remnodelling

(Table 1.1, see Daftary et al., 1998 for review).

Within both the normal and asthmatic airway, the epithelium is an important site: involved in
the defence of the underlying tissue from noxious chemicals and particulate mattcer.
However, when the epithelium is injured this barrier is lost, which in asthma, is sseen as
abnormal or damaged cells, with fragile attachments to other epithelial cell typess (basal,
goblet, serous, ciliated cells) leading to large areas of cell loss (desquamation). TThis exposes
the underlying sub-mucosal cells (fibroblasts, smooth muscle, nerves and blood vvessels,‘
Figure 1.1) to activation by inhaled particles. In addition, these ‘active’ epitheliaal cells
produce pro-inflammatory cytokines, peptide and lipid mediators, which have precofound
effects on inflammatory cell proliferation, differentiation, migration and activatioon (Table
1.1), and the generation of degradative enzymes (For a more extensive reviews seee Devalia

and Davies, 1993; Holgate et al., 1999; Knight et al., 1994).

It is well established that the contractile phenotype of the airway smooth muscle ccell has
profound effects of the lumenal diameter, increasing airflow resistance with the ssubsequent
decrease in lung function (see Section 1.3.3). The smooth muscle of the first andd second
order bronchi in the normal airway are simialr to tracheal smooth muscle, whereaas the fourth
to the seventh are clearly different (Daniel et al., 1986). The size and arrangemeent of the
muscle bundles are different as is the appearance of the myofilaments. Also theree is a
increase in the numbers of mast cells associated within the smooth muscle cells oof the lower

airways (Rodger, 1992).

In general each airway smooth muscle cell is innervated and the cell to cell conneections are
poor. Due to the low numbers of gap junctions between cells the electrical activitity does not

pass between cells and induce spontaneous contractions. However, in asthmatic s smooth
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muscle cells there is an increase in action potential activity with the subsequent spontaneous
contractions being associated with increases in responsiveness of the asthmatic airways

(Akasaka et al., 1975).

Recently the contractile and relaxant properties of smooth muscle from asthmatic patients
have been reviewed (Black, 1997, Seow et al., 1998). If the smooth muscle from these
patients is abnormal it could be due an increase in the contractile activity of the tissue or a
decrease in the ability to relax. Under experimental conditions this could be demonstrated
by an increase in the maximum response to a particular agonist or a leftward shift in the
agonist dose-response curve (i.e. and increase in agonist potency), a decrease in the maximal
response to the relaxant agonist or a rightward shift of the dose- response curve (i.e. a

decrease in potency).

A number of studies have been reported, however, the conclusions are unclear. For example,
in two studies using smooth muscle tise from patients who had died in status asthmatic or
who had mild disease, histamine senstivity was decreased (Whicker et al., 1988, Goldie et
al., 1986). Wheras, in a third studyof asthmatic tissue demonstrated a increase in histamine
sensitivity (Cerrina et al., 1989). Although these studies were able to show changes in
reactivity to histaminethey were unable to ahow any increase in sensitivity to a range of
other agonists including cholinergic agonists (Whicker et al., 1988, Goldie et al., 1986),
leukotrienes and prostaglandins (Dahlen ez al., 1980), allergen or anti-human IgG (Bjorck
and Dahlen, 1993). However, de Jonste and colleagues were able to demonstrate marked
increases in reactivity to histamine, leukotriene C, and methacholine (de Jongste et al.,
1987). In addition, in mild to moderate asthmatic patients it is possible to show an increase

in sensitivity to adenosine (Bjorck et al., 1992).

To further add to the confusion, several studies that were able to show increases in in-vivo

hyperresponsiveness could not demonstarte increases reactivity in-vitro (de Jongste et al.,
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1988). Finally, a series of studies by the same authors showed an increase in reactivity to
histamine in tracheal smooth muscle but not in lower sub-segmental bronchi (Bai, 1991, Bai,

1990).

It may be possible to explain these differences in responses seen in-vivo and in-vitro by
suggesting that removing the tissue from the lung removes the cells from a source of a
mediator that is required for inducing hyperresponsiveness. Also a number of these studies
were performed on post-motem tissue obtained >12h post death. It is therefore possible that
the tissue viablilty may have been affected. However, the differences seen are not the same
for all agonists, thus suggesting that the differences may be dependent on the agonist used.
Finally, the studies from de Jonste and colleagues suggest that the responses seen may be
dependent on which level of the airway was investigated. It is thought that the increases in
airways resistance in asthmatics is at the level of the conducting airwys, many of the studies
to date have used a variety of different sized airways depending on the source of the tissue

e.g. tracheal smooth muscle or airways <2 mm in diameter.

However, more recent research has focused on its synthetic phenotype in which the cell is
able to produce pro-inflammatory cytokines and chemotactic agents, cellular adhesion
molecules, growth factors (Table 1.1), and increased amounts of extracellular matrix
molecules (Hirst, 1996; Johnson and Knox, 1997). It has been postulated that this synthetic
phenotype of smooth muscle cell, in addition to its hyperplastic and hypertrophic responses,

can enhance epithelial and sub-mucosal tissue remodelling in the airway.

42



Table 1.1 Mediators and adhesion molecules expressed by
activated resident cells implicated in airway remodelling

Cell Type Lipid mediators | Cytokine/ Growth Adhesion
Chemokine factors molecules

Macrophages | LTB4, TXA,, PAF, | IL-1, IL-6, GM-CSF, TGEB
TNFaq, IGF-1,

Epithelial cell | LTB,LTC, PGE, | IL-1,IL-6,IL-8, GM- PDGF, IGF-1, | ICAM-1, CD44
CSF, G-CSF, TNFa, EGF, FGF-2,
TGFB,
endothelin-1

Smooth PGE,, IL-6, IL-8, RANTES PDGF-BB, CD44,
muscle cell IGF-1, VCAM-1,
(synthetic FGF-2 ICAM-1
phenotype)

LT - Leukotriene, TXA, — Thromboxane A,, PAF — platelet activating factor, PGE, —
prostaglandin E,, IL — interleukin, RANTES - regulated upon activation, normal T-cell expressed
and secreted, GM-CSF, Granulocyte-macrophage colony-stimulating factor, TGF@, Transforming
growth factor §, TNFo, Tumour necrosis factor o, PDGF — platelet derived growth factor, IGF-1,
Insulin-like growth factor 1, FGF - fibroblast growth factor, EGF — epidermal growth factor,
ICAM-1 - intercellular adhesion molecule —1, VCAM-1 - vascular cell adhesion molecule-1

The fibroblast/myofibroblast play an important role in the morphogenesis and development
of the airway (see Jeffery, 1998; McGowan, 1992for reviews). There appears to be a close
relationship between epithelial cells and fibroblast/myofibroblasts in the airway. In a three-
dimensional, in-vitro, co-culture system in which myofibroblasts were embedded in collagen
gels and bronchial epithelial cells were cultured on the gel surface, the damage of the
epithelial cells induced myofibroblast proliferation (Zhang et al., 1999). The majority of the
mitogenic effects were inhibited by blockade of fibroblast growth factor-2, platelet derived
growth factor, insulin-like growth factor-1, transforming growth factor-b and endothelin-1,
suggesting these mediators are important in tissue remodelling following epithelial damage.
This interaction has been termed the epithelial-mesenchymal trophic unit (Evans et al.,
1999). The next section discusses the role of fibroblasts and myofibroblasts in maintaining

the structural integrity of the normal airway wall and in tissue remodelling seen in asthma.
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1.4 Fibroblasts in the airways

Compared to other mesenchymal and resident cells, fibroblasts possess the greatest capacity
to produce extracellular matrix molecules (see Tremblay et al., 1995). They appear flattened
with a stellate appearance, and an average diameter of 28 pm and a thickness of 0.55 pm.
(Evans et al., 1993). They are localised to the lamina reticularis, forming a sheath around
the airways (Figure 1.1b, Evans et al., 1993). The cells contain prominent rough
endoplasmic reticulum, ribosomes and Golgi apparatus, reflecting their high metabolic

activity and pores in the cell membrane.

A cell of similar phenotype to fibroblasts, but morphologically larger and containing a higher
proportion of cytoplasm, is the myofibroblast (Gabbiani et al., 1971; Krishna et al., 1998;
Skalli et al., 1989). These cells have been identified within the lamina reticularis of normal
airways (Brewster et al., 1990; Gizycki et al., 1997) and can be distinguished from
fibroblasts by the prominent amounts of contractile filaments or stress fibres containing o-
smooth muscle actin (Brewster et al., 1990; Sappino et al., 1990), the partial covering with a
basal lamina, and an increase in rough endoplasmic reticulum (Gizycki et al., 1997). They
are found in multicellular strands and in close apposition with other cells (Henry and
Campbell, 1996). Myofibroblasts numbers increase subsequent to tissue injury (Darby et al.,

1990; Mitchell et al., 1990).

In normal, uninjured tissue fibroblasts are sparsely distributed throughout the connective
tissue matrix. In wound healing and tissue remodelling, fibroblast functions such as
proliferation and chemotaxis are controlled by the interaction of a number of factors (both
stimulatory and inhibitory) released locally by several different cell types (see Table 1.1).
Within a few hours, an injured site is infiltrated by fibroblast, which are then stimulated to
proliferate by growth factors released from surrounding inflammatory cells. During cell

culture, an exponentially growing population of fibroblasts goes through cell division, on
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average, every 18 to 20 hours. The period between each cell division, mitosis, is called the
cell cycle. The following section gives a brief review of the cell cycle. For more

comprehensive reviews see Brooks and La Thangue, 1999and Neufeld and Edgar, 1998.

The cell cycle is divided into phases (see Figure 1.5). The initial phases, Gy, is controlled by
the synthesis and degradation of cyclins D and E within the cell and are referred to as the
start cyclins. The exposure of cells to competence factors, such as platelet-derived growth
factors or fibroblast growth factors renders cells competent to progress through G, towards
the second phase, S phase or DNA synthesis. However to allow the progression to S phase
the cells must also be stimulated with progression factors such as insulin-like growth factor
(IGF-1) or epidermal growth factor (EGF). These competent and progression factors
stimulate the expression of D-type cyclins during early G, and E-type cyclins during late Gy,

allowing the progression into S Phase.

Throughout DNA synthesis, cyclin A is produced and towards the later stages of this phase
cyclin B, is expressed, which is maintained during the third phase, G, or pre-mitosis, being
maximally expressed at the transition of G, to the M phase or the mitotic phase. If cells are
deprived of growth factors or they have achieved confluent density of the culture plate
surface, the cells pass into a fifth phase, G, or resting phase, in which cells can remain for

extended periods of time waiting for growth factor stimulation so that they can re-enter G;.

The average cell cycle time varies among different cell types. However, the combined time
for S, G; and M phases is consistent at between 10-12 h. Within this time frame, S Phase is
consistently about 8 hours and M phase lasts 30 min to lhr. The total length of the cell cycle
is controlled by the time the cell is in G, and depends on the exposure to progression and

competence factors. Cells stimulated to exit G, and to re-enter G, show a characteristic 12-
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smooth muscle bundle have migrated into the lamina reticularis, and under the influence of

inflammatory mediators, differentiated into a myofibroblast-like cell (Gizycki et al., 1997).

The location of the fibroblast/myofibroblast within the airway wall and the activation of
these cells may play an important role in the remodelling of the airway. There are no studies
to date that have measured the production and degradation rates of collagen in the airways of
asthmatics, although recent studies implicating the fibroblast in proteoglycan deposition
within the asthmatic airway have been published (Huang et al., 1999; Tremblay et al.,
1998a). Therefore, a more in-depth investigation of these processes using isolated, in-vitro
cultured cells, would enhance the understanding of the role of the fibroblast/myofibroblast in
this process. Section 1.5.1 gives a brief background to the collagen and proteoglycan

metabolism.

1.4.1 Extracellular Matrix within the airways

1.4.1.1 Collagens

There are at least 19 different collagens, of which, 11 have been shown to be present in the
lung (Table 1.2). These collagens are classified into three groups - the fibril-forming types
{, II, 111, V, XTI), the non-fibril-forming types (IV, VI, VII, VIII) and the FACIT (fibril-

associated collagens with interrupted triple helices, XII, XIV).

Collagen types I and III are produced by fibroblasts (Hance et al., 1976; Sage et al., 1979).
It has been proposed that type I collagen provides the tensile strength to all flexible surfaces
of the lung, whilst type III contributes to the tissue compliance (Burgeson, 1987). They also
provide a structural scaffold to which resident cells attach via specific integrins. The o~
chains of these collagens has a triple helical domain that forms 95% of the molecule (see
Figure 1.6). Once secreted into the interstitial space, they form long, thin cable like

structures covalently bonded to homologous regions of neighbouring fibrils. These fibrils
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exist as copolymers with common associations between collagens I -V, 1- VL III - VI and

III -VII (Amenta et al., 1988; Chambers and Laurent, 1997; Timpl and Engel, 1987) for

review]. As an example type VI collagen consists of alternating filamentous and beaded

regions in which the a1(VI) and a2(VI) chains are known to contain a number of collagen

binding sites and RGD sequences suggesting that collagen type VI participates in matrix-

matrix interactions and cell-matrix interactions (Timpl and Engel, 1987).

Table 1.2 Collagens known to be present in the airway
Type Supramolecular structure Function Distribution in the airway wall
I Fibril Structural component, tensile Lamina reticularis, sub-mucosa,
strength adventitia
II Fibril Structural component, tensile Bronchial and tracheal cartilage
strength
I Fibril Structural component, Lamina reticularis, sub-mucosa,
compliance adventitia
v Non-fibrillar 3-dimensional Molecular sieving, cell support ~ Basement membrane
network
v Fibril Regulation of type I collagen Basement membrane, lamina
fibrillogenesis reticularis
VI Beaded filament cell adhesion to matrix Associated with type I and III
collagen, interstitium
VII Fibril Anchors basement membrane to  Basement membrane, lamina
matrix reticularis
VI Filamentous lattice (short Mechanical strength Basement membrane
chain)
IX FACIT Regulation of type II collagen Cartilage, associated with type
fibrillogenesis II collagen
XI Fibril Regulation of type II collagen Cartilage, associated with type
fibrillogenesis II collagen
XV Multiplexin Anchors basement membrane to  Basement membrane, lamina

matrix

reticularis

FACIT, fibril-associated collagens with interrupted triple helix; Multiplexin, multiple triple-helix domains and
interruptions.
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1.4.1.2 Collagen synthesis

Collagen biosynthesis is comprehensively reviewed by Bateman and colleagues (Bateman ez
al., 1996). The principle steps are outlines in the following paragraphs and schematically

represented in Figure 1.6.

Collagen production begins in the nucleus with transcription of collagen genes to type
specific mRNA transcripts. Translation of mRNA produces pre-procollagen o-chains
containing large extension peptides at both ends and an N-terminal hydrophobic signal
sequence designating the molecules for secretion. The signal peptides are cleaved in the
rough endoplasmic reticulum by signal peptidase. There is 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. These
proteins play important roles in binding procollagen molecules that have inappropriate
secondary structures (folding) preventing their secretion, thus only allowing cells to produce

procollagen molecules that can achieve the correct secondary structure.

Further post-translational modifications occur in the Golgi apparatus. This includes
hydroxylation of proline residues in the Y position of the Gly-X-Y triplet sequence by
prolyl-4-hydroxylase and lysine residues in the X position by lysyl hydroxylase. Some
proline residues in the X position are hydroxylated in the 3-position of the pyrrole ring by
prolyl-3-hydroxylase. 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, C1q component of complement and acetylcholinesterase
also contain hydroxyproline. However, their relative scarcity and 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
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and glucosyl transferase. Finally an N-linked carbohydrate group is added to each C-pro-

peptide by the oligosaccharyl transferase complex.

Interchain and intrachain disulphide bond formation by protein disulphide isomerase and the
cis-trans isomerisation of prolyl peptide bonds by peptidyl-prolyl cis-trans isomerase
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 C-
terminal propeptides of a1(I), 02(I) and al(Il) chains are cleaved at the Ala-Asp bond at the
C-telopeptide/C-propeptide junction by procollagen C-endopeptidases (PCP, EC 3.4.24.19)
(Kessler et al., 1996). Recently, the analysis of the cDNAs for PCP suggests that up to six
alternatively spliced products may exist. To date, however, two PCPs have been isolated
from the culture media of mouse (80kDa) and chick fibroblasts (110kDa). These two PCP’s
are products of the same gene and are referred to as bone morphogenetic protein-1 (BMP-1)
(or pCP1) and mTld (or pCP2) respectively (Kessler, 1999). The processing of procollagen
by PCP, is enhanced by procollagen C-proteinase enhancer (PCPE), a glycoprotein that
binds to the C-propeptide of procollagen type I protein (Adar et al., 1986; Kessler et al.,
1990). The N-terminal propeptides of procollagen types I and II are cleaved by procollagen
N-endopeptidase (EC 3.4.24.14), whereas the N-terminal peptide of procollagen IIT is
cleaved by procollagen III N-endopeptidase. The cleavage of the C-terminal peptides is
crucial to fibril formation by reducing the solubility of the collagen molecule by >1000-fold.
The processed collagen molecules form into fibrils, which are stabilised by the formation of

cross-links by lysyl oxidase.

14.13 Collagen degradation

The fibroblast/myofibroblast plays a key role in the maintenance of the airway extracellular

matrix. Collagens are continually synthesised and degraded in the normal lung, with average
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turnover rates estimated to be 10% per day in lungs of young adult rats and rabbits (Laurent,
1982, Laurent et al., 1988; McAnulty and Laurent, 1987). These rates decrease with age, but
proceed at relatively rapid rates throughout life (Mays et al., 1991). Furthermore, the
balance of intracellular and extracellular breakdown pathways also changes with age. In the
lungs of young animals about 30% of newly synthesised collagen is degraded intracellularly
within minutes of its synthesis (Laurent and McAnulty, 1983; McAnulty and Laurent, 1987)
but this proportion increases with age to about 80% (Mays et al., 1991). In addition, the
rates of these processes change when the lung is injured. For example, in experimental
models of pulmonary fibrosis the proportion of newly synthesised collagen degraded
intracellularly decreases, contributing to the increased collagen deposition in the injured lung

(Laurent and McAnulty, 1983).

The rate of extracellular degradation is thought to depend on the degree of cross-linking and
in older animals the mature collagen fibrils may be protected from degradation.
Nevertheless, extracellular collagens are susceptible to breakdown and are degraded rapidly
both in growing and diseased tissue. This is accomplished by a family of metalloproteinases,
which are produced by both resident cells (fibroblasts, epithelial and endothelial cells) and
inflammatory cells (activated macrophages and neutrophils) (O'Connor and FitzGerald,

1994).

There are at least fifteen zinc- and calcium-dependant metalloproteinases that have the
capacity to breakdown a wide range of extracellular matrix proteins (Murphy and Docherty,
1992; Woessner, Jr., 1991; Wojtowicz-Praga et al., 1997). They are important in embryonic
tissue development, cell migration, inflammation and wound healing. The actions of the
metalloproteinases is tightly regulated by a diverse group of anti-proteinases including the

tissue inhibitors of metalloproteinases (TIMPs), which are synthesised and secreted by
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activated mesenchymal cells, and circulating anti-proteinases such as 0,;-macroglobulin, o;-

antitrypsin, 0;-antiplasmin and SLPL

1.4.1.4 Proteoglycans and glycoproteins

Proteoglycans are synthesised by a variety of cell types including fibroblasts (Lories et al.,
1986), type II epithelial cells (Sahu et al., 1980) and pulmonary arterial endothelial cells
(Benitz and Bernfield, 1990). Mediators such as platelet-derived growth factor (PDGF) and
TGFf are capable of stimulating proteoglycan production by fibroblasts (Castor et al., 1983;

Tiedemann et al., 1997).

The core proteins of eighteen different proteoglycan molecules have been reported. Figure
1.7 shows the structure of three proteoglycan molecules found in airway tissue, perlecan,
decorin and versican. Each core protein is linked to a variety of glycosaminoglycan side
chains that consist of alternating galactosamine and glucuronic/iduronic acid units
(chondroitin/dermatan sulphate), alternating glucosamine and glucuronic/iduronic acid units
(heparin and heparan sulphate) or alternating glucosamine and galactose units (keratan
sulphate). Their functions include matrix hydration, modulation of collagen fibre formation,
cell-matrix and cell-cell interactions and the binding of growth factors (Fosang and

Hardingham, 1996).

Decorin and biglycan (Figure 1.7) are two small chondroitin/dermatan sulphated
proteoglycans, which are found associated with type I and type VI collagens, in the lamina
reticu}axis and smooth muscle bundles of the sub-mucosa within airways (Bidanset et al.,
1992; Roberts, 1995; Roberts and Paramo, 1992). These molecules can bind polypeptide
growth factors e.g. TGFB (Yamaguchi ez al., 1990) protecting them from denaturation and

proteolytic degradation (Moscatelli, 1988; Sommer and Rifkin, 1989). It has therefore been
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suggested that these proteoglycans can act as a reservoir for growth factors, storing them

until their release by proteases during tissue remodelling.

Versican, a large aggregating chondroitin sulphate proteoglycan (Figure 1.7) is localised
around the smooth muscle bundles in the sub-mucosa of the airway wall, in association with
hyaluronan (Roberts and Burke, 1994). It is thought to change the mechanical properties of
the airways in a similar manner to aggrecan in cartilage, by regulating the fluid (osmotic)

balance within the airway tissue (see Roberts, 1995).

Perlecan is a heparan sulphate-linked proteoglycan. It is found in all basement membranes
and gives the structure a fixed negative charge, which is important for the filtration
properties of the membrane. It is also able to bind to other extracellular matrix molecules
such as laminin and collagen type IV, and is an attachment substrate for cells. Heparan
sulphate proteoglycans, as a group of molecules, have been implicated in the control of cell
growth, activation and chemotaxis (see Gallagher, 1996 and the references within). They
have been shown to bind TGFp, (similar to decorin) and fibroblast growth factors (FGF-1
FGF-2, FGF-4 and FGF-7). It was found that for the FGF molecules it is an essential co-
factor for expression of biological activity. In addition, the chemokines IL-8 and hepatocyte
growth factor (HGF) also have requirements for high affinity binding to heparan sulphate to

express activity.
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inhibitors. When this tight regulation breaks down, as seen in the collagen diseases (e.g.
osteogenous imperfecta) or in inflammatory diseases (e.g. asthma, rheumatoid arthritis,
COPD or lung fibrosis) tissue function is compromised. The increased thickness of the
lamina reticularis in the asthmatic airway has been correlated with increased numbers of
fibroblasts/myofibroblasts (Brewster et al., 1990; Gabbrielli et al., 1994; Glynn and
Michaels, 1960). Furthermore, in a recent study, increased numbers of myofibroblasts were
observed in the lamina reticularis of mild asthmatic patients after antigen challenge (Gizycki
et al., 1997). From these studies it was suggested that myofibroblasts were responsible for
deposition of the increased extracellular matrix. However, other cell types within the airway
wall are capable of producing extracellular matrix molecules and are also likely to be
involved in remodelling. For example, smooth muscle cells are capable of producing similar

amounts of procollagen to fibroblasts (Dabbagh et al., 1998).

Many of these mediators described as being released by resident cells, are also released by
inflammatory cells (seeBarnes, 1996; Holgate, 1993 for reviews). It is now believed that
there is a major inflammatory component to the bronchial obstruction and airways hyper-
responsiveness in asthma. Djukanovic and colleagues reviewed the published data and
reported increases in inflammatory cells (eosinophils, macrophages, lymphocytes and mast
cells) in BAL and bronchial biopsy from asthmatic and non-asthmatic patients (Djukanovic
et al., 1990a). They also reported studies demonstrating additional increases in neutrophils
in BAL and bronchial biopsies after allergen challenge in atopic asthmatics. Using
bronchoscopy and BAL, a correlation was found between the increase in the numbers of
inflammatory cells, in particular mast cells and eosinophils, and the severity of asthma. In
addition, a variety of inflammatory mediators are found elevated in BAL from asthmatic
subjects (Table 1.3). The following sections will briefly discuss the involvement of the

inflammatory cells and their mediators in airway remodelling.
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1.5 Inflammatory cells, cytokines, growth factors and airway
remodelling

The first comprehensive report of the cellular components of the airways in asthma
compared to other airway diseases was by Dunnill (Dunnill, 1960). During the 1960’s and
1970’s, even though inflammation was indicated as a confounding factor in asthma, it was
still thought only to relate to patients who had died of their asthma. Whereas, patients with
milder forms of the disease, it was largely thought to be due to changes in amounts and
reactivity of the airway smooth muscle. With the introduction of the bronchoscope, the
sampling of the airways by BAL and small bronchial biopsies highlighted the infiltration and
activation of inflammatory cells and the structural changes at all stages of the disease
(Barnes, 1996). Many of the inflammatory cells, in particular T-lymphocytes,
monocytes/macrophages, eosinophils, neutrophils and mast cells are intimately involved in

the pathophysiology of asthma.

In last decade or so the eosinophil has been extensively studied in the context of asthma.
Evidence shows that the number of these cells are increased in this disease, which correlated
with disease severity, and they are capable of producing many of the mediators which have
been implicated in asthma (Table 1.3, Kumar and Busse, 1998). Similarly, there is
considerable support for a role for lymphocytes in asthma (see Corrigan, 1998 for review).
They have been associated with the local cell-mediated immune responses within the
airways. The numbers of activated lymphocytes within the bronchial mucosa are correlated

with eosinophil numbers and disease severity.

Table 1.3 shows a variety of cytokines, polypeptide growth factors and lipid mediators
released by inflammatory cells in asthma which are known to activate mesenchymal cells
(Chambers and Laurent, 1997; McAnulty and Laurent, 1995). In the context of airway
remodelling, the mesenchymal cells include the resident fibroblasts, myofibroblasts and

smooth muscle cells, which are the major cell types producing extracellular matrix molecules
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during development and maintenance of the airway wall, and tissue repair after injury. Itis
therefore important that any investigations into the mechanisms underlying the structural

changes within the airway involved the study of these cells.
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Table 1.3

Mediators reported to be increased in asthma which have been

shown to promote fibroblast migration, proliferation and matrix production.

Mediator Likely Directed Enhanced Matrix References
Source migration | proliferation | production
IL-1 M¢, TC, BC, T T T (Goldring and Krane,
MC, Fb, Ep, 1987, L]bby et al., 1985)
En, Neut,
IL-4 TC, T T T (Feghali et al., 1992;
Monroe et al., 1988;
Postlethwaite et al., 1992;
Sempowski et al., 1994)
IL-6 Mo, M¢, T T (Duncan and Berman,
1991; Grossman et al.,
MC, Fb, Ep, 1989)
En,
GM-CSF M¢, TC MC, T NT 1 (Rubbia-Brandt et al.,
Fb, Ep, Eos, 1991)
TNFa Mo, MC, T T 0 (Leibovich et al., 1987,
Eos Postlethwaite and Seyer,
1990; Duncan and
Berman, 1989; Solis-
Herruzo et al., 1988)
IGF-1 Mo, Fb, Ep, T T (Cambrey et al., 1995;
Goldstein and Polgar,
1982; McAnulty et al.,
1992)
TGFB Mo, M¢, Fb T T T (Fine and Goldstein,
1987; Ignotz and
MC, Ep, Eos Massague, 1986; Khalil
and Greenberg, 1991;
Lyons and Moses, 1990;
McAnulty et al., 1991,
‘ Penttinen et al., 1988;
Postlethwaite et al., 1987,
Tiedemann et al., 1997,
‘Westergren-Thorsson et
al., 1990; Westergren-
Thorsson et al., 1993a)
FGF-2 Fb, En, SMC T T (Butt et al., 1995a;Kondo
etal., 1993)
ECP Eos T T (Birkland et al., 1994;
Hemnas et al., 1992;
Pincus et al., 1987; Shock
etal., 1991)
Leukotrienes Mo, M¢, Bo, T T T (I;/Iensing and Clzametzki,
1984; Phan et al., 1988;
MC, Eos o y '
’ ’ Rieger et al., 1990)
Neut g
ET-1 Mo, Fb, Ep, T T T (Dawes et al., 1996;
En Kahaleh, 1991; Peacock
etal., 1992)
Tryptase MC T T T (Cairns and Walls, 1997;
Gruber et al., 1997,
Hartmann et al., 1992;
Ruoss et al., 1991)
Thrombin plasma T T T (Chambers et al., 1998;

Chen and Buchanan,
1975; Dawes et al., 1993;
Gray et al., 1990)

Table 1.3 cont.
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Fibrinogen & plasma NT T NT (Gray et al., 1990)
fibrinopeptides

Neuropeptides | Sensory T T NT (Harrison et al., 1995)
nerves
Histamine Bo, MC T T T (Hatamochi et al., 1991;

Jordana et al., 1988)

Mo, monocyte, M9, macrophage, TC, T cell, BC, B cell, Bo, basophil, MC, mast cell, Fb,
fibroblast, Ep, epithelial cell, En, endothelial cell, Eos, eosinophil, Neut, neutrophil, SMC, smooth
muscle cell, IL, Interleukin, GMCSF, Granulocyte-macrophage colony-stimulating factor, IGF-1,
Insulin-like growth factor 1, TGF, Transforming growth factor 8, TNFa, Tumour necrosis factor o,
ECP, Eosinophil cationic protein, ET-1, Endothelin-1, FGF-2, Fibroblast growth factor 2, T increased
function.  decreased function, NT- not tested

Asthma is now considered to be an inflammation driven disease with in involvement of
eosinophil, macrophages, lymphocytes, and to a lesser degree neutrophils. The mast cell has
also been shown to play a pivotal role, both in the transient bronchoconstriction and the
chronic inflammatory phase of the disease (Schulman, 1993). With the established role of
mast cells and their mediators in allergy and asthma, it is important to obtain a better
understanding of the interaction of its mediators with fibroblasts and myofibroblasts within

the diseased airway.

1.6 Mast cells

Mast cells are found in every connective tissue of nearly all the organs in the body (see
(Scott and Kaliner, 1993). In the late 1880’s Paul Ehrlich first described them as cells that
are stained metachromatically with basic dyes, which bind ionically to proteoglycans within
the granules (Ehrlich, 1877). They appear most frequently in the skin, gastrointestinal tract
and upper (nose) and lower (lung) respiratory tract (Schulman, 1993). In general they
localise around blood vessels, in particular the adventitia of arteries, lymph vessels and
nerves (Schulman, 1993). It is estimated that mast cells are less than 1% of the total number
of cells in the lung and <0.5 — 3% of the cells recovered from BAL. About 50% of the mast
cells are located in the alveolar septa and the remainder localised to the mucosa and sub-

mucosa of the bronchi and bronchial airways (Schulman, 1993).
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The origin of the mast cell is debatable. Using murine models, mast cells are derived from
pluripotent haematopoietic cells in the bone marrow. In humans, mast cells can be
differentiated from pluripotent CD34" progenitor cells (Galli ez al., 1993, Kirshenbaum et
al., 1991, Metcalfe et al., 1997). The development and differentiation of mast cells is
controlled by stem cell factor (c-kit ligand) and its receptor c-kit tyrosine kinase receptor, in
addition to IL-3 and IL.-4 which controls cell proliferation (Galli ez al., 1993, Galli, 1990,
Metcalfe et al., 1997). The cells enter the circulation as precursor with no distinguishing
features. They migrate to specific tissues, where, under the influence of T lymphocytes, they
differentiate into specific mast cell phenotypes i.e. the development of electron-dense
cytoplasmic granules containing histamine, glycosaminoglycans and the proteases tryptase

and chymase (Metcalfe et al., 1997).

In man, different mast cell phenotypes can be distinguished by the protease content in their
cytoplasmic granules. Cells that contain only tryptase in their granules have been designated
MG+, those containing both tryptase and chymase are called MCyc, whilst those containing
only chymase, MCc (Li e? al., 1996). Approximately 90% of the cells in the lung are of the
MC: phenotype, whereas in the skin and small intestine the majority of mast cells are of the
MCrc phenotype (Weidner and Austen, 1993). The MC¢ type only accounts for a few
percent in the lung and skin, but between 7-18% in the gastrointestinal tract mucosa

(Weidner and Austen, 1993).

1.6.1 Mast cells in lung disease

There is an increase in the number of mast cells in the airways of extrinsic (atopic) and
intrinsic (late onset, non-atopic) asthmatic patients (Flint ez al., 1985a, Wardlaw and Kay,
1985, Ying et al., 1997). Significant inverse correlations have been demonstrated between
the percentage of mast cells in BAL fluid and lung function (Flint et al., 1985b). Early

studies of asthma focused on release of mast cell mediators capable of causing
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bronchoconstriction which could be inhibited primarily by the use of antihistamines (H,;

blockers) or the beta adrenoceptor agonists, isoprenaline, salbutamol or terbutaline.

Correlations were also found between histamine content of the BAL fluid and spirometry

suggesting the mast cells in the airways were activated (Agius et al., 1985, Casale et al.,

1987). Data obtained using mast cells from both extrinsic and intrinsic patients suggest they

are more likely to degranulate than those obtained from non-atopic, control patients. Table

1.4 reviews a series of reports in which the numbers and the activation state of airway mast

cells were compared in asthmatic and non-asthmatic patients.

Table 1.4 A Comparison of the number and the state of
activation of mast cells in the airways of asthmatic and non-asthmatic
subjects.
References Numbers in Numbers in Activation Correlation to
BAL fluid mucosa/airway wall state lung function
(Cutz et al., 1978) NT NC \f NT
(Flint et al., 1985b) T NT T v
(Kirby et al., 1987) T NT NT v
(Casale et al., 1987) T NT T NT
(Wardlaw et al., 1988) T NT T v
(Beasley et al., 1989) NT NC T NT
(Djukanovic et al., 1990b) NT X T X
(Ferguson et al., 1992) T NT T
(Gibson et al., 1993) T ) NT v
(Pesci et al., 19932a) NT T T NT
(Koshino ez al., 1995) NT T NT v
(Laitinen et al., 1993) NT T NT NT

NT - Not Tested, NC - No Change, T increase in asthmatic compared to non-asthmatic, V¥ - significant correlation
between mast cell number or mast cell mediator in BAL fluid of asthmatic compared to non-asthmatic, X ~no
correlation. The correlation to lung function refers to either the numbers of mast cells or the increase in
measurement of histamine or tryptase in BAL fluid compared to spirometric measurements or bronchial

hyperresponsiveness

One notable study, demonstrated an increase in mast cell degranulation in the airways of

asthmatic children compared to non-asthmatic controls, suggesting that the change in mast
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cell activity is an early event in the development of disease (Cutz et al., 1978). However, an
increase in mast cell numbers and/or activation does not always correlate with reduced lung
function. In the study by Beasley and co-workers, they were not able to demonstrate a
significant correlation between mast cell numbers and functional changes within the study
group, although individual values tended towards a decrease in lung function (Beasley et al.,

1989).

1.6.2 The interaction of mast celis and fibroblasts

Lung tissue from patients with asthma, COPD and interstitial pulmonary fibrosis, IPF (also
known as cryptogenic fibrosing alveolitis, CFA) have increased numbers of mast cells which
are often found in close apposition to fibroblasts (Chanez et al., 1993; Fortoul and Barrios,
1990; Heard et al., 1992; Hunt et al., 1992; Kawanami et al., 1979; Miadonna et al., 1994;
Pesci et al., 1991, Pesci et al., 1993b; Rankin et al., 1987)). In asthmatic subjects, increased
numbers of mast cells noted in bronchoalveolar lavage have also been related to the ‘sub-
epithelial thickening’ in bronchial biopsies (Djukanovic et al., 1990b; Djukanovic et al.,

1992; Ferguson et al., 1992; Tomioka et al., 1984; Walls et al., 1990).

In IPF (CFA) patients there are increased numbers of activated mast cells in the alveolar
septum and sub-pleura ((Hunt e? al., 1992; Kawanami et al., 1979)) and around the airways
(Hunt et al., 1992). In patients with adult respiratory distress syndrome (ARDS) the number
of mast cells are not increased in the early stages of the disease, but are during the latter
stages (Liebler et al., 1998). Activated mast cells have also been shown to be present at the
sites of fibrotic lesions in a number of other respiratory diseases - bronchopulmonary
dysplasia (BPD) (Lyle et al., 1995), farmer’s lung disease, bronchiolitis obliterans organising
pneumonia (BOOP) (Pesci et al., 1993b) and bronchiectasis (Sepper et al., 1998). The
interaction between mast cells and fibroblast has been studied in a number of other diverse

conditions including Graft versus Host Disease (GVHD), liver fibrosis (Okazaki et al.,
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1998), scleroderma (Chanez et al., 1993) wound healing and keloids (see Hebda et al.,

1993).

Mast cells synthesise and release many mediators, both protease and non-protease in nature,
some are preformed and stored and others generated upon activation by de-novo synthesis

(Table 1.5).
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Table 1.5

Summary of the mediators constitutively expressed, or

newly synthesised in the different phenotypes of human mast cells

after activation.

Mediators MCy MCrc
Proteases Tryptase Tryptase
Chymase
Cathepsin G-like
Carboxypeptidase A

Preformed (stored)
Proteases
Autocoid
Proteoglycans
Cytokines
Chemokines
Growth factors

Elastase, B-hexosaminidase, 3-glucuronidase, arylsulphatase
Histamine
Heparin, Chondroitin sulphate E,
L-18, IL-3, IL.-4, IL-10, TNFa
IL-8
SCF, M-CSF, VEGF

Synthesised (de-novo)
Proteases
Cytokines
Chemokines
Growth factors
Lipids

MMP-9
-6, IL-12, IL-13, IL-16
MCP-1, MIP-1a,, MIP-1(3, RANTES, 1-309
TGF-B, NGF, GM-CSF, PDGF, FGF-2, VIP
LTB4, LTC,, PGD,, PAF

IL - interleukin, TNF — tumour necrosis factor, SCF — stem cell factor (c-kit ligand), M-CSF — macrophage-
colony stimulating factor, VEGF — vascular endothelial growth factor, MMP — metalloproteinase, MCP-1 —
monocyte chemotactic factor, MIP — macrophage inflammatory protein, RANTES - regulated on activation,
normal T cell expressed and secreted, TGF — transforming growth factor, NGF — nerve growth factor, GM-CSF -
granulocyte-macrophage colony stimulating factor, PDGF - platelet derived growth factor, FGF — fibroblast
growth factor, VIP - vasointestinal peptide, LT — leukotriene, PAF - platelet activating factor

In addition to the epithelial cell barrier, the location of the mast cell in the mucosal layer of

the airway led to the hypothesis that this cell forms part of the first line of defence against

inhaled antigens. After an initial exposure to foreign material, antigen presenting cells

(APC) primarily dendritic cells and macrophages, process the antigen to express specific

epitopes on their surface in association with major histocompatibity complex class II

(MHCII). The interaction of the APC, T helper lymphocytes and B cells leads to the

production of specific IgE by the B cell. The IgE binds to selective high affinity receptors

(FceRI) on mast cells, thus sensitising the cells. Upon a subsequent exposure to the specific

antigens, the IgE molecules on the surface of the mast cell are cross-linked causing

degranulation and the release of the stored mediators.
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1.6.3 Mediators released by activated mast cells

When mast cells are activated they degranulate, releasing preformed stored mediators from
granules, as well as the de novo synthesis and release of a number of other mediators (see
Table 1.5). The following section briefly reviews both the stored and synthesised mediators

released by cells, and highlights their potential functions in asthma and airway remodelling.

1.6.3.1 Histamine

Histamine is the best known and most studied granule associated mediator. There is
approximately 3-8 pg of histamine per cell comprising 5-10% of the mast cell granule (Scott
and Kaliner, 1993). Histamine has many proinflammatory effects on a variety of cells that
are mediated by three subtypes of histamine receptors, H,, H, and H; (Cavanah and Casale,
1993). The H, receptor subtype induces increases in plasma protein leak and oedema from
post capillary venules in the large airways, neurogenic reflexes, smooth muscle contraction
and nasal mucus production; all reported pathological features in the asthmatic airway
(Cavanah and Casale, 1993). The main role for activation of H, receptor subtype is in the
control of gastric acid secretions from parietal cells and is not thought to produce major
responses in the lung, although H, mediated effects are reported to inhibit T lymphocytes
and B cell activity, leukocyte function and induce vasodilatation (Del Valle and Gantz, 1997,
Weltman, 2000). Also, in pulmonary fibrosis histamine, acting via H, receptor, induces
pulmonary fibroblast proliferation (Jordana et al., 1988). Hj receptors inhibit cholinergic
neurotransmission and the non-adrenergic, non-cholinergic bronchoconstriction induced by

neurokinin A and other neuropeptides (see Cavanah and Casale, 1993 for review).
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1.6.3.2 Proteoglycans

Upon mast cell activation, in conjunction with histamine, the proteoglycans, heparin and
chondroitin sulphate E are released. Proteoglycans are composed of a central protein core of
repeating serine and glycine residues with extended, un-branched carbohydrate side chains —
glycosaminoglycans. The glycosaminoglycan polymers in heparin are repeating o-1,4-
linked disaccharides of a uronic acid, either glucuronic or iduronic, in a 3-1-4 linkage to
glucosamine. This polymer links to the protein backbone by a ser-xyl-gal-gal-glucoronate
linkage (see Fosang and Hardingham, 1996 for review). Heparin forms approximately 65%
of the proteoglycans in the granules. It is a highly negatively charged molecule and is
crucial in the binding of the positively charged molecules (histamine and the neutral
proteases) in the storage granule. Following mast cell activation, histamine and the acid
hydrolases are released from heparin, whereas the neutral proteases, tryptase and chymase,
maintain their association. This continued binding to heparin preserves the catalytic activity

of these enzymes (see Section 1.8.2 for a review of this process).

Heparin is thought to have a number of activities independent of the binding to neutral
proteases, the best known being its anticoagulant activity. This is by the binding to anti-
thrombin IIT and the inhibition of thrombin, factor XII, XIa, Xa and IXa. In addition,
heparin can prevent fibroblast and smooth muscle proliferation(Westergren-Thorsson et al.,
1991; Westergren-Thorsson et al., 1993b), and has potential anti-inflammatory and

immunomodulatory activity (see Kilfeather and Page, 1997 for review).

Chondroitin sulphate E is composed of a similar protein backbone to heparin, but has
repeating glycosaminoglycan units of 3-1-4-linked mono-sulphated disaccharides of
glucuronic or iduronic acid in 3-1-3 linkage to galactosamine. It forms 35% of the mast cell
granule proteoglycan content. The biological activity of chondroitin sulphate E is less well

studied than heparin, although it does possess anticoagulant activity, but is much weaker

67



than heparin. It also has the potential to bind to the neutral serine protease, tryptase, having
a similar effect to heparin in maintaining its catalytic activity (Lindstedt et al., 1998; Pereira

et al., 1998).

1.6.3.3  Cytokines, chemokines and growth factors

Human mast cells express a range of cytokines, chemokines and growth factors that act at
specific cell surface receptors to control cell proliferation, differentiation, haemopoiesis,
immune and inflammatory responses (Metcalfe et al., 1997, Redington et al., 1995, Gordon
et al., 1990). Some of these functions are shown in Table 1.6. Many of these have direct
and indirect effects (highlighted in Table 1.6) on fibroblast function and may play a role in

airway remodelling.
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Table 1.6

Summary of the cellular functions of the cytokines,

chemokines and growth factors released by activated mast cells.
Mediators in bold and underlined are known to have effects on fibroblast

function.
Mediator | Function Mediator | Function
IL-1B Acute phase protein, pyrogenic, MCP-1 Chemokine for monocytes
enhances fibroblast proliferation and
chemotaxis
-3 Colony stimulating factor for mast cells, | MIP1a Chemoattractant for monocytes, T
granulocytes, macrophages cells and eosinophils
I1L.-4 Activation of B cells, activates MIP-1p3 Chemoattractant for monocytes and T
fibroblasts cells, binds $1 integrin
-5 Eosinophil differentiation and survival RANTES Chemoattractant for basophils and
factor eosinophils
IL-6 Acute phase protein 1-309 Chemoattractant
IL-8 Chemoattractant for neutrophils, B and TGFB Controls mesenchymal cell
T cells proliferation (mitogenic and
antiproliferative), differentiation and
stimulates ECM production
IL-10 Suppresses Th; responses PDGF Mitogenic and chemotactic for
mesenchymal cells
IL-12 Growth factor for T cells FGF-2 Mitogenic for mesenchymal cells,
angiogenic and a competence factor
IL-13 Induces cytokine production NGF Stimulates B cells, nerve growth
factor
IL-16 T cell chemoattractant VEGF Mitogenic for endothelial cells
indices vascular permeability
TNFo, Cytotoxic, pyrogenic, cell proliferation VIP Vasodilator and bronchodilator
and differentiation, eosinophil
activation, activates fibroblasts
GM-CSF | Controls production, differentiation and | PAF Stimulates neutrophils, monocytes,
function of granulocytes, monocytes, macrophages, induced vascular
macrophages and chemotactic for permeability and vasodilator
fibroblasts
M-CSF Stimulation of macrophage colonies LTB, Chemokinetic and chemotactic for
neutrophils goblet cell mucus gland
hypersecretion
SCF Stimulation of mast cell proliferation LTC, Increases vascular and bronchial tone,
induced vascular permeability goblet
cell mucus gland hypersecretion
PGD, Chemokinetic and chemotactic for

neutrophils, goblet cell mucus gland
hypersecretion

69




1.6.4 Mast cell Proteases

Chymase and tryptase are the major proteases within the mast cell granules, however, there
are other neutral proteases that include the acid hydrolases - f-hexosaminidase, [3-
glucuronidase, and arylsulphatases, the metalloexopeptidase - carboxypeptidase A, and
cathepsin G-like enzymes (Schwartz et al., 1981a, Schwartz and Austen, 1981, Reynolds et
al., 1992, Goldstein et al., 1987). Although the function of these enzymes, in the context of
airway remodelling is uncertain, it has been suggested that they may contribute to epithelial
cell denudation and degradation of connective tissue proteins in the airway. Elastase (EC
3.4.21.37), although synonymous with neutrophils and macrophages, has been identified in
the granules of mast cells (Meier et al., 1989). In addition to its ability to cleave elastin, it
also cleaves collagen types [, II, III, IV, VII, IX and XI, fibronectin, laminin and
proteoglycans. It is also able to activate pro-MMP-1 (procollagenase), pro-MMP-3
(prostromelysin) and pro-MMP-2 and pro-MMP-9 (72kD and 92kD progelatinases) (Bieth,
1998). The levels of this enzyme in mast cells are relatively low (70-170 ng/10° cells)
compared to those found in neutrophils (3000 ng/ 108 cells) (Schulman, 1993). Also, after
mast cell activation, the enzyme binds more avidly within the granule, thus only a fraction of
the total elastase enzyme in the cell is released. Therefore, it is doubtful that elastase

released from mast cells will have a significant functional role in lung homeostasis.

Chymase (EC 3.4.21.39) is found in mouse, rat, dog and human mast cells. Itis a
chymotrypsin-like enzyme with a molecular weight of 26-32 kDa including a number of
glycosylation sites. It cleaves proteins and polypeptides with aromatic residues in the P1 site
(potency: phenylalanine>tyrosine>tryptophan). It is present in MCrc and MC¢ type mast
cells (Weidner and Austen, 1993, Li et al., 1996). Human mast cell chymase is activated
within the cell by the cleavage of an N-terminal dipeptide by the action of dipeptidyl-
peptidase I (EC 3.4.14.1). Itis stored within granules, at acidic pH bound to heparin, which

reduces it activity, and becomes fully active upon release into a neutral to alkaline
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extracellular environment. It is able to cleave extracellular matrix proteins (Briggaman et
al., 1984), activate TGF-f3 and matrix metalloproteinases (Saarinen et al., 1994), potentiate
plasma protein leak (He and Walls, 1998), stimulate submucosal gland cell secretion
(Sommerhoff ez al., 1992), generate extravascular angiotensin II (Urata et al., 1990), and
control complement-mediated inflammation - all processes involved with the inflammatory

response and extracellular matrix remodelling in the asthmatic airway.

Tryptase, a trypsin-like serine protease is also found in the granules of human mast cells.
Not only is this enzyme used in the sub-typing of mast cells, it is also used as a diagnostic
test to demonstrate mast cell activation (Schwartz et al., 1987a). In BAL and sputum from
atopic asthmatics there was no significant difference in the basal levels between the atopic
and normal groups (Wenzel et al., 1988). However, when this group of patients were
challenge with the appropriate allergen there was a significant increase in the levels of
tryptase in the BAL from the aptopic group (Wenzel et al., 1988). Similar data has been
obtained in other studies of atopic patients (Bousquet ez al., 1991; Broide et al., 1991; Louis
et al., 1997). The levels of tryptase range from 0-~2 ng/ml in the normal non-atopic subject
to >6 ng/ml in asthmatic patients. Heaney and colleagues compared the concentration of
tryptase in BAL in atopic asthmatics, atopic non-asthmatics and non-atopic, non-asthmatics
(Heaney et al., 1998). They were able to demonstrate raised basal levels of tryptase in the
atopic asthmatic group compared to the control groups. However they were not able to
demonstrate significant increases in tryptase in BAL following allergen challenge. Ennis
and colleagues demonstrated similar data in that they were unable to show a significant
difference between groups of children with or without asthma following antigen challenge
(Ennis et al., 1999). Contrary to this data, Svensson and colleagues in patients with seasonal
allergic rhinitis, could induce increases in tryptase in nasal secretions and BAL following

both nasal and bronchial allergen challenge, respectively (Svensson et al., 1995).
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In a study of sputum from asthmatic patients, tryptase was detectable in 9/51 patients, which
included 5 atopic and 4 intrinsic asthmatic cases, but was undetectable in normal healthy
volunteers (Bettiol et al., 1999). In the 9 patients with raised tryptase levels, these authors
were able to demonstrate a weak correlation between the level of tryptase in the sputum and
the number of eosinophils, suggesting tryptase may have a role in eosinophil chemotaxis in
some asthmatic patients. Tryptase has been measured in serum from atopic asthmatic
patients with mild to moderate disease at concentratins similar to that seen in BAL and
sputum (Swystun et al., 2000). However, no data was presented for the levels of tryptase in
the serum of normal, non-asthmatic controls. This study demonstrated similar data to that of
Bettiol and coworkers, with an association between increasesd levels of tryptase in serum
with increasesd eosinophilia following 10-day treatment with the ,-adenoceptor agonist,

salbutamol (Swystun et al., 2000)

Tryptase has been used as a marker of allergic rhinitis. The levels in nasal lavage from
atopic individuals were higher than non-atopic individuals and in symptomatic compared
with asymptomatic seasonal allergic rhinitics (Jacobi et al., 1998; Klimek et al., 1999;

Wilson et al., 1998).

All these studies have measured levels of tryptase in BAL, sputum or nasal lavage, whereas
the activation of the mast cell would occur within the airway or nasal wall. Thus, the local
concentration of tryptase in these tissues would be much greater than found in the lumenal
secretions from these airways. It has been postulated that after mast cell activation tryptase,
unlike histamine, takes several hours to diffuse through tissue due to complex molecular

structure and it’s interaction with proteoglycans (Schwartz, 1990, also see Section 1.8.2)

Similar increases in the levels of tryptase are seen in BAL of other lung and airway diseases
such as farmer’s lung disease (Miadonna et al., 1994; Pesci et al., 1991; Pesci et al., 1993b),

pulmonary fibrosis (Fortoul and Barrios, 1990; Heard et al., 1992; Hunt et al., 1992;
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Kawanami et al., 1979; Rankin et al., 1987), bronchiolitis obliterans organising pneumonia
(Pesci et al., 1996), fibrosing alveolitis associated with scleroderma (Chanez et al., 1993)
allergic alveolitis (Walls et al., 1991), sarcoidosis (Eklund et al., 1993) and bronchiectasis
(Sepper et al., 1998). Therefore, the activation of mast cells and the release of tryptase in the
lung and airways suggests that this enzyme may have a role in the airway remodelling,
especially since it has been shown to be chemotactic and mitogenic for fibroblasts (Cairns
and Walls, 1997; Gruber ef al., 1997, Hartmann et al., 1992; Ruoss et al., 1991), stimulates
type I collagen production in human lung fibroblasts (Cairns and Walls, 1997) and increases
procollagen mRNA levels in dermal fibroblasts (Gruber et al., 1997). The following section
will review the structure, function and inhibition of tryptase in the context of airway

remodelling.

1.7 Tryptase

All types of mast cells contain tryptase (EC3.4.21.59), a trypsin-like serine protease with a
sequence homology of 40% to vertebrate trypsin (EC3.4.21.4). It forms 23% of the total
cellular protein of these cells (Schwartz et al., 1981b). Skin mast cells contain
approximately 35 pg per cell, whereas lung mast cells only contain 10 pg per cell. In its
active form it is a tetrameric protein with a molecule weight of approximately 130-140kD. It
has a limited range of substrates compared to trypsin, although the preferred cleavage sites of
C-terminal side of arginine and lysine residues are similar. In addition, unlike trypsin, the

endogenous protease inhibitors o;-macroglobulin and ¢;-antitrypsin do not inhibit tryptase.

1.7.1 Genetic and molecular structure of tryptase

In the human mast cell from lung and skin there are two types of tryptase — o & 3, which can
be subdivided into at least 4 related tryptases — o, BI, BII, BIII (Miller et al., 1989; Miller et

al., 1990; Vanderslice et al., 1990). All the forms of B-tryptase are 98-99% homologous,
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whereas the o form is 91% homologous to the § form and has been suggested to be a product
of a different gene (Miller et al., 1989; Miller et al., 1990). However, the genes for both o
and {3 forms of tryptase reside on chromosome 16p13.3 (Miller et al., 1990; Pallaoro et al.,
1999). The complete sequences of human o and BI-tryptase cDNA have been determined
(Miller et al., 1989, Miller et al., 1990) and shown to have 1143 and 1142 bases,
respectively, which code for leader sequences of 30 amino acids and catalytic sequences of
244 amino acids with two glycosylation sites (o) and 245 amino acids with one

glycosylation site ((3).

1.7.2 Protein structure

Tryptase monomers are produced in precursor forms. It is hypothesised that the monomeric
B-tryptase is auto-processed to an intermediate, at acidic pH in the presence of heparin, by
cleavage between Arg "> and Val ? in the leader sequence. The N-terminal activation
dipeptide is then cleaved by dipeptidyl peptidase I, at acid pH in the absence of heparin, to

produce an inactive monomer.

The crystalline structure of human mast cell B-tryptase has been identified as a tetramer,
composed of 4 monomers arranged in a flat square ring (Figure 1.8, (Pereira et al., 1998,
Sommerhoff et al., 1999)). Each monomer has a molecular weight of 29-31kDa, with the
tetramer being 134 kDa. The discrepancy in the molecular weights is due to variable
glycosylation (Harvima et al., 1999; Little and Johnson, 1995). The tetramer is bound to
heparin, which stabilises the structure due to its negative charge binding to positively
charged regions of the monomers (Figure 1.8). This enzyme is stored within the granule in
its active form (Sakai et al., 1996). Each monomer has a catalytic site consisting of Ser'”,
His®" and Asp'” that face a central pore (Figure 1.8). Substrate specificity is conferred by

the size of this central pore, in conjunction with each monomers’ catalytic site having a
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cell tryptase (Pemberton et al., 1997), rat skin tryptase (Braganza and Simmons, 1991), rat
peritoneal mast cell tryptase (Ide et al., 1995), mouse mast cell protease-6 (Reynolds et al.,
1991), mouse mast cell protease-7 (McNeil et al., 1992), gerbil intestinal mast cell tryptase
(Murakumo et al., 1995). More recently another human tryptase has been identified and
cloned which has a transmembrane spanning domain similar to the mouse transmembrane
tryptase (Wong et al., 1999). It is ~50% homologous to the known human tryptases (o, I,
BII, and BIII) with a unique feature of a 48-residue membrane spanning domain suggesting
that this tryptase is membrane bound, which could have important implications for cell

activation.

1.7.3 Functional activity of tryptase

Tryptase has a selective range of substrates many of which appear to be small peptides in
nature. The neuropeptides, vasoactive intestinal peptide (VIP), peptide histidine methionine
(PHM) and calcitonin gene related peptide (CGRP) are inactivated by tryptase (Vanderslice
et al., 1990) suggesting a possible role in the modulation of the bronchodilating mediators
released from airway nerves. In addition, tryptase has been shown to cleave high molecular
weight kininogen releasing bradykinin and lysyl-bradykinin, which are potent vasodilator

and bronchoconstrictor agents (Kozik et al., 1998a).

One of the early substrates identified for tryptase was fibrinogen. Fibrinogen is composed of

three polypeptide chains termed A, B and y (Herrick et al., 1999). Tryptase cleaves

572) and B- chains (Lysm) which has been reported to

specific sites within both the o~ (Arg
lead to a reduction in thrombin-induced blood clotting (Thomas et al., 1998). Tryptase can
cleave the extracellular matrix proteins fibronectin (LLohi et al., 1992) and collagen type IV
(Kielty et al., 1993) and activate pro-matrix metalloproteinse-3 (proMMP-3, prostromelysin)

which then activates proMMP-1 (procollagenase, Gruber ef al., 1989). In a recent report

tryptase was also suggested to activate proMMP-8 (neutrophil procollagenase) in
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bronchiectasis patients (Sepper et al., 1997). In addition is can cleave the 72kD gelatinase
(MMP-2) to a 62kD form, with both forms retaining their gelatinolytic activity (Lohi et al.,
1992). These data suggest direct and indirect roles for tryptase in tissue remodelling in
chronic inflammatory conditions such as asthma, bronchiectasis, atopic dermatitis and
psoriasis. Tryptase has also been implicated in wound healing by its activation of single

chain urinary type plasminogen activator (uPA or urokinase, Stack and Johnson, 1994).

1.7.4 Cellular effects

Tryptase is a potent mitogen for lung and dermal fibroblasts (Abe et al., 1998; Cairns and
Walls, 1997; Hartmann et al., 1992; Pohlig et al., 1996; Ruoss et al., 1991) epithelial cells
(Cairns and Walls, 1996) and smooth muscle cells (Brown et al., 1995). It is chemotactic for
eosinophils, neutrophils, lymphocytes and fibroblasts (Gruber et al., 1997; He et al., 1997,
Peng et al., 1997; Walls et al., 1995), although the neutrophil infiltration may be due to
tryptase-induced increase in IL-8 (Cairns and Walls, 1996; Compton et al., 1998; Compton
et al., 1999). In addition to the increased chemotactic activity, tryptase may enhance cell

migration by the up-regulation of ICAM-1 expression (Cairns and Walls, 1996).

Tryptase has been shown to enhance histamine-induced constriction of non-sensitised and
sensitised human isolated bronchi (Berger et al., 1999; Johnson et al., 1997). It was also
suggested that tryptase can increase the numbers of mast cells within the airway wall, in
particular within the smooth muscle layer (Berger et al., 1999). In animal models, inhalation
of human mast cell tryptase in allergic sheep can induce bronchoconstriction and airway
hyperresponsiveness by the release of mast cell histamine (Molinari et al., 1996). In the
same allergic sheep model, the early and late phase bronchoconstriction responses induced
after treatment with the antigen, ascaris suum, were inhibited by the selective tryptase

inhibitors APC366, bis(5-amidino-2-benzimidazolyl)methane (BABIM, Clark et al., 1995)
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and lactoferrin (Elrod et al., 1997), and also partially inhibited by secretory leukocyte

protease inhibitor (SLPI), a potent, non-selective inhibitor of tryptase (Wright et al., 1999).

Tryptase may also have a significant role in inflammation. When administered into the skin
of guinea pigs, tryptase induced an accumulation of neutrophils and eosinophils (He and
Walls, 1997). In addition, when injected into the peritoneum of mice, tryptase induced a
profound neutrophilia (He et al., 1997). Both responses were inhibited by the non-selective
tryptase inhibitor, leupeptin, and by heat inactivation of the enzyme, suggesting that an intact
catalytic site is required. In a mode] of delayed-hypersensitivity in the mouse skin, a novel
tryptase-inhibitor reduced antigen-induced oedema and numbers of neutrophils (Combrink ez
al., 1998). Finally, in the allergic sheep model, the selective inhibitor, APC366, inhibited the

late phase airway inflammation (Molinari et al., 1996).

In combination with the changes in lung function and pro-inflammatory effects, tryptase has
been implicated in structural remodelling. In addition to the activation of MMPs which
promote the degradation of extracellular matrix proteins (see above), tryptase can stimulate
the expression of collagen type ol (I) mRNA (Gruber et al., 1997), and protein in dermal

and lung fibroblasts (Abe et al., 1998; Cairns and Walls, 1997).

The potential diverse effects of tryptase in the lung makes the inhibition of this enzyme a
therapeutic target for a range of pulmonary diseases including asthma and various forms of
pulmonary fibrosis. A number of approaches used to develop potential selective and potent

therapeutic agents are discussed in the following section.
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1.7.5 Inhibitors of tryptase

The common protease inhibitors within serum fail to inhibit the catalytic effects of tryptase
(Alter et al., 1990; Smith et al., 1984). Hence, endogenous tryptase activity is either
uncontrolled or is controlled by an, as yet unidentified, inhibitor or mechanism. In in-vitro
experiments, tryptase is inactivated over time by dissociation into its monomeric form
(Kozik et al., 1998b; Selwood et al., 1998) or by the loss of heparin from the tetramer, which
destabilises the complex (Schechter et al., 1995; Schwartz and Bradford, 1986). Two
molecules have been identified from neutrophil granules that have been shown to inhibit
tryptase activity by displacing heparin. Lactoferrin, a 78 kDa cationic protein found in the
primary secretory granules of neutrophils, is a member of the transferrin class of proteins. It
contains a heparin-binding site, which is thought to compete for heparin binding to tryptase,
therefore disrupting and inactivating the enzyme (Elrod et al., 1997). Similarly, protamine,
another cationic protein containing a high proportion of Arg, Ser and Ala amino acid
residues, inhibits tryptase by competing for the heparin binding site (Rice et al., 1998).
Myeloperoxidase (MPO), is a 118 kDa cationic protein also found in the primary granules of
neutrophils. In addition to its known antimicrobial activity, MPO can degrade heparan
sulphate glycosidic links. Cregar and co-workers were able to show that MPO was a potent
inhibitor of tryptase in-vitro (Cregar et al., 1999). It was therefore postulated that neutrophil
granular proteins might endogenously regulate tryptase enzyme activity. The enzyme
heparinase also inhibits tryptase in-vitro (Rice et al., 1998). The recently identified naturally
occurring protease inhibitor SLPI (Thompson and Ohlsson, 1986) has also been
demonstrated to inhibit tryptase enzyme activity in-vitro (Wright et al., 1999). However,
recent computational chemical and structural data would suggest that the SLPI molecule is
unable to enter the binding pocket of tryptase and therefore is unlikely to be a direct inhibitor

of tryptase (Sommerhoff et al., 1999).

Due to the potential pathological role that tryptase may have, the identification of a small,

non-peptide molecular inhibitor of tryptase is a priority for many research groups. Rice and
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colleagues recently reviewed several different chemical series of non-peptide inhibitors of

tryptase (Rice et al., 1998). Table 1.7 shows a selection of tryptase inhibitors with some

selectivity data against two other proteases, trypsin and thrombin.

Table 1.7 Selected range of mast cell tryptase inhibitors.
Inhibitor Selective (s) / Inhibitor activity, Ki (nM)
non-selective
(ms)
Tryptase Trypsin | Thrombin References
Antipain ns 96% NT NT (Katunuma and Kido,
@10,000nM 1990)
Leupeptin ns 87% NT NT (Katunuma and Kido,
@10,000nM 1990)
BABIM * s (Rice et al., 1998)
- Zn2+ 2500 18800 3700
+ ZIn2+ 5 90 23
Benzamidine s 22000 33000 NT (Burgess et al., 1999)
Pentamindine ns 1200 2300 NT (Caughey et al., 1993)
APC366 s 330 162 415 (Clark et al., 1995)
Lactoferrin s 24 >1000000 |>1000000 | (Elroderal., 1997)
Myeloperoxidase s 16 >1000 >1000 (Cregar et al., 1999)
(ICso) (ICs0) (ICs0)
SLPI s 580 23600 NSE (Wright et al., 1999)
Leech derived ns 1.4 0.9 NT (Sommerhoff et al.,
tryptase inhibitor 1954)
(LDTI)

NSE - no significant effect, NT — not tested BABIM - bis(5-amidino-2-benzimidazolyl)methane,
SLPI- secretory leukocyte protease inhibitor
# Note: An important feature of one class of tryptase inhibitors, ‘BABIM-like’, is that the addition
of zinc ions (Zn*) enhances its potency and selectivity by 500-fold and 20-fold respectively (Katz

etal., 1998).

One compound from the list in Table 1.7, APC366 (Axys Pharmaceuticals Inc), has been

tested in an allergen challenge model in sheep (Clark et al., 1995). The compound caused a

non-significant reduction in the early phase response and a significant reduction in the late

phase response. It also completely inhibited the antigen-induced airway

hyperresponsiveness to carbachol 24h following antigen challenge. This compound has
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progressed through to phase Ila clinical trials, where data has been reported, although,
second and third generation compounds are now currently in development. In 20 mild to
moderate asthmatic subjects, 2.5 or 5.0 mg of APC366, given three times a day for a total of
13 doses, improved both the late response and hyperresponsiveness to antigen challenge
compared to baseline (Zhang and Timmerman, 1997). In a second randomised, double blind
cross-over study with 16 mild to moderate asthmatic, APC366 or placebo was given 3 times
a day for 4 days. Lung function was studied on day 4 after an antigen challenge. In subjects
treated with APC366, there was an 18% decrease in the early phase response following
antigen challenge, a significant improvement (33%) in the area under the curve (AUC)
during the late phase response and a 21% improvement in FEV, during the late response
(Krishna et al., 1998; Rice et al., 1998). These ‘proof of concept’ studies were encouraging,
however studies with more potent compounds and larger study groups are required. This
data would suggest that inhibitors of tryptase can modulate the effects of antigen challenge

in asthmatics but there is currently no information on their effects on airway remodelling.

In addition to the inhibitory effects of lactoferrin, SLPI and APC366, the non-selective serine
protease inhibitors, antipain, BABIM and benzamidine have been used to inhibit the cellular
effects (mitogenesis and extracellular matrix production) of tryptase (Cairns and Walls,
1996; Cairns and Walls, 1997; Caughey et al., 1993; Compton et al., 1998; Gruber et al.,
1997; Ruoss et al., 1991; Sturzebecher ez al., 1992, Walls et al., 1992). However, the data
presented in some of these studies failed to demonstrate complete inhibition of the tryptase-
induced responses. The majority of the responses to tryptase could be via direct activation of
the cell following the binding of the enzyme to a cell surface receptor inducing catalytic-
dependent or independent responses. Alternatively, it could be indirectly mediated via the
release of growth factors following cellular activation or the cleavage and activation of
growth factors from the extracellular matrix. In an attempt to explain the mitogenic effects
of other proteases, a role was suggested for protease receptors on the cell surface membrane.

These receptors were termed ‘protease-activated receptors’ or PAR’s. The following section
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reviews the role of PAR’s in cellular activation, highlighting the role of protease-activated

receptor-2 (PAR-2).

1.8 Protease-activated receptors (PAR)

One of the earliest reports of protease-induced cell replication was by Simms and Stillman
(Simms and Stillman, 1936) who were able to demonstrate that trypsin induced chick
fibroblast proliferation. For an in-depth discussion of protease-induced cell proliferation and

differentiation, readers are referred to an excellent review by Scher (Scher, 1987).

1.8.1 PAR-1, PAR-3 and PAR-4

The first reported protease-induced mitogenesis of human fibroblasts was by Pohjanpelto in
1977 (Pohjanpelto, 1977), who reported the induction of primary human fibroblast
mitogenesis in serum-free medium with thrombin, trypsin or plasmin. This work strongly
suggested the catalytic sites of these enzymes were needed to induce their effects but no
cellular mechanisms were proposed. In 1991 Vu and colleagues cloned and sequenced a
receptor for thrombin, ‘the thrombin receptor’, in human platelets and vascular endothelial
cells (Vuetal., 1991b; Vu et al., 1991a). This receptor was proposed as a member of a new
family of 7-transmembrane G-protein coupled receptors with an extended N-terminal
domain (Figure 1.9) containing a thrombin cleavage site, LDPR *'/S “*FLLRN (where /
denotes the cleavage site). The cleavage releases 41 amino acids revealing a new N-
terminus, the so called ‘fethered ligand’, which is hypothesised to act back upon the receptor
in the region of the second extracellular loop to induce cell activation (see Figure 1.9).
Mutations around this site render the receptor unresponsive to thrombin, however they could
still be activated by a synthetic peptide, homologous to the new N-terminal sequence (Vu et

al., 1991b). This receptor was later termed protease-activated receptor-1 (PAR-1).
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(TFRGAP) fails to activate its receptor, to date the reason for this in unclear (Ishihara et al.,

1997).

In the search for other members of the PAR family of receptors, Xu and colleagues identified
a partial cDNA sequence from an expressed sequence tag (EST) database that had 34%
homology with a transmembrane region of PAR-2. A full-length cDNA clone was

identified, cloned, sequenced and designated as PAR-4 (Xu et al., 1998).

Thrombin-induced activation of human platelets is predominately mediated by PAR-1 with
perhaps a small component of PAR-3 activation (Schmidt ez al., 1998). Whereas, in the
mouse, thrombin’s effects are mediated via PAR-3, with little to no contribution from PAR-1
(Kahn et al., 1998a). In PAR-3 knockout mice, thrombin is able to induce weak platelet
aggregation suggesting yet another thrombin receptor present within these cells. Following a
similar approach to Xu and colleagues, Kahn and co-workers identified a conserved region
of PAR cDNA, from which a full-length cDNA was obtained. This was cloned, sequenced
and found to be identical to PAR-4 reported by Xu and colleagues. PAR-4 has 30%
homology to PAR-3 and is activated by thrombin to reveal a new N-terminal domain, the
hallmark of protease activated receptors. The tethered ligand, GYPGQYV, is able to activate
the PAR-4 receptor (Table 1.8, Kahn et al., 1998a). It is highly expressed in lung, liver,
pancreas, small intestine, thyroid and testis (Xu et al., 1998). The PAR-4 genes are located

on human chromosomes 19p12 and the mouse syntenic region 8B3.3 (Kahn et al., 1998b).
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Table 1.8 Sequence of the new N-terminal sequence of human
and rodent (mouse and rat) PAR’s after cleavage by specific enzymes
(red arrow shown in Figure 1.9). Synthetic peptides mimicking the PAR’s
tethered ligand sequences can activate PAR’s by binding to the receptor in the
region of extracellular loop II, without the need for enzyme cleavage. The
exception to this is PAR-3 peptide sequence shown in Italics.

Species | PAR-1 PAR-2 PAR-3 PAR-4

Human | SFLLRN | SLIGKV | TFRGAP | GYPGQV

Rodent | SFFLRN | SLIGRL | SFNGCP | GYPGKF

1.8.2 PAR-2

The fourth member of the protease activated receptor family is PAR-2. This receptor is
distinct from PAR-1, -3, - 4, in that it is not activated by thrombin. PAR-2 was the second
protease activated receptor which was in fact, identified by chance while screening a mouse
genomic library with primers to the second and sixth transmembrane domains of the
Neurokinin-2 (NK-2) receptor (Nystedt et al., 1994; Nystedt et al., 1995b; Nystedt et al.,
1995a). It was identified as a 7-transmembrane G-protein coupled receptor, which displays a
30% homology to human PAR-1 and 28% to mouse PAR-1. A probe from the 3’ exon of the
mouse PAR-2 used to screen a human genomic library identified a human PAR-2 homologue
(Bohm et al., 1996a; Nystedt et al., 1995b) which had a protein sequence of 397 amino acids
and a 83% homology with the mouse PAR-2. The mouse and the human PAR-2 genes are
similar in structure. They are divided into two exons, separated by an intron of variable
length, the first coding for a signal peptide and the second coding for the mature protein
(Kahn et al., 1996; Kahn et al., 1998b). The gene is located on chromosome 5q13 in the
human and 13D?2 in the mouse (a syntenic region of the mouse genome, Guyonnet, V et al.,
1998; Kahn et al., 1996; Kahn et al., 1998b; Nystedt et al., 1995b; Schmidt et al., 1997)

within a cluster of protease activated receptor (PAR-1, -2, -3) genes.
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The N-terminal domain of both the rodent and human PAR-2 contains a cleavage site for
trypsin (... SKGR*/S*’LIG..., Figure 1.9), which upon cleavage leads to cellular activation
(Bohm et al., 1996a; Nystedt et al., 1994; Nystedt et al., 1995b) by a proposed interaction of
the new tethered ligand with a tripeptide sequence within extracellular loop II Figure 1.9 (Al
Ani et al., 1999a). If the cleavage site is mutated to ...SKGR**/P’LIG..., trypsin is unable

to activate the receptor (Nystedt et al., 1994).

1.8.2.1 Intracellular signalling induced by PAR-2 activation

The intracellular signalling induced by PAR-2 activation appears to be a complex interaction
of a number of diverse pathways. Studies within enterocytes and cells transfected with
human PAR-2, indicate that the receptor is coupled to Gqot and G,o.. The phosphorylation of
G40 activates phospholipase C (PLC) 3, which induces phosphotidylinositol hydrolysis to
release inositol triphosphate and diacylglycerol, leading to Ca** mobilisation (Bohm et al.,
1996a; Bohm et al., 1996b; Corvera et al., 1997; Kong et al., 1997; Santulli et al., 1995). In
addition, the activation of PAR-2 in enterocytes causes the release of arachidonic acid and
subsequent generation of PGE, and PGF,,, suggesting the activation phospholipase A,
(PLA,;) and the constitutively expressed cyclo-oxygenase (COX)-1 or it’s induced form
COX-2. Activation of PAR-2 has also been shown to activate PLC and PLA, in endothelial
cells (Mirza et al., 1996; Molino et al., 1997a). In a human pancreatic cancer cell line , MIA
PaCa-2 cells, PAR-2 activation caused an increase in intracellular Ca**, phosphotidylinositol
metabolism and protein kinase C (PKC) activation (Kaufmann et al., 1998). A similar

intracellular signalling pathway was found after PAR-2 activation in human keratinocytes

(Wakita er al., 1997).

Using the PAR-2 activating peptides, the activation of PAR-2 in smooth muscle cells and
enterocytes activates the mitogen-activated protein (MAP) kinase pathway by stimulating the

extracellular signal-related kinase (ERK)-1 and ERK-2, and p38 (Belham et al., 1996). In
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kirsten murine sarcoma virus-transformed rat kidney epithelial cells and a rat enterocyte cell
line, hBRIE380, PAR-2 activating peptides caused increases in ERK-1 and -2 (DeFea et al.,
2000). In this same series of studies it was shown that following PAR-2 stimulation, ERK-1
stimulated cell activation was dependent on the receptor being internalised, and forming a
complex with B-arrestin, raf-1 and the activated ERK-1 (DeFea et al., 2000). Professor
Bunnett’s Group at UCLA reported in two recent reviews, unpublished data indicating that
the activation of PAR-2 by trypsin and the activating peptides in enterocytes causes the
induction of c-fos and COX-2 (Dery et al., 1998; Dery and Bunnett, 1999). The stable
transfection of mouse 293 cells, which do not normally express PAR-2, with mouse PAR-2
cDNA, gave a cell line in which PAR-2 was coupled to pertussis toxin-sensitive G-proteins.
The activation of which caused the stimulation of c-fos and the tyrosine phosphorylation of
SHP2, a src homology-2 domain-containing protein-tyrosine phosphatase(Yu et al., 1997).
Thus suggesting PAR-2 may be coupled to a signalling pathway that modulates the src

family of kinases associated with mitogenesis.

More recent evidence has been published in abstract form demonstrating that in human skin
epithelial cells transfected with human PAR-2, trypsin induced activation of the stress-
activated protein kinases, c-Jun N-terminal kinases (JNK) and p38 MAP kinase, whereas no
effect was seen in control cells(Kanke et al., 2000). In the same cell line the activation of
PAR-2 by trypsin also stimulated the activation of NFkB DNA-binding and associated
nuclear translocation. Trypsin also induced a transient loss of IkBa., suggesting that PAR-2

activation is linked to the NFxB-IkB signalling pathway(MacFarlane et al., 2000).

Therefore, in summary it would appear that PAR-2 is linked to the G-protein signalling
pathway with subsequent activation of PLC, PLA, and PKC. It is also able to activate the
MAP kinase pathway, the stress-activated kinase pathway and the NFkB activation pathway.

These signalling pathways have not been fully elucidated and therefore further studies are
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needed. However, with the number of diverse pathways implicated, there is clearly potential

for cross-activation between them.

1.8.2.2 PAR-2 desensitisation and inactivation

Following activation of PAR-2 by enzymatic cleavage or with the activating peptides, PAR-
2 is inactivated by desensitisation, followed by internalisation and subsequent degradation, a
mechanism common to other 7 transmembrane G-protein coupled receptors (see review
(Bohm et al., 1997)). Upon activation, PAR-2 G proteins are phosphorylated by G protein
receptor kinases and uncoupled by the binding of B-arrestin. This receptor complex is
internalised by means of clathrin coated vesicles, which after loosing their clathrin, form
early endosomes. The receptor is de-phosphorylated within the endosome, allowing the
dissociation of B-arrestin and the transfer of the receptor to lysosomes where it is degraded
(Bohm et al., 1997; DeFea et al., 2000; Dery et al., 1999). Re-sensitisation of the cell is by
mobilisation of PAR-2 stores from the Golgi apparatus and de-novo receptor

synthesis(Bohm et al., 1996b).

1.8.2.3 Activation of PAR-2 by enzymatic cleavage

After the discovery of PAR-2 the prototype serine protease used to activate PAR-2 was
trypsin (Nystedt et al., 1994; Nystedt et al., 1995b; Nystedt et al., 1995a). The activation
was assessed by measurement of intracellular Ca** mobilisation. Subsequently trypsin has
been shown to activate a wide range of cells that either constitutively express or were
transfected with PAR-2 (see Dery et al., 1998 for review). The expression of trypsin and
trypsinogen mRNA in cells other than the pancreas suggest that trypsin-like enzymes may
play a role in activation of PAR-2 in sites where pancreatic trypsin would not be expected to
be present (Brattsand and Egelrud, 1999; Cocks et al., 1999a; Koshikawa et al., 1997;
Yasuoka et al., 1997). Tryptase, a serine protease with trypsin-like activity has been shown

to activate PAR-2 in rat colonic myocytes (Corvera et al., 1997), guinea pig myenteric
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neurones (Corvera et al., 1999), a murine lymphoid cell line (Mirza et al., 1997) and

keratinocytes (Steinhoff et al., 1999).

Other serine proteases have been tested to evaluate their potency at cleaving the arginine-
serine bonds in the N-terminal sequence of PAR-2 and by using Ca** mobilisation assays.
Thrombin, urokinase and tissue kallikrein failed to cleave a peptide sequence homologous to
that seen in PAR-2. Whereas, Plasmin, Factor Xa, and plasma kallikrein, did cleave the
peptide but at a much slower rate than trypsin. Tryptase was shown to cleave the peptide
over a similar concentration range to trypsin (Molino et al., 1997b). One important aspect of
these studies was that both trypsin and tryptase were able to cleave the peptide sequence
between lysine and valine residues at positions equivalent to residues 41 and 42 in PAR-2,
leading the authors to suggest that prolonged exposure to the agonist could inactivate the
receptor. However, the cleavage rate was only 10% of that of the primary cleavage point
(Molino et al., 1997b). Using a fusion protein containing the peptide sequence of the
extracellular domain of PAR-2, Altrogge and Monard demonstrated that trypsin can cleave at
the proposed cleavage site, whereas, thrombin, activated protein C, plasmin, urokinase,
tissue plasminogen activator elastase and chymotrypsin failed to induce cleavage (Altrogge
and Monard, 2000). Fox and colleagues proposed that trypsin, tryptase and acrosin, a serine
protease from the head of sperm, were possible activators of PAR-2, whereas thrombin,

Factor Xa, plasmin, tissue kallikrein and granzyme A were not. (Fox et al., 1997).

In addition to the activation of PAR-2 by serine proteases, an arginine-specific protease has
been identified as an activator of PAR-2. Gingipain-R from Porphyromonas gingivalis was
able to induced Ca** mobilisation due to PAR-2 cleavage on human neutrophils (Lourbakos
et al., 1998). Finally, data presented at a recent American Thoracic Society Meeting

suggested that proteases found in house dust mite extract may activate PAR-2 (Chambers et

al., 2000).

90



1.8.2.4 Activation of PAR-2 by activating peptides

As discussed earlier in Section 1.9.1, the cleavage of the extracellular domain of protease
activated receptors exposes a new tethered ligand which interacts with the receptor. Peptides
containing the first six amino acids of the new N-terminal sequence of human PAR-2,
SLIGKYV, or the rodent PAR-2, SLIGRL, have been used to stimulate the receptor without
the need for enzymatic cleavage (Lemer et al., 1996; Magazine et al., 1996; Nystedt et al.,
1994; Nystedt et al., 1996). Both these peptides exhibit a high degree of selectivity for PAR-
2 compared with other protease-activated receptors. However, they are potentially open to
enzymatic degradation, thus a highly selective and potent PAR-2 agonist was designed,
trans-cinnamoyl-LIGRLO (Saifeddine et al., 1998; Vergnolle et al., 1998; Vergnolle et al.,
1999). These agonists have been used in bioassays to identify the expression of PAR-2 in a
range of tissues and cells. Whilst similar activities of PAR-2 activating peptides suggest a
role for activation of PAR-2 in particular cell functions, they do not provide proof. One
important aspect of the pharmacological characterisation of PAR-2 is the current lack of

selective antagonists for this receptor.

1.8.2.5 Tissue localisation of PAR-2

A range of antibodies has been generated to PAR-2, the majority against the N-terminal
domain of the receptor, with two generated against C-terminal sequences (Table 1.9). Using
these antibodies, PAR-2 has been localised in wide range of tissues including gastrointestinal

tract, skin and Iung (Table 1.10).
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Table 1.9

PAR-2 antibodies.

Name

Peptide antigen sequence

References

N-terminal
S$14.8.2

PAR-2C

SAM.11
Anti-PAR-2
PAR-2 (N-19)
B5

PAR-2 (S-19)

C-terminal
PAR-2 (C-17)
RAB 9717

Rabbit anti-human

Rabbit anti-human

Mouse anti-human
Rabbit anti-human
Goat anti-human
Rabbit anti-rat
Goat anti-mouse

Goat anti-human
Rabbit anti-mouse

BTNRSSKGRSLIGKVDGTSHVTG
KGVTVETVF?®

SLIGKVDGTSHVTGKGVC??

3SLIGKVDGTSHVTGK?
3SKGRSLIGKVDGTSHVTGK?!
SSLIGKVDGTSHVTGKGVTVC®
9GPNSKGRLIGRLDT*
¥SLIGRLETQPPITGKGVPVC®’

BICRSVRTVKQMQVSLTSKKHS*?
C394SVTST399

(Nystedt et al., 1996)

(D’Andrea et al.,
1998; Molino et al.,
19973, Steinhoff ef
al., 1999)

(Molino et al., 1998)
(Hou ez al., 1998)
Commercial source
(Kong et al., 1997)
Commercial source

Commercial source
(Cocks et al., 1999a;
Steinhoff et al.,
1999)

Table 1.10

Protease-activated receptor-2 expression in human tissue

PAR-2 localisation

Reference

Liver, kidney, pancreas, prostate, small intestine colon and leukocytes

Keratinocytes, endothelial cells, hair follicles, sweat glands, ‘dermal
dendritic-like cells’

Enterocytes, intestinal smooth muscle, lung epithelium, lung smooth
muscle, prostate, vascular smooth muscle, brain

Keratinocytes, basal cells, endothelial cells

Aorta, intestinal smooth muscle, vascular smooth muscle, keratinocytes,
sweat glands, intestinal epithelium,

Airway epithelium, airway fibroblasts, bronchial smooth muscle

(Nystedt et al., 1995b)

(Steinhoff ez al., 1999)

(D’Andrea et al.,
1998)

(Hou et al., 1998)

(Molino et al., 1998)

(Cocks et al., 1999a)

In summary, despite the on-going research on the pathology and aetiology of asthma, no

conclusive mechanism has been defined to explain the excessive extracellular matrix

deposition, in particular collagen and proteoglycans, within the airways of asthmatic patients

leading to a thickening of the lamina reticularis. It is known that upon activation, fibroblasts

can produce both collagen and proteoglycans.
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Section 1.8 suggests a role for the serine protease, tryptase, in asthma. In particular, it’s
ability to induce a fibrotic response, by directly activating fibroblasts and myofibroblasts,
and it’s modulation of connective tissue breakdown. Tryptase also enhances
bronchoconstriction, vasodilatation, angiogenesis, inflammatory cell chemotaxis and
activation. All these responses strongly suggest that tryptase plays an important role in

airway reactivity, tissue inflammation and remodelling in asthma.

The mechanism whereby tryptase induces fibroblast and myofibroblast activation is unclear,
however, it is known that it requires an intact catalytic site. In Section 1.9 it is postulated
that tryptase induces responses in other cells by activation of the protease activated receptor,
PAR-2. Therefore a number of questions need to be addressed. Firstly it is not known
whether there are PAR-2 present on the cell surface of human parenchymal lung or airway
fibroblasts. Secondly it is not known whether tryptase or the known PAR-2 activator trypsin
would activate these receptors. Thirdly it is not known whether the activation of PAR-2 on
these cells would induce fibroblast proliferation or extracellular matrix production. These
are particularly important questions to address given the potential for the development of

selective tryptase inhibitors and PAR-2 antagonists as therapeutic agents for this disease.

1.9 The aims of the thesis

1.9.1 Hypothesis

The overall aim of this thesis was to examine the roles of tryptase and the protease activated
receptor-2 (PAR-2) in the activation of fibroblasts and myofibroblasts from human lung
parenchymal tissue and airways. In meeting this aim, I will address the questions whether
PAR-2 is expressed by lung fibroblasts and whether tryptase can activate these receptors to

induce fibroblast mitogenesis and extracellular matrix production.
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1.9.2 Specific aims

The specific aims are outlined below.

Firstly, to establish fibroblast cell lines from human lung parenchyma, airway, and skin by
explant culture and the development of an in vitro proliferation assay using confluent
cultures to demonstrate that tryptase and trypsin can induce fibroblast proliferation.
Secondly to use RT-PCR and immunochistochemistry to determine if human lung
parenchymal and airway fibroblasts express PAR-2

Thirdly to establish whether PAR-2 plays a role in tryptase induced proliferation.

Fourthly, to establish whether tryptase can induce procollagen in human lung fibroblasts and

whether PAR-2 plays a role in these responses.

This first chapter (Chapter 1: Introduction) has established the background to this thesis.
The next (Chapter 2: Methods) will describe in detail the methods and techniques used to
address the above aims. Chapter 3 (Results) gives an account of the results, while the final
chapter (Chapter 4: Discussion) will discuss the findings in relation to the hypothesis of the
role of tryptase and PAR-2 in activation of human lung parenchymal and airway fibroblasts,

and to the published literature on their potential function in airway remodelling in asthma.
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Chapter 2

2 Methods

The chapter will be divided into three main sections that will describe the techniques

and protocols used to:

1) Characterise the mitogenic effects of tryptase and the PAR-2 activating peptides.

2) The immunohistochemical location of PAR-2 in isolated human lung fibroblasts and
samples of human bronchus.

3) To study the effects of tryptase and the PAR-2 activating peptides on extracellular

matrix synthesis in human lung fibroblasts.

2.1 Cell culture

For all the cell culture studies Dulbecco’s Modified Eagles Medium (DMEM),
penicillin/streptomycin, fungizone (amphotericin B), and Trypsin-EDTA solutions were
obtained from Life Technologies (Paisley, Scotland). Newborn calf serum (NCS) was
obtained from Imperial Laboratories (Andover, England) of which the same batch was used
throughout all cell cultures studies. Phosphate buffered saline (PBS) was obtained from
Oxoid (Basingstoke, England). Cell culture plastic ware was obtained from Marathon,

(London) or Nunc, Life Technologies (Paisley, Scotland) unless otherwise stated.

2.1.1 Established cell line

Human foetal lung fibroblasts (HFL-1), at passage 12 or 13, were purchased from the

American Tissue Culture Collection (ATCC) and stored in a liquid Nitrogen Cell Bank. For
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all experiments, HFL-1's were used between passage 15-23 as the cells demonstrated

progressivley poor growth beyold passage 23.

2.2 Cell lines established from Tissue explant

2.2.1 Human lung parenchymal, airway and dermal fibroblasts

Fibroblast cell lines were established from lung tissue obtained from patients undergoing
resection of localised lung tumours (See Appendix 1 for patient details). For parenchymal
lung fibroblasts, tissue was carefully cut into pieces of <lmm® which were placed into 10 cm
diameter petri dishes (Corning Costar, Cambridge, MA, USA) with 2ml of DMEM
containing penicillin (100U/ml), streptomycin (100pg/ml), fungizone (amphotericin B,
2.5ug/ml), and 10% NCS. The petri dishes were incubated at 37°C in a humidified
atmosphere of air containing 10% CO,. When the tissue had firmly attached to the plastic
surface, a further 8 ml of culture medium was slowly added to the petri dish and incubated as
before. The media was changed every 7 days. For airway fibroblasts, the airways were
carefully dissected free of parenchymal connective tissue and <1lmm? pieces of tissue were
cultured as for the parenchymal tissue. Samples of skin obtained from patients undergoing
breast reduction surgery were dissected free of fatty tissue and Imm’ pieces placed, dermal

side down, into petri dishes containing 2 ml of DMEM as described above and cultured.

After approximately 3 weeks of culture, fibroblasts were seen growing out from the
explanted tissues (Figure 2.1A & B). These were cultured for at least a further 2 weeks, until
confluent islands of cells were observed (Figure 2.1C). The growth media was removed and
replaced with 2 ml of trypsin (0.05% w/v)/EDTA (0.02% w/v) mix solution and incubated at
37°C for 90 sec. The culture dish was examined with an inverted phase contrast light
microscope (Olympus TCK-2, Olympic Optical Company) to confirm that the cells had
detached and appeared rounded. In addition to causing the detachment of the cells, trypsin

could cause the activation of PAR-2 as described in Section 1.8.2.3. However it has been
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suggested that the following activation, internalisation with subsequent degradation of the
acted receptor, de-novo PAR-2 is expressed on the cell surface within 60-90 mins (Bohm et
al., 1996b). The trypsin was neutralised by the addition of 10 ml of DMEM supplemented
with 5% NCS. The cultures were passaged with a split ratio of 1:2 into sterile 75 cm? flasks
containing culture media without fungizone. Thereafter, confluent cultures were passaged
every 5-6 days with a split ratio of 1:4. Experiments were performed with cells between
passages 2-8 as the cells demonstrated progressivley poor growth following passage 8. To
obtain a continuous supply of cells, cultures at passage 2 or 3 were stored using the

following protdcol.
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Cells cultures were stored at passage 2 and 3 in liquid nitrogen cell banks for later use. In
brief, cells were resuspended as above with trypsin/EDTA solution. The suspension was
centrifuged at 300g at room temperature and the supernatant discarded. The cells were
resuspended in 1 ml of 20% NCS in DMEM followed by slow addition of 1 ml of 20% NCS
and 20% DMSO in DMEM to give a final concentration of 20% NCS and 10% DMSO in
DMEM. The DMSO was used to reduce the formation of ice crystals and subsequent cell
damage upon freezing and thawing. The cell suspensions were placed at —80°C overnight

and transferred to a liquid nitrogen cell bank (-196°C) until use.

Cells were rapidly thawed at 37°C for 3 min, followed by the addition of 10 ml 5% NCS in
DMEM and thoroughly mixed. The suspensions were centrifuged at 300 x g and the
supernatant discarded to remove the DMSO. The cell pellet was resuspended in 1 ml fresh
5% NCS in DMEM and transferred to 75cm” flasks containing 10 ml DMEM with penicillin
(100U/ml), streptomycin (100ug/ml) and 5% NCS. The cells were cultured at 37°C in
humidified air containing 10% CO, and passaged as above when they became visually

confluent (every 6-7 days).

All cell cultures were tested for Mycoplasma infection using the Mycoplasma Gen-Probe
Rapid Detection System Kit (Laboratory Impex) and/or Mycoplasma Detection Kit
(Boehringer Mannheim) according to the manufacturer’s instructions. No mycoplasma

infections were detected in any cell lines used in these studies.

2.3 Immunohistochemical characterisation of cell lines

Fibroblast cell lines obtained from ATCC (HFL-1) and the cell lines established from tissue
explants were characterised immunohistochemically to confirm their purity following the
initial passage of the cell batch. Each cell line used in the study was cultured in 75 cm? cell
culture flasks. When visually confluent the cell medium was removed and discarded and the

cells washed in 10 ml of PBS. Cell suspensions were obtained as stated in Section 2.2.1, the
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numbers of cells were counted using 2 Neubauer haemocytometer (BDH/Merck.
Lutterworth, UK). Cells were seeded onto 8-well chamber slides (Lab-Tek permanox, Nunc
Inc, Life Technologies LTD, Paisley, Scotland) at a density of 1x10* cells/well. The slides
were incubated at 37°C in humidified air with 10% CO, for 48-72 hr until they were 70-80%

confluent.

The cell culture medium was discarded and the cells fixed with ice-cold methanol for 30
min. The methanol was removed and the cells washed three times in PBS for 5 min. To
reduce the non-specific binding of the secondary antibody, each well was preincubated with
1:20 dilution of normal goat or swine serum, (Dako, UK) for 20 min at room temperature
(RT) depending on whether the anti-rabbit or anti-mouse secondary antibodies were raised in
goat or swine. Following incubation, the serum was removed and the cells incubated for 60
min in an humidified chamber with primary antibodies raised against human cell marker
proteins at the concentrations indicated in Table 2.1. In dermal fibroblasts, the ct-smooth
muscle actin filaments were stained using rhodamine phalloidin (Molecular Probes, Eugene,

Oregon, USA). Cells were also incubated with non-specific IgG or PBS alone.
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