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ABSTRACT

Pulmonary fibrosis is the clinico-pathological outcome of excessive lung extracellular
matrix accumulation. Although it may complicate a variety of lung diseases, the circumstances
that lead to the development of pulmonary fibrosis remain poorly understood. In particular,
many regulatory events controlling the inception and progression of pulmonary fibrosis remain
unclear. Neutrophil elastase is a potent serine proteinase historically associated with alveolar
destruction in pulmonary emphysema. However, elevated levels of neutrophil elastase have been
reported in fibrotic lung disease, and pharmacological inhibition of its activity in animal models is
associated with attenuated fibrotic lung damage. These observations have led to the hypothesis
that excessive neutrophil elastase activity may be important to the pathogenesis of pulmonary
fibrosis. In the present studies, the potential to ameliorate pulmonary fibrosis was investigated by
subjecting neutrophil elastase null (NE”") mice to bleomycin treatment. Instillation of 0.05U
bleomycin into these animals failed to increase lung collagen content or to induce the formation
of fibrotic lung lesions. This protective effect lasted for at least 60 days following bleomycin
administration. Neutrophil elastase deficiency itself was not associated with reduced severity of
bleomycin-induced early lung injury or lung neutrophil influx. However, quantities of active
transforming growth factor-beta (TGF-B) were significantly decreased in the lungs of bleomycin-
treated NE” mice. This finding correlated with increased lung tissue reserves of activatable TGF-

B which indicates an abnormality at the level of stored latent TGF-p.

The initial section of this dissertation will detail the phenotypic characteristics of bleomycin-
treated neutrophil elastase null mice. Temporal changes in collagen accumulation, lung histology
and indices of lung injury will be presented in subsequent chapters. The final section will contain
athorough analysis of TGF-P production, localisation and activation in the lungs of bleomycin-
treated NE” mice. Here, the hitherto unreported observation that pulmonary TGF-B activation
is inhibited 7 vivo in the absence of neutrophil elastase will be presented. In light of these data, a
novel proteolytic role for neutrophil elastase in generating active TGF-B within the repairing lung
extracellular matrix will be discussed. These findings support the hypothesis that neutrophil
elastase increases TGF- activity in the repairing lung by mobilising preformed latent TGF-j3
stored in the extracellular matrix. Conversion of this pool of activatable TGF-f allows an

augmented fibrotic response to be focused at sites of lung connective tissue repair.
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Overview

One distinctive and adverse outcome of pulmonary injury is the abnormal accumulation of lung
extracellular matrix. Excessive matrix deposition disrupts normal lung anatomy and predisposes
to progressive, and often irreversible, physiological disturbance. Tissue damage due to
uncontrolled proteolytic activity may initiate the aberrant extracellular matrix turnover that
characterises fibrosis in the lung. Neutrophil elastase is a potent degradative enzyme that has been
implicated in the development of destructive lung diseases, such as pulmonary emphysema.
However, a number of experimental and clinical studies have indicated that its activity may also be
relevant to lung fibrosis. Nonetheless, the molecular mechanisms by which neutrophil elastase

contributes to the pathogenesis of pulmonary fibrosis remain unclear.

This thesis will contain evidence to show that neutrophil elastase plays a novel role in promoting
pulmonary fibrosis in the bleomycin model. Qualitative and quantitative assessments will be used
to characterise lung inflammation, injury and fibrosis in bleomycin-treated neutrophil elastase null
mice. Data will be presented to demonstrate that neutrophil elastase can modulate transforming
growth factor-p activity at sites of damaged lung matrix. Based on these observations, a molecular
model for the fibrogenic activity of neutrophil elastase will be proposed. The relevance of these

findings in a mouse model to the pathogenesis of pulmonary fibrosis in humans will be discussed.

1.1 Normal lung anatomy and physiology

The lung is the sole respiratory organ in mammals. It is comprised of a branching system
of airways that gradually diminish in caliber and lead to a large attenuated surface area for gas
exchange. This process takes place distal to the terminal bronchioles, within the alveolar acini that
begin as respiratory bronchioles but quickly terminate in air sacs lined by simple epithelium. This
unique interface between the body and the environment presents a total surface area of
approximately 75 m* for gas diffusion with only a minimal barrier of approximately 0.5 um

between the airspace and the microvasculature.
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The principal function of the lung is to facilitate the movement and extraction of oxygen from
ambient air into the bloodstream and to allow excess carbon dioxide from the blood to be
expelled. In the acini, diffusion is the primary mechanism responsible for this exchange of gases,
and it occurs according to Fick’s law of diffusion. According to this principle, the rate of gas
diffusion is proportional to the available surface area and diffusion coefficient (a function of the
solubility of each gas) and is inversely proportional to the thickness of the exchange barrier. This
equation thus underscores the importance of a large, unencumbered and single-cell thin alveolar
surface for efficient gas exchange. Consequently, any alteration to the lung architecture can affect
oxygenation of the blood. For instance, connective tissue over-deposition in the pulmonary
interstitium increases the distance oxygen molecules have to traverse, and thus decreases the

efficiency of gas exchange.

1.1.i  Characteristics of the normal pulmonary extracellular matrix (ECM)

Structure, function and location of ECM components

Extracellular matrices are specialised structures that determine the physical and
mechanical properties of an organ. In the lung, cartilage provides tensile strength to the trachea
and large airways. Basement membranes found underneath the airway and alveolar epithelia
regulate the diffusion of gases and the differentiation of cells that make up the gas exchange
machinery. The alveolar basement membrane is composed mainly of type IV collagen,
fibronectin, laminin and entactin (Dunsmore and Rannels, 1996). The pulmonary interstitium
provides the intrinsic recoil of the lung and its ECM is composed predominantly of fibrillar

collagens, elastic fibres and proteoglycans produced by tissue fibroblasts.

Signal transduction processes in the pulmonary ECM

Far from being biologically inert, the pulmonary ECM interacts dynamically with its
surrounding cells, vascular and neural structures. These interactions are bi-directional. The
pulmonary ECM exerts important influences on cell morphology, behaviour and homing; in
return, the intracellular cytoskeleton can exert forces that orientate and direct different matrix
macromolecules. These communications are vital for a range of biological processes that are

epitomised by efficient gas exchange. Cell surface receptors belonging to the integrin family form
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the most important group of transmembrane linkers and signal transducers that regulate cell-
matrix communication. The structure and functional diversity of integrin molecules are based on
the pairing abilities of the individual alpha and beta subunits. Key to the molecular interactions
between integrin receptors and their respective ligands is the recognition of the Arg-Gly-Asp
(RGD) sequence, known to be present in the extracellular matrix components fibronectin,
vitronectin, collagen, fibrinogen, and von Willebrand factor (Cheresh, 1991). In the lung, the
largest number of integrins belong to the 1 integrin subfamily (Roman, 1996). Within this group,
B1 integrins very late antigen (VLA)-4 and VLA-5 act as fibronectin receptors on cells, while
avp3 and avB5 are vitronectin receptors. a1p1 and a2B1 (also known as VLA-2) are collagen-
binding receptors found primarily on fibroblasts. Increasingly, the importance of abnormal

integrin signalling has been implicated in pathological conditions such as tumour invasion, and

metastasis, as well as fibrotic matrix scarring in a variety of disease states.

1.1.ii Individual matrix components

Collagens are the most abundant proteins of the pulmonary ECM. Approximately 11%
of total adult lung protein (Bradley et al., 1974) and 60 - 70% of ECM protein content (Raghu et
al., 1985) is attributed to collagen. All collagens contain a characteristic right-handed triple helix,
formed by three tightly binding polypeptide a-chains. The helical regions of these chains are
composed of repeating Gly-X-Y triplets, with approximately every third X being proline and
every third Y hydroxyproline. The ring structure of these amino acids help stabilise the helical
conformation in each chain. Glycine residues are located in the central helical portion of the
superhelix, and peptide bonds are located deep within the structure. Thus, the helical portion of

the molecule is resistant to proteolytic degradation (Chambers and Laurent, 1997).

In the normal lung, collagen fibres are found mostly along conducting airways, interstitial septae
and blood vessel walls. Fibrillar collagens (types I, II, I, V and XI) form strong intra- and
intermolecular covalent bonds that impart structural integrity and tensile strength to the entire
lung (Yamanuchi and Mechanic, 1988). Although all five fibrillar types are found in the
pulmonary ECM, almost 90% of interstitial collagens are composed of types I and IIl and are
present in a ratio of 2:1 (Kirk et al., 1984). Type II collagen has a restricted distribution, and is
found mainly within tracheal and bronchial walls (Dunsmore and Rannels, 1996). Non-fibrillar

types IV and V are network-forming collagens that form essential components of basement
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membranes all over the lung, with type IV predominating both in quantity and distribution in
mature basal laminae (Dunsmore and Rannels, 1996). Type VII collagen molecules dimerise into
specialised structures called anchoring fibrils that help attach the basement membrane to the
underlying connective tissue. Types IX and XII collagens, also known as FACIT (fibril-associated
with interrupted triple helices), decorate the surface of mature fibrillar collagens but their

functions are incompletely understood.

In contrast to collagen fibres that are the main determinants of the expansile properties of the
lung, elastic fibres provide the resiliency for restoring shape and volume known as pulmonary
elastic recoil. Elastin accounts for 20 - 30% of the weight of the lung ECM and contains regions
of extreme hydrophobicity interspersed with unique cross-linking domains. It is synthesised as a
70-kDa soluble precursor (tropoelastin) that is rapidly cross-linked and polymerised into a random
network of elastin molecules (Rosenbloom, 1987). Its cross-linking domains, desmosine and
isodesmosine, represent condensation products formed by the interaction of lysyl residues on at
least two tropoelastin molecules. Mature elastic fibres also contain a proportionately smaller
amount of 10-12 nm microfibrillar components that are intrinsically associated with elastin in a

complex three-dimensional manner.

Proteoglycans are a distinct group of complex macromolecules containing a core protein linked to
variable numbers of glycosaminoglycan polysaccharide side-chains (Ruoslahti, 1988). Aggregating
proteoglycans regulate ECM hydration, and contribute to compressive and hypersteric properties
of connective tissue. In addition, certain proteoglycans such as decorin and betaglycan can also
sequester growth factors in the ECM (Andres et al., 1989). Other members of the family such as
perlecan, versican and biglycan are emerging as important molecules with novel functions in cell-
matrix adhesion and communication. Heparan sulfate, chondroitin sulfate and dermatan sulfate

are the major proteoglycans found in the alveolus.

1.1.iii ECM turnover under homeostatic conditions

Synthesis

Production of the pulmonary ECM is a complex tightly regulated process that is

controlled by a balance of stimulatory and inhibitory molecular signals. During lung development
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or repair, the proportions of individual matrix proteins may fluctuate to reflect dynamic changes
in ECM turnover. Maximal rates of collagen synthesis occur during the perinatal period.
However, lung collagens are continuously synthesised and degraded, with net deposition evident
throughout most of adulthood. In mature rats and rabbits, as much as 10% of the total collagen

pool may be degraded and replaced daily (Laurent, 1982; McAnulty and Laurent, 1987).

In contrast, elastin is substantially more resistant to proteolysis. The half-life of elastin under
healthy conditions is extremely long. Thus, loss of elastic fibres may be more detrimental to the
alveolar wall than the loss of collagens. The available evidence suggests that the most intense
period of elastogenesis is undertaken by myofibroblasts late in foetal development and during the
early post-natal period (Shapiro et al., 1991). Glycoslylated non-collagenous ECM components,
such as proteoglycans, have higher rates of turnover with half-lives that range from hours to
weeks (Hascall and Hascall, 1991). Some ECM components, such as fibronectin, form provisional
matrices that are laid down during organogenesis or repair. Although the precise details of their
turnover are unclear, these proteins utilise specialised mechanisms that facilitate their dynamic

incorporation into and removal from the mature ECM.

Degradation

Extracellular degradation of the pulmonary ECM is mediated principally by the matrix
metalloproteinases (MMPs) with some contribution from serine proteinases such as plasmin,
urokinase and tissue plasminogen activators (Dunsmore and Rannels, 1996). The degradation of
helical collagen into characteristic % and % fragments is accomplished by at least three different
collagenases: interstitial collagenase (MMP-1), neutrophil collagenase (MMP-8) and collagenase-3
(MMP-13) (Gross and Nagai, 1965; Hirose et al., 1993; Mitchell et al., 1995). The resultant
products are susceptible to further degradation by the same collagenases or other gelatinolytic
enzymes, such as gelatinase A (MMP-2), gelatinase B (MMP-9), neutrophil elastase and plasmin at
neutral pH, and cathepsins B and L at acidic pH (Kafienah et al., 1998). MMP activity is
controlled by a group of tissue inhibitors of metalloproteinases (TIMPs), and collagen turnover is

therefore subject to MMP-TIMP counter-regulation (Dunsmore and Rannels, 1996).
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1.2 Neutrophil elastase

1.2.i  Historical perspectives

Leukoprotease activity was first described early in the 20" century but human neutrophil
elastase (EC 3.4.21.37, IUBMB) was only identified relatively recently (Janoff and Scherer, 1968).
In this seminal paper, the enzymatic properties of serum-derived pancreas-secreted elastase (PPE)
were found to differ from those of elastase purified from polymorphonuclear granulocytes
(neutrophils). Even so, most early studies concentrated on defining the structure and function of
pancreatic elastase and the amino acid sequence of this enzyme was reported (Shotton and

Hartley, 1973) fourteen years prior to that of neutrophil elastase (Sinha et al., 1987).

A principal factor that promoted early interest in neutrophil elastase as a pathogenic molecule was
the pioneering observations of Laurell and Eriksson in 1963 which described the greatly increased
predisposition of individuals with a-AT deficiency towards premature and severe pulmonary
emphysema. In the forty years since then, the pathogenesis of this devastating condition has been
linked to the production of abnormal forms of a-AT that have an increased tendency to
polymerise and sequester within hepatocytes. Thus, uncontrolled elastastolytic activity in the
alveolar lining fluid may be the unavoidable result of deficient levels of circulating a,-AT

(Mahadeva and Lomas, 1998).

1.2.ii  Structural chemistry, expression and biological functions

Neutrophil elastase is a 29 kDa serine proteinase belonging to the chymotrypsin
superfamily. It is secreted as a single chain 220-amino acid glycoprotein (Salvesen et al., 1987)
with an amino acid sequence containing 30 - 40% sequence homology to many other elastinolytic
and non-elastinolytic serine proteinases (Takahashi et al., 1988). Its tertiary structure is similar to
that of other chymotrypsin-like serine proteinases, comprising of two interacting anti-parallel p-
barrel cylindrical domains and a small proportion of helices (Navia et al., 1989). The two domains
form a crevice which contains the catalytic site and is stabilised by four disulfide bridges. The

substrate-binding site straddles this crevice and includes part of the two domains.
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Neutrophil elastase exists in several isoforms that differ in their degree of glycosylation (Bieth,
1998). All isoforms possess identical catalytic properties and have an optimal working pH that is
close to neutrality (Bode et al., 1989). In humans, expression of the neutrophil elastase gene
(ELA2, chromosome 19p) occurs within a narrow period during promyelocytic differentiation.
The enzyme is stored in its active form within cytoplasmic azurophilic granules (Zimmer et al.,
1992). Circulating neutrophils lack the capacity for further synthesis of elastase as evidenced by
the absence of mRNA transcripts in these cells (Takahashi et al., 1988). Monocytes contain low
levels of neutrophil elastase (about 5 - 6%). Upon differentiation into macrophages, an

elastinolytic macrophage metalloproteinase replaces neutrophil elastase (Bieth, 1986).

Intracellular neutrophil elastase is a key effector molecule of the innate immune system, with
potent antimicrobial activity against gram-negative bacteria (Belaaouaj et al, 1998; Weinrauch et
al., 2002), spirochaetes (Garcia et al., 1998) and fungi (Tkalcevic et al, 2000). Its ability to degrade
the outer membrane protein A (OmpA) molecule on Klebsiella pneumoniae has been proposed to

explain its lethal effects on this particular pathogen (Belaaouaj et al., 2000).

In contrast to its intracellular role, the main targets of extracellular neutrophil elastase activity
appear to be components of the ECM, a variety of cell surface ligands, soluble proteins and a
number of important adhesion molecules (Starcher, 1986; Bieth, 1998). In general, neutrophil
elastase is capable of digesting virtually every connective tissue component, including several types
of collagen, fibronectin, proteoglycans, heparin and cross-linked fibrin (Travis, 1988). The
biological roles of neutrophil elastase also include acting as a secretagogue for cytokines (Bedard
etal., 1993), glycosaminoglycans (Sommerhoff et al., 1990) and mucin (Voynow et al., 1999) in

addition to acting as a modulator of inflammation (reviewed in Lee and Downey, 2001).

1.2.iii  Substrate specificity

Neutrophil elastase has an extensive substrate range (Table 1.1). Unlike most other
proteinases, it is able to solubilise elastic fibres, a key component of the lung ECM with important
functions in elastic recoil and structural integrity. The insolubility of elastin is partly due to its high
content of non-polar amino acids such as alanine (26%) and valine (13%), residues to which
human neutrophil elastase shows P1 specificity (Bieth, 1986). In addition, elastase can also cleave

various types of collagen (Gadher et al., 1988; Kittelberger et al., 1992), fibronectin, laminin (Heck

20



et al., 1990) and proteoglycans (Janusz and Doherty, 1991). Moreover, neutrophil elastase can

1nactivate certain substrates without cleaving them, most notably members of the coagulation

cascade such as clotting factor V (Allen and Tracey, 1995), fibrinogen and thrombin (Brower et

al., 1987).

TABLE 1.1 PROTEOLYTIC SUBSTRATES OF NEUTROPHIL ELASTASE

ECM COMPONENTS SOLUBLE PROTEINS CELL SURFACE
MOLECULES

Elastin and elastic fibres Coagulation system factors Leukocytes

Collagen (types I, Ill, IV,
Vi, VI, 1X, X)
Fibrillin microfibrils
Fibrin (cross-linked)
Fibronectin
Laminin
Proteoglycans
Bubepidermal BP-180
Latent TGF-p binding protein-1

Complement factors
Fibrinogen
Immunoglobulins
Proenzymes
pro-Collagenase
pro-Cathepsin B
Tenascin
Tumour necrosis factor-alpha
Proteinase Inhibitors
a4-proteinase inhibitor
az-macroglobulin
az-plasmin inhibitor
Antithrombin 1l
Complement C1
inactivator
Plasminogen activator
inhibitor 1
Metalloproteinases
MMP-9
Tissue Inhibitor of MMP
TIMP-1
Surfactant protein D

CD11b/18(Mac-1)
CD14
CD43
ICAM-1
Tissue resident cells
ICAM-1
Endothelial cells
VE-cadherin
Heparan sulfate
Platelets
lIb/llla fibrinogen
receptor
Human immuno-
deficiency virus
gp120 coat protein
Gram-negative bacteria
Outer membrane

protein (Omp) A
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1.2.iv  Mechanism of proteolytic action

Neutrophil elastase contains a primary catalytic site (S;) and a number of extended
substrate-binding sites to accommodate substrates of varying chain lengths (Lestienne and Bieth,
1980). The primary catalytic triad of His”-Asp'®-Ser' residues (in chymotrypsin numbering
order) form a potent charge-relay system for initiating peptide bond attack (Travis, 1988; Bode et
al., 1989). As a result of electron transfer from the carboxyl group of Asp'® to the oxygen of
Ser'”, the y-oxygen on Ser'” is transformed into a powerful nucleophile that targets the carbonyl
atom in the engaged substrate. During proteolysis, the initial formation of a reversible Michaelis
complex between the enzyme and its substrate is followed by cleavage of the peptide bond and
formation of an acyl-enzyme intermediate. Deacylation of this covalent molecule yields a

hydrolysed carboxyl-moiety product and a regenerated enzyme (Powers and Harper, 1986).

Neutrophil elastase has a particular propensity for hydrolysing non-bulky amino acids such as
valine at the substrate P1 position, with alanine, methionine and leucine residues being less
reactive (Del Mar, 1980). Porcine pancreatic elastase differs from neutrophil elastase in its higher
affinity for substrates containing alanine residues. This affinity may explain why it hydrolyses

elastin, containing a high proportion of alanyl residues, much faster than neutrophil elastase
(Reilly, 1980).

1.2.v Tissue locations

Soluble neutrophil elastase is usually quantified according to its catalytic activity in the
presence of exogenously added substrate. In this manner, increased neutrophil elastase activity
has been measured in BAL fluid in a number of pathological states, including emphysema
(Wewers, 1989), cystic fibrosis (Meyer et al., 1991), the acute respiratory distress syndrome
(Gando et al., 1997) and pulmonary fibrosis (Yamanouchi et al., 1998). Although there is a
wealth of knowledge about the biochemistry and enzyme kinetics of neutrophil elastase in free
solution, the presence of high-affinity extracellular inhibitors can make it difficult to identify this
serine proteinase in its pure enzymatic form iz situ. Its predominant intracellular location and
transient extracellular existence also complicate histological identification of the enzyme outside

the neutrophil.
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Even so, catalytically active neutrophil elastase has been localised to the plasma membrane of
mature neutrophils following release from intracellular stores (Owen et al., 1995). The ability of
neutrophil proteinases to sequester in the immediate pericellular environment is believed to be
an adaptive mechanism whereby their catalytic activities may be preserved despite the presence
of extracellular inhibitors. It has been estimated that at any one time, as much as 12% of stored
human neutrophil elastase may be expressed on the cell surface by a charge-dependent
mechanism following neutrophil ptiming by either TNF-a or activation by 1L-8 (Owen et al.,
1997). The quantity of such cell-bound neutrophil elastase is approximately six-fold greater than

the amount released into the extracellular environment.
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Reproduced from Cavarra et al., 1999

Figure 1.1 Extracellular localisation of neutrophil elastase in lung matrix

Colloidal particles of immunogold-labeled neutrophil elastase particles are present in the alveolar wall,
surrounding bundles of damaged elastic fibres (original magnification x 34 000).

Although the amount of neutrophil elastase extruded extracellularly appears to be small (in the
order of 1 x 10° molecules/cell), it is in this form that most of its proteolytic activity is directed
at the lung extracellular matrix. Most demonstrations of extracellular matrix-bound neutrophil
elastase have utilised immunogold-labeling techniques. In human lungs exposed with neutrophil
elastase 7z vitro, prominent immunogold positivity may be evident in damaged elastic fibres of
varying sizes (Mortris et al., 1993). Likewise, immunoreactive neutrophil elastase released into the
matrix of murine lungs has been identified in areas of ECM breakdown within the alveolar wall
following neutrophil degranulation induced by N-formyl-I-methionyl-leucyl-L-phenylalanine
(fMLP) instillation (Cavarra et al., 1999).
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More recently, Brinkmann and colleagues have shown that activated neutrophils can secrete
discrete webs of extracellular fibres that contain DNA, histones and granule proteinases such
asneutrophil elastase and cathepsin G (Brinkmann et al., 2004). These so-called neutrophil
extracellular traps (NETs) are dispersed to trap bacteria that are then digested by the activity of
neutrophil elastase protected within them. Not only is this an efficient way of maintaining the
relevance of neutrophil-derived enzymes outside the confines of the neutrophil, it may also focus

the activity of neutrophil elastase in targeting the extracellular matrix during tissue remodelling.

1.2.vi Proteinase inhibition: a key strategy for regulating neutrophil elastase activity

Inadvertent extracellular release of neutrophil elastase occurs during neutrophil necrosis
or degranulation. Such responses can be stimulated i vitro with agents that prime or activate
neutrophils such as TNF-a, LPS, C5a, phorbol esters and N-formyl-methionyl-leucyl-
phenylalanine (fMLP) (Senior and Campbell, 1983; Baggiolini and Dewald, 1984; Wright, 1988).
In vivo, chemical and microbial toxins are the commonest triggers of neutrophil degranulation.
Due to the high turnover of neutrophils, studies have estimated that around 250 mg of
neutrophil elastase must be eliminated from the circulation daily which necessitates the presence
of a large anti-proteinase screen (Travis et al., 1991). The immense variety of neutrophil elastase
activities in the extracellular space obliges tight and efficient regulation by specialised antagonists.
In the lung, neutrophil elastase activity is controlled by several antiproteinases, namely alpha-1-
proteinase inhibitor (a1-P1, syronymous with alpha-1-antitrypsin or al-AT), SLPI and to a lesser
extent, elafin. These naturally occurring compounds interfere with the neutrophil elastase

catalytic site to disrupt its enzymatic activity.

a1-Pl, a highly polymorphic 52 kDa glycopeptide belonging to the serpin (serine protease
inhibitor) superfamily, is the primary circulating and tissue-based inhibitor of neutrophil elastase.
It is synthesised principally by liver hepatocytes, and to a lesser extent, peripheral blood
monocytes and alveolar macrophages (Perlmutter et al., 1985; Venembre et al., 1994). The
normal gene product of the a1-AT gene is a 394-amino-acid acute phase protein whose
concentration may rise up to four or five-fold in response to systemic inflammation or injury.
Although best known as the principal inhibitor of neutrophil elastase, the anti-proteinase

spectrum of a1-PI is broad and includes trypsin, cathepsin G and proteinase 3 (Lomas and

Parfrey, 2004). In the alveolus, a1-PI contributes to over 90% of the neutrophil elastase
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inhibitory activity with a concentration of approximately 10 - 15% of normal serum levels, or
between 2 and 5 uM of anti-proteinase activity (Wewers et al., 1988; Crystal, 1990). During
intense lung inflammation, the alveolar spaces become flooded with increased amounts of a.1-
AT, and levels in the epithelial lining may exceed 10 pM. a1-PI potently (K 3.3 x 10™* M) and
rapidly (K, 6.5 x 10’ M) neutralises neutrophil elastase activity by forming an irreversible 1: 1
molar complex with the solubilised serine proteinase (Bernstein et al., 1994). These inactive
complexes are then recognised by hepatic receptors and cleared from the circulation. Despite its
potency, the large size of a1-PI renders it ineffective against neutrophil elastase that is bound to
components of the extracellular matrix including elastin (Bruch and Bieth, 1986). Abnormalities

in the o 1-PI gene are associated with gross reductions in circulating concentrations of a.1-PI and
intracellular aggregation of the polymerized o 1-PI protein within liver cells (Lomas et al., 1992).

Consequently, patients with these genetic defects are predisposed to early hepatocellular failure

and a particularly severe form of pulmonary emphysema (Mahadeva and Lomas, 1998).

SLPI (‘mucus proteinase inhibitor’) and elafin (‘elastase-specific inhibitor’) are low-molecular
weight proteins belonging to the antileukoprotease (ALP) family (Hiemstra, 2002). Both are
found primarily in tracheo-bronchial and lung secretions. In addition, glandular epithelial cells,

alveolar macrophages and neutrophils also secrete SLPI; elafin is detectable in sputum and the
skin (Sallenave, 2001).

SLPIis an 11.7 kDa cationic, non-glycosylated potent inhibitor of neutrophil elastase (X, 3.3 x
10" M), cathepsin G and trypsin but not of proteinase 3 (Tetley, 2000). It can also inhibit
chymotrypsin and mast cell tryptase. The SLPI molecule comprises two homologous cysteine-
rich domains (supporting eight disulfide bridges), with the C-terminal domain containing elastase
binding and inhibitory activity (Grutter et al., 1988). In the lung, SLPI is produced
predominantly by Clara and goblet cells of the surface epithelium and to a lesser extent by serous

cells lining submucosal glands. Unlike a,-Pl, it is a reversible inhibitor of neutrophil elastase but

like its larger counterpart, it is unable to inhibit elastase that is bound to elastin.

In contrast, elafin is a specific inhibitor of neutrophil elastase containing a four-disulfide core
protein that belongs to the recently described trappin family (Schalkwijk et al., 1999). Also
known as skin-derived antileukoproteinase (SKALP), it bears structural similarities to SLPI and

has similar patterns of expression (Pfundt et al., 1996). However, unlike SLPI, elafin is able to
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inhibit proteinase 3 activity. Its particularly small size enables elafin to access pericellular sites

that exclude SLPI and a,-PI.

More recently, a number of studies have shown that o,-PI, SLPI and elafin may exert their anti-
inflammatory effects beyond simple antagonism of neutrophil elastase activity. In the bleomycin
model of lung injury and fibrosis, a,-PI attenuates the degree of lung damage without affecting
neutrophil numbers or levels of measured elastase (Nagai et al., 1992). Elastase:a.,-PI complexes
can also stimulate production of a,-PI by macrophages (Joslin et al., 1991). SLPI can inhibit the
pro-inflammatory activity of bacterial lipopolysaccharide (Jin et al., 1997). In addition, an
antimicrobial ‘defensin-like’ role for both SLPI and elafin has recently been described, a property

that may contribute to their protective effects in the lungs (Hiemstra et al., 1996; Simpson et al.,
1999).

1.2.vii Evasion of the antiproteinase screen

Neutrophils contain an estimated 1.11 £ 0.11 (SD) pg of neutrophil elastase (Campbell
et al., 1989) which is packaged into approximately 400 azurophilic granules per cell (Damiano et
al., 1988). Analysis by quantum proteolysis has calculated that each of these specialised granules
contains approximately 67,000 molecules of neutrophil elastase. This estimation equates to a
mean intra-granular elastase concentration of 5 mM in each neutrophil (Liou and Campbell,
1995). Once released, soluble neutrophil elastase is completely inactivated when its extracellular
concentration falls by two orders of magnitude relative to the concentration of surrounding
proteinase inhibitors (Liou and Campbell, 1995). In a normal extracellular environment replete
with antiproteinases, the obligate catalytic activity of extruded neutrophil elastase will persist for
milliseconds before being quenched by pericellular inhibitors. Therefore, successful
antiproteinase evasion in the extracellular milieu is critical for unimpeded neutrophil elastase

activity.

Massive neutrophil degranulation leading to swamping of the antiproteinase screen is one means
by which immediate inhibition of extracellular elastase activity can be limited. This occurs in

acute inflammatory states such as overwhelming sepsis or massive tissue injury. In addition,

neutrophil-derived oxidative intermediates can rapidly inactivate o,-PI, SLPI and elafin by
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directly oxidising a key methionine residue in their substrate-binding sites (Bernstein et al., 1994).
This mechanism is believed to operate in the lungs of chronic smokers and to contribute to the

widespread neutrophil-mediated tissue damage encountered in their lungs.

Mounting evidence also suggests that neutrophil elastase can exist in shielded pericellular
microenvironments where its catalytic activity is protected from inhibition (Takeyama et al.,
1998). In the lungs and other organs, this phenomenon may explain why substantial tissue
breakdown can occur despite an apparently low intensity of inflammation. Furthermore,
neutrophil elastase that is bound to insoluble elastin is relatively resistant to neutralisation by
most endogenous antiproteinases (Morrison et al., 1990). Finally, MMP-9 has recently been
shown to digest and inactivate o,-PI, a mechanism that would decrease tissue anti-elastase

capacity and enhance neutrophil elastase activity at sites of extracellular tissue damage (Liu et al.,

2000).

1.2.viii Neutrophil elastase - extracellular matrix interactions

Neutrophil elastase is a prime example of a matrix-modifying enzyme whose actions are
dependent on the context in which it finds itself. Due to its varied substrate range, neutrophil
elastase activity can induce cytokine secretion, degrade clotting factors and activate a number of
cell surface receptors that regulate inflammation and host defences. However, its unrestrained
degradative activity on matrix constituents forms the pathological basis for diseases such as
pulmonary emphysema, chronic bronchitis and cystic fibrosis. Outside the lungs, neutrophil
elastase-mediated proteolysis of murine BP180, a hemidesmosome protein located at the dermal-
epidermal junction of intact skin, has been shown to induce skin blistering that is analogous to

human bullous pemphigoid (Liu et al., 2000).

Several lines of evidence indicate that the crosstalk between infiltrating immune cells and the
surrounding matrix during tissue injury profoundly influence the migratory capacity and target-
organ functions of these cells. Inhibition of neutrophil elastase has been shown to reduce
neutrophil adhesion to extracellular matrix-coated surfaces 7 vitro and to endothelial cells ex vivo
(Carney et al., 1998). Neutrophil elastase-mediated disruption of intercellular E-cadherin
junctions has been shown to facilitate neutrophil transmigration across epithelial barriers

(Ginzberg et al., 2001). Similarly, interactions between cytoskeletal elements of fibroblasts and
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the external matrix may be susceptible to proteolytic modification by this proteinase.
Furthermore, the requirement for neutrophil elastase-mediated cleavage of endothelial
CD11b/18 to allow neutrophils to infiltrate lung matrix is consistent with the role of this
proteinase in degrading adhesion molecules that immobilise leukocytes during inflammatory cell

trafficking (Cai and Wright, 1996).

More direct collaborative interactions between neutrophil elastase and MMPs have been shown
to influence extracellular matrix function and remodelling in vitro. For example, exogenously
added neutrophil elastase can augment fibroblast-mediated contraction of three-dimensional
collagen gels (Skold et al., 1999). The mechanism for this appears to involve neutrophil elastase-
mediated activation of latent MMPs (Zhu et al., 2001). In this model, collagen gel contraction
was also accompanied by the degradation of extracellular matrices secreted by fibroblasts
following prolonged co-culture with monocytes. Thus, apart from causing matrix protein loss,
neutrophil elastase also appears to influence the rearrangement of extracellular matrix that might

ultimately be relevant to disease pathogenesis.

Unlike MMP-mediated inactivation of IL-1pB, neutrophil elastase appears to be involved in
processing this cytokine to its active form (Black et al., 1991). In a similar manner, it can convert
IL-8 to more potent, truncated variants. Neutrophil elastase also degrades and inactivates TNF-
a (Scuderi et al., 1991). Because TNF-a. has been shown to bind ECM constituents, it is possible
that this action may alter the activity of matrix-bound TNF-a.. Neutrophil elastase degrades the
pleiotropic cytokine IL-2, generating small peptides that regulate T-cell adherence to the ECM
and other functions related to T-cell activation (Ariel et al., 1998). The same proteinase produces
biologically active fragments of collagen and elastin that stimulate collagen synthesis in cultured

fibroblasts (Gardi et al., 1999) and can induce pulmonary fibrosis (Gardi et al., 1990).

1.2.ix The role of neutrophil elastase in diseases of the lung

The notion of neutrophil elastase as a principal mediator of lung inflammation and
destruction was reinforced from observations that unopposed elastase activity characterised
premature lung destruction in individuals with hereditary o,-AT deficiency (Laurell and

Eriksson, 1963). Since that time, its matrix-degrading capacity has been implicated in the clinical
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exacerbation of other lung diseases such as cigarette smoke-induced emphysema, chronic
bronchitis, cystic fibrosis, bronchiectasis and bronchiolitis obliterans. Many of these diseases
have in common neutrophil-dominated airway inflammation. In almost all of these diseases,
neutrophil elastase has emerged as an important modulator of alveolar inflammation, epithelial

injury and interstitial matrix damage.

The promiscuous nature of neutrophil elastase and its broad substrate repertoire have led to the
hypothesis that any imbalance in the equilibrium between elastase and its natural inhibitors may
result in, or at least intensify, these pathological states. Thus, although connective tissue
digestion s its best-known tissue manifestation, neutrophil elastase activity can also intervene to
amplify pathogenic pathways such as mucus hypersecretion, impairment of ciliary function,
cytokine and growth factor activation, augmentation of inflammation and degradation of cell

receptors and other molecules (reviewed in Bernstein et al., 1994).

The ability of neutrophil elastase to sequester and kill bacteria underlinesits role as akey effector
of the innate immune system. Intracellular elastase kills gram negative bacteria by cleaving
surface antigens that regulate microbial plasma membrane integrity. Neutrophil elastase-
mediated killing of Klebsiella pneumoniae occurs by the non-oxidative cleavage of a specific
bacterial target, the OmpA protein (Belaaouaj et al., 2000). In a similar manner, the degradation
of other, as yet unspecified, virulence factors appears to explain the ability of neutrophil elastase
to counter infections by spirochaetes (Garcia et al., 1998), fungi (Tkalcevic et al, 2000) and

schistosomal parasites (Freudenstein-Dan et al., 2003).

The observation that emphysematous and fibrotic lung changes often co-exist have given rise to
the theory that these two structural anomalies may represent the polar ends of the spectrum of
lung extracellular matrix remodelling. Evidence that neutrophil elastase activity may be involved
in the development of both airspace enlargement and interstitial matrix accumulation has come
from descriptive reports and experimental studies. Raised levels of neutrophil elastase-o.1-PI
complex, measured to reflect elastase burden, have been reported in the lungs of patients with
established IPF (Obayashi et al., 1997; Yamanouchi et al., 1998). Moreover, extracellular
neutrophil elastase has been found in areas of interstitial and honeycomb fibrosis (Hojo et al.,
1997; Obayashi et al, 1997). Although these studies strengthen the view that uncontrolled
neutrophil elastase activity is not purely destructive in chronic lung disease, its role in promoting

fibroproliferative changes remains ill defined.
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1.2.x  Neutrophil elastase-deficient mice as experimental models of human disease

The expression and function of the neutrophil elastase gene (NE) in humans and mice
share important similarities. In both, it spans five exons of similar sizes containing conserved
intron/exon junctions, including the codons of the primary His-Asp-Ser catalytic triad
(Belaaouaj et al., 1997). The genomic sequence of NE in each species also predicts the
expression of a precursor pro-elastase, which in mice, consists of 265 amino acids, two less than
the human homolog. These two gene products share sequence homology of approximately 83%
(NCBI BLAST® Conserved Sequence website). The synthesis of neutrophil elastase is also
restricted to the early stages of myelocytic development in both cases. Furthermore, human
neutrophil elastase is inhibited by protein products of two of the five murine o,-PI genes
(Paterson and Moore, 1996). Such overlapping characteristics between the two species lend
themselves to the use of genetically modified mice with neutrophil elastase abnormalities to
model major human diseases. Although exhaustive comparisons between the enzymatic activities
of human and murine neutrophil elastase have not been completely characterised, both enzymes
are known to cleave major substrates such as elastin and synthetic compounds that contain

substituted nitroanilide groups (Bernstein et al., 1994).

Two strains of neutrophil elastase-deficient (NE”) mice have been generated by targeted
mutagenesis and used for examining the role of this proteinase in host immunity and connective
tissue injury (Belaaouaj et al., 1998; Tkalcevic et al., 2000). Whilst the progeny of NE” mice
develop normally in the absence of infective stimuli, with preserved neutrophil migration,
phagocytosis, oxidative burst and degranulation, they have increased vulnerability to sepsis and
death when challenged systemically with gram negative bacteria (Klebsiella pnewmoniae and
Escherichia coli) (Belaaouaj et al., 1998). Likewise, their survival is severely compromised following
exposure to pathogenic Aspergillus fumigatus (Tkalcevic et al., 2000). Outside the realm of
infections, neutrophil elastase activity has also been implicated in cigarette smoke-induced
emphysema Whilst neutrophil elastase deficiency may confer partial resistance to cigarette
smoke-induced emphysema (Shapiro, 2002), its role in modulating fibrotic lung repair has not

been previously evaluated.
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1.3  Pulmonary fibrosis

Pulmonary fibrosis is the cardinal pathologic feature uniting a large group of disorders
collectively known as the diffuse parenchymal lung diseases (DPLD). Over 200 clinical entities
come under this heading, including those arising from known causes such as exposure to
inorganic particulates, infective agents, irradiation and autoimmune reactions, but also those of
uncertain aetiology (reviewed in Demedsts et al., 2001). Numerically, the largest group of fibrotic
lung diseases comprises those associated with connective tissue (collagen vascular) disorders.
While many DPLDs may arise from chronic exposure to environmental agents (such as dust) or
infection (including mycobacteria), a large number may also develop following acute exposure to
certain drugs. Bleomycin is an anti-neoplastic agent whose clinical use is associated with the
development of pulmonary fibrosis in up to 3 - 5% of patients (Cooper, 2000). Pulmonary

fibrosis may manifest as part of a systemic disorder, or present purely as a lung-limited disease.

The nomenclature for pulmonary fibrotic disorders has evolved considerably since the first
description of Liebow and Carrington over 30 years ago (Liebow and Carrington, 1969).
Scadding introduced the term ‘diffuse fibrosing alveolitis’, and divided pulmonary fibrotic
disease into two groups that were either aetiologically identifiable or obscure (Scadding, 1974).
The second group was defined with the aid of histopathological information. Since that time,
classification systems have depended more and more on composite information gleaned from
pulmonary imaging, cytopathology and histopathology. Over the past decade, the spectrum of
idiopathic interstitial pneumonias has become better defined; as a result, the different disease
manifestations are now distinguished as discrete pathological entities, at least in histologic terms
(Muller and Colby, 1997; Katzenstein and Myers, 1998). The latest international classification
uses an integrated clinical, radiologic and pathologic approach to segregate the many different
forms of DPLDs into broad aetiological subgroups (Figure 1.2, ATS/ERS International
Multidisciplinary Consensus Classification, 2002). One of its key objectives was to emphasise
greater attention on the IIP subgroup, now recognised as a large and important collection of
clinically important diseases. Efforts were made to narrow and standardise the pathologic

identification of the individual disease variants within this subgroup.
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Figure 1.2 Revised classification of the diffuse parenchymal lung diseases (DPLDs)

AIP: acute interstitial pneumonia; anti-Jo-1: polymyositis/pulmonary fibrosis syndrome; COP,
cryptogenic organising pneumonia; DIP, desquamative interstitial pneumonia; HP: hypersensitivity
pneumonitis; LIP: lymphocytic interstitial pneumonia; NSIP: non-specific interstitial pneumonia;
P-LAM: pulmonary leiomyomatosis; NFM: neurofibromatosis with lung disease; RA: rheumatoid
arthritis; RB-ILD: respiratory bronchiolitis interstitial lung disease; SSc: systemic sclerosis; UIP: usual
interstitial pneumonia.

(adapted from ATS / ERS International Multidisciplinary Consensus Classification, 2002)

13.i  The idiopathic interstitial pneumonias

The idiopathic interstitial pneumonias consist of acute and chronic disorders of

unknown aetiology but sufficient difference to warrant separate clinico-pathological descriptions
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(reviewed in ATS/ERS International Multidisciplinary Consensus Classification, 2002). The
commonest form of the IIPs, idiopathic pulmonary fibrosis or IPF, is distinguished by the
histologic appearance of usual interstitial pneumonia (UIP). The diagnosis of UIP relies on the
presence of alternating normal and fibrotic lung architecture containing areas of
fibroproliferative repair that are temporally heterogeneous. These lesions are characterised by
variable degrees of interstitial inflammation, septal and alveolar fibrosis as well as honeycomb
transformation (ATS International Consensus Statement, 2000). Scattered clusters of activated
myofibroblasts (fibroblastic foci) are often prominent at the junction of normal and scarred
areas. These may represent regions in which fibroproliferative activity is intensified and

propagated (Katzenstein and Myers, 1998).

The prognostic value of separating UIP from the other IIPs is now widely recognised. UIP/IPF
is considerably more resistant to conventional medical therapy and is associated with poorer
survival (King et al., 2001). Acute interstitial pneumonia (AIP) is a rapidly progressive form of
the IIPs that is histologically defined by diffuse alveolar damage. Historically, AIP was the first
form of the interstitial pneumonias to be identified (Hamman and Rich, 1944). Desquamative
interstitial pneumonia (DIP) is associated with chronic cigarette smoking and appears
histologically as bronchiolar inflammation with the accumulation of intra-alveolar macrophages
laden with iron. Non-specific interstitial pneumonia (NSIP) is a pathologic description of mixed
alveolitis and fibrosis that is evident on computed tomography imaging as ground glass
opactfication. NSIP comprises the widest clinical spectrum of the IIPs. Respiratory bronchiolitis-
associated interstitial lung disease (RBILD) and cryptogenic organising pneumonia (COP) are
manifestations that include elements of bronchiolo-alveolar inflammation and granulation tissue
organisation. Lymphoid interstitial pneumonia (LIP) is associated mainly with immunologic
disorders including human immunodeficiency virus disease and has characteristic widespread

lymphocytic infiltration in the alveoli and interstitium.

Idiopathic pulmonary fibrosis

IPF is the commonest and most widely studied form of IIP. It is a chronic fibrosing pneumonia
with a gender predilection for middle-aged males, and a progressive natural history punctuated
by episodes of acute disease exacerbation (Gross and Hunninghake, 2001). Approximately two-

thirds of patients with IPF are over the age of 60 at the first presentation, with a mean age of 66
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at diagnosis (ATS International Consensus Statement, 2000). One widely quoted study from
Bernalilo County, New Mexico, has estimated the incidence of IPF at between 7.4 to 10/100,
000 population/year (Coultas et al., 1994). These figures increase with age, and are thought to
exceed 100/100, 000 population/year in men over the age of 75. In the same study, an overall
prevalence of 20.2/100, 000in men and 13.2/100, 000 in women, was also estimated, for a mean
prevalence of 16.7/100, 000. The latter is consistent with a recent study from Finland that
reported a nationwide prevalence of 16 - 18/100, 000 population in that particular country
(Hodgson et al., 2002). In contrast, the average prevalence of IPF in the United Kingdom has
been estimated at 6.0 / 100, 000 population (Scott et al., 1990).

In established IPF, extensive parenchymal fibrosis results in severe and progressive ventilatory
failure. Loss of lung compliance from excessive matrix deposition increases the work of
breathing and accelerates an irrevocable decline in lung function. Patients with IPF have a five-
year survival rate of 40 - 60% (Hubbard et al., 1996). This prognosis is substantially poorer than
fibrosing alveolitis associated with either systemic sclerosis or rheumatoid arthritis (Wells et al.,
1998). The overall median IPF survival rate is around 2.8 years (Bjoraker et al., 1998).
Epidemiological studies over the past decade have identified a rising trend in the global mortality
rates of IPF (Johnston et al., 1990; Mannino et al., 1996). In the United States, the five-year
mortality rate of IPF has surpassed those of breast cancer, prostate cancer and hospital-treated

acute myocardial infarction (Table 1.2).

TABLE 1.2 COMPARATIVE MORTALITY OF IPF AND OTHER DISEASES

DISEASE MORTALITY
Lung cancer 85% at 5 years
Idiopathic pulmonary fibrosis 50% at 5 years
Acute myocardial infarction (seen and treated in hospital) 25% at 5 years
Breast cancer 20% at 5 years
Prostate cancer 15% at 5 years
Decompensated liver cirrhosis (with variceal bleeding) 50% at 4 years
Coronary artery bypass surgery (three vessel) 30% at 4 years
COPD on long-term oxygen therapy 50% at 3 years

(adapted from Mason et al., 1999)
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In a seven-country study, the authors found a large variation in mortality data of IPF. Mortality
rates varied from 0.03 - 1.3 per 100, 000 to 0.6 - 1.7 per 100, 000 in post-inflammatory fibrosis,
a term that remains diagnostically obscure (Hubbard et al., 1996). Whilst emphasising the
difficulties associated with the epidemiological analysis of IPF, this study nonetheless confirmed

earlier estimates of the mortality rate of IPF in England and Wales (Johnston et al., 1990).

1.3.ii  Epidemiology and disease burden of pulmonary fibrosis

Epidemiological data for most fibrotic lung diseases is limited by their uncommon
occurrence, the lack of large population-based studies, and inherent diagnostic ambiguity. In a
population-based study in New Mexico, the prevalence of DPLDs was estimated to be 20%
higher among men (80.9 per 100, 000 population) than among women (67.2 per 100, 000
population) (Coultas et al., 1984). In the same study, the incidence of DPLDs among men (31.5
per 100, 000 population) was comparable to that among women (26.1 per 100, 000 population).
When compared with the frequency data from other registries, prevalences of sarcoidosis and
hypersensitivity pneumonitis are lower than in Europe (reviewed by Demedts et al., 2001).
However, pulmonary fibrosis secondary to pneumoconioses and connective tissue diseases were
relatively more common. Regardless of geographic differences, it is now widely accepted that
both the prevalence and incidence of pulmonary fibrotic disorders are approximately five to ten

times higher than suggested by a number of earlier studies (Schwartz, 2000).

The incidence of pulmonary fibrosis in connective tissue disorders such as rheumatoid arthritis
and systemic sclerosis is also unclear. Pulmonary abnormalities have been found in up to 60% of
patients with rheumatoid arthritis on lung biopsy (Cervantes-Perez et al., 1980) and up to 50%
when screened by high-resolution computed tomography (Remy-Jardin et al., 1994). However,
interstitial changes are routinely found in only about 5% of affected patients when assessed by
plain X-rays, due to the relative insensitivity of this modality as a screening tool (reviewed in
Wells, 2000). Conversely, radiological involvement is present up to 65% of patients with
systemic sclerosis. In addition, post-mortem evidence of pulmonary fibrosis has been reported in
up to 75% of deaths from this condition, the highest prevalence amongst connective tissue
disorders (Minai et al., 1998). The prevalence of sarcoidosis also varies widely. Rates of incidence
have been estimated at 3/100, 000 in Caucasians, 47/100, 000 in African Americans (Freitas and
Costa, 1988), and 64/100, 000 in Scandinavians (reviewed by Eklund and Grunewald, 2000).
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Pulmonary involvement occurs at some stage in up to 90% of those affected. Epidemiological
data for other connective tissue disorders is inadequate. More recently, a global effort has been
made to establish patient registries to allow geographic differences in DPLD to be identified and
analysed (Thomeer et al., 2001).

1.3.iii  Criteria for diagnosing pulmonary fibrosis

In the majority of cases, a confident diagnosis of pulmonary fibrosis is limited by the
sensitivities of clinical and radiological considerations, with or without a histopathological
contribution. In the case of IPF, a clinical history of insidious breathlessness, digital clubbing,
dry cough and the presence of ‘fibrotic’ auscultatory crackles in an older patient, in the absence
of obvious trigger factors, increase the diagnostic specificity (Bourke and Clague, 2000).
Laboratory investigations are not useful for diagnosing IPF but may help eliminate hereditary,
hypersensitivity or connective tissue disorders. The presence of UIP in lung biopsy material
usually confirms the diagnosis of IPF in the correct clinico-radiological setting. In the absence of
biopsy information, the certainty of a clinical diagnosis is improved by considering a list of

differentiating criteria (Table 1.3).

TABLE 1.3 SIMPLIFIED ATS / ERS CRITERIA FOR THE CLASSIFICATION OF IPF IN
THE ABSENCE OF SURGICAL LUNG BIOPSY

Major Criteria

Exclusion of other known causes of DPLD

Abnormal pulmonary function (restrictive ventilatory defect or impaired gas exchange)
Reticular abnormalities on high-resolution CT scanning (with minimal ground-glass opacities)

No biopsy or bronchoalveolar lavage evidence to support an alternative diagnosis

Minor Criteria

Age > 50 years

Insidious onset of unexplained dyspnoea (shortness of breath)
Duration of iliness > 3 months

Bibasilar inspiratory crackles

(adapted from ATS/ERS International Muitidisciplinary Consensus Classification statement, 2002)
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The presence of certain radiological features on high-resolution computed tomography (HRCT)
may suggest an TPF pattern’. These include subpleurally distributed, linear (reticular) opacities
consistent with interlobular septal thickening in the basal lobes, the presence of parenchymal
honeycombing with cystic change and traction bronchiectasis. Patchy ground glass opacification
(GGO) may also be present, although this is not the most prominent radiologic sign in IPF.
Indeed, extensive GGO may suggest an alternative diagnosis such as non-specific interstitial

pneumonia (NSIP).

1.3.iv  Functional and clinical consequences of pulmonary fibrosis

The characteristic physiological abnormality in pulmonary fibrosis is a restrictive
ventilatory defect with relative sparing of airway limitation. Decreased lung volumes (both vital
and total lung capacity) and increased ‘stiffening’ of lung units ultimately contribute to the
gradual reduction in pulmonary compliance. Progressive worsening of gas exchange is evident by
a steady decline in the diffusive efficiency of lung carbon monoxide transfer (5; CO). In some
cases, the reduction in p; CO may precede any appreciable contraction in lung volume. Over
time, the combination of heterogeneous ventilation-perfusion mismatches as well as increased
blood shunting due to alveolar-capillary barrier thickening result in a steady reduction in the

arterial partial pressure of oxygen (P,0,).

Depending on the stage of clinical disease, patients may frequently experience breathlessness at
rest and almost always during physical exertion. With time, as work of breathing progressively
increases, the degree of respiratory disability becomes steadily augmented. One adverse effect of
worsening interstitial fibrosis on the pulmonary circulation is the development of secondary
pulmonary hypertension as a result of chronically elevated pulmonary vascular resistance. This
complication leads inexorably to right ventricular overload and right-sided cardiac failure
(ATS/ERS Joint Statement, 2000). This combination of abnormal haemodynamics, structural
abnormalities and the deleterious effects of chronic hypoxia ultimately contribute to the
premature fatality of individuals affected by pulmonary fibrosis. Thus far, no treatment modality
with the possible exception of heart and lung transplantation has been shown to restore either
the chronic respiratory or pulmonary circulatory dysfunction encountered in established

pulmonary fibrosis.
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1.3.v  Pathologic ECM changes in the fibrotic lung

The normal alveolar interstitium is thin and contains an optimal composition of ECM
elements distributed primarily in peribronchial and perivascular locations. The pulmonary matrix,
once simply regarded as ground substance, is a complex and biologically active structure. It can
bind, sequester and present growth mediators to a variety of cells involved in lung homeostasis.
In addition, intact matrix proteins as well as proteolytic matrix fragments can initiate signal
transduction pathways involved in normal and pathological lung repair. During fibrogenesis, the
heightened synthesis and over-accumulation of ECM proteins, primarily fibrillar collagens, lead
to characteristic anatomical changes. As most of this abnormal matrix becomes deposited in
interstitial and paraseptal areas, expansion of the alveolar wall that results is often apparent even
macroscopically. In many cases, intra-alveolar accumulation of collagen fibres also occurs (Kuhn
IIT et al., 1989). Deposition of fibrotic matrix in this location arises because granulation tissue
forms within damaged alveoli and expands to obliterate the airspaces it occupies. As a direct
result, the denuded alveolar walls appose against each other to produce histological changes

described as ‘alveolar collapse-induration’ (Burkhardt, 1989).

On the other hand, the accumulation and metabolism of non-fibrillar collagens in pulmonary
fibrosis are less well characterised. In fibrotic lung disorders, distinctive changes in the alveolar
basement membrane have been described, including fragmentation, abnormal folding and
aggregation of amorphous matrix material in areas of damaged basal laminae (Raghu et al., 1985).
Increased immunostaining of types IV and V collagen has been reported in areas of airspace
fibrosis, an observation that suggests loss of basal lamina integrity to be an important element in
pulmonary fibrogenesis (Madri and Furthmayr, 1980). Pathological studies have long indicated
that a major pathway of interstitial fibrosis is organisation of a provisional matrix that appears in
the alveolus as a consequence of alveolar wall injury. Formation of the provisional matrix may
occur early. The appearance of intra-alveolar proteinaceous exudates in diffuse alveolar damage
that accompanies the acute respiratory distress syndrome (ARDS), acute interstitial pneumonia
(AIP) and some forms of severe infective pneumonia provides substrate for thrombin activation
and fibrin formation that precede hyaline membrane deposition. The eventual transformation of
this neo-matrix into a fibrotic scar is the result of re-epithelialisation, mesenchymal cell

proliferation and incorporation into more permanent collagenised matrix.
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Where fibrosis supervenes, the most discernible biochemical abnormality is an absolute increase
in lung collagen content. Pulmonary collagen accumulation is the direct result of both enhanced
protein synthesis and decreased degradation (Laurent and McAnulty, 1983; Selman et al., 1986).
Changes in the relative abundance of many different collagen subtypes are recognised in lung
fibrosi; a three to four-fold increase in the ratio of type I to III collagen has been widely quoted
(Kirk et al., 1984). Of note, the ratio of type I to Il collagen empirically correlates with different
stages of fibrotic lung disease although the significance of this observation is not known (Kuhn
III et al., 1989). It has also been suggested that increased type III collagen may precede
elevations in type I collagen (Bateman et al., 1983). Indeed, in one early study of IPF, increased
type I collagen was linked to the presence of late or established lung fibrosis while changes in
type 11l collagen were noted earlier on in the disease (Seyer et al., 1976). In bleomycin-induced
pulmonary fibrosis in rodents, increased expression of collagen type VI has also been shown to

precede collagen type I (Specks et al., 1995).

In contrast to collagen, elastin turnover in pulmonary fibrosis has not been as widely studied.
Despite its durability and limited turnover in the healthy adult lung, increased numbers of elastic
fibres have been described in fibrotic lesions in resected specimens of lung affected by IPF
(Basset et al., 1986). In addition, increased tropoelastin expression and elastic fibre number have
been reported in lungs with silica-induced lung fibrosis although it is likely that these abnormal-
appearing fibres are non-functional (Pierce et al., 1995). Similarly, although alterations in
different proteoglycans have been described in pulmonary fibrosis, a detailed understanding of
their turnover in fibrotic lung disease 1s far from established (Venkatesan et al., 2000). Regardless
of the specific nature of the fibrotic process, wide-ranging changes in fibrotic ECM remodelling
inevitably contribute to the increased stiffness and decreased compliance of the chronically

scarred lung.

1.3.vi Therapeutic approaches to pulmonary fibrosis

Pulmonary fibrosis is incurable and available therapies offer limited symptomatic
efficacy (Mason et al., 1999). In specific cases of secondary pulmonary fibrosis, treatment of the
underlying disorder (e.g. rhematologic disease) or removal of the inciting agent (e.g. organic
allergens or drugs) may be beneficial. For the most severe forms of the idiopathic interstitial

pneumonias, including IPF and fibrotic variants of NSIP, available treatment options consist
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entirely of immunosuppressive agents. In such patients, the institution of immune-modulating
therapies, including steroids and cytotoxic agents, does not alter the course or prognosis of the
disease (ATS/ERS Joint Statement, 2000). Over the years, a paucity of well-conducted placebo-

controlled clinical trials has complicated attempts to optimise drug treatment strategies.

Although corticosteroids remain first line treatment agents for many newly diagnosed patients
with IPF, an initial therapeutic response has been reported in only 10 - 30% of patients
(ATS/ERS Joint Consensus Statement, 2000). However, many early reports came from
uncontrolled studies and failed to account for the biologic variability of a disease in which there
can be prolonged survival (up to 10 years) in 10% of patients. The adverse effects of prolonged
high-dose steroid treatment commonly offset potential benefits associated with its use. In many
cases, concomitant use of either azathioprine or cyclophosphamide is employed with limited
success as a steroid-sparing strategy. Even so, current ‘best’ practice for newly diagnosed IPF
consists of tapering dose corticosteroids in combination with azathioprine (ATS/ERS Joint
Consensus Statement, 2000). Relapsed or accelerated disease is treated with either ‘rescue’

methyprednisolone and/or cyclophosphamide, although such strategy is often futile.

Up until now, anti-fibrotic strategies using newer anti-mitotic agents, proline analogues and
immune-based therapies have also proved disappointing. However, preliminary analyses of
several phase II / III trials have highlighted limited benefits in terms of lung function and
increased exacerbation-free intervals. These agents include pirfenidone (Azuma et al., 2005), N-
acetylcysteine or NAC (IFIGENIA: Idiopathic Pulmonary Fibrosis International Group
Exploring NAC I Annual study; www.zambongroup.com) and bosentan, an endothelin-1
receptor antagonist (BUILD-1: Bosentan Use in Interstitial Lung Disease study;
www.actelion.com). In addition, a multi-centre, prospective, double-blinded, placebo-controlled
phase I trial of etanercept, a soluble TNF-a. receptor-Fc fusion protein, in patients with IPF has

been completed and await release.

In 1999, considerable interest was generated by the publication of a preliminary trial showing
that IFN-y had a potential therapeutic role in the treatment of steroid-resistant IPF (Ziesche et
al.,, 1999). More specifically, the combination of IFN-y and corticosteroids was associated with
significantly improved lung function and oxygenation indices compared to steroid therapy alone.
IFN-y has previously been shown to suppress both fibroblast proliferation and production of

matrix proteins iz vitro (Narayanan et al., 1992; Gurujeyalakhsmi and Giri, 1995). A much larger
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randomised, double-blinded, placebo-controlled trial subsequently failed to confirm the positive
effects of IFN-y reported in the preliminary study (Raghu et al., 2004). In fact, treatment with
IFN-y in steroid-resistant patients with IPF did not affect disease progression, lung function or
the quality of life following diagnosis. Worryingly, several accounts of worsening respiratory
failure have recently been reported in patients with severe IPF treated with this cytokine
(Carvalho et al., 2004). Evaluation of another interferon, IFN-p has also failed to demonstrate

therapeutic benefit in this devastating condition (Raghu et al., 2002).

1.3.vii Current concepts of the pathogenesis of pulmonary fibrosis

A central paradigm in the pathogenesis of chronic pulmonary fibrosis proposes that
low level, albeit persistent, lung injury produces cycles of alveolar inflammation that prompt
infiltrating as well as stimulated resident cells to release a range of soluble mediators. In turn,
these factors individually or co-ordinately promote fibroblast activation, proliferation and
extracellular matrix production. These processes in turn interact with other phenomena of tissue
repair that contribute to the loss of homeostatic matrix regulation (figure 1.3). As a result,
disproportionate accumulation of pulmonary connective tissue occurs, with its attendant effects

on lung physiology (Chambers and Laurent, 1997).

Early hypotheses on the pathogenesis of pulmonary fibrosis focused on the role of unresolved
inflammation as a stimulus for lung injury and subsequent fibrosis. This concept was supported
by the observation of abundant inflammatory cells within damaged alveoli and pulmonary
interstitium, as well as the increased expression of pro-inflammatory mediators such as
interleukin-1f, tumour necrosis factor-o and transforming growth factor-f (Keane and Strieter,
2002). In addition, an imbalance in the expression of T-helper type 1 and type 2 cytokines has

also been implicated in the development of pulmonary fibrosis.

However, it has recently been acknowledged that early and repeated epithelial cell stimulation
and damage, as well as abnormal interactions with inflammatory and mesenchymal cells, may
represent focal points in pulmonary fibrogenesis (Selman, 2000; Gauldie, 2002). This latest
theory has emerged because fibrotic lung remodelling persists in many clinical and experimental
situations despite the apparent resolution or paucity of pulmonary inflammation. Even so, while

aberrant re-epithelialisation may be pivotal to pulmonary fibrosis, the cardinal event remains an
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excessive accumulation of extracellular matrix that characterises pulmonary fibrosis.




abnormal tissue response to wound healing. Understandably, the hypothesis that disturbed
epithelial cell behaviour can drive regenerating lung tissue to resolve as thickened scars amid an

exuberant fibrotic reaction has become the subject of intense investigation (Chapman, 2004).

Crucial to the development and maturation of the pulmonary fibrotic response is the secretion
of mediators that promote haemostasis, angiogenesis, matrix synthesis and function. Although
certain features of tissue repair during lung fibrosis appear at first glance to recapitulate some
aspects of lung development, the fibrotic response differs from lung morphogenesis in
important respects. In pulmonary fibrosis, the controls that normally govern connective tissue
production, assembly and organisation are lost. In addition, although candidate mediators may

be identifiable, the triggers responsible for their secretion are not often readily apparent.

1.3.viii Fibrogenic factors implicated in lung remodelling

The number of profibrotic mediators implicated in the pathogenesis of pulmonary
fibrosis is large. Among the best-known examples are tumour necrosis factor-alpha (TNF-a),
isoforms of platelet-derived growth factor (PDGF), interleukins-1 (IL-1), -4 (IL-4) and -13 (IL-
13) and transforming growth factor-beta (TGF-B). TNF-o and PDGF are potent inducers of
fibroblast proliferation iz vitro whose fibrogenic activity appears to be mediated by TGF-B-
dependent pathways (Zhang and Phan, 1996). When monitored prospectively over months, mice
that overexpress pulmonary TNF-a consistently develop age-related lung fibrosis (Sime et al.,
1998). In contrast, TNF-o-deficient or double TNF-o.-receptor knockout mice are protected
from bleomycin-induced pulmonary fibrosis (Ortiz et al., 1999). Both adenoviral-mediated
expression of PDGF-B and exogenously administered recombinant PDGF-BB have been shown
to induce pulmonary fibrosis (Yoshida et al., 1995). The expression of PDGF and its receptor
(PDGF-R) is also upregulated in the lungs of patients with established IPF (Homma et al., 1995).
However, the ability of either TNF-a. or PDGF to directly promote collagen production is still

not well characterised.
Transient overexpression of IL-1B produces marked lung inflammation and tissue damage that

leads to chronic fibrotic lesions (Kolb et al., 2001a). In addition, pulmonary overexpression of

GM-CSF (granulocyte-monocyte colony stimulating factor) also produces moderate lung
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inflammation and fibrosis in a mechanism that involves increased TGF-B protein expression
(Xing et al., 1997). IL-4 and IL-13 are pleiotropic Th-2-derived cytokines that exert profibrotic
effects on a number of tissues. Lungs from IPF patients have sustained IL-4 production
(Wallace et al., 1995) and very recently, IL-4-deficient mice have been reported to resist
bleomycin-induced pulmonary fibrosis (Huaux et al., 2003). Likewise, IL-13-overexpressing mice
have been shown to develop spontaneous pulmonary fibrosis (Lee et al., 2001). The finding that
alveolar epithelial cells are a source of many of these cytokines is consistent with the hypothesis
that these mediators play key roles in modulating aberrant epithelial-mesenchymal interactions
within the repairing lung.

However, the best evidence of fibrogenic potential in terms of individual mediators is that for
TGF-B. Data from a wide range of experimental models, including the commonly used
bleomycin model, have implied a link between increased levels of TGF-B and an enhanced
susceptibility to pulmonary fibrosis (reviewed in Thrall and Scalise, 1995; Johnston et al., 1995).
Several important lines of evidence support a causal role for active TGF-B as a profibrotic
mediator. First, the in vivo events that underlie excessive matrix accumulation such as increased
fibroblast proliferation, differentiation and ECM synthesis have been reproduced by incubating
pulmonary fibroblasts with TGF-p (Raghu et al., 1989; Torry et al., 1994). Second, neutralisation

of TGF-B activity or blockade of its signaling, either at the receptor level or intracellularly,
inhibits or at least attenuates the development of pulmonary fibrosis in susceptible animals (Giri
etal., 1993; Wang et al., 1999; Nakao et al., 1999; Kolb et al., 2001b). Third, in vivo transfection
of a constitutively active form of the TGF-B gene into the lungs of rodents is sufficient to
induce severe and prolonged pulmonary fibrosis (Sime et al., 1997), even in TNF-a receptor

knockout mice (Liu et al., 2001).

In humans, immunohistochemical studies have shown that TGF-p expression is increased in a
number of cell types, including alveolar macrophages in early fibrotic lesions, and type Il alveolar
epithelial as well as mesenchymal cells in advanced honeycombed lungs in IPF (Khalil et al.,
1991; Khalil et al., 1996b). However, such descriptive studies have failed to directly link the
increased presence of TGF-B to either the extent of pulmonary fibrosis or clinical outcome. A
number of studies have focused on the functional consequences of certain TGF-f gene
polymorphisms in fibrotic lung disease. E-Gamel and colleagues reported two polymorphisms
(leucine — proline at codon 10, and arginine — proline at codon 25) in the TGF-1 leader

sequence in a cohort of patients with mixed fibrotic lung pathology undergoing transplantation
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(El-Gamel et al., 1999). Of the two polymorphisms, homogygosity for arginine at codon 25 was
commoner amongst patients with pre-existing lung fibrosis (either IPF, cystic fibrosis or
bronchiectasis), and correlated with an increased risk for post-transplant allograft fibrosis. Of
note, the codon 25 arginine allele has previously been linked to increased TGF-B1 production by
cells in vitro (Awad et al., 1998).

More recently, Xaubet and colleagues reported an association between the codon 10 proline
allele and accelerated physiological deterioration in more than a hundred patients with IPF
(Xaubet et al., 2003). However, a link between this polymorphism and increased disease
susceptibility was not established. Based on protein structure, it had previously been predicted
that the leucine to proline substitution at codon 10 might alter TGF- secretion (Awad et al.,
1998). The same polymorphism has also been associated with chronic hepatitis C-induced liver
fibrosis (Gewaltig et al., 2002). Interestingly, in an earlier study of osteoporosis in Japanese
women, higher levels of serum TGF-B1 had been quantified in subjects carrying the same
homozygous codon 10 proline/proline genotype (Yamada et al., 1998). In the Xaubet study,
however, blood TGF-p protein levels were not assessed so its functional relevance in IPF

remains uncertain.

Insights from the bleomycin model have confirmed that blocking the generation of active TGF-
B in vivo confers protection against pulmonary fibrosis. Experiments in rats have shown that
plasmin can enhance the activation of macrophage-secreted TGF-B in the presence of
thrombospondin-1 (TSP-1) and its cell surface receptor, CD36 (Khalil et al, 1996). Disruption of
this reaction using a synthetic CD36 blocking peptide inhibited TGF-B activation and abrogated
the development of pulmonary fibrosis (Yehualaeshet et al., 1999). In addition, mice lacking
avp6, an epithelial-restricted integrin, develop intense bleomycin-induced lung inflammation but
are protected from bleomycin-induced pulmonary fibrosis (Munger et al., 1999). avB6 has been
shown to act as a ligand for LAP, an interaction that induces conformational changes in the
latent TGF-B complex, allowing active TGF-B to bind to its receptors. These observations

provide compelling evidence that TGF- activation is critical to the development of fibrosis.
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1.3.ix Animal models of pulmonary fibrosis

A number of methods have been used to induce experimental pulmonary fibrosis.
However, no single approach has managed to comprehensively mimic the human disease in all
its complexity. In rats, the inhalation of inorganic asbestos fibres produces granulomatous
reactions composed predominantly of macrophages and histiocytes that mature into more
uniform fibrotic lesions (reviewed in Lemaire, 1995). Both rodents and larger animals have been
used to reproduce the fibrotic lesions induced by silica (Reiser et al., 1983). In all species, the
magnitude of pulmonary asbestosis and silicosis appear to depend on the amount and method of
fibre inoculation. While the use of such crystalline particles may produce specific forms of
pulmonary fibrosis (e.g. silica-induced silicosis), some characteristics of the fibrotic response may
be dissimilar to that induced by other more ‘acute’ agents. Additionally, in studies of rodents
exposed to these particles, the degree of fibrotic response may be variable, just as it is in

populations of occupationally exposed individuals.

In other studies, thoracic irradiation has also been employed to recapitulate certain aspects of
human pulmonary fibrosis (reviewed in Pickrell and Abdel-Mageed, 1995). Ionising radiation
generates free radicals which can irreversibly damage DNA leading to subsequent pulmonary
inflammation and interstitial fibrosis. Other less commonly used techniques include the
instillation of paraquat (Schoenberger et al., 1984), fluorescein isothiocyanate (Christensen et al.,
1999) and vanadium pentoxide, an inorganic metal dust (Bonner et al., 1998). Lastly, ozone (O,)
and nitrogen dioxide (NO,) are environmental pollutants that have been used experimental to

induce pulmonary fibrosis in rodents after prolonged direct exposure (Last et al., 1993).

Parenteral administration of bleomycin, achemotherapeutic agent derived from the Streptomyces
verticillus mould, consistently produces pulmonary alveolitis that leads to fibrosis in a number of
animal species (reviewed in Thrall and Scalise, 1995). Bleomyecin is cytotoxic; when administered
intratracheally, its actions primarily affect bronchial epithelial cells and alveolar pneumocytes
(Hay et al., 1991). The nature and extent of bleomycin-induced lung fibrosis is determined by the
route of administration and the dose of drug delivered. Intratracheal administration of bleomycin
typically induces fibrosis in peribronchial and focal parenchymal locations, in contrast to
subpleural disease following systemic (intravenous or intraperitoneal) routes. While fibrotic

lesions resulting from a single dose of bleomycin may be patchily distributed, continuous
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administration of the same drug can produce progressive changes involving larger areas of lung

(Harrison and Lazo, 1987).

Regardless of administration route, bleomycin-induced lung injury typically begins as an acute
neutrophil-rich alveolitis with accompanying alveolar oedema. Both parameters tend to intensify
over the first few days following treatment. As the inflammatory response gradually subsides
over the ensuing weeks, signs of provisional tissue repair such as epithelial cell hyperplasia and
fibrin organisation, become more prominent (Laurent et al., 1981). By the third week of
bleomycin exposure, increased collagen synthesis and deposition are usually evident. Over time,
even as the initial signals for matrix production recede, the damaged lung may remain irreversibly
scarred. In some cases, however, unaffected airspaces may coalesce to produce a mixed

histological appearance of interstitial fibrosis and alveolar airspace enlargement (Borzone, 2001).

More recent models of pulmonary fibrosis have included the intra-pulmonary delivery of
mediator genes that encode cytokines such as TGF-pB, IL-1, GM-CSF and TNF-a in rodents
(Gauldie et al., 2002). The use of viral and non-viral delivery vectors to efficiently transduce the
expression of peptide growth factors allows in-depth analyses of specific molecular pathways to
be undertaken. However, in some circles, the generation of supraphysiologic levels of these
mediators has raised concerns that more subtle changes in the tissue response may be masked as
a result. One common finding in these models is the dependence of the eventual lung repair

process on TGF-B-mediated fibroproliferation (Table 1.4).

TABLE 1.4 EFFECT OF ADENOVIRAL TRANSFER OF PROFIBROTIC MEDIATORS
TO RODENT LUNG

Delivered Myofibroblast Extent of TGF-3 dependence
mediator number fibrosis

TGF-$ ++++ ++++ Yes

IL-1B +++ ++++ Yes

TNF-o ++ + Yes

GM-CSF ++ ++ Yes

(adapted from Gauldie et al., 2001)
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1.4  Transforming growth factor-beta (TGF-p)

1.4  Structure and assembly of the TGF-p complex

TGEF-B is a multifunctional protein originally defined by its ability to induce anchorage-
independent growth of kidney fibroblasts in soft agar (Roberts et al., 1981; Moses et al., 1981). It
belongs to the wider TGF-B superfamily of growth and differentiation factors that also includes
Mullerian inhibitory substance, decapentaplegic proteins, activins, inhibins and bone
morphogenetic proteins (BMPs) (Massague, 1990). TGF- is a key regulator of cell growth,
differentiation and function, three fundamental processes that mediate its wider influence on
haematopoiesis, morphogenesis, immunity, wound repair and tumorigenesis (Massague 1990).
Its importance to normal embryonic, foetal and adult organ development is well described. In
particular, its role in balancing the production, organisation and degradation of connective tissue

in organ homeostasis is widely appreciated (Lyons and Moses, 1990; Blobe et al., 2000).

TGF-B exists in at least five different isoforms. Three of these isoforms (TGF-B1, -p2 and -p3)
have been identified in mammals (Massague, 1998). Mammalian TGF-B isoforms are structurally
related and share some 80 to 90% sequence homology (Grande, 1997). Of these, TGF-1is the
most abundant and best characterised. From gene knockout studies, it has been shown that all
three TGF-B isoforms are essential for survival. Disruption of the corresponding genes results in

either embryonic or perinatal lethality (Mummery, 2001).

Precursor TGF-B molecules are formed as large peptides containing between 390 - 412 amino
acids. Early on in the synthesis process, the precursor TGF- gene product is proteolytically

cleaved by a furin-type endopeptidase at an RRK[KAJRKL] sequence located between amino
acids 278 and 279 while still contained within the trans-Golgi apparatus (Dubois et al., 1995).

This reaction yields two components, a 25 kDa homodimeric peptide (‘mature’ TGE-B) from the
C-terminus and a 65 - 75 kDa propeptide known as the latency-associated peptide (LAP)
belonging to the original N-terminus. The TGF- monomers dimerise by a single disulphide

bridge while two disulphide bridges are formed between the larger LAP monomers (Gentry et
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al., 1988). The presence of the LAP moiety facilitates the secretion of the entire heterodimer

from the cell and confers latency to 1t.

The three-dimensional structures of TGF-B1, -B2 and -B3 have been determined. TGF-Bs are
composed mainly of B-strands although an a-helix and a B-sheet interact between the
monomers to form a hydrophobic core. All TGF-B isoforms contain four internal disulphide
bridges as well as a disulphide link between the monomers (Archer etal., 1993; Mittl et al., 1996).
In addition, the final TGF-B monodimer is stabilised by a number of hydrogen bonds. The LAP

portion of the TGF-B molecule is predicted to be rich in B-strands (McMahon et al., 1996).

Most cultured cells secrete latent TGF-f as a large latent complex comprised of the LAP-TGF-8
dimer and an additional 120-240 kDa glycoprotein called latent TGF-f binding protein (LTBP).
Four LTBPs (LTBP-1, LTBP-2, LTBP-3 and LTBP-4) have been described. All belong to the
LTBP/fibrillin superfamily. Members of this family are distinguished by the presence of
tandemly repeating epidermal growth factor-like domains in the center of the molecule and a
variable number of unique 8-cysteine motifs (Kanzaki et al., 1990). In LTBPs, the third of four
8-cysteine motifs residing in the carboxy terminus interacts directly with LAP through disulphide
covalent linking to form the large latent complex (Saharinen and Keski-Oja, 2000). During the
production of TGF-B, LTBP is required to direct the processing and secretion of TGF-f from
cells (Miyazono et al., 1991). Abnormalities in LTBP at this stage results in the improper folding
of the small latent complex and its retention within the cis-aspect of the Golgi apparatus
(Miyazono et al., 1991). In some cases, the expression of LTBP-1 has been found to be co-
regulated with that of TGF-B1 (Taipale et al., 1994). Once extruded from the cell, the role of
LTBP is critical for targeting the latent TGF-B complex to the extracellular matrix (Taipale et al.,
1994; Koli et al., 2001). Indeed, the amino terminal of LTBP is covalently cross-linked to
components of the ECM by a tissue transglutaminase (Nunes et al., 1997). Thus far, only LTBP-
1,-3 and -4 have been shown to form covalent bonds with TGF-B (Saharinen and Keski-Oja,
2000).
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1.4.ii  Cellular sources of TGF-$

The majority of cultured cells studied to date produce TGF-B in a latent form that
requires post-translational modification to acquire biological activity (Lyons et al., 1990). These
include chinese hamster ovary (CHO) cells, chicken embryonic fibroblasts (Lawrence et al.,
1984) and bovine aortic endothelial cells (Schultz-Cherry et al., 1995). In addition, solubilised
latent TGF-B complexes have been detected in the culture media of many other cell types,
including murine calvarial bone osteoblasts (Bonewald et al., 1991), BSC40 monkey kidney cells
(Lioubin et al., 1991), human erythroleukaemic (HEL) cells (Miyazono et al., 1991) and bovine
endothelial cells in monoculture (Flaumenhaft et al., 1992). Rat osteoblast cell lines have been
shown to secrete small latent TGF-B complexes that lack the LTBP moiety and are thus unable
to target TGF-B to the extracellular matrix in repairing bone (Dallas et al., 1994). Only a few
primary cells and established cell lines have been known to secrete active TGF-p. These include

cultured BSC-1 African green monkey kidney cells (Tucker et al., 1984), Kato III cells (Horimoto

et al., 1994) and certain human glioblastoma cell lines (Olofsson et al., 1992).

Platelets have long been known to be an important and probably the major source of TGF-f in
serum (Assoian et al., 1983). TGF-f released from a-granules during platelet degranulation has
been purified and shown to be similar to TGF-f released by cultured cells (Wakefield et al.,
1988). In the lung, cellular souces of TGF- include inflammatory cells such as macrophages

(Khalil et al., 1996a) and neutrophils (Grotendorst et al., 1989), type Il alveolar epithelial cells
(Xu et al., 2003) and mesenchymal cells including fibroblasts (Kelley et al., 1991).

1.4.iii Biological functions of TGF-B in the lung

TGF-B demonstrates regulatory effects on a wide range of cell types. It can function
either as an agonist or antagonist of inflammatory cell regulation and growth. TGF-B is a potent
chemoattractant and mitogen for mesenchymal cells involved in the fibroproliferative response
(Blobe et al., 2000). In the pulmonary interstitium, these cells are predominantly fibroblasts and

myofibroblasts. TGF-P can also elicit a number of negative growth responses in epithelial and

endothelial cells. As a result, numerous studies have focused on the important autocrine tumour-

49



suppressing properties of this cytokine. The anti-proliferative effect of TGF-B on cultured mink
lung epithelial cells occurs via the induction of G1 cell cycle arrest via the prevention of active
cyclin E-cdk2 complex formation (Koff et al., 1993). TGF-p is also a potent inducer of

apoptosis of epithelia and blood cells (Perlman et al., 2001). Its expression is frequently elevated
when tissue growth is perturbed which makes it one of the most important molecular regulators

of tissue homeostasis (Cui et al., 1995).

TGF-P is a critical mediator of fibrogenesis. It exerts direct and indirect effects on extracellular
matrix production, fibroblast chemoattraction, proliferation and transformation into
myofibroblasts. Numerous studies in both animals and humans support a key role for TGF-f in

pulmonary fibroproliferation in vivo. Its effects on matrix accumulation not only affect interstitial
fibroblasts but also airway mesenchymal cells, alveolar epithelial cells and infiltrating leukocytes

such as macrophages (Bienkowski and Gotkin, 1995; Coker et al., 1997; Eickelberg et al., 1999).

TGF-B is a uniquely strong promoter of ECM synthesis, particularly of collagen production and
accumulation (Ignotz and Massague, 1986; Pentinnen et al., 1988). Its effects on collagen
synthesis result from a combination of increased collagen gene transcription, enhanced mRNA
stability and decreased degradation of procollagen molecules (reviewed in Cutroneo, 2003).
TGF-B-mediated transcription of type I procollagen genes, proa.1(I) and proa2(l) involves two
different but interacting signaling pathways (reviewed in Cutroneo, 2003). Proa.1(I) expression is
controlled by the TGF-B activator protein signaling pathway while Proa2(l) expression comes
under the domain of the Smad signaling pathway. The outcome of this relationship is the strict
synthesis of the two collagen pro-polypeptides (proal and proa2) ina 2 : 1 ratio. Along with
collagen production, TGF-B also increases fibroblast levels of heat shock protein-47, a
procollagen-specific molecular chaperon (Sasaki et al., 2002). This action increases the efficiency

of procollagen processing and enhances deposition of stable procollagen molecules into the

extracellular milieu.

TGF-B also can enhance the expression of elastin and various early matrix proteins, including
tenascin, fibronectin, vitronectin and a number of different proteoglycans (Saharinen et al.,
1999). The half-life of the tropoelastin molecule is increased by TGF-p (McGowan et al., 1997).

Gene expression of fibronectin and both subunits of the fibronectin receptor in human lung
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fibroblasts (Roberts et al., 1988) as well as chondroitin / dermatan sulfate proteoglycans (Bassols

and Massague, 1988) are stimulated by the action of TGF-f.

In addition to its direct synthetic effects on the ECM, TGF-p also decreases the proteolytic
activity of cells by suppressing the expression and secretion of a number of proteinases including
interstitial collagenase and plasmin (Kerr et al., 1990; Laiho and Keski-Oja, 1992). It upregulates
the production of tissue inhibitors of metalloproteinases (TIMPs) and plasminogen activator
inhibitor-1 (PAI-1), thus tipping the overall balance in matrix turnover towards net accumulation
(Wright et al., 1991). Its ability to regulate the expression of matrix receptors including integrins

may reveal novel aspects of extracellular matrix remodelling.

1.4.iv  The TGF-B signal transduction pathway

‘Outside-in’ TGF-B signal transmission occurs via serine/threonine kinase receptors
consisting of two closely interacting proteins known as type I and type II TGF- receptors
(TBRI and TPRII) (reviewed in Shi and Massague, 2003). TGF- ligand binding induces the
association of these receptors leading to a unidirectional event in which TBRII phosphorylates
TPBRI to activate it. In turn, the latter signals to the Smad family of intracellular mediators,
specifically the receptor-regulated, or R-Smads. Smad-2 is the prototypic member of this group
(Smad-3 being the other) and provides a critical link with more downstream signaling events.
During the signal transduction process, R-Smads are directly phosphorylated by TBRI on two

conserved serine residues. Phosphorylated R-Smads then form heterodimers with the next

component of the signaling cascade, Smad-4.

Following association with Smad-4, the Smad complex translocates to the cell nucleus and is
then able to bind to one of many DNA-binding partners (including transcriptional co-activators
and co-repressors) to either positively or negatively regulate gene expression. An additional
group of Smads, the inhibitory Smads (Smad-6 and -7) counteracts the affects of the R-Smads to
block Smad-mediated TGF-p signaling (reviewed in Attisano and Wrana, 2002). Termination of
Smad signaling is less well understood. It might be achieved by dephosphorylation via as yet
unidentified phosphatases or by ubiquitination and proteasome-mediated degradation of

activated R-Smads (Randall et al., 2002).
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The delivery of active TGF-B to its receptor is enhanced by the action of various proteoglycans
that do not actually participate in the signal transduction process. The best characterised of these
are glypicans, small glycoproteins containing heparan sulfate glycosaminoglycan (GAG)
sidechains linked to the extracellular membrane by a glycosylphosphatidyl inositol anchor
(Cheifetz et al., 1988). Acting as chaperone proteins, glypicans reversibly bind TGF-B and deliver
it to the TBRII/TPRI complex where it can interact with the receptor complex to initiate
intracellular signaling (De Crescenzo et al., 2001). Similarly, the recognition of R-Smads by the
TGE-B receptor complex is both facilitated and enhanced by a number of auxiliary proteins. For

example, Smad-2 and Smad-3 are recruited to the cell membrane surface and immobilised there

by the SARA (Smad anchor for receptor activation) molecule (Tsukazaki et al., 1998).

However, Smad-independent pathways of TGF- signaling also exist. Acting via TAK1
(transforming growth factor B-activated kinase 1), TGF-P can activate MAPK (mitogen activated
protein kinase)-associated signaling pathways which include the signaling molecules ERK
(extracellular signal-regulated kinase), p38 and JNK (Jun N-terminal kinase) (Chen et al., 1993).
These pathways mediate the effects of TGF-f on the expression of several ‘early gene’ products
such as c-Jun, Jun B and c-Fos. Moreover, TGF-f exerts variable effects on c-Myc expression
via Smad-dependent interactions with its p15 promoter. Myc can bind to a Myc-interating zinc-
finger transcription factor, Miz-1, to block the expression of a cell cycle inhibitory protein,
p15(INK4b) (Seoane et al., 2001). However, TGF- is able to prevent recruitment of Myc to the
p15(INK4b) transcriptional initiator by Miz-1, with the net effect of relieving gene repression,
thereby unblocking Myc-dependent arrest of cell cycle events. This is one example of molecular
manipulation by TGF-B to modulate cellular responses to changes in the external cellular
environment (Orian and Eisenmann, 2001). In fibroblasts, factor(s) that bind at the TGF-B1
control element within the c-Myc promoter increases the expression of this gene (Kim et al.,
1993). Furthermore, TGF-B is able to rapidly activate Rho family guanosine triphosphatases

(GTPases) and protein kinase B (PKB, synonymous with Akt) (reviewed in Attisano and Wrana,
2002).

The apparent simplicity of the TGF-f signaling pathway sharply contrasts with the diversity of
cell-specific gene responses that it triggers. Even within the relatively small area of matrix

remodelling following lung injury, this cascade exerts a very broad influence on fundamental
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processes that regulate ECM turnover and organ function. However, in order to have any
bearing at all on tissue remodelling, TGF-B must first be available in its active conformation for

any of its ligand binding actions to be biologically relevant.

1.4.v  Mechanisms of TGF-p activation

TGF-B is secreted almost exclusively as a latent molecule. Biological activity is only
gained when the mature TGF-B homodimer is separated from the LAP dimer so that it can
interact with its high affinity surface receptor (Gleizes et al., 1997; Ribeiro et al., 1999). The
presence of TGF- receptors on most cell types (Tucker et al., 1984) and the ubiquitous nature
of the TGF-B molecule itself suggest that the activation of latent TGF-B must form an integral

part in any biological processes regulated by this growth factor.

Cultured cells do not normally secrete active TGF-B or activate significant amounts of latent
TGF-B. Only afew primary or established cell lines have been found to secrete active TGF-f in
their conditioned media (Koli et al., 2001). However, a variety of physicochemical conditions
have been shown to promote TGF-B activation iz vitro including heat, detergents, extremes of

pH, urea and enzymatic processing (Brown et al., 1990) (Table 1.5). Of these, proteolysis has

been the most extensively studied. Plasmin is the archetypal proteinase that is able to
proteolytically separate the LAP component from the mature TGF-$ molecule in order to effect
activation (Lyons et al., 1990; Sato et al., 1990). In some studies, the TGF-f activating potential

of plasmin has been demonstrated in the presence of urokinase-type and tissue-type

plasminogen activators (Nunes et al., 1995).

Plasmin-mediated TGF-B activation has been documented in cell-free conditions (Lyons et al.,
1988; Lyons et al., 1990), in monocultures of endothelial cells (Flaumenhaft et al., 1992) and in
co-culture systems comprising bovine endothelial cells and smooth muscle pericytes (Antonelli-
Orlidge et al., 1989; Sato et al., 1990). In the last, endogenous activation of TGF- is dependent
upon the binding of mannose-6-phosphate (M6P) residues on LAP with insulin growth factor-
like-II receptors (M6P/IGF-IIR) expressed on the surface of pericytes (Dennis and Rifkin,
1991). Using the same co-culture system, LTBP-1 has also been shown to participate in the

activation process since the presence of anti-L TBP-1 antibodies prevents the detection of active
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TGEF-B (Nunes et al., 1997). It 1s now known that the interaction between LTBP with the
extracellular matrix requires cross-linking enzymatic activity of a tissue transglutaminase (tTg).
This observation provides proof that mechanisms exist to concentrate latent TGF-f complexes

in the extracellular matrix.

TABLE 1.5 CONDITIONS / MECHANISMS OF TGF-ﬁ ACTIVATION
In vitro Cell culture In vivo
Non-proteolytic heat EC / pericyte co-culture radiation
pH extremes TSP-1 TSP-1
detergents IL-13 / MMP-9
chaotropes ovp6
radiation
TSP-1

deglycosylation
sialic acid / MP6

Proteolytic plasmin / uPA plasmin / uPA plasmin
cathepsin B MMP-2 / MMP-9
cathepsin D calpain

MT1-MMP-avp8

EC endothelial cell; TSP-1, thrombospondin-1; M6P, mannose-6-phosphate

Plasmin has also been shown to liberate and activate latent TGF-B complexes from extracellular
matrices assembled by cultured fibroblasts and epithelial cells (Taipale et al., 1992; Taipale et al.,
1995). Other examples implicating the plasminogen/plasmin system in TGF-B activation include
an in vivo role for surface-bound uPA on peritoneal macrophages (Nunes et al., 1995) and the
prominence of the CD36/plasmin system localised on the surface of activated rat alveolar

macrophages isolated from bleomycin-treated rats (Yehualaeshet et al., 1999).
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Other proteinases have been implicated in TGF-B activation. The gastric cancer Kato III cell
line has been reported to activate secreted latent TGF-1 in conditioned media by utilising a
serine proteinase other than plasmin (Horimoto et al., 1995). Abe and co-workers have reported
that calpain is capable of activating latent TGF-p (Abe et al., 1998) while subtilisin-like
endoproteinases (Chu and Kawinski, 1998), thrombin (Benezra et al., 1993), cathepsins (Lyons et

al., 1988) as well as matrix metalloproteinases MMP-2 and MMP-9 have also been shown to

possess similar capabilities (Yu and Stamenkovic, 2000).

In contrast, the physiologic regulation of TGF-p activation is less well understood. Inevitably, iz
vitro findings have been extrapolated to suggest that plasmin, increased acidity and even reactive
oxygen species may participate in TGF-B activation i vivo (Grainger et al., 1994; Barcellos-Hoff
and Dix, 1996). However, these mechanisms are only thought to function in very restricted
situations such as within lysosomal granules or peri-osteoclastic environments (Lawrence, 1996).
Although the greatest potential relevance of proteolytic regulation of TGF-B activation has been
assigned to plasmin-mediated mechanisms, their perceived importance iz vivo is not supported by
findings from murine genetic studies. The observation that mice lacking plasminogen or its
endogenous activators, urokinase plasminogen activator (uPA) or tissue plasminogen activator
(tPA), do not succumb to the adverse autoimmunity or premature death that affect TGF-B-null
animals suggests that there must be other mechanisms that can activate TGF-p in the absence of
plasmin. In addition, data from iz vitro studies have shown that even high concentrations of
plasmin may be insufficient to release active TGF-p from all the latent complexes (Lyons et al.,
1988; Taipale et al., 1995). The high concentration of plasmin inhibitors in plasma also would

restrict its functionality as the sole TGF-B activator (Flaumenhaft et al., 1992).

Increased local expression of thrombospondin-1 (TSP-1) due to platelet degranulation has been
shown to play a role in wound healing processes (Reed et al., 1995). TSP-1 is a large, trimeric
protein produced by many cell types. TSP-1 null mice have widespread visceral abnormalities

and delayed dermal repair, the latter associated with a concomitant decrease in wound-associated
TGEF-B activity (Murphy-Ullrich and Poczatek, 2000). However, administration of the KRFK
synthetic peptide to mimic the TGF-f binding site on TSP-1 stimulates TGF-f activation and
restores the wild type wound phenotype. The same reaction, inhibition of TGF-B activation, can
be prevented by anti-LAP antibodies (Schultz-Cherry et al., 1994). TSP-1 appears to play an

important role in several cell-associated mechanisms of TGF-f activation, namely the
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CD36/TSP-1 system on stimulated macrophages (Khalil et al, 1996), TSP-1-LAP interactions in
avariety of organs (Crawford et al., 1998) and a metalloproteinase-dependent TSP-1 mediated
mechanism on erythrocytes infected with plasmodium falciparum parasites (Omer et al., 2003). One
hypothetical scenario might involve the initial removal of latent TGF-B complexes from the

matrix by proteolysis and the delivery of such complexes to cell surfaces for activation by TSP-1.
Interestingly, TSP-1-deficient mice display many phenotypic similarities to those present in

TGF-B-deficient pups (Crawford et al., 1998).

The role of integrin-mediated TGF-B activation is gaining increasing appreciation. The LAP
portions of TGF-B1 and B3 contain RGD motifs that are recognised by a number of integrins
including avBé6. In humans, increased avf6 expression has been detected in the airways of
smokers and individuals with fibrosing alveolitis (Weinacker et al., 1995). In vitro studies have
shown that the binding of avf6 to LAP in injured epithelial cells leads to the activation of latent
TGEF-B. This mechanism has been proposed to account for the protection of 6 integrin
deficient mice against bleomycin-induced pulmonary fibrosis (Munger et al., 1999). In addition
to resistance against fibrosis, these animals also have increased pulmonary inflammation, another
process that comes under the regulation of TGF-B. Under normal conditions, the expression of
avf6 is prominent in terminally differentiated epithelial cells in the lung, skin and kidneys during
organogenesis in mice. However, this expression is turned off in normal adult cells, only to re-
emerge following wounding of adult dermal and lung epithelia. Beyond avfé, other integrins
such as avB1, avB5 and avB8 have also been shown to bind to LAP (Ludbrook et al., 2003).
The avP8 interaction with LAP-B1 results in membrane type 1 (MT1)-MMP-dependent
activation of TGF-P at the cell surface, a process that precedes cell growth and extracellular
matrix production (Mu et al., 2002). LAP-B3 also possesses similar RGD sequences, and perhaps
not surprisingly, avP6 has been shown to activate latent TGF-B3 in vitro (Annes et al., 2002).

However, the ability of other integrins to LAP-TGF- processing has yet to be elucidated.

Like the integrin-mediated syatems, the interaction of MMP-9 with its docking receptor, CD44,
on transformed keratinocytes also provides an example of cell-based TGF-B activation (Yu and
Stamenkovic, 2000). Together, these reports argue for the importance of multiple and co-
existing pathways of TGF-B activation, and particularly, the relevance of tissue-specific and cell-

specific proteolytic mechanism.
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1.4.vi Post-translational regulation of TGF-p activity

In addition to the association of active TGF-$ with LAP, several arrangements exist to
ensure that TGF- activation is controlled homeostatically to prevent adverse effects. Circulating
(free) TGF-B in its active conformation is rapidly bound by a«2-macroglobulin and cleared by an
efficient scavenging system centred in the liver (O’Connor-McCourt and Wakefield, 1987). A
potential negative feedback loop to keep levels of active TGF-B in check has been inferred from
studies showing that TGF-B itself can stimulate the expression of a2-macroglobulin in

adrenocortical cells (Shi et al., 1990).

Endogenous proteoglycans antagonists also exist to limit TGF-p activity in the extracellular
matrix. Decorin is a ubiquitous leucine-rich proteoglycans that has two binding sites which
recognise active TGF-B (Yamaguchi et al., 1990). It binds and sequesters biologically active
TGF-p in both inter- and extracellular matrices, thus preventing TGF- from stimulating cell
surface TGF-BRII and I receptors. Transgene expression of decorin in the mouse lung has been
shown to reduce the extent of pulmonary fibrosis following bleomycin administration (Kolb et
al., 2001b). Biglycan and fibromodulin are similar proteoglycans that can interfere with TGF-

activity in vitro but have not been shown to exhibit similar properties iz vivo (Hildebrand et al.,
1994; Kolb et al., 2001c).

1.4.vii Identification of TGF-B in human forms of pulmonary fibrosis

Over the years, considerable evidence has been amassed to implicate TGF-B in the
pathogenesis of human pulmonary fibrosis (Crouch, 1990; Bienkowski and Gotkin, 1995).
Increased TGF-B expression has been reported in the lungs of patients with diverse forms of
pulmonary fibrosis including IPF, pulmonary fibrosis associated with connective tissue disorders,
occupational hazards and thoracic irradiation and sarcoidosis (Broekelmann et al., 1991; Corrin
et al.,, 1994; Salez et al., 1998). In the fibrotic lung, the distribution of TGF-B may be altered in
two main ways; its abundance in locations where it is normally found may increase, and its
presence may be detected in unusual sites. For example, TGF-B overexpression has been

localised to areas of mature fibrosis as well as peri-lesional parenchyma in the lungs of patients
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with established IPF (Broekelmann et al., 1991; Border and Noble, 1994). Interstitial cells and
areas of honeycombing in fibrotic lungs have been shown to contain altered expression of TGF-
B receptors and increased LTBP-1 (Khalil et al., 2001). Furthermore, increased TGF-p levels

have been identified within a variety of inflammatory and resident lung cells (Khalil et al., 1989;
Khalil et al., 1996). Lung and dermal fibroblasts from patients with scleroderma complicated by
pulmonary fibrosis differ functionally from normal fibroblasts. For instance, fibroblasts derived
from scleroderma-affected skin overexpress TGF-B receptors and produce greater quantities of

collagen and other ECM macromolecules than normal fibroblasts (Yamane et al., 2002).

BAL fluid from individuals with IPF contains significantly greater amounts of biologically active
TGF-f compared to samples from unaffected individuals (Khalil et al., 2001) or from patients
with hypersensitivity pneumonitis (Hagimoto et al., 2002). Increased quantities of bioactive
TGF-B also correlate with enhanced epithelial cell pro-apoptotic potential (Hagimoto et al.,
2002). Increased plasma levels of TGF-B may be due to either increased production by cells or
increased mobilisation from tissue stores, or a combination of both. In patients undergoing bone
marrow transplantation, higher plasma TGF-B concentrations appear to predict the development

of radiation-induced pulmonary fibrosis, although this link has yet to be confirmed in an

appropriately powered study (Anscher, 1993).

The genetic importance of TGF-B in pulmonary fibrosis has become an increasingly important
area of research. Seven polymorphisms in the human gene encoding TGF-B on chromosome
10q13 have been reported (Cambien et al., 1996). Three of these reside in the coding region of
the TGF-B1 gene, including two in exon 1 (codons 10 and 25) and one in exon 5 (codon 263).
Grainger and colleagues showed that the differential production of TGF- between individuals
was partly dictated by polymorphisms in codons 10 and 25, both encoding parts of the leader
sequence of TGF-B1 (Grainger et al., 1999). In each case, single base substitutions were
responsible for the change in amino acids encoded: thymine to cytosine (leucine to proline) at
codon 10 and guanine to cytosine (arginine to proline) at codon 25. However, data on the
functional effect of codon 10 Pro are conflicting. Confusingly, both higher (Perrey et al., 1998)
and lower (Yamada et al., 2000) levels of serum TGEF-B have been reported with this particular

polymorphism. More recently, the codon 10 Pro allele has been associated with a predisposition

to hepatitis C-induced liver fibrosis (Gewaltig et al., 2002). On the other hand, the codon 25 Arg
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allele has been associated with greater production of TGF-f by stimulated lymphocytes isolated

from Arg/ Arg homozygous patients undergoing lung transplantation (El-Gamel etal., 1999).In
the same cohort of patients, homozygosity was also associated with a significantly higher
incidence of pre-transplant fibrotic lung changes as well as the development of post-

transplantation lung allograft fibrosis.

However, in a controlled study, neither the codon 10 Pro nor codon 25 Pro allele was associated
with an increased susceptibility to IPF (Xaubet et al., 2003). This conclusion is not surprising,
given the heterogeneity of growth factors implicated in this disorder and the broader complexity
of its pathogenesis and disease progression. However, subgroup analysis revealed that in the
majority of patients with IPF, the codon 10 Pro allele was correlated with more rapid
deterioration in lung function and worsening in gas exchange. Interpreted another way, patients
with this allele may be at greater risk of accelerated progression to terminal respiratory failure
due to their disease. However, only a prospective study would be able to address this hypothesis

in any detail.

1.4.viii Generation of active TGF-§ in the fibrosing lung

A mandatory requirement for the control of TGF- action in pulmonary fibrosis is the
extracellular processing of latent TGF-B to produce the biologically active cytokine. This is
crucial because only the mature TGF-B molecule can bind to its cell surface receptor to elicit the
desired biological response. Although both latent and active forms of TGF-B are increased in
lungs with pulmonary fibrosis, mechanisms of TGF-B activation are poorly understood.

Consequently, TGF-p activation has been the subject of intense research for a number of years.

Experiments in bleomycin-injured rats have shown that plasmin can proteolytically regulate the
activation of macrophage-secreted TGF-p in the presence of a cell surface receptor, CD36 and
its ligand TSP-1 (Khalil et al, 1996a). The mechanism involves the RFK sequence on TSP-1
interacting directly with the LAP molecule to induce a conformational change that unmasks the
TGF-B receptor binding site on active TGF-B. Unlike other mechanisms, the LAP moiety
remains associated with the ‘active’ TGF-B component after interacting with TSP-1. The iz vivo

specificity of this hybrid plasmin/TSP-1-dependent mechanism was determined using a
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competitive CD36 synthetic peptide that abrogated both bleomycin-induced TGF-B activation

and pulmonary fibrosis (Yehualaeshet et al., 1999).

As previously alluded to, mice lacking the epithelial-restricted ovB6 integrin develop intense
bleomycin-induced lung inflammation but are protected from bleomycin-induced pulmonary
fibrosis (Munger et al., 1999). a.vB6 has previously been shown to act as an integrin receptor for
the matrix proteins fibronectin (Busk et al., 1992), tenascin (Prieto et al., 1993) and vitronectin
(Huang et al., 1998). In more recent years, oov36 has also been shown to bind LAP (Munger et
al., 1998). This particular interaction induces conformational changes in the latent TGF-
complex that allows the mature TGF- to bind to its cellular receptors and thus initiate TGF-
signaling in epithelial cells (Munger et al., 1999). Hence, there is no release of active TGF-p into

the pericellular / peri-matrix environment.

More recently, transgenic mice that overexpress interleukin-13 (IL-13) have been shown to
develop spontaneous fibrosis in the airways and lung parenchyma (Lee et al., 2001). The
fibrogenic effects of IL-13 were found to be dependent on the generation of active TGF-.
TGF-B activation in IL-13 overexpressing mice was dependent on the activity of a serine
proteinase (possibly uPA) and MMP-9 but was independent of CD44. Little is known about how
these different factors interact although CD44, which acts as a ‘docking receptor’ for MMP-9,
has previously been shown to be vital for MMP-9-mediated activation of surface-localised latent

TGF-B in transformed keratinocytes iz vitro (Yu and Stamenkovic, 2000).

1.5  Summary, hypothesis and objectives of this thesis

Pulmonary fibrosis is characterised by the excessive accumulation and abnormal
arrangement of lung extracellular matrix following diverse forms of lung injury. The progressive
nature of parenchymal lung scarring is frequently associated with relentless respiratory morbidity
and premature fatality in affected individuals. Extensive experimental and clinical evidence have
implicated TGF-f as the key fibrogenic mediator in the pathogenesis of this disorder. An

increasing number of studies also indicate neutrophil elastase may play roles in lung disease
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beyond that of matrix destruction. Previous studies have shown that neutrophil elastase
inhibitors abrogate the pulmonary fibrotic process in the bleomycin model. Until now,
genetically modified mice have not been used to elucidate the role of neutrophil elastase in
regulating aberrant lung extracellular matrix accumulation. Hence, the mechanism by which
neutrophil elastase can stimulate the fibroproliferative process remains unknown. In particular,

the potential ways by which neutrophil elastase influences the generation of active TGF-B, either

directly or indirectly, in the repairing lung parenchyma remain speculative.

The primary objective of this thesis is to examine the hypothesis that neutrophil elastase
deficiency is associated with resistance to fibrotic lung development. A secondary aim of
assessing the relevance of TGF-B to fibrotic resistance associated with neutrophil elastase

deficiency will also be pursued. In essence, the experimental work will seek to:

1. Characterise and compare the pulmonary fibrotic response of wild type (WT) and NE”
mice to intratracheal instillation of the pro-fibrotic drug bleomycin,

2. Evaluate the extent of bleomycin-induced pulmonary inflammation and lung injury in
both genotypes of mice and relate their contribution to the eventual development of
pulmonary fibrosis, and

3. Examine the production, localisation and activation of TGF-B in the lungs of

bleomycin-injured WT and NE” mice.
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CHAPTER TWO

MATERIALS AND METHODS
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2.1  Generation of gene-targeted mice

2.1.i Neutrophil elastase-deficient (NE”") mice

NE” mice were generated and maintained by Dr. Jiirgen Roes at University College
London (Tkalcevic et al., 2000). Briefly, the NE gene (Figure 2.1 A) was initially isolated from a
P1 mouse embryonic stem cell library to construct a replacement vector (strain 129/Sv; Genome
Systems, USA). This targeting vector (Figure 2.1 B) contained the Cre recombinase gene, the

neomyecin resistance gene flanked by loxP sites, mutations at restriction enzyme sites in exons 1

35kb 9.0 kb

H B H N E H
D e >
2.7 kb

Figure 2.1  Schematic of the neutrophil elastase genomic loci (A), the targeting vector (B), the
targeted loci (C) and the targeted loci following the deletion of neo by Cre-mediated recombination (D).
Solid boxes represent exons, the closed empty box represents an intron with polyadenylation site and
the closed hashed box represents the neutrophil elastase promoter. Key: H, Hindlll; B, BamHI: N, Ncol:
E, Eagl; C, Clal; neo, neomycin gene; Cre, Cre recombinase.

63



and 2, and a HSV-TK cassette. The targeting vector was transfected into embryonic stem cell loci
and incorporated by homologous recombination (Figure 2.1 C). The cre and neo (neomycin
resistance) genes were incorporated between the NE gene coding region and promoter and
enhancer elements. Transient expression of cre removed neo (Figure 2.1 D). Stably transfected
clones were analysed by PCR, DNA sequencing and Southern Blotting. In correctly targeted ES
clones, the NE gene was inactivated by a deleted ATG translation site (exon 1) and a 4-bp
frameshift mutation in exon 2. These clones were microinjected into blastocysts and chimeric

offspring were mated to obtain founders with germline transmission of the inactivated NE gene.

In vivo and in vitro analyses have shown that these NE-deficient mice are phenotypically normal in
the absence of an immune challenge. Spontaneous infections or signs of inflammatory disease
have not been routinely observed either macroscopically or histopathologically (Roes, personal
communication). Flowcytometric analysis of bone marrow leukocytes has revealed normal
numbers of myeloid precursors and mature granulocytes (Tkalcevic et al., 2000). Unstimulated
neutrophils from these animals have normal granularity and demonstrate normal degranulation,
and phagocytic activity, as well as respiratory burst when stimulated with phorbol esters or
opsonised candida albicans. Furthermore, their migration into inflamed serosal cavities in response

to thioglycollate injection is equivalent to that of wild type mice (Tkalcevic et al., 2000).

2.2 Animal procedures

Animals used for experiments ranged from 12 to 16 weeks of age and weighed between
20 - 30 g each. To prevent opportunistic infections within the colony, 2.5% enrofloxacin
(Baytril®, Bayer AG, Leverkusen Germany) was administered prophylactically to the drinking
water given to all animals commencing a week prior to each study. Mice of both genders were
distributed equally across experiments, and all procedures were performed in strict accordance

with the Home Office Animals (Scientific Procedures) Act 1986.
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2.2.i Bleomycin instillation

Bleomycin sulphate (Bleo-Kyowa®, Kyowa Hakko UK Ltd., Slough, UK) was freshly
prepared on the day of use. Each vial containing 15 units of lyophilized bleomycin sulphate (1
unit = 1 mg = 1000 I.U.) was dissolved in 1 ml sterile 0.9% saline. The drug was confirmed to be
endotoxin-free (personal communication, Kyowa Hakko UK Ltd., Japan). Animals were
anaesthesized with 4% halothane (Merial®, Dublin, Eire) administered by constant flow oxygen
(5 litres/minute). An area of skin over the ventral neck surface was sterilised with chlorhexidine,
and a 1 cm transverse incision was made at the base of the neck. The underlying trachea was then
exposed, and a 1 ml syringe used to inject 50 pl of either 0.05 units bleomycin or saline directly
into the airway. Following injection, the skin wound was closed with absorbable silk sutures, and
the animal was allowed to recover. Changes in gross body weight were recorded daily for the first
week after injection of bleomycin or saline and on alternate days thereafter. At sacrifice,
euthanasia was obtained with 0.2 ml of a fentanyl citrate : fluanisone mixture (Hypnorm®,

Janssen, Belgium) injected intraperitoneally.

2.2.ii Bronchoalveolar lavage

Bronchoalveolar lavage (BAL) fluid was collected at specific time points following
bleomycin or saline instillation. Lavage was performed using a 1 ml syringe attached to a 20-gauge
cannula which was secured intratracheally. Six sequential aliquots of approximately 400 ul ice-cold
sterile 0.9% saline were instilled into the lungs, left for 5 seconds and recovered under gentle
pressure. Air (200 pl) was injected after each aliquot to prevent trapping of the lavaging fluid
within the tracheal deadspace. Retrieved BAL fluid was placed in sterile 15 ml polypropylene
tubes kept on ice. On average, 2 ml of BAL fluid was collected from each animal. For protein

analyses, cell separation was achieved by centrifugation at 1000 g for five minutes.

2.2.iii Collection of lung tissue

For protein and RNA analyses, unperfused lungs were dissected free from the airways

and heart, blotted dry, wrapped in foil and snap-frozen in liquid nitrogen. Lungs were stored at
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-80°C until used. Frozen lungs were thawed, and their lung weights recorded prior to use. For
histological analysis, the pulmonary vasculature was first cleared using 10 - 15 ml isotonic saline
introduced via a 25-gauge butterfly cannula placed in the right atrium. The trachea was then
cannulated using a 21-gauge needle, and 10% formalin was carefully instilled into the lungs at a

constant pressure of 25 cm H,O with care to avoid overinflation. Fixed lungs were dissected en

bloc from the thorax, placed in fresh formalin and stored at 4°C until processed.

2.3 Analysis of lung collagen content and distribution

2.3.i Measurement of tissue hydroxyproline content by high performance

liquid chromatography

Lung collagen content was quantified by measuring hydroxyproline in acid-hydrolysed
lung samples. This involved a single-step reverse-phase high performance liquid chromatography
(HPLC) method (Campa et al., 1990). Hydroxyproline is a secondary imino acid that constitutes
approximately 12.2% of the dry weight of collagen (Laurent et al., 1981). It is present in much
smaller amounts in several other proteins. HPLC has been shown to be a convenient,
reproducible and sensitive method for measuring hydroxyproline content in lung tissue (Campa et
al., 1990). Previous methods for measuring hydroxyproline content included radioactive assay

(Rojkind and Gonzalez, 1974) and colorimetric reactions (Edwards and O’Brien, 1980).

2.3.4.a Sample preparation

Snap-frozen lungs were placed in a ceramic pestle containing liquid nitrogen and crushed
to a fine powder using a mortar. Twenty mg of each powdered sample were added to 2 ml of 6 M
HCl and hydrolysed at 110°C for 16 hours. Activated charcoal (20 - 30 mg) was then added to
each hydrolysate to decolourise it prior to filtration through a 0.65 pm DA membrane filter

(Millipore, Watford, UK). Filtrates were diluted 1:100 with purified water to a total volume of 1
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ml, transferred to a microcentrifuge tube and dried down under vacuum and heat using a Speed,

Vac sample concentrator (Savant, UK).

2.3.i.b  Pre-column sample derivatisation

All HPLC solvents were purchased from BDH-Merck Ltd. (Leicester, UK) unless
otherwise specified. Purified water was deionised by reverse osmosis using a Millipore Water
Purification System (RO10 and Milli-Q Plua, Watford, UK). Each dried filtrate was dissolved in
100 pl purified water, buffered with 100 pl 0.4 M potassium tetraborate (pH 9.5) and reacted with
100 ul 36 mM 7-chloro-4-nitrobenzo-2-oxa-1,2-diazole (NBD-Cl; Sigma Chemical Co., Poole,
UK) dissolved in methanol. At least three trans-4-hydroxy-L-proline standards (Sigma-Aldrich Co.
Ltd., Poole, UK) were derivatized in parallel. NBD-Cl reacts with primary and secondary amino
acids to produce light-absorbing chromophores. As reaction products with the latter preferentially
absorb light within the 450 - 550 nm range, the absorbance of hydroxyproline at 495 nm therefore
exceeds that of primary amino acids in the same sample (Campa et al., 1990). Measurement of the
hydroxyproline-NBD-Cl reaction product allows the amount of derivatised amino acid to be
quantified and related to hydroxyproline standards within each experiment. Reducing the

derivatisation time to 25 minutes further minimises interference from primary amino acids.

Derivatisation reactions were terminated with 50 ul 1.5 M HCl to lower the sample pH. To ensure
that all samples were compatible with the HPLC running buffer, 150 ul of concentrated buffer A
(167 mM sodium acetate in 26% acetonitrile v/v, pH 6.4) were added to each sample and filtered
througha 0.2 pm pore filter. An aliquot (100 pl) of this mixture was then injected onto the HPLC

column which was maintained continuously at 40°C in a heated column oven.

2.3.4.c Chromatographic conditions

Freshly prepared running buffers A (50 mM sodium acetate in 8% v/v acetonitrile, pH
6.4) and B (75% v/v acetonitrile) were filtered through a 0.22 um pore size GV filter prior to each

experiment. The HPLC system was purged of air bubbles prior to each use, and the column was

equilibrated in buffer A for 40 minutes. Three NBD-Cl derivatised standards, each containing 50
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pmol hydroxyproline, were then injected on to the column to initiate a ‘run’. Samples were
separated on LiChroCART cartridge columns (LiChroCART LiChrospher, 250 mm length x 4
mm diameter, 5 pm particle size, 100 RP-18; BDH-Merck Ltd., Leicester, UK), protected by a

directly-coupled precolumn (LiChrosorb, 4 x 4 mm, 5 pm particle size, 100 RP-18) (table 2.1).

Derivatised samples were eluted through the column by gradually altering the relative proportions
of the running buffers over time (figure 2.2). Post-column detection was performed by measuring
the colourimetric absorbance of eluted products at 495 nm using a flow-through variable
wavelength monitor. The signal was computerised (System Gold Integrator, Beckman-Coulter
Ltd., High Wycombe, UK) for quantitative analysis. In this way, the biochemical constituents of
each sample were separated and visualised on a real-time graph on an LCD monitor.
Hydroxyproline elutes from the column between 5 and 7 minutes after injection, between
glutamine (3.5 minutes) and serine (7 - 9 minutes), preceding the shift of the gradient to
predominantly organic buffer B. The total running and column regeneration time was

approximately 25 minutes per sample.

Column characteristics LiChrospher 100 RP-18 (250 x 4 mm, 5um particle size)
Buffers (mobile phase) Buffer A 8% aqueous acetonitrile (v/v)
50 mM sodium acetate, pH 6.4
Buffer B 75% aqueous acetonitrile (v/v)

25% water

Column flow rate 1.00 mi/min
Column temperature 40°C
Detection wavelength 495 nm
Elution gradient Time (min) % buffer A % buffer B
0 100 0
5 95 5
6 20 80
12 20 80
12.5 100
25 100

Collection time

15 seconds between 3.5 and 7 minutes

Table 2.1  Chromatographic conditions for the separation of hydroxyproline by reverse-

phase HPLC.
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Figure 2.2 Changes in the acetonitrile gradient during the elution of hydroxyproline by
reverse-phase HPLC.

The hydroxyproline content in each sample was determined by comparing the area under
the hydroxyproline chromatographic peak in each sample (HPLC number’) to the average of
three standards isolated under identical conditions. To determine total lung collagen, this value

and other key variables were considered thus:

Total lung collagen (mg) = (HPLC number) (A x B x C x D) (lung weight/aliquot weight)
(1/10°%) (100/12.2)

where A, hydrolysate dilution factor; B, derivatisation volume/injection volume ratio; C,
concentration factor; D, molecular weight of hydroxyproline (MW = 131); 10°, conversion from

pg to mg, and 12.2, percentage of collagen weight as hydroxyproline.
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2.3.ii Histological analysis

2.3.it.a Tissue processing and preparation

Lungs for paraffin wax processing (section 2.2.1i1) were fixed overnight in 10% formalin
at 4°C. Fixed tissues were serially dehydrated in 15% sucrose, 50% ethanol and 70% ethanol for
24 hours each at 4°C before being embedded parasagittally in molten wax using a Leica TP 1050

Vacuum Tissue Processor (Leicester, UK).

2.3.ii.b Routine bistochemistry

Tissue processing was performed by Mr. Steve Bottoms, UCL. For routine histology, 4-
um thick paraffin sections were cut using a Shandon AS325 microtome (Cheshire, UK) and
adhered onto SuperFrost® slides (BDH-Merck Ltd., Leicester, UK). Tissue sections were
dewaxed in xylene and rehydrated in decreasing concentrations of ethanol using an automated
stainer (Sakura DRS601 Diversified Stainer, Bayer, UK). Sections were stained with haematoxylin
and eosin (Shandon, Pittsburgh, USA) or Masson’s trichrome (Sigma-Aldrich Co. Ltd., Poole,
UK). Sections were then rehydrated through increasing concentrations of ethanol and mounted in
xylene (Sakura Coveraid, Bayer, UK). Photomicrographs were captured using an Olympus BX40
microscope with KS300 Imaging Software (Zeiss GmbH, Germany).
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2.4  Assessment of lung injury and inflammation

2.4.i Indices of lung injury

2.4.4.a Alkaline COMET assay

Bleomycin-induced cytotoxicity is dependent on the ability of bleomycin to cleave
deoxyribonucleic acid (DNA) in the presence of molecular oxygen and a metal ion (reviewed in
Hay et al., 1991). DNA damage in lung cells was assessed as an early marker of bleomycin-
induced injury using the alkaline COMET assay in conjunction with Dr. Peter Clingen at the
Ludwig Cancer Institute, UCL (Spanswick et al., 1999). This assay detects single-stranded DNA

scission in electrophoresced individual cells labeled with a fluorescence nuclear stain.

The pulmonary vasculature of untreated, saline- or bleomycin-treated WT and NE” mice was
cleared with ice-cold 0.9% saline, as previously described, and lungs were instilled with 2 ml
dispase (Calbiochem, Nottingham, UK). The proximal trachea was ligated, and the lungs were
removed intact from the thoracic cavity. Dispase-filled lungs were placed in a 15-ml
polypropylene tube containing 3 ml fresh dispase and incubated for an hour at room temperature.
Each pair of lungs was then transferred to a petri dish containing 5% FCS-supplemented DMEM
and minced using scissors and forceps. The resulting crude cell preparations were carefully sieved
through a 100-um cell strainer and resuspended at 5 x 10* cells/ml in DMEM containing 10%
DMSO.

The COMET assay was carried out on ice and in subdued lighting. Briefly, a single-cell suspension
of each sample was embedded in 1% low melting point agarose on a frosted microscope slide and
incubated for 1 hour in lysis buffer (100 mM disodium EDTA, 2.5 M NaCl, 10 mM Tris-HCI, pH
10.5) containing 1% Triton X-100 to unwind supercoiled DNA. Slides were then incubated in
alkali buffer (50 mM NaOH, 1 mM disodium EDTA, pH 12.5) for 45 minutes, followed by
electrophoresis in the same buffer for 25 minutes at 18 V (0.6 V/cm), 25 mA. During
electrophoresis, intact DNA remains within the nucleus while damaged (uncoiled) DNA migrates
towards the anode, forming a smeared ‘tail’ effect that fluoresces red when stained with
propidium iodide (2.5 pg/ml for 30 minutes). Images were visualized with a Nikon inverted

microscope mounted with a high pressure mercury light source, 510 to 560 nm excitation filter

and 590 nm barrier filter (Nikon UK Ltd., Kingston-Upon-Thames, UK). In these studies, the
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COMET assay was used qualitatively to compare the extent of DNA breakage in lung cells
between bleomycin-treated WT and NE” mice. The sensitivity of the assay is less than one strand

break per 10" base pairs (Clingen et al., 2001).

2.4.4.b Measurement of BAL fluid lactate debydrogenase levels

Lactate dehydrogenase (LDH) is an abundant cytoplasmic enzyme that catalyses the
interconversion of lactate and pyruvate. Its extracellular release following cellular plasma
membrane disintegration is widely quantified as an index of cytotoxicity. In the current studies,
aliquots (50 pl) of cell-free BAL fluid were placed in a microwell plate and an equal volume of a
tetrazolium-based assay substrate was added and allowed to react for 30 minutes at room
temperature (Promega CytoTox 96® non-radioactive cytotoxicity assay, Southampton, UK). Free
LDH in BAL fluid was allowed to catalyse the conversion of yellow tetrazolium salt into a red
formazan product. Reactions were terminated by lowering the pH using an acetic acid-based
stopping mixture, and the stable product was detected at 490 nm using a microtitre
spectrophotometer. Relative amounts of LDH were expressed as the ratio of absorbance in

bleomycin-treated samples to that of saline-treated controls.

2.4.ii Cellular indices of pulmonary inflammation

2.4.ii.a Fluorescence activated cell sorting

Initial BAL fluid leukocyte composition was determined 24 hours following saline or
bleomycin instillation using a triple-staining fluorescence-activated cell sorting (FACS) protocol
from Dr. Jurgen Roes, UCL (Roes and Rajewsky, 1993). Approximately 1 x 10° cells were
incubated with fluorochrome-conjugated antibodies to Gr-1 (Ly-6G), a granulocyte marker,
CD11b/18 and F4/80, a macrophage marker (all from BD PharMingen, Cowley, UK).
Erythrocytes were lysed with BD Pharm Lyse™ lysis buffer. Stained cell populations were
analysed with 2 FACSCalibur flow cytometer using CellQuest software (Becton Dickinson, USA).
Differentially-stained leukocytes were discriminated according to gating conditions based on their

specific light-scatter profiles.
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2.4.ii.b Total and differential BAL fluid leukocyte counts

To assess inflammatory cell counts in BAL fluid, samples were centrifuged at 2000 rpm
for 10 minutes at 4°C, and the cell pellets were resuspended in 200 pl of red cell lysis buffer
(Sigma-Aldrich Co. Ltd., UK). Total leukocyte counts in each cell suspension were determined
using a haemocytometer chamber. Aliquots of each suspension containing approximately 1 x 10°
cells were then loaded into cytospin chambers and centrifuged at low speed (1000 rpm, 3 minutes)
onto coated glass slides (Shandon Cytospin 3 System, Pittsburgh, USA). Slides were allowed to air
dry ptior to staining with Wright-Giemsa (Diff-Quik®, BDH-Merck, UK). Differential leukocyte
profiles were determined by enumerating at least 500 cells on each stained slide, distinguished on

the basis of morphological differences (figure 2.3).

Figure 2.3 Differential leukocyte morphology

M, macrophages
N, neutrophils
L, lymphocytes

2.4.ii.c Lung tissue neutrophil burden

Myeloperoxidase (MPO) is an antimicrobial enzyme found mainly in neutrophils and at
much lower concentrations in monocytes and macrophages. MPO accounts for approximately 5%
of the total dry weight of the neutrophil (Klebanoff, 1968). It catalyzes the oxidation of halides
and other electron donors in the presence of hydrogen peroxide to produce reactive oxygen
species. MPO activity has been correlated to neutrophil numbers in inflamed pulmonary tissues
(Venge, 1994; Schneider and Issekutz, 1996), and its assessment therefore provides a quantitative

indicator of tissue neutrophil burden.
The spectrophotometric method for measuring MPO activity was based on a protocol used in

Professor A. W. Segal’s laboratory (Winterbourn et al, 1988) and modified for use with
homogenised lung tissue. Calcium/magnesium-free phosphate buffered saline (PBS) was freshly
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prepared from tablets (Oxoid Ltd., Basingstoke, UK), and all other reagents were obtained from
Sigma-Aldrich Co. Ltd. (Poole, UK). Aliquots of lung powder (50 mg) were placed in 2 ml RIPA
buffer (PBS containing 1% Nonidet P-40, 0.5% sodium deoxycholate and 0.1% sodium dodecyl
sulfate). Each tissue solution was homogenised using a rotor-blade tissue tearor (Kinematica
GmBH, Swizerland). Homogenates were kept on ice for one hour after which they were
ultracentrifuged at 25,000 x g for 15 minutes to release intra-granular MPO into the supernatant.
A substrate reaction mixture was freshly prepared for each experiment, comprising citrate buffer
(0.1 M, pH 5.5), O-Dianisidine (DMB, 0.32 mM) dissolved in ethanol and 30% hydrogen
peroxide. Five hundred pl of this mixture was place in labeled bijous and allowed to warm to
37°C. Fifty ul of each homogenate supernatant was added to the substrate mixture and reacted
for 5 minutes at 37°C (reaction time). The mixture was then removed from the water bath and
kept at room temperature (incubation time) before each reaction was terminated by the addition
of a stopping mixture comprising 35% perchloric acid (v/v) and 20% DMSO (v/v) in deionised

water.

Absorbance of samples and horseradish peroxidase (HPO) standards (0.00131 units/ng protein)
at 560 nm were determined. MPO and HPO activities are linear at concentrations of 0.1 - 10.0
ng. In vitro, 1 unit of MPO activity is defined as the amount of activity that oxidises 1 micromole
of DMB, an electron donor, per minute at 25°C. MPO activity in lung samples were expressed
relative to that of HPO standards as units/mg protein. The peroxidase - substrate reaction is
both time and temperature sensitive; peroxidase activity deteriorates with increasing periods of
incubation under standard laboratory conditions. Consequently, preliminary experiments were

performed to establish the optimal incubation time at room temperature prior to termination.

2.4.iii Measurement of neutrophil elastase activity in BAL fluid

Neutrophil elastase activity in samples of BAL fluid was measured photometrically using
the chromogenic substrate methoxy-succinyl-L-alanyl-L-alanyl-L-prolyl-L-valinyl-p-nitroanilide
(MeOSAAPVNA). Hydrolysis of this compound has been shown to be the most efficient means
to determine neutrophil elastase activity iz vitro (Nakajima and Powers, 1979). Incorporation of a
MeO-Suc group significantly increases the solubility of the substrate, enhancing the elastase
enzymatic reactivity towards the terminal anilide portion. As a result, much less neutrophil elastase

is required to hydrolyse this compound than other commonly used substrates including SAAPNA
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(Bieth, 1998). Moreover, MeOSAAPVNA recognises enzymatic specificity for neutrophil elastase
as it is not cleaved by either neutrophil-derived cathepsin G or proteinase 3 (Nakajima and

Powers, 1979).

2.4.iti.a Sample preparation and analysis

Lyophilised MeOSAAPVNA (Elastase Colorimetric Substrate I, Calbiochem,
Nottingham, UK) was dissolved in 1 mM 1-methyl-2-pyrrol-idinone (Sigma-Aldrich Co. Ltd.,
Poole, UK) to form 1 M stock solutions that were stored at -40°C until used. Purified human
neutrophil elastase (product 324681, Calbiochem, Nottingham, UK) was diluted sequentially to
establish a standard reference range. BAL fluid was collected from WT and NE” mice seven days
after either saline or 0.05U bleomyecin instillation. Samples were first concentrated ten-fold using
Centricon® Centrifugal Filter Units (Millipore, Watford, UK) with the appropriate cut-off pore
size prior to analysis. To assess free elastase activity, cell-free BAL fluid and neutrophil elastase
standards were diluted in a buffer containing 0.1 M Tris, 0.5M NaCl and 0.01% NaN, (pH 7.5)
and equilibrated at 37°C for two minutes prior to the addition of 5 mM MeOSAAPVNA. The
total reaction volume was 120 pl. A reaction temperature of 37°C was chosen for its physiological
relevance. At the end of each incubation period, the rates of hydrolysis of the MeOSAAPVNA
substrate (i.e. changes in optical density / absorbance) were measured at 410 nm using a 96-well
microplate spectrophotometer (Multiskan MCC 340 plate reader, Titertek®, AL, USA).
Appropriate controls using assays that lacked either enzyme or substrate were incorporated into
every experiment. By convention, one neutrophil elastase enzyme unit is defined as that which
releases 1 mmol of p-nitroanilide from the substrate per minute at 25°C. For comparative reasons,
the unit of elastolytic activity in the BAL fluid samples was defined as a change in optical density

at 410 nm per minute per 0.06 ml (volume of sample analysed).

2.4.1i1.b Comparison of different preparations of purified neutrophil elastase

Additional experiments were performed to assess the ability of human neutrophil
elastase obtained from a commercial source (Calbiochem, Nottingham, UK) and Dr. Caroline
Owen (Harvard Medical School, Boston, USA) to hydrolyse MeOSAAPVNA. For these assays,

increasing concentrations of neutrophil elastase were incubated with 1 mM of the substrate in a
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reaction mixture containing 0.1 M Hepes, 0.5 M NaCl, 0.1% Brij buffer (pH 7.5) for 10 minutes at
25°C. Changes in absorbance were measured in units of optical density using the same microtitre

spectrophotometer.

2.4.iv Evans blue dye assay for assessing alveolar-capillary permeability

Evans blue dye (EBD) is a stable and non-toxic azo dye with unique properties for the
assessment of vascular permeability in acute lung injury (Evans et al., 1988; Standiford et al.,
1995). It binds avidly and stably to circulating albumin (Patterson et al., 1992) and achieves a
volume of distribution very close to that of native albumin and *I-albumin with negligible
competition from other substances (Sear et al., 1953). The translocation of albumin-bound EBD
out of the vasculature therefore provides a reliable method for quantifying extravascular protein
accumulation. In pulmonary tissues, EBD accrual follows a rapid and linear pattern whilst its
egress out of the same compartment is much slower, occurring over many hours (Green et al.,
1988; Dallal and Chang, 1994). Although the pharmacokinetics of EBD and *’I-albumin are
comparable in many aspects (Sear et al., 1953; Huggins et al., 1963), the former has been shown to

accumulate in pulmonary tissue faster than the radiolabelled protein in perfused rodent lungs

(Dallal and Chang, 1994).

2.4.1v.a Dye administration

Evans blue dye (Sigma-Aldrich Co. Ltd., Poole, UK) was prepared at a stock
concentration of 10 mg/ml, filtered through a 0.45 um filter and kept at room temperature. EBD
was administered at a dose of 20 mg/kg intravenously via the tail vein of anaesthesised mice using
a 29-gauge insulin needle. Vasodilatation of the vein was increased by placing the mice in a
warming box kept at 35°C for 20 minutes prior to injection. Digital pressure applied at the base of
the tail further increased venous stasis and facilitated injection of the dye. The injected dye was
allowed to circulate intravascularly for one hour before the mice were sacrificed. In preliminary

studies, it was found that the one-hour circulation time was sufficient for the dye to be distributed

systemically and accumulate in viscera.
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2.4.1v.b Quantifying EBD accumulation in BAL fluid, lungs and plasma

Blood was collected via cardiac puncture using a 21G needle and placed into heparinised
microcentrifuge tubes kept on ice. Bronchoalveolar lavage was then performed (section 2.1.11),
and the pulmonary vasculature was cleared with ice-cold 0.9% saline. BAL samples were
centrifuged at 1000 g for five minutes to remove cells prior to analysis. Finally, the lungs were
dissected free and snap-frozen in liquid nitrogen. Evans blue dye exhibits light absorbance
between 580 - 650 nm. In these studies, EBD absorbance in plasma, BAL fluid and lung
homogenates was measured at 620 nm using a microwell plate method modified from published

protocols (Standiford et al., 1995; Kaner et al., 2000).

Heparinised blood samples were centrifuged at 1500 rpm for 15 minutes to sediment the
erythrocyte pellet. An aliquot (200 pl) of the separated plasma was then diluted 1 : 30 with normal
saline prior to measurement. Samples of cell-free BAL fluid were analysed undiluted in triplicates
of 100 pl volume. To quantify the extent of tissue-trapped EBD, snap-frozen lungs were weighed
and powdered using a pestle and mortar. Approximately 200 mg of lung powder were then
homogenised in 2 ml calcium / magnesium-free PBS. Four ml of formamide were added to each
homogenate, and the samples were incubated for 16 hours at 37°C. The mixture was then
centrifuged at 4000 rpm for 15 minutes, and the supernatant was removed for spectrophotometric
analysis. Data were expressed as the ratio of EBD absorbance in samples (BAL fluid or

homogenised lung tissue) to plasma EBD absorbance.

2.4.v Measurement of BAL fluid total protein

Total protein was assayed in cell-free BAL fluid and lung tissue homogenates using the
Pierce BCA Protein Assay method (Perbio Science Ltd., Cheshire, UK). This assay combines the
Biuret reaction (reduction of Cu** to Cu* by alkalinised protein) with a sensitive colourimetric
detection of the cuprous cation (Cu*) using a bicinchoninic acid (BCA)-based reagent. The purple
coloured reaction product of this assay, formed by the chelation of two molecules of BCA with
one cuprous ion, exhibits a strong absorbance between 540 nm to 590 nm that is linear with
increasing protein concentrations over a broad working range of 20 pg/ml to 2000 pg/ml.
Briefly, 200 pl of the working reagent (BCA + 4% cupric sulfate) and 25 ul of either a protein

standard or BAL fluid/lung homogenate sample were pipetted into a 96-well plate. The diluent
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used in bronchoalveolar lavage or lung homogenisation was used as a blank (negative) control.
The plate was gently rocked and incubated at 37° for 30 minutes after which the reaction was

terminated by cooling on ice. The corrected absorbance of each well was then measured at 540

nm using a microtitre plate spectrophotometer.

To eliminate the possibility that other substances might interfere with the measurement of protein
in cell-free BAL fluid, protein precipitation with trichloroacetic acid (TCA) was also performed in
some samples prior to analysis. Briefly, approximately 30 mg of lung tissue was dissolved in 800
pl serum-free DMEM and 20% (w/v) TCA made up in purified deionised water. The mixture was
incubated overnight at 4°C. The following day, each sample was ultracentrifuged at 14,000 rpm
for 15 minutes at 4°C and the supernatant discarded. The pellet was washed twice in 200 pl ice
cold acetone, resuspended in 200 p1l 0.1M NaOH and incubated for 1 hour at 4°C. 50 pl of this
was removed and reacted with 100 pl 0.1M NaOH. From this, 25 ul was used for protein

measurement using the Pierce BCA Protein Assay. Protein standards were made up in 0.1 M

NaOH and assayed in parallel with BAL fluid samples.

2.4.vi Polyacrylamide gel electrophoresis

Proteins in cell-free BAL fluid specimens were also separated by one-dimensional
polyacrylamide gel electrophoresis (PAGE) to assess their relative abundance. All reagents used

were obtained from Sigma-Aldrich Co. Ltd. (Poole, UK). Samples (20 pl) were diluted 1:4 in 0.5M
Tris-HCl (pH 6.8) sample buffer (7 pl) containing 10% sodium dodecyl sulfate (SDS), 2 p-
mercaptoethanol, glycerol and 0.05% bromophenol blue and heated at 95°C for 5 minutes.

Approximately 10 pg of protein per sample were loaded. A 4% acrylamide stacking gel (pH 6.8)
composed of 0.5% Tris-HCI, 10% SDS, 30% acrylamide/bis, 10% ammonium persulphate and
TEMED was poured on top of a 12% separating gel containing 1.5M Tris-HCI (pH 8.8) and the
prerequisite buffers and catalyst. Molecular weight standards were incorporated into the
outermost lanes of each gel (MultiMark Multi-coloured Protein Standards, NOVEX, Oxford,
UK). The gel electrode assembly was placed in a Mini PROTEAN I electrophoresis chanber
(BIO-RAD, Richmond, CA). Running buffer was added to the upper and lower chambers, and
the proteins electrophoresed at 90 - 100 V for 1.5 hours. The gels were then fixed and stained for
2 hours in 0.1% Coomassie blue (R-250, Invitrogen Ltd., Renfrewshire, UK).
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2.5 Assessment of TGF-f production, activation and localisation

2.5.i Ribonuclease Protection Assay (RPA) of TGF-f mRNA expression

The detection and quantification of TGF-8 mRNA in WT and NE” lung tissue was
performed using a RiboQuant Multi-Probe RNase Protection Assay (PharMingen, Cowley, UK)
in conjunction with Dr. Sarah E. Dunsmore, UCL. Total RNA was isolated using a trizol-based
protocol from the lungs of mice injected seven days previously with either saline or bleomycin. A
template set containing, amongst others, murine TGF-B,, TGF-B, and TGF-B; cDNA, and
GAPDH, a housekeeping gene, was used for bacteriophage T7 polymerase-directed synthesis of
[?P}abelled probes. The probe set was hybridised in excess to the target RNA in solution, after
which free probe was digested with RNases. The remaining RNase-protected probes were
purified, resolved on a denaturing polyacrylamide gel and quantified by phosphorimaging. The
relative density of each TGF- band was converted to pixels and graphed as a ratio to GAPDH

density.

2.5.ii The mink lung epithelial cell-based PAI-1/luciferase assay

The mink lung epithelial cell (MLEC)-based bioassay measures TGF-B activity by
utilising its ability to upregulate plasminogen activator inhibitor-1 (PAI-1) in an appropriate
reporter gene system (Abe et a., 1994). This method has been shown to be more specific than
ELISA-based systems to quantify TGF-p activity (Abdelouahed et al., 2000). MLECs permanently
transfected with the expression construct p800neoLUC containing a truncated PAI-1 promoter
fused to the firefly luciferase reporter gene (figure 2.4) were obtained from Dr. Daniel B. Rifkin
(New York University School of Medicine, NY, USA). This promoter fragment contains two
regions that are necessary for maximal induction of PAI-1 gene expression by TGF-B (Keeton et
al., 1991). The addition of 0.2 to > 30 pM active recombinant TGF-B has been shown to induce a

dose-dependent increase in luciferase activity, including a linear response between 1 to 10 pM
(Abe et al., 1994).
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Specificity of the assay for TGF-B was confirmed using neutralising antibodies to all three
mammalian isoforms, TGF-B1, -B2, and B3, with negligible intetference by other known inducers
of PAI-1, including basic fibroblast growth factor, platelet-derived growth factor, recombinant
interleukin-1a and epidermal growth factor (Abe et al., 1994).

Figure 2.4 The p800neoLUC expression construct containing a truncated TGF-B-inducible
PAI-1 promoter linked to a firefly luciferase reporter gene.

PA, plasminogen activator; amp’, ampicillin resistance cassette; neo’, neomycin resistance
cassette: SV40. Simian virus 40.

Confluent MLECs (passages 22 to 32) were cultured in supplemented Dulbecco’s modified
Eagle’s media (DMEM, Gibco-BRL, Paisley, UK) containing penicillin (200 units/ml),
streptomycin (200 units/ml), L-glutamine (4 mM), FCS (10% v/v) and gentamicin (250 pg/ml
Geneticin G418, Sigma-Aldrich Co. Ltd., UK). Cells were incubated at 37°C in a humified
chamber of air containing 10% CO,, examined daily using an inverted phase-contrast microscope
and subcultured upon reaching 80 - 90% confluence. When passaged at a ratio of 1 : 30 ratio,

near-confluence was reached on average within 4 - 5 days.
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2.5.iii Measurement of active and total TGF- levels in BAL fluid

For each experiment, MLECs were plated at a density of 1.6 x 10* cells/100 pl/well in a
96-well plate (TPP, Zurich, Swizerland) and allowed to attach for 4 hours at 37°C. The medium
was then removed and cells were washed with sterile PBS. Each well was refilled with either 100
ul control (serum-free) medium, control medium containing a range of acid-activated TGF-1
(0.1to 1.2 ng/ml, R & D Ltd., Abingdon, UK) or cell-free BAL fluid. TGF-f standards were
prepared at least an hour beforehand and kept at 4°C until used. Their incorporation into the

assay allowed a TGF-B-luciferase activity dose response curve to be constructed.

Luciferase activity measured in BAL fluid that was not subjected to additional in vitro
treatment corresponded to the amount of spontaneously active TGF-B in those samples. In
certain experiments, aliquots of the same BAL fluid samples were also heated i7 vitro to dissociate
the latency-associated peptide (LAP) from its mature TGF-B moiety prior to addition to MLECs
(protocol outlined in 2.5.vi). Measurement of luciferase activity of such samples indicated the
amount of total (spontaneously active plus heat-activated) TGF-B. Thus, the proportion of latent
TGF-B could be determined by direct subtraction of the two values. All measurements were made

in triplicate.

Following a second incubation at 37°C in 10% CO, for 16 - 20 hours, the plated MLECs were
visually inspected for gross changes in viability and morphology. The overlying medium was then
aspirated and the cells washed with PBS before being lysed in 100 ul of Reporter Lysis Buffer
(Roche Molecular Biochemicals, UK). After gentle agitation at room temperature for 20 minutes,
30 pl of cell lysate from each well were transferred to a 96-well Optiplate (Packard Bioscience,
Berkshire, UK). Luciferase substrate (150 pl) was injected automatically into each well using a

Tropix TR717 Microplate Luminometer (Applied Biosystems, CA, USA) and the resultant

luciferase activity was measured at a wavelength of 620 nm.
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2.5.iv Quantification of activatable TGF-$ in homogenised lung tissue

Lung tissue (50 mg) was homogenised in serum-free DMEM containing 0.5 mM
phenylmethylslufonyl fluoride (PMSF; Sigma Chemical Co., Poole, UK) and 5 uM Ilomastat.
(GM6001; Chemicon, Harrow, UK). The resultant homogenates were heated at 80° for 5 minutes
and centrifuged at 1800 rpm for 15 minutes. Supernatants were removed and assayed for active
TGF-f using the PAI-1/luciferase assay. The residual tissue was washed in serum-free DMEM,
re-homogenised, heated under the same conditions and centrifuged. Supernatants were removed
and assayed for active TGF-B. This extended extraction procedure was repeated for a total of five
times on the same aliquot of lung tissue. The amount of active TGF-B remaining in the final

residual pellet was less than 5% of the total measured.

2.5.v Activation of latent TGF-B by neutrophil elastase or plasmin

Neutrophil elastase and plasmin were also reacted with latent TGF-B, both in purified
form and in BAL fluid, to assess whether they could activate TGF-B. In experiments where
purified TGF-p was used, the substrate (40 nM recombinant human LAP-TGF-, R & D Systems
Ltd., Abingdon, UK) was diluted in DMEM containing 0.1% BSA (pH 7.5). Reactions were
performed by placing the reaction microtitre tray on an agitator maintained at 37°C. In
experiments where BAL fluid was used, specimens were collected from WT and NE” mice seven
days following the IT instillation of 0.05 U bleomycin. In preliminary experiments, 0.1 M Hepes
and 0.1% Brij were evaluated as potential buffers but DMEM containing 0.1& BSA was found to
give the most consistent results. 0.1% Brij also interfered with the MLEC / PAI-1 assay rendering

measurement of TGF-B activity inaccurate.

2.5.vi Analysis of proteinase-mediated release of TGF-B from intact lung

tissue

For the analysis of proteinase-mediated TGF-B elution from lung tissue, lungs were

removed en bloc from the thoracic cavity of WT and NE” mice seven days following the
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instillation of 0.05 U bleomycin as previously described. Following dissection, each pair of lungs
was carefully instilled with approximately 100 - 150 pl of Optimal Cutting Temperature
compound (OCT; Sakura Finetek, Torrance, CA) diluted 1: 1 (v/v) in normal saline to inflate the
alveoli. Care was taken to avoid over-distension and leakage of the OCT out of alveoli. The distal
trachea was then tied off and the lungs fast frozen in a mould containing neat OCT surrounded

by liquid nitrogen. Tissues were stored at -80°C until used.

To prepare lung slices for elution, each OCT-embedded block of lung tissue was mounted on a
pre-chilled chuck in a cryostat maintained at -22°C. Contiguous lobar sections of 10-um thickness
were cut and approximately 200 lung slices were placed in each well of a 12-well microtitre plate
kept at the same temperature. Lung slices were then immersed in 1.5 ml of elution buffer
containing DMEM, 0.25% BSA and 30 nM neutrophil elastase (Calbiochem, Nottingham, UK) or
plasmin (Sigma Chemical Co., Poole, UK) for two hours at 37°C. Enzymatic reactions were
stopped by adding 0.5 mM PMSF and 5 uM ilomastat. Eluates were removed by centrifugation
and concentrated down to 800 pl by centrifugal filtration (Centricon® Filter Units, Millipore,
Watford, UK). The volume of each concentrated eluate was then halved, with one part kept for
measuring spontaneously active TGF-f and the remainder for heat activation of latent TGF- (to
assess the total TGF-B pool). Latent TGF- activation was achieved by heat treatment at 80°C for
10 minutes in the presence of proteinase inhibitors (0.5 mM PMSF and 5 uM ilomastat). Active

TGF-B was then measured using the MLEC/PAI-1 luciferase assay.

Steps were also taken to estimate the total area of lung sections used for the elution experiment.
During the microtoming process, every 10% slice of sectioned lung was adhered on to a poly-L-
lysine-coated slide for haematoxylin staining. This enabled the lung area used for eluting TGF-B
in each mouse to be estimated using computerised image analysis. In essence, the sum of area of
lung measured per slide and the number of slides approximated to the total area of lung from
which TGF-B was eluted. As each lung lobe assumes a three-dimensional shape and the

transected area varies as the lobe is sequentially cut, this approach maximised the accuracy in

estimating the parenchymal elution area.
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2.5.vii Optimisation experiments

In some experiments, samples of BAL fluid and homogenised lung tissue were
pretreated in vitro to activate latent TGF-B prior to the MLEC PAI-1/luciferase assay. This
involved heating aliquots of the appropriate samples at 80°C to liberate mature TGF-f from its
latency associated peptide. Preliminary time course experiments were performed to determine the
optimal duration for recovering maximal amounts of active TGF-B. In order to minimise the loss
of TGF-B activity due to proteolytic degradation during the optimisation process, a number of

non-selective and selective protease inhibitors were also incorporated into the experiments. These
included a Protease Inhibitor Cocktail (Roche Molecular Biochemicals, UK), PMSF to inhibit
serine proteinases and Ilomastat, a matrix metalloproteinase inhibitor. Experiments were also
performed to assess whether these compounds interfered with either mink lung epithelial cell

viability or luciferase activity. All measurements were made in triplicate.

2.5.viii TGF-f immunohistochemistry

TGF- immunolabeling in paraffin-embedded lung sections was performed using two
different antibodies, one directed against latent TGF-B1 (LAP-TGF-B1) and the other against
active TGF-B1. Serial paraffin-embedded lung sections were cut, adhered to poly-L-lysine-coated
slides and heated in 1% citrate buffer (pH 6.0) for 10 minutes to uncover antigenic sites. Antigen
unmasking was not performed prior to staining for latent TGF-B to avoid activating latent

cytokine. Specimens were then incubated in 3% hydrogen peroxide to quench endogenous
peroxidase activity and pre-blocked using normal serum derived from the host of the secondary

antibody.

Primary antibody labeling was performed overnight at 4°C using either a goat polyclonal anti-
human LAP-TGF-p1 antibody (R&D Systems, Abingdon, UK), a rabbit monoclonal antibody
raised against the amino-terminal 30 amino acids of mature (active) TGF-B (LC1-30, gift from Dr.
Kathleen Flanders, National Cancer Institute, Bethesda, MD) or isotype-specific control
antibodies (Dako Limited, Cambridgeshire, UK). The optimal working dilution of each primary
antibody was determined by preliminary dose response staining procedures. The appropriate

peroxidase-conjugated biotinylated second layer antibodies were then added, and the chromogenic

84



product obtained following hydrolysis of 3,3-diaminobenzidine (DAB). Haematoxylin
counterstaining was performed to distinguish cells from extracellular material. The results were

examined using a Zeiss K300 Image Analysis system (Zeiss, Gottingen, Germany).

2.6  Statistical analysis

All data are expressed as mean * standard error of the mean (SEM), unless otherwise
indicated. For lung collagen measurements, each treatment group contained at least eight animals.
Differences between treatment groups were analysed using one-way analysis of variance by ranks
(ANOVA) (Prism®, GraphPad Software Inc., San Diego, CA). Post-test analysis of mean values
between groups was performed using Dunn’s Multiple Comparison Test. Comparisons of non-
parametric indices in which there were fewer variables in each group (e.g. lung permeability

assays) were performed using unpaired student’s t-test. In each case, probability (P) values of <

0.05 were considered statistically significant.
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CHAPTER THREE

BLEOMYCIN INSTILLATION INDUCES A
PULMONARY FIBROTIC RESPONSE
IN 129S6/SvEv MICE
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3.1  Background

3.1.i Bleomycin

The bleomycin family of compounds was first purified by Umezawa and colleagues from
a culture broth of Streptomyces verticillus moulds as copper chelates (Umezawa et al., 1966).
Although all bleomycin glycopeptides share the same molecular backbone, substitution of the
terminal amine moiety produces a class of related but different compounds (Figure 3.1). All
bleomycins contain a bithiazole component that binds DNA, a metal binding domain that
contains pyrimidine and imidazole components, and a carbohydrate moiety. Bleomycin exists in
several different isoforms. Commercial preparations of bleomycin consist predominantly of

bleomycin A, (55 - 70%) and B, (25 - 32%) (Hay et al., 1990).
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Bleomycin was originally purified to be used as an anti-tumour drug. Over the years, it has been
incorporated into treatment regimens for germ-cell tumours, non-Hodgkin’s lymphoma, Kaposi’s
sarcoma and various squamous cell carcinomas affecting the oesophagus, external genitalia as well
as the head and neck (Thrall and Scalise, 1995). The pharmacologic preference for bleomycin has

been primarily attributed to its lack of immunosuppressive effects on the bone marrow and
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peripheral blood cells. However, bleomycin administration has been associated with the
development of lung toxicity, and in particular, an increased predisposition to pulmonary fibrosis.
This adverse potential has been exploited for inducing experimental lung fibrosis in a variety of

animal species.

Bleomycin exerts its anti-tumour properties by inducing cytotoxicity resulting from sequence-
selective oxidative damage of DNA and RNA (Hecht, 1986). It concomitantly binds a metal ion
(most commonly bivalent iron, Fe**) and DNA in the presence of oxygen. In the case of iron,
rapid oxidation of Fe** to Fe*** results in the reduction of oxygen and the generation of free
hydroxyl radicals. ‘Activated’ bleomycin consisting of a drug-iron-oxygen hybrid then removes the
4-hydrogen atom from the C4’ of the deoxyribose moiety of a pyrimidine 3’ to a guanine,
initiating a pathway that ends with the formation of a pyrimidine propenal and subsequent DNA
strand scission (Giloni et al., 1981). Bleomycin can also produce lipid peroxidation which may be
an additional means for inducing pulmonary toxicity independent of and additional to DNA
scission (Hay et al., 1990).

3.1.ii The bleomycin model of pulmonary fibrosis

Bleomycin was first reported to induce pneumonitis in dogs in 1971 (Fleischmann et al.,
1971). Since then, a large body of information has been collected on bleomycin-induced
pulmonary fibrosis in various animal species. Early experiments employed parenteral (intravenous
and intramuscular) routes of bleomycin delivery. In addition to mice and rats, dogs, hamsters,
rabbits, pheasants and non-human primates have also been used (reviewed in Thrall and Scalise,
1995). Snider and colleagues were the first to utilise the single-dose intratracheal technique of

bleomycin instillation (Snider et al., 1978), an approach that has gained popularity ever since.

Although single-dose intratracheal instillation of bleomycin is convenient, the lung fibrosis that
results may be short lasting or limited in extent, particularly when low dose bleomycin is used. To
circumvent this, bleomycin has also been administered either as a continuous infusion or as
repeated boluses over time. Indeed, mice receiving bleomycin from a subcutaneous osmotic
pump over a one-week period appear to have increased lung collagen and more evenly distributed
fibrotic lesions compared to animals receiving daily bleomycin injections of an equal cumulative

dose (Harrison and Lazo, 1987). The number of repeat injections of bleomycin also influences the
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development of fibrosis. Hamsters given three weekly intratracheal instillations of the drug
develop more extensive and progressive fibrotic changes compared to control animals that receive

only a single dose (Zia et al., 1992).

Increased rates of collagen synthesis are detectable as early as three to four days following the
intratracheal instillation of bleomycin (Thrall and Scalise, 1995; Van Hoozen et al., 2000). Rates of
collagen synthesis may remain elevated for up to 14 days as described in studies using mice (Sikic
et al., 1978), rats (Phan et al., 1980) and rabbits (Laurent and McAnulty, 1983). In most studies,
maximal collagen accumulation is usually quantified in the subacute stage of lung repair, typically
between 21 to 28 days following bleomycin administration. In the majority of cases, total lung
collagen levels will have reached a plateau by 30 days, by which time collagen synthesis rates
would also have normalised. Data from several bleomycin time course studies in mice have shown
that maximal lung collagen content, as quantified by hydroxyproline concentration, may persist
for up to 60 days following instillation of the drug (Shahzeidi et al., 1993; Munger et al., 1999;
Zuo et al,, 2002). Similar trends have been reported in studies using rats. In these rodents,
increases in lung collagen content may remain elevated for at least 60 days and occasionally up to
120 days after the administration of bleomycin (Thrall et al., 1979; Hesterberg et al., 1981 and
Borzone et al., 2001). In some, chronic fibrosis may be accompanied by focal loss of interstitial
connective tissue, a process similar to the remodelling of alveoli in emphysema (Borzone et al.,
2001). In other words, histologic differences may exist between mice and rats treated with

bleomycin, but these characteristics remain incompletely characterised.

In the main, histopathological features of pulmonary fibrosis induced by bleomycin include
alveolar epithelial damage, type Il pneumocyte hyperplasia, fibroblast activation and proliferation,
as well as expansion of the pulmonary interstitium due to increased extracellular matrix deposition
(Grande et al., 1998). Localised increases in fibroblast numbers are often evident in
peribronchiolar locations and in areas adjacent to alveolar buds (Adler et al., 1986). Many of these
features are also present in pulmonary fibrosis induced by other agents. In bleomycin-induced
lung damage, extracellular matrix remodelling often coincides with active alveolar repair and may

also occur before cellular inflammation has completely subsided.
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3.2 Results

3.2.i Biochemical (collagen) response to IT bleomycin instillation

Lungs from untreated adult wild type (WT) mice contained 1.64 + 0.06 mg total
collagen. Intratracheal instillation of single doses of 0.025U, 0.05U and 0.10U bleomycin
increased this amount in a dose-dependent manner when measured at 30 days following
instillation (figure 1a). Total lung collagen increased by 1.5-fold (2.39 £ 0.19 mg vs. 1.64 £ 0.06
mg, P < 0.05), 1.8-fold (2.95 + 0.25 mg vs. 1.64 +0.06 mg, P < 0.001) and 2.0-fold (3.24+0.23
mg vs. 1.64 £ 0.06 mg, P < 0.001) at the 0.025U, 0.05U and 0.10U doses of bleomycin

respectively.

When assessed over a more detailed time course, increases in lung collagen content were
appreciable as early as 15 days following the instillation of bleomycin (figure 1b). At this time

point, the mean value of total lung collagen was higher than that in untreated controls (2.29+0.11
mg vs. 1.64+0.06 mg, P < 0.01) but lower than the amount of total lung collagen measured at 30
days (2.29 £ 0.11mg vs. 2.95 £ 0.25 mg, P < 0.01). Maximal collagen accumulation was evident by

30 days following bleomycin instillation, as no further increases in collagen content were detected

beyond this point (studies were performed up to 60 days).

3.2.ii Morphologic changes in the lung following bleomycin instillation

Low power microscopic examination of WT lungs obtained 30 days following bleomycin
instillation showed characteristic architectural abnormalities of damaged and fibrotic areas
interspersed with relatively normal lung parenchyma (figure 2a). The degree of alveolar distortion
within such fibrotic lesions was better appreciated at higher magnification (figure 2c). Expansion
of the interstitial space by dense collagen-rich matrix contributed to the loss of alveolar airspaces.
In areas of established fibrosis, some of these collagenous fibrils penetrated into the distorted
alveoli and obliterated their lumen. In other places, the fibrillar bundles within the alveolar walls
appeared looser, suggesting more recent matrix deposition. The abundance, distribution and size

of blood vessels were not assessed in this study. In general, however, fewer capillaries were seen
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Figure 1. Characterisation of bleomycin-induced collagen response in adulit
wild type 129S6/SvEv mice.

1 (a). Collagen dose response. Total lung collagen was measured in adult
129/SvEv mice 30 days following intratracheal instillation of 0.025 unit, 0.05 unit or

0.10 unit bleomycin. Values are expressed as mean + SEM. * P < 0.01 (vs.
untreated), ** P < 0.001 (vs. untreated)

1 (b). Collagen time course. Total lung collagen was analysed at baseline (day O,
untreated group) and 15, 30 and 60 days following instillation of the 0.05 unit

bleomycin dose. Values are expressed as mean + SEM. * P < 0.01 (vs.
untreated), ** P < 0.001 (vs. untreated)
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Figure 2. Histological changes in lungs of wild type 129S6/SvEv mice 30
days following the instillation of either saline or 0.05 U bleomycin.

2 (a). Saline instillation, low power (bar, 250 pum).
2 (b). 0.05 U bleomycin instillation, low power (bar, 250 um).

2 (c). Enlarged inset from panel B (box 1) showing reactive epithelium (arrow)
with underlying collagenous matrix (bar, 100 pum).

2 (d). Enlarged bottom inset from panel B (box 2) showing mesenchymal cells
and increased matrix underneath a damaged and hyperplastic epithelial lining
(arrows) (bar, 100 pm).

Masson’s trichrome stain
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within areas of fibrotic change compared to areas of normal lung. Lungs from saline-treated
controls appeared strikingly different (figure 2b). Focal areas of fibrotic change were absent in
these specimens. When viewed at higher magnification, these alveoli appeared open with relatively

normal interstitial thickness between adjacent airspaces (figure 2d).

Specific features of pulmonary fibrosis were identified in the bleomycin-treated WT lungs. Areas
of subpleural fibrosis were best appreciated at low power (figure 3a) while intra-alveolar fibrosis
resulting from the compression and ‘filling in’ of normal alveoli by extracellular matrix were also
evident (figure 3b). This morphologic appearance has previously been described as alveolar
‘collapse-induration’. In addition, clusters of spindle-shaped cells, most likely fibroblasts and/or
myofibroblasts were also apparent adjacent to hyperplastic epithelia (figures 3c and 3d). Groups
of these cells were closely associated with areas of increased collagenous matrix deposition and in

some cases, with smooth muscle cell hyperplasia.

Although the threshold dose of intratracheal bleomycin required to induce pulmonary fibrosis was
not formally assessed, intratracheal administration of the 0.025U dose was sufficient to elicit a
fibrotic response. In addition to increased lung collagen content, WT mice treated with this dose

of bleomycin displayed morphologic evidence of fibrotic lung remodelling (figure 4).

Given that bleomycin-induced pulmonary fibrosis has a heterogenous distribution, a semi-
quantitative analysis of the architectural lung abnormalities was not undertaken in the current
studies. Instead, biochemical measurements of collagen content are presented in this thesis as
quantitative data. Morphologic observations are offered as a qualitative assessment of changes

characteristic of pulmonary fibrosis.
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Figure 3. Specific histolopathologic features in WT lungs 30 days following
instillation of 0.05U bleomycin.

3 (a). Subpleural fibrosis. Larger areas of fibrosis typically extend to the limits of
the visceral lung pleura (arrows). Masson’s trichrome stain (bar, 200 pm).

3 (b). An area of intra-alveolar fibrosis demarcated by denuded alveolar
basement membrane (arrowheads). Masson'’s trichrome stain (bar, 100 um).

3 (c) and (d). Sequential sections stained with Masson’s trichrome (c) and
haematoxylin and eosin (d) highlighting two fibroblast-rich lesions (arrows)
associated with increased extracellular matrix deposition (bar, 100 pum).
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Figure 4. 0.025 U bleomycin is sufficient to induce fibrotic scar formation
in the lungs of WT mice.

30 days following the instillation of 0.025 U bleomycin, lungs of wild type
129S6/SvEv mice develop areas of pulmonary fibrosis. Interstitial thickening and
airspace obliteration can be appreciated at low power (left panel). Collagen-rich
bands are evident at higher magnification (right panel, between arrows).

Masson’s trichrome stain

Left panel: bar, 250 um; right panel: bar, 100 pm.
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3.3 Discussion

3.3.i Bleomycin induces pulmonary fibrosis in 129S6/SvEv mice

Susceptibility to bleomycin-induced pulmonary toxicity in mice is subject to genetic
influence. Differential susceptibility is manifested as a phenotypic variability in the degree of
pulmonary fibrosis among different strains of mice. However, the biological basis for this
susceptibility is incompletely understood. As a rule, most mice bearing the H-2b haplotype such
as the C57BL/6 strain tend to be bleomycin-sensitive and are therefore described as fibrosis-
prone. In contrast, H-2d mice may be intermediate (DBA/2) or non-responders (BALB/c). H-2k
mice (C3Hf/Kam) are non-responders. 12956/SvEv mice are H-2b and thus would be predicted
to respond to bleomycin in a similar manner to C57BL/6 mice which increase lung collagen

content by approximately 40% two weeks following intratracheal instillation of bleomycin
(Shahzeidi et al., 1993; Madetes et al., 1999).

Mouse genetic models have been used to map bleomycin susceptibility linkage to two loci: one
on chromosome 17, Blmpf1, and one on chromosome 11, Blmpf2 (Haston and Travis, 1997;
Haston et al., 2002). A putative interaction between these two loci is believed to determine the
abundance of lung tissue bleomycin hydrolase, an endogenous thiol-dependent aminopeptidase
that metabolises bleomycin to its inactive by-products (Haston et al., 2002). The same enzyme has
been implicated as an MHC class I epitope-processing proteinase with the ability to modulate
bleomycin-induced inflammatory injury within the lung. Of note, fibrosis-prone C57BL/6N mice
have decreased levels of bleomycin hydrolase compared to fibrosis-resistant BALB/c animals

(Filderman and Lazo, 1991). Other fibrosis susceptibility genes have been localised to the TNF-o

cluster on chromosome 6 and the FGF-10 cluster on chromosome 13, but their functional
significance is not known (Barth et al., 2002). Moreover, the physiologic basis upon which these
factors may influence the sensitivity of 12956/SvEv mice to the fibrotic effects of bleomycin
remains unclear. Specifically, the ability of neutrophil elastase in cleaving bleomycin hydrolase is

not known.

In general, mice with a 129/Sv background develop pulmonary fibrosis in response to bleomycin
administration (Munger et al., 1999; Zuo et al., 2002) or asbestos fibre inhalation (Warshamana et

al., 2002). They have also been shown to develop fibroproliferative lung injury following ozone
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inhalation (Savov et al., 2004). However, the degree of susceptibility to fibrosis may vary within
the generic 129/Sv group. At least seven different parental 129 substrains exist. Although all
strains are haplotypically H-2b and are predicted to be fibrosis-prone, the rate and/or persistence
of fibrogenesis may vary when compared to other H-2b strains. For example, lesions of asbestos-
related fibrosis form earlier in C57BL/6 compared to 129/Sv mice (Warshamana et al., 2002), but
histological changes of bleomycin-induced pulmonary fibrosis tend to persist longer in 129/Sv
mice than in age-matched C57BL/6 mice (Morris et al., 2002).

The current studies demonstrate the susceptibility of 12956/SvEv mice to bleomycin-induced
pulmonary fibrosis. These animals consistently developed a two-fold increase in lung collagen
content as well as characteristic histological changes of pulmonary fibrosis. The use of
hydroxyproline as a marker of collagen accumulation is reliable and widely adopted (reviewed in
McAnulty and Laurent, 1995). Following bleomycin instillation, a time-dependent increase in lung
hydroxyproline content in 12956/SvEv mice was observed. This increase reached a maximal level
30 days following bleomycin administration. At this time point, the morphologic changes of
pulmonary fibrosis were extensive and reproducible, and at a dose of 0.05U, the mortality rate

remained relatively low.

Previous studies using mice belonging to various 129 substrains have shown that bleomycin-
induced increases in lung collagen may vary between 50% to 100% above baseline values over a
30-day experimental period (Munger et al., 1999; Betsuyaku et al., 2000; Zuo et al., 2002). This
variability may be due to a number of factors such as substrain differences, the dose of bleomycin
employed or the age of mice subjected to treatment. Munger and colleagues used the Sv/129ter
(‘susceptible to teratomas’) substrain, whereas Zuo and co-workers used the Sv] (Jackson
Laboratories), and not SvEv, mice. The dose of bleomycin used in the current studies was 0.05U
which equates to 3 mg/kg of body weight for a typical 30 g mouse. Others have previously used
an equivalent dose in the same strain of mice (Munger et al., 1999; Betsuyaku et al., 2000). Some
of the animals used in the current study were older than three months of age. The possibility that
older mice may have a greater predilection for accumulating more collagen following bleomycin-

induced lung injury, while appreciated, was not directly tested.
The minimal dose of bleomycin required to induce pulmonary fibrosis in mice is not known. In

the present study, a dose of 0.025U bleomycin was sufficient to induce parenchymal lung fibrosis

albeit to a lesser degree than that produced by the standard 0.05U dose. A smaller number of
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fibrotic lesions developed in response to 0.025 U bleomycin, and these lesions tended to be
smaller in size. True threshold studies to determine the lowest dose of intratracheal bleomycin

needed for inducing lung fibrosis in the 12956/SvEv mice were beyond the scope of this thesis.

The maximal collagen response following bleomycin instillation was established in the present
study. Total lung collagen measured two weeks after bleomycin instillation was 50% greater than
saline values and comparable to the 45% increase described by Munger and colleagues in a
previous study (Munger et al., 1999). By 30 days following instillation, the bleomycin-induced
mean increase in lung collagen was approximately 80% greater than saline controls. This value

was higher than that reported in the Munger study.

At the 60-day time point, however, comparable increases in bleomycin-induced lung collagen
were observed between this and the previous study. Detailed studies aimed at comparing the

kinetics of collagen deposition in 129/Sv and other mouse strains are limited (Morris et al., 2002).

3.3.ii The bleomycin model replicates key pathological features of

pulmonary fibrosis in humans

Bleomycin administration is the most widely used animal model of experimental
pulmonary fibrosis (Thrall and Scalise, 1995). The histological characteristics it produces in
murine lungs are particularly well described (Grande et al., 1998). Changes in pulmonary
extracellular matrix turnover resulting from bleomycin treatment are quantitative and
reproducible. The natural history of bleomycin-induced lung damage combines an antecedent
lung injury that culminates in fibroproliferative lung repair via a series of overlapping pathological
stages. The bleomycin model has been used extensively to elucidate i vivo mechanisms of the
pathogenesis of pulmonary fibrosis, including fibrogenic growth factor activation (Munger et al.,
1999), molecular control of critical signaling pathways (Zhao et al., 2002) and the potential for
using gene transfer approaches to modulate the fibrotic response (Kolb et al., 2001b). More
recently, the bleomycin model has been used to demonstrate that bone marrow-derived
progenitor cells can traffic to the lung to participate in tissue repair (Hashimoto et al., 2003;
Phillips et al., 2004). Bleomycin was chosen over other experimental models of pulmonary fibrosis
(such as fluorescein isothiocyanate or FITC, cadmium chloride and particulate silica) because of

its consistency in inducing widespread and progressive fibrosis that morphologically mimics lung
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fibrosis in the human lung. The development of durable non-granulomatous fibroblast-rich
lesions places bleomycin at an advantage over FITC and silica. The propensity of cadmium for
inducing a mixed fibrotic and emphysematous reaction in animals (Snider et al., 1988) made it

unsuitable as a model for the current studies.

In the present studies, the initial changes of lung damage following bleomycin injection were
localised predominantly to peribronchial sites. As time passed, the intensity of fibroproliferative
changes increased, and in particular, the extent of interstitial and intra-alveolar collagen deposition
increased. Several of the morphological changes in bleomycin-treated wild type 129S6/SvEv mice
merit further discussion. Firstly, although areas of pulmonary fibrosis were scattered throughout
the lung parenchyma, a marked subpleural distribution was evident in most of the animals
examined. A similar pattern of lung fibrosis has been described in other strains of mice exposed
to bleomycin, in particular C57BL/6 mice. These changes may reflect underlying mechanisms that
concentrate the activation of fibrogenic mediators at focal sites thus localising the
fibroproliferative response. One other possibility is that blood-derived leukocytes may be
preferentially retained in certain regions due to the production and release of proteinases that aid
in their transmigration. Enzymes such as matrilysin (Li et al., 2002) or neutrophil elastase
(McGarry Houghton et al., 2002), may act by targeting specific substrates in the alveolar-capillary
barrier that have a bearing on neutrophil accumulation. Interestingly, a subpleural predilection of
pulmonary fibrosis also features in certain forms of human interstitial lung disease such as

idiopathic pulmonary fibrosis. However, the pathological reasons for this are unclear.

Secondly, the increased deposition of interstitial collagen, together with the proliferation of
mesenchymal cells in the same compartment, resulted in the filling in’ of airspaces by connective
tissue. In many areas of distorted alveolar architecture, intra-alveolar buds became more
prominent. This particular feature has also been described in a number of clinically important
fibrotic lung disorders (Usuki and Fukuda, 1995). In such disorders, intra-alveolar buds may be
found in association with fibroblast-rich cell clusters that are termed fibroblastic foci in lungs
affected by IPF (Karzenstein and Myers, 1998). In the current studies, groups of spindle-shaped
mesenchymal cells resembling fibroblasts/myofibroblasts that were closely associated with
increased collagen-rich matrix were identified. These cells may form the murine equivalent of
fibroblastic foci. Fibroblastic-dominant scars have previously been described in the bleomycin
model of pulmonary fibrosis in mice (Zhang et al., 1994) and in rodents that develop lung fibrosis

as a result of overexpressing transforming growth factor-beta (TGF-B) (Sime et al., 1997). In the
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bleomycin model, most cells expressing procollagen mRNA also express a-smooth muscle actin,

a myofibroblast marker.

However, caution has been raised in recent years regarding the validity of bleomycin-induced
pulmonary fibrosis as a model of IPF (Borzone et al., 2001). The contentions are that the
accelerated development of fibrosis following bleomycin exposure does not mimic the tempo of
the disease in humans and that bleomycin-induced fibrosis is not pathologically compatible to IPF
due to the lack of fibroblastic foci. Furthermore, there is a suspicion that the fibrotic changes
induced by bleomycin may co-exist with focal matrix loss and alveolar enlargement mimicking
localised emphysema when lung damage progresses beyond a certain point in time (Borzone et al.,
2001). However, such changes have not been reported in other studies. They may simply
represent an anomaly of parenchymal lung repair, a process in which focal loss of matrix
components is not entirely unexpected. Fibroblast-rich lesions were certainly evident in the lungs
of bleomycin-treated WT mice in the current studies. Alveolar tissue breakdown was not an

appreciable histological feature even at 60 days.

In truth, bleomycin-induced pulmonary fibrosis in mice may be regarded as long lasting in relation
to the lifespan of these animals. In many cases, collagen-rich fibrous scarring can persist up to 120
days following administration of the drug in rats (Borzone et al., 2001) and up to at least 90 days
in hamsters (Zia et al., 1992). In the current studies, pulmonary fibrosis was present in the lungs
of wild type mice 60 days after a single instillation of 0.05U bleomycin. The induction of
fibroblasts and myofibroblasts, together with upregulation of collagen deposition and interstitial
tissue scarring, provide evidence of the progressive nature of bleomycin-induced pulmonary
fibrosis. This is crucial because the majority of clinically important fibrosing lung diseases are also
characterised by a progressive tendency. While ‘fibroblastic foci’ may be sparser in bleomycin-
treated mice compared to humans with established IPF, the current experiments show that
fibroblast-rich lesions in the lung parenchyma can certainly be produced by bleomycin
administration. Overall, the fibrotic response to bleomycin instillation is highly consistent within a
large batch of mice. Only a small degree of inter-group variability in terms of collagen
quantification was observed. While bleomycin instillation does not provide an experimental
equivalent of IPF, the strengths of this particular model lie in its robust reproducibility and
versatility. IPF is only one example of human pulmonary fibrosis, itself a collection of myriad

disorders unified pathologically by common morphologic and biochemical changes.
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CHAPTER FOUR

NEUTROPHIL ELASTASE PLAYS A CRUCIAL
ROLE IN THE DEVELOPMENT OF BLEOMYCIN-
INDUCED PULMONARY FIBROSIS
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4.1  Background

4.1.i Neutrophils as effector cells in fibrotic lung disease

Loss of homeostatic control of neutrophil proteinases and oxidative radicals has been
linked to the development of chronic lung disorders such as chronic obstructive pulmonary
disease and cystic fibrosis. Neutrophil-derived proteinases can target a wide range of alveolar,
vascular and extracellular matrix substrates. While the majority of these reactions destroy lung
tissue, neutrophilic inflammation has also been implicated in the parenchymal damage that
accompanies fibroproliferative lung remodelling. Inappropriate recruitment and retention of
neutrophils in the distal lung are recognised phenomena in fibrotic lung disorders. However, a

mechanistic explanation for their pathogenicity in pulmonary fibrosis remains elusive.

Increased numbers of pulmonary neutrophils are present in idiopathic pulmonary fibrosis (Borok
et al., 1990), hypersensitivity pneumonitis (Pardo et al., 2000), pulmonary asbestosis and silicosis
as well as lung fibrosis associated with rheumatoid arthritis (Crystal et al., 1981). Lung neutrophilia
and increased expression of neutrophil chemoattractants have also been observed in the inherited
(familial) form of IPF (Bitterman et al., 1986). Up to two-thirds of patients with IPF may have
increased numbers of alveolar neutrophils, as assessed by bronchoalveolar lavage (BAL
Cooperative Group Steering Committee, 1990). Declining numbers of pulmonary neutrophils
have previously been associated with an improved response to corticosteroid therapy in the same
condition (Rudd et al., 1981). Evidence that a positive correlation may exist between BAL fluid
neutrophilia and the clinical severity, as well as the radiologic extent, of IPF has also been
reported (Wells et al., 1998). Pathologically, the importance of episodic neutrophil-mediated
alveolitis to progressive or uncontrolled fibroproliferation in the pathogenesis of IPF has been

postulated (Gross and Hunninghake, 2001).

One reason for the chronic accumulation of neutrophils in IPF may be alveolar mucus retention,
also known as mucostasis. This phenomenon is thought to account for the increased
sequestration of neutrophils within cysts of honeycombed lungs in IPF (Schwarz and Brown,
2002) and could explain why such lungs might be more prone to neutrophil-mediated injury.

Architectural changes in chronic IPF are characteristically described as being temporally
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heterogeneous. The co-existence of established fibrosis and more recently deposited ECM raises
the possibility that recurrent bouts of localised parenchymal injury might be pathogenically
important to the development of pulmonary fibrosis (Gross and Hunninghake, 2001). Low-level
sequential lung injury mediated by neutrophils could produce precisely such abnormalities in the
lung architecture. Accumulation of neutrophils within the lung would help perpetuate alveolar
injury and promote matrix repair in discrete areas of lung parenchyma. On this basis, neutrophil

trapping may be a crucial pathogenetic event in fibrotic interstitial ECM remodelling.

In the bleomycin model, the accumulation of neutrophils at various stages of lung injury and
fibrosis is well recognised (Haslett et al., 1989; Serrano-Mollar et al., 2002). The development of
bleomycin-induced pulmonary fibrosis has specifically been correlated to the duration of
neutrophil activation as assessed metabolically by (**F)-2-fluoro-2-deoxy-D-glucose uptake in lung
parenchyma (Jones et al., 1998). Moreover, increased levels of macrophage inflammatory protein
(MIP)-2, a murine functional homologue of IL-8, have been observed in mice developing
bleomycin-induced pneumopathy (Keane et al., 1999). Neutralisation of MIP-2 in the lung leads
to decreased neutrophil infiltration and attenuation of the subsequent pulmonary fibrotic
response. Furthermore, the administration of pentoxifylline, N-acetylcysteine and pirfenidone has
been shown to limit the extent of bleomycin-induced fibrosis, in part by decreasing neutrophil
inflammation (Entzian et al., 1998; Hagiwara et al., 2000; Iyer et al., 2000). More recently,
confinement of neutrophils to perivascular areas due to a failure of alveolar infiltration has been
proposed as a mechanism contributing to the resistance of matrilysin-deficient mice to bleomycin-
induced pulmonary fibrosis (Li et al., 2002). However, the precise role of neutrophils in either

initiating or propagating pulmonary fibrotic response is far from resolved.

4.1.ii Neutrophil elastase : potential pathogenic roles in pulmonary fibrosis

The uncontrolled proteolytic capacity of neutrophil elastase has long been associated
with the development and exacerbation of pulmonary emphysema (Senior et al., 1977; Snider
1991). As a result, the vast majority of studies concerning this proteinase in lung disease have
focused on its role in destructive lung disorders of one form or another. Over the past fifteen
years, a pathologic function for neutrophil elastase in the development of pulmonary fibrosis has
been reported in clinical and experimental studies. Early reports of elevated antiproteinases in

BAL fluid and serum from patients with interstitial lung disease indirectly suggested that an
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increased neutrophil elastase burden might be prevalent in such conditions (Sibille, 1988;
Mordelet-Dambrine et al., 1988). More specifically, increased neutrophil elastase activity has been
correlated to diminished lung function and increased disease severity of IPF (Borzi et al., 1993).
To some extent, these observations have been corroborated by more recent studies. For example,
Cailes and colleagues showed that BAL fluid from patients with IPF contained greater quantities
of immunoreactive neutrophil elastase (Cailes et al., 1996). In addition, neutrophil elastase : alpha-
1 proteinase inhibitor complex levels were higher in the lungs of these patients than in healthy
controls. In a separate study of patients with IPF, Yamanouchi and co-workers correlated
increased levels of neutrophil elastase : alpha-1 proteinase inhibitor complex with increased
amounts of lactate dehydrogenase (LDH) in BAL fluid and lowered arterial oxygen tension (PaO,)
(Yamanouchi et al., 1998).

Levels of a1-PI : neutrophil elastase complexes in alveolar fluid provide an estimate of neutrophil
elastase burden within the lung. In individuals with IPF, levels of these complexes range between
600 and 1000 ng/ml in BAL fluid (Obayashi et al., 1997; Yamanouchi et al., 1998). These
quantities represent a six-to-seven fold increase over levels of a1-PI : neutrophil elastase
complexes typically found in healthy non-smoking individuals. Perhaps more importantly,
immunoreactive neutrophil elastase has been identified in areas of established interstitial and
honeycomb fibrosis in the lungs of individuals with IPF (Hojo et al., 1997; Obayashi et al, 1997).
This observation indicates that neutrophil elastase is present in measurable quantities at sites of
fibrotic lung matrix remodelling. Despite these findings, a correlation between raised levels of
neutrophil elastase in either the BAL or tissue compartment and the pathological development of

fibrosis in the lung has not been established.

Animal studies have provided additional insights into the role of neutrophil elastase in pulmonary
fibrosis. The increased predisposition of beige mice, a strain genetically defective in neutrophil
degranulation, to bleomycin-induced pulmonary fibrosis was initially interpreted as proof that
elastase-mediated ECM degradation was critical for preventing fibrogenesis (Phan et al., 1983).
However, it is now clear that neutrophils derived from these animals possess and release a pro-
elastase compound from which the biologically active enzyme can readily form. This finding has
called into question previous assumptions that neutrophil elastase plays a solely degradative role in
chronic lung diseases characterised by aberrant ECM turnover (Cavarraet al., 1997). Since then, a

number of controlled i vivo studies have demonstrated the ability of physiological (SLPI and o1-

PI) and synthetic (ONO-5046) inhibitors of neutrophil elastase to abrogate the fibrotic response
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following bleomycin exposure (Nagai et al., 1992; Mitsuhashi et al., 1996; Taooka et al., 1997;
Maeda et al., 1999). Nonetheless, these data derive from approaches that inhibit the activity of
released neutrophil elastase in the extracellular milieu. Crucially, mechanistic explanations of how
neutrophil elastase may promote the pulmonary fibrotic process remain unknown. Similarly, the

potential benefits of these compounds in human pulmonary fibrosis have not been tested.

In this chapter, the importance of neutrophil elastase in the development of bleomycin-induced
pulmonary fibrosis will be addressed. The approach taken will compare in vivo changes in lung
histopathology and collagen accumulation in gene-targeted mice that are deficient in neutrophil

elastase and wild type mice with normal levels of the enzyme.

4.2 Results

4.2.i Development of neutrophil elastase-deficient (NE”") mice

Initial studies were aimed at characterising the general features of untreated WT and
NE” mice housed under conventional conditions and provided access to food and water ad
libitum. Like their WT counterparts, NE”" mice mated and reproduced normally. NE” progeny
did not exhibit obvious developmental abnormalities and had normal feeding habits.
Representative animals from each colony were screened for infections according to the University
College London Biological Services policies. Overt signs of opportunistic infection were not
apparent in any of the animals studied. When matched for age and gender, WT and NE”" mice
had similar growth rates (figure 5a), with comparable fractional weight gain between monthly
intervals. Full growth, in terms of final body weight and size, was attained in both genotypes
between four to six months of age. Overall, untreated male animals (both WT and NE”) tended
to be heavier than female mice at three, four-and-a-half and six months of age. Unexplained

mortality in untreated mice was not noticeable in either group of animals.
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Figure 5. Untreated WT and NE”- mice share similar baseline characteristics.

5 (a). WT and NE”- mice provided with access to food and water ad libitum and
housed under standard conditions were weighed at two, three, four-and-a half and
six months of age (n = 10 in each group).

5 (b). Representative light photomicrographs showing the alveolar architecture in
untreated 12-week old WT and NE”- mice. Masson'’s trichrome staining. Bar, 100
pum.
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4.2.ii Pulmonary characteristics of healthy adult NE” mice

Histologically, lungs of untreated adult NE”* mice showed normal bronchiolar and
alveolar anatomy resembling that of untreated adult WT lungs (figure 5b). Inflated airspace sizes
appeared similar between dissected lungs of WT and NE”* mice although alveolar dimensions
were not formally quantified. No gross differences in the amount or distribution of extracellular
matrix were evident in the conducting or respiratory airways or in areas surrounding the
pulmonary vasculature. Age-matched untreated WT and NE” mice had similar wet lung weights
(figure 6a). Furthermore, baseline lung collagen content as measured by reverse phase high
performance liquid chromatography was comparable between untreated mice of both genotypes,

averaging 1.64 + 0.05 mg in WT mice and 1.50 + 0.155 mg in NE” mice (Figure 6b).

4.2.iii Systemic response of WT and NE”- mice to bleomycin instillation

The mortality rate in the immediate post-procedural period (initial 24 hours) attributable
to acute surgical and anaesthetic complications was less than five percent in both genotypes. The
average mortality rate at the bleomycin dose used in most experiments (0.05 unit) was 36% in W'T
and 23% in NE” mice at 30 days following instillation. In contrast, deaths in saline-treated
animals from either genotype were rare. However, formal survival and lethality experiments were

not conducted.

Over a typical 30-day experimental period, the loss of body weight following the instillation of
bleomycin was most noticeable in the W'T group (figure 7). Weight loss was particularly marked
in the first ten days following injection of the drug. Most animals lost up to 10 - 15% of their
initial body weight. Mice gained weight from 14 days onward so that by the end of the
experimental period, bleomycin-treated WT mice were at their initial body weights. In
comparison, mean weight loss in bleomycin-treated NE”- mice remained consistently under five
percent of the starting value for the first ten days following injection of the drug. The plateau
effect - apparent lack of normal growth - in bleomycin-treated NE” mice between days 14 and
30 may be explained by averaging. When analysed separately, some individual animals did gain
weight at normal rates. When considered as a group, weight was regained from 7 days onward so
that by the end of the experimental period, bleomycin-treated NE” mice were also at their initial

body weights. The average body weights of surviving bleomycin-treated WT and NE”* mice were
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Figure 6. Average lung weight and collagen content are not different in
untreated WT and NE”- mice.

6 (a). Wet weights of unperfused and unlavaged lungs from untreated WT and
NE’”- mice were compared following removal from the thoracic cavity.
Bar denotes the group (n = 12) mean.

6 (b). Total lung collagen in an aliquot of the lung samples weighed in Panel A
was determined by measuring hydroxyproline content using reverse-phase
HPLC. Values are expressed as mean total lung collagen + SEM (n = 12 in
each group).
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Figure 7. Bleomycin response: changes in body weight.

Bleomycin (0.05 unit / animal) or saline was instilled intratracheally into adult
WT or NE” mice. Body weights were measured prior to treatment and at regular
intervals until sacrifice 30 days later. Results are expressed as percentage
change in weight compared to baseline body weight (day 0). Each point
represents the mean + SEM (n = 8 in each group).
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comparable at the time of sacrifice. In saline-treated animals, average body weight increased by

approximately five percent in both WT and NE” genotypes over the 30 day experimental period.

Throughout the study, moderate to severe decreases in body mass were associated with signs of
increased morbidity such as ruffled fur, anorexia and reduced response to tactile stimuli. In
adherence with guidelines stipulated in the animal procedures project license, mice that lost more

than 20% of initial body weight were sacrificed.

4.2.iv Changes in lung collagen following I'T bleomycin instillation

4.2.iv.i Bleomycin dose response

Lung collagen accumulation was evaluated in WT and NE” mice following the
intratracheal instillation of two different doses of bleomycin (0.05 U and 0.10 U). Both doses of
the drug induced a two-fold increase in lung collagen content in WT mice 30 days after instillation
(Figure 8). In contrast, neither dose of bleomycin induced any significant increase in lung
collagen in NE”" mice over the same period of time. However, a trend suggesting that the higher
dose of bleomycin (0.01 U) was associated with a slight increase in measured collagen content was

observed.

4.2.iv.ii Bleomycin time course

Total lung collagen in untreated WT and NE” mice averaged 1.6 + 0.12 mg per animal.
Over a period of 60 days following the instillation of 0.05U bleomycin, lung collagen in saline-
treated WT and NE” mice did not differ from untreated values at any point and averaged
between 1.5 and 1.8 mg per animal (figure 9). Instillation of 0.05U bleomycin into WT mice

induced an increase in total lung collagen over saline-treated values by 1.5-fold (2.29 £ 0.11 mg vs.
1.54 £0.07 mg, P < 0.0001), 1.8-fold (2.95 £ 0.25 mg vs. 1.61 £ 0.12 mg, P < 0.001) and 1.8-fold
(3.274£0.23 mg vs. 1.83 £0.07 mg, P < 0.01) at 15, 30 and 60 days respectively. In contrast, total

lung collagen in bleomycin-treated NE”" mice was not significantly altered from saline-treated

values at any time point.
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Figure 8. Bleomycin response: changes in lung collagen content.

Total lung collagen was determined by the measurement of hydroxyproline
content 30 days following the instillation of either saline, 0.05 unit or 0.10 unit
bleomycin. Values are expressed as mean total lung collagen + SEM (n = 7 in

each treatment group). * P < 0.001
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Figure 9. Lung collagen remains unchanged in bleomycin-treated NE*
animals.

Total lung collagen was analysed in WT and NE* lung homogenates at baseline
(0), 15, 30 and 60 days following instillation of either saline (open symbols) or
0.05 unit bleomycin (closed symbols). Values are expressed as mean total lung
collagen + SEM (minimum of eight animals per treatment group). * P < 0.0001
(bleomycin-treated WT vs. bleomycin-treated NE” animals), ** P < 0.005
(bleomycin-treated WT vs. bleomycin-treated NE”- animals).
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4.2.v Morphologic differences in ECM accumulation following bleomycin

instillation

As described in the previous chapter, histological examination of lungs from WT mice
showed large areas of interstitial fibrosis 30 days following the instillation of 0.05 U bleomycin. At
low power, these fibrotic lesions were seen to intersperse with smaller areas of unaffected lung.
The obliteration of alveoli within such fibrotic areas resulted from a combination of interstitial
thickening from collagen accumulation (blue thread-like staining, /eft middle panel, figure 10),
increased presence of mesenchymal cells and the development of intra-alveolar fibrosis (best
appreciated at high power, /eft bottom panel, figure 10). Increased numbers of inflammatory cells
were also prominent within damaged alveoli and at the periphery of fibrotic scars. Occasionally,
clusters of spindle-shaped cells resembling fibroblasts / myofibroblasts in areas of dense matrix
deposition were apparent at higher magnification (/eft bottom panel). By comparison, fibrotic
lesions were scarce in the lungs of bleomycin-treated NE”" mice. In these specimens, the most
characteristic morphologic features were increased numbers of inflammatory cells and areas of
apposed alveolar walls due to collapsed alveoli, mimicking foci of alveolar induration (right middle
and lower panels). True interstitial thickening due to fibrotic collagen accumulation was not
apparent. Normal lung architecture was present in all saline-treated WT and NE” lungs examined

(top panels).

Lung histology was also examined 15 days following the instillation of 0.05 U bleomycin. At this
time point, lungs of WT mice contained characteristic, albeit smaller, areas of increased
extracellular matrix than lungs that were collected at 30 days (figure 11). These changes were
predominantly peribronchiolar and pericapillary in location. In contrast, corresponding sections
from bleomycin-treated NE” lungs had minimal changes of ECM deposition. When followed up
to 60 days, large areas of bleomycin-treated WT lungs had areas of increased matrix accumulation,
and inflammatory hypercellularity (left panels, figure 12). These changes were easily appreciated at
low power. The presence of collagen-rich ECM arranged in a ribbon-like pattern was particularly
prominent around the terminal airways and blood vessels. By comparison, lungs from NE” mice
had more focal deposition of matrix (right panels, figure 12) as well as areas where groups of
alveoli had collapsed. Loss of alveolar walls leading to airspace coalescence was also evident in

bleomycin-treated NE”- mice.
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Figure 10. Lung histology 30 days following IT saline or bleomycin.

Top panels, Representative photomicrographs of lung sections from WT and
NE” mice 30 days following saline instillation. Bar, 100 um.

Middle panels, Low power photomicrographs of WT and NE” lungs 30 days
following 0.05 U bleomycin instillation. Bar, 100 um.

Bottom panels, Detail of insets from middle panels showing magnified areas of
bleomycin injury in WT (left) and NE (right) lung. Arrows indicate blue-staining
collagen-rich extracellular matrix. Bar, 50 um.

Masson'’s trichrome stain
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Figure 11. Lung histology 15 days following IT bleomycin.

Top panels, Low-power photomicrographs showing lung parenchymal
architecture from WT and NE”- mice 15 days following 0.05U bleomycin
instillation. Bar, 100 um.

Lower panels, Magnified areas with arrows indicating increased peribronchiolar
matrix deposition in WT (left panel) and NE (right panel) lungs. Bar, 100 um.

Masson’s trichrome stain
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Figure 12. Lung histology 60 days following IT bleomycin.

Top panels, Low-power photomicrographs of WT and NE” lungs taken 60 days
following instillation of 0.05U bleomycin. Bar, 100 pm.

Lower panels, Detail of insets from top panels showing areas of increased
collagen-rich matrix deposition (arrows). Bar, 100 pm.

Masson'’s trichrome stain
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4,3 Discussion

The current studies demonstrate that NE” mice bred on a 12956/SvEv background are
resistant to bleomycin-induced pulmonary fibrosis as assessed quantitatively by lung collagen
content and qualitatively by histology. These findings concur with published observations where
the inhibition of neutrophil elastase activity has been shown to abrogate the pulmonary fibrotic
response induced by bleomycin. These data are therefore consistent with the hypothesis that
neutrophil elastase can play a pathogenic role in promoting the excessive accumulation of lung

extracellular matrix typical of pulmonary fibrosis.

No pulmonary abnormalities were observed in untreated NE”" mice. This finding is important
because changes in lung ECM remodelling observed following bleomycin treatment might be
attributable to abnormal lung development if neutrophil elastase was vital for alveogenesis.
Differences in lung collagen were also not related to differential growth rates between the two
different genotypes. Moreover, lung weights in both genotypes were also consistent with

reference values provided by the commercial supplier (Taconic website information).

In the present studies, pulmonary fibrotic lesions that were present in WT lungs 15 days following
the administration of bleomycin were absent in the lungs of NE” mice. By 30 days, the lack of
established lung fibrosis in bleomycin-treated NE” mice was obvious. Unlike older studies that
relied on exogenously administered compounds to temporarily neutralise neutrophil elastase
activity, the use of NE” mice provides the opportunity to assess the role of neutrophil elastase in
bleomycin-induced pulmonary fibrosis in a state of true deficiency. Administration of neutrophil
elastase inhibitors (ot1-PI, SLPI and ONO-5046) has been associated with reductions in BAL
fluid neutrophil numbers, the extent of lung tissue neutrophil inflammation and the degree of
pulmonary fibrosis in bleomycin-treated animals (Nagai et al., 1992; Mitsuhashi et al., 1996;
Taooka et al., 1997). However, such studies have important limitations. For example, exogenously
administered inhibitors have a very short half-life iz vivo. In one study, blood a.1-PI levels did not
remain elevated for any substantial time following the administration of purified anti-proteinase
but declined over the course of bleomycin-induced lung injury (Nagai et al., 1992). More
specifically, exogenous a1-PI failed to suppress elastolytic activity attributable to neutrophil
elastase. On the other hand, ONO-5046 succeeded in attenuating lung collagen accumulation

when given in the first 14 days following bleomycin administration but not when administered
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beyond this period (Taooka et al., 1997). In all these studies, the interpretation of findings was
limited by the individual pharmacokinetic considerations of each inhibitor which were not
extensively studied in any of the reports. Doubts about the extent of neutrophil elastase inhibition
in these earlier studies are not pertinent to the current experiments because the use of genetically

engineered NE”* mice means that this serine proteinase is completely absent from birth.

Two previous studies, one in rats (Thrall et al., 1981) and the other in hamsters (Clark and Kuhn
ITI, 1982) have studied bleomycin-induced pulmonary fibrosis following peripheral blood
neutrophil depletion using anti-serum. In each, depletion of the pulmonary neutrophil pool was
incomplete and neutrophils were observed in the lungs of ‘depleted’ animals soon after the
instillation of bleomycin. By a week following bleomycin administration, circulating neutrophils
were back to their pre-treatment numbers. Not surprisingly, the development of pulmonary
fibrosis failed to be retarded using such an approach. This strategy is clearly unsuited for
delineating the role of the neutrophil in a complex disorder such as pulmonary fibrosis or any

model that requires neutrophil elastase inhibition for days or weeks rather than hours.

The resistance of NE” mice to bleomycin-induced pulmonary fibrosis in the current was not the
result of a delayed fibrotic response. Lung collagen content in these animals consistently failed to
increase even when analysis was carried out 60 days after the drug was instilled. Despite lacking a
collagen response, the lungs of NE” mice treated with bleomycin were not histologically normal.
In addition to isolated areas of thickened interstitial septae, there was evidence of alveolar collapse
where the walls of adjacent alveoli had become apposed. At low power, these areas produced an
image of linear scars through the parenchymal field. However, areas of true fibrotic scarring or
fibroblast-associated matrix accumulation were scarce. The presence of prominent inflammation
in NE” lungs 60 days following bleomycin instillation was a consistent observation. Although the
true reason for this is not known, it is possible that prolonged neutrophil infiltration may be one
consequence of enhanced IL-8-mediated neutrophil chemotaxis arising from a lack neutrophil
elastase proteolytic activity (Leavell et al., 1996). Moreover, degradation of native (and hence,

unused) a1-AT in the lungs of NE”" mice by matrix metalloproteinases such as MMP-12 may

generate fragments that are chemotactic for neutrophils (Banda et al., 1988).
Some sections of bleomycin-treated NE” lungs showed evidence of epithelial denudation,

apposition of alveolar walls and increased intra-alveolar cellularity. This combination of

pathological findings has previously been described by Burkhardt as alveolar ‘collapse-induration’
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(Burkhardt, 1989), although Kaufmann first coined the term in the early part of the last century
(Kaufmann, 1922). The supposition that it might represent a pre-fibrotic phenomenon remains
unresolved. In a study of histologic patterns of pulmonary fibrosis, Basset and colleagues
distinguished different types of architectural changes, including one that they called ‘obliterative
changes’ (Basset et al., 1986). They noted that this particular process was frequently associated
with alveolar atelectasis and collapsed mural components. Fukuda and colleagues also described
the importance of fused and coalesced alveolar walls during the progression of lung damage as a
precursor of fibrotic lung remodelling (Fukuda et al., 1987). If such changes are indeed pre-
fibrotic in nature, their presence in bleomycin-treated NE” lungs that do not succumb to
eventual fibrosis suggests that the fibroproliferative process is inefficient and somehow terminates
prematurely in animals that lack neutrophil elastase. Precisely how this is achieved or regulated is

yet unknown.

It is possible that pulmonary fibrosis develops very early in bleomycin-treated NE” mice and
resolves just as rapidly. The notion that pulmonary fibrosis might be a reversible process is not
without clinical basis. In patients with post-transplant organising pneumonia associated with
bronchiolitis obliterans, intra-alveolar fibrosis can resolve with prolonged corticosteroid therapy
(Katzenstein et al., 1986). Likewise, pulmonary fibrosis that complicates the acute respiratory
distress syndrome is thought to be reversible in some survivors of this devastating condition, as
lung function parameters can improve over time (McHugh et al., 1994). Thus, lung repair may
only confer lasting structural effects in the setting of extensive injury in which the fibrotic tissue
that forms prevents alveolar re-expansion. Although there was evidence of alveolar injury in
bleomycin-treated NE”" mice, this damage appeared to be insufficient to generate the collagenised

scars that lead to permanent pulmonary fibrosis.

The phenotype of NE” mice in the bleomycin model as characterised in this thesis indicates that
compensatory mechanisms to replace the absence of neutrophil elastase activity cannot induce
fibrosis within 60 days of lung injury. It also suggests that neutrophil elastase activity may play a
dual role in initiating and propagating bleomycin-induced pulmonary fibrosis. There are several
possible mechanisms by which this enzyme may act to promote fibroproliferative repair in the
lung. Neutrophil elastase has the potential to regulate leukocyte migration, augment lung injury
and proteolyse molecules that regulate extracellular matrix turnover. Previous studies have shown
that neutrophil elastase-mediated digestion of collagen and elastin can generate peptide fragments

that are fibrogenic when instilled into rabbit lungs (Gardi et al., 1990). These degradation products
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stimulate collagen synthesis, increase lung fibroblast numbers and enhance the deposition of new
matrix within interstitial lung tissue. However, the level of elastolysis following bleomycin
instillation is estimated at less than 0.1% of total lung elastin (Starcher and Petersen, 1999),
mitigating against fibrogenic elastin fragments as being a prime endogenous mechanism iz vivo. In
the current study, the nature and products of elastin and collagen degradation were not specifically
assessed. The similarities in alveolar leak between WT and NE” lungs at three and seven days
following bleomycin treatment suggest that matrix breakdown may be comparable. It 1s
acknowledged that the solubilisation of other matrix molecules that may not necessarily comprise
structural lung elements might also be important to pulmonary fibrosis. This will be discussed in

greater detail in a later chapter.
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CHAPTER FIVE

BLEOMYCIN-INDUCED INJURY AND
INFLAMMATION IN WT AND
NE’ MICE
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5.1  Background

5.1.i Lung injury precedes fibrotic lung repair

Conditions present during the early inflammatory stages of lung injury can influence
successful resolution or progression to chronic fibrotic remodelling. The acute respiratory distress
syndrome (ARDS) is a clinical example of this theory. In ARDS, the more severe the initial lung
injury, the greater the likelihood that alveolar damage will lead to fibroproliferative consequences
(Griffiths and Evans, 1995).

Lung injury may be assessed by many indices such as inflammatory cell burden, cellular DNA
damage or the degree of alveolar-capillary barrier dysfunction. Changes in cellular inflammation
may be distinguished between lung tissue and BAL fluid. Inflammatory cells may be further
characterised by their lineage, activation state, temporal persistence in tissue or mediator secretion.
As leukocyte numbers may fluctuate substantially over the course of an inflammatory response,
such changes may provide limited information on the damage sustained by resident cells.
Moreover, leukocyte numbers do not necessarily reflect the severity of lung injury. For example,
leukocyte numbers are increased in bacterial pneumonia, yet there is little lasting injury to the lung
parenchyma. One reason for this may be that leukocyte clearance mechanisms are preserved. The
analysis of cellular DN A damage provides an additional indicator of cytotoxicity. However, under
certain circumstances such as cellular apoptosis, DNA damage may form part of normal tissue
repair and not a product of cytotoxicity. Alveolar leak causing the flooding of protein-rich exudate
into alveolar airspaces is a hallmark of non-repairable damage to endothelial and epithelial cells.
The formation of pulmonary oedema disrupts alveolar function and prolongs the course of lung
damage. In chronic lung injury, oedema fluid must be removed to ensure successful alveolar

repair and to prevent the development of further complications such as pulmonary fibrosis.

The regulatory mechanisms governing the progression of lung injury to pulmonary fibrosis have
not been completely uncovered. Pulmonary fibrosis may manifest in patients with no previous
history of obvious lung injury. Thus, the same signals that are elaborated to downregulate or turn
off inflammation may actually perpetuate fibrosis. In this context, cellular products such as
cytokines or proteinases appear to provide some of the fibrogenic signals that drive

fibroproliferative lung repair.
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5.1.ii Proteolytic substrates of neutrophil elastase that promote lung injury

Studies in animals have shown that inhibiting neutrophil elastase catalytic activity confers
beneficial effects against both the induction and intensification of lung injury. These studies have
utilised various stimuli to elicit lung injury, including bacterial endotoxin, TNF-a, oleic acid,
thrombin, phorbol esters and bleomycin (reviewed by Lee and Downey, 2001). Collectively, they
support a prime effector role for neutrophil elastase in the development of lung injury. Different
neutrophil elastase inhibitors have proven to be effective in abrogating the intensity of lung injury
in vivo, including SLPI (Mulligan et al., 1993), ONO-5046 (Sakamaki et al., 1996) and related

compounds, as well as erythromycin (Azuma et al., 1998).

Apart from components of the extracellular matrix (elastin, collagen, fibronectin, proteoglycans),
neutrophil elastase can cleave biologically important soluble proteins including complement
factors, coagulation cascade factors and cytokines as well as cell surface adhesion molecules.
Unwanted neutrophil elastase activity not only destroys structural lung components but can also
influence the inflammatory response by modulating leukocyte chemotaxis, cytokine activation and
microvascular injury (reviewed in Lee and Downey, 2001). However, the relative importance of

each elastase-mediated response may only dominate temporarily during the course of lung injury.

The ability of neutrophils to reach sites of lung damage is critical for perpetuating lung injury.
Lung neutrophil influx has been shown to result from neutrophil elastase-induced secretion of IL-
6, IL-8 and GM-CSF by injured airway epithelial cells (Bedard et al., 1993). Neutrophil elastase
can also stimulate mononuclear cells to release leukotriene B4, a neutrophil chemoattractant
derived from arachidonic acid metabolism (Owen and Campbell, 1999) and to directly increase
the expression of IL-8, a key neutrophil chemoattractant and stimulant (Chen et al., 2004).
Furthermore, neutrophil elastase-mediated degradation of fibronectin and complement factor C5
generates biologically active products that can establish chemotactic gradients to direct neutrophil
infiltration into injured tissue (Banda et al., 1988). Similar properties have also been ascribed to
collagen degradation peptides generated iz vitro by the digestion of intact collagen following
exposure to purified neutrophil elastase (Gardi et al., 1994). Although neutrophil elastase can
cleave CXCL12 (stromal cell-derived factor-1) and its receptor CXCR4 (Levesque et al., 2003),
molecules thought to be involved in haematopoietic progenitor cell (HPC) release from the bone
marrow, neutrophil elastase activity is not required in the actual mobilisation of HPC induced by

granulocyte colony stimulating factor in studies using neutrophil mice deficient in both elastase
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and cathepsin G (Levesque et al., 2004). Hence, the accumulated evidence suggests that lung
injury itself induces neutrophil chemoattractants other than neutrophil elastase and the latter plays

a role in enhancing but not initiating tissue neutrophil influx.

A heightened pro-coagulant milieu is also an important feature of alveolar inflammation.
Neutrophil elastase activity promotes coagulation in several ways. The catalytic activity of cell
surface-bound neutrophil elastase, and to some extent that of cathepsin G, can enhance the
activation of cofactor Va and promote the formation of prothrombinase complexes (Allen and
Tracy, 1995). Thrombin generation is critical for stabilising the terminal fibrin plug at sites of
micro-haemostasis during alveolar injury. Neutrophil elastase can also cleave and inactivate anti-
coagulant molecules such as antithrombin III, a1-antiplasmin and protein C that act to inhibit

fibrin crosslinking and retard fibrinolysis (Sie et al., 1987; Eckle et al., 1991).

A final way in which neutrophil elastase can exacerbate lung injury is by causing microvascular
damage that leads to alveolar-capillary hyperpermeability. Neutrophil elastase activity can directly
injure epithelial and endothelial cells as well as the basement membrane that supports them. It can
efficiently detach epithelial (Amitani et al., 1991) and endothelial cells (Yang et al., 1996) from
their substratum and induce apoptosis and cytolysis. Neutrophil elastase-mediated proteolysis of
endothelial cadherins has been shown to induce pulmonary microvascular injury (Carden et al.,
1998). Finally, this serine proteinase cleaves collagen type IV, fibronectin and laminin deposited in

alveolar basement membranes, an action that compromises the integrity of this important tissue
(Heck et al., 1990).

5.1.iii Markers of bleomycin-induced lung injury

The manifestations of bleomycin-induced DNA damage include the straightforward
scission of single or double-stranded DN A, modification of deoxyribose sugar moieties and the
release of unaltered free nucleic acid bases (Suzuki et al., 1969). The products of DNA scission are
the easiest to analyse and quantify in vitro. In order to be DN A-toxic, bleomycin must first enter
cells, penetrate the nuclear membrane and become activated in very close proximity to DNA. Iz
vitro studies using *H labelled bleomycin have shown that the initial accrual of bleomycin within
cells occurs rapidly in a dose-dependent manner with a slower secondary accumulation pattern

after the first few minutes (Lyman et al., 1986). Cellular necrosis, as evidenced by elevated lactate
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dehydrogenase levels, may result from excessive non-repairable DNA damage. Bleomycin may
also have cytotoxic effects via DNA degradation-independent processes such as lipid

peroxidation.

Pulmonary administration of bleomycin induces a ‘classic’ neutrophil-rich inflammatory infiltrate
that gives way to a more sustained influx of mononuclear cells comprising macrophages and
lymphocytes (Janick-Buckner et al., 1989). Eosinophils may also appear transiently at around
seven to ten days post-injection. In one study using hamsters, up to eight times the normal
number of leukocytes were quantified in alveoli four days following a single 1U intratracheal dose
of bleomycin (Chandler et al., 1983). Recruitment of inflammatory cells into the alveolar and
interstitial structures is usually accompanied by capillary congestion and the formation of
perivascular oedema (reviewed in Thrall and Scalise, 1995). The resultant detachment and death of
epithelial cells may produce areas of denuded basement membrane, evident at light microscopy
level but best appreciated at electron microscopy (Burkhardt, 1989). Severe endothelial cell
damage may be evident histologically as patchy intra-alveolar haemorrhage. The analysis of
soluble epithelial and endothelial biomarkers such as surfactant proteins and endothelium-
expressed adhesion molecules provides an additional (albeit indirect) means for assessing injury to

these cells (Azuma et al., 2000; Pan et al., 2002).

During both the acute and subacute phases of bleomycin-induced lung injury, the development of
alveolar hyper-permeability due to the loss of alveolar-capillary barrier integrity is
pathophysiologically important. The formation of pulmonary oedema, particularly changes in the
transepithelial movement of macromolecules, has been the subject of intense investigation over
many years (Yiet al., 1998; Balharry et al., 2005). The extent of oedema fluid accumulation has
itself been correlated to the severity of ensuing bleomycin-induced pulmonary fibrosis (Yasui et
al., 2001). Physiological parameters are more variable. For example, decreased lung compliance
occurs early in bleomycin-induced lung injury as a result of interstitial oedema and alveolar injury,
or may only become evident later when lung collagen content increases (Hesterberg et al., 1981).
Lung compliance may also be preserved until quite late, being apparently normal even when lung

tissue collagen content has increased. This disparity has still not been adequately explained.

The following sections will present results relating to the characterisation of bleomycin-induced

lung injury and inflammation in WT and NE”" mice.
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5.2 Results

5.2.i Bleomycin-induced pulmonary inflammation

5.2.4.i  Elastolytic activity

Continuous (kinetic) and discontinuous (fixed-time) assays were performed to determine
the optimal conditions for measuring neutrophil elastase activity. The initial hydrolysis rate of
MEOSAAPVNA, a specific neutrophil elastase substrate, was determined using a range of
enzyme concentrations (figure 13). Enzymatic consumption of the substrate was constant ten
minutes following initiation of the hydrolytic reaction. Subsequently, fixed-time (10-minute)
reactions were performed to delineate the linear concentration range of neutrophil elastase
required to fully hydrolyse the same amount of MEOSA APVNA substrate (figure 14). Using
these conditions, mean BAL fluid neutrophil elastolytic activity in bleomycin-treated NE” mice
was almost undetectable (0.032 £ 0.009 OD) and was not different from values in saline-treated
animals. In fact, mean neutrophil elastase activity in BAL samples collected from saline-treated

WT mice and bleomycin-treated NE” samples fell below the linear range of detection (figure 15).

5.2.i.ii Leukocyte recruitment and extravasation

Cytocentrifuged BAL fluid from WT and NE” lungs contained increased numbers of
polymorphonuclear neutrophils and alveolar macrophages as early as four hours after bleomycin
instillation (figure 16). Granulocyte precursor cells were also present at this early stage,
distinguished by their larger horseshoe or band-shaped nuclei and lack of nuclear segmentation.
In contrast, BAL fluid from saline-treated animals of either genotype contained mostly
unstimulated resident macrophages with few neutrophils or granulocyte precursors. Quantitative
analysis by fluorescence-activated cell sorting on the basis of Gr-1 (Ly-6G) antigen expression
showed that comparable numbers of neutrophils were present in the BAL fluid of both WT and

NE” mice 24 hours following saline or bleomycin administration (top graph, figure 17).

Histologic examination of haematoxylin and eosin-stained lung sections of bleomycin-treated WT

and NE” mice also showed marked tissue neutrophilia at 24 hours (bottom panels, figure 17).
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Figure 13. Initial rates of MEOSAAPVNA hydrolysis.

MEOSAAPVNA (5 mM), a highly specific neutrophil elastase substrate, was
reacted with increasing concentrations of the proteinase (10 - 300 nM) at 25°C.
Time-dependent variation in the concentration of the reaction product (measured
in units of optical density at 410 nm) was assessed to optimise catalytic
conditions. Each point represents the mean + SEM of a triplicate.
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Figure 14. Linear range of neutrophil elastase concentration required to
hydrolyse MEOSAAPVNA.

Purified neutrophil elastase (10 - 300 nM) was allowed to proteolytically react
with 5 mM MEOSAAPVNA over 10 minutes at 25°C to produce a fixed-time
elastolytic curve. Each point represents the mean + SEM of a triplicate.
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Figure 15. Neutrophil elastolytic activity in cell-free BAL fluid of
bleomycin and saline-treated WT and NE’- mice.

Neutrophil elastolytic activity in BAL fluid was compared between saline or
bleomycin-treated WT and NE’ mice following the removal of neutrophils.
Aliquots of BAL samples were incubated with 5 mM MEOSAAPVNA at 25°C to
produce a fixed-time elastolytic curve. Each point represents the mean + SEM
of a triplicate.
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Figure 16. The absence of neutrophil elastase does not prevent the influx of
neutrophils into the lungs of bleomycin-treated NE”- mice.

Wright-Giemsa-stained cytospins of bronchoalveolar lavage (BAL) fluid collected from
WT and NE”- mice four hours following the instillation of 0.05 unit bleomycin. Mature
neutrophils are denoted by arrows, immature granulocytes by arrowheads and
alveolar macrophages by open arrows.

x40 objective

130



24 hours post-bleomycin

_ 51 [ saline
E M bleomycin
S 4T
3
g B
:E_
Ak
3
2 1F
0 ' . I l
WT NE"-

Figure 17. Characterisation of early neutrophilia in BAL fluid and lung
tissue of bleomycin-treated WT and NE” mice.

Top panel, Flow cytometric analysis of leukocyte Gr-1 expression using a
fluorochrome-conjugated antibody (BDH-Merck, UK) on uncentrifuged BAL fluid
of WT and NE~- mice 24 hours post-bleomycin instillation (n=6 in each group).

Bottom panels, Neutrophils (arrows) are seen in haematoxylin and eosin-
stained WT and NE lungs 24 hours following bleomycin instillation. Bv indicates
blood vessels. Insets, Neutrophils are also present in BAL fluid collected at the
same time point (arrowheads, Wright-Giemsa staining).

x40 objective
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Some of these cells were seen to marginate intravascularly, while others had extravasated from
blood vessels to collect in perivascular areas. The morphologic features of these neutrophils and

those in BAL fluid collected at the same time were very similar.

Examination of lung sections obtained three days following bleomycin treatment showed that the
initial extent of tissue neutrophil infiltration was variable between WT and NE” mice (figure 18).
Neutrophils were consistently observed to accumulate for longer within the perivascular
perimeter in NE”" lungs, with a delayed advance into adjacent alveoli. In contrast, neutrophils in
the lungs of bleomycin-treated W'T mice had dispersed more widely amongst the alveolar spaces

by this time.

Representative Wright-Giemsa stained cytospin preparations of BAL cells from bleomycin-treated
WT and NE” mice from day 7 are shown in figure 19 (top panels). Neutrophils and
macrophages, the most abundant leukocytes, were easily distinguished by their gross morphology.
A number of enlarged and hyper-vacuolated macrophages were seen in both groups of mice.
Differences in the pattern of tissue leukocyte infiltration between bleomycin-treated WT and
NE” mice are shown in the bottom panels of figure 19. While many leukocytes (including a large
number of neutrophils) were widely dispersed in the lung parenchyma of WT mice, there was a
greater tendency for leukocytes to remain in the perivascular margin in the lungs of NE” animals.

Scattered among these cells were a small number of eosinophils and lymphocytes.

Figure 20 summarises the changes in total leukocyte numbers in BAL fluid from WT and NE”
mice at one, three, seven and ten days following the administration of either saline or bleomycin.
At the earliest time point (day 1), leukocyte numbers were not significantly different between any
of the treatment groups. Bleomycin instillation of W'T mice induced a leukocytosis in BAL fluid
that increased quite sharply between days three and seven and decreased between days seven and
ten. In WT mice, maximal leukocyte counts, observed at day seven, were 220% higher than those
at one day following the instillation of bleomycin (1.19£0.13 x 10°/ml vs. 0.36 + 0.04 x 10°/ml, P
< 0.0001). In contrast, increases in leukocyte counts in NE”"BAL fluid following bleomycin
instillation were of a smaller magnitude over the same time period. Peak leukocyte numbers were

also observed on day seven but were only 100% higher than at day one (0.68 +0.05x 10°/ml vs.
0.34 + 0.03 x 10°ml, P < 0.01). As a result, peak leukocytosis in NE” BAL fluid was

quantitatively smaller than in corresponding WT samples (P < 0.05). Saline instillation induced

equivalent changes in leukocyte counts in both WT and NE” mice.
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Figure 18. Lungs of WT and NE-’- mice have intense neutrophil infiltration
three days following bleomycin instillation.

Neutrophils and other inflammatory cells are observed perivascularly and in the
deeper lung parenchyma (bar, 100 pm).

Masson’s trichrome stain
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Inflammatory cell recruitment

7 days post-bleomycin

BAL fluid

Figure 19. Bleomycin instillation induces a classical inflammatory
response represented by a mixed leukocytosis in both WT and NE”- mice.

Top panels, Mature neutrophils with hypersegmented nuclei (closed arrows),
immature polymorphs (dashed arrows), macrophages (open arrows) and
lymphocytes (arrowheads) are prominent in BAL fluid from bleomycin-treated
WT and NE7- mice. Wright-Giemsa stain. x40 objective.

Bottom panels, Haematoxylin & eosin-stained sections show the infiltration of
neutrophils (closed arrows) and macrophages (open arrows) into bleomycin-
injured WT and NE”- lung parenchyma. Bar, 50 pm.

134



2.0

= 15

il

<

m

E

< 1.0

4

%

0

©

O 905
0

--O-- WT saline
—@®— WT bleomycin
--Zx-- NE” saline
—&— NE* bleomycin

1 3 7 10

Time following bleomycin (days)

Figure 20. WT and NE-- BAL fluid have maximal leukocytosis seven days
following bleomycin instillation.

Cell pellets in BAL fluid collected from WT and NE”- mice one, three, seven and
ten days following the instillation of either saline or bleomycin were isolated by
centrifugation and resuspended in red cell lysis buffer. Leukocytes were
enumerated using a haemocytometer chamber and expressed as x10° counts
per ml BAL fluid. Each point represents the mean + SEM of 4 - 12 animals.
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5.2.1.i11 Differential leukocyte profile in BAL fluid

The cellular composition of BAL fluid of bleomycin-treated WT and NE”* mice was
identified by examining cytospins. Saline treatment did not induce significant changes in leukocyte
fractions compared to untreated samples. However, bleomycin instillation decreased the
percentage of mononuclear cells (comprising macrophages and lymphocytes) whilst increasing the
polymorphonuclear fraction (predominantly neutrophils) to a similar extent in both WT and NE”
animals at all time points assessed (table in figure 21). On average, macrophages comprised
between 92 - 98% of total leukocytes in saline-treated animals but less than 80% following
bleomycin instillation. Conversely, the fraction of polymorphonuclear leukocytes increased from
under 5% in saline-treated WT and NE”" mice to approximately 20% in bleomycin-treated
animals. Lymphocytes made up the remaining percentages in each case. Few eosinophils were
seen in the cytospin preparations. Eosinophils, immature neutrophils and other indeterminate

granulocytes were counted as polymorphonuclear leukocytes (PML).

Macrophage numbers were maximal seven days following bleomycin instillation in both WT and
NE” mice. WT macrophages outnumbered NE”* macrophages by just over 100% (1.05 + 0.14
x10° cells/ml vs. 0.48 +0.04 x10° cells/ml, P < 0.001) (figure 22). Bleomycin administration also
induced maximal neutrophilia in both WT and NE” mice seven days following its instillation,
Changes in lymphocytes followed a similar trend to macrophages with the most noticeable

bleomycin-induced difference observed at seven days following instillation (WT vs. NE”: 0.093 +

0.015 x10° cells/ml vs. 0.042 + 0.007 x10° cells/ml, P < 0.01).

5.2.i.1v Lung tissue neutrophil burden

Total lung neutrophil abundance was assessed by quantifying myeloperoxidase (MPO)
activity in homogenised lung tissue. As enzyme - substrate reactions involving MPO are time- and
substrate-dependent, preliminary experiments were performed to determine the optimal
conditions for peroxidation analysis. A range of standard horseradish peroxidase (1 to 5 ng) was
used to construct the standard curve. Incubation of samples for more than 15 minutes led to loss
of peroxidase activity (figure 23). Consequently, a 15-minute incubation period was chosen for all

subsequent experiments.
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BAL FLUID INFLAMMATORY CELL COMPOSITION
DIFFERENTIAL LEUKOCYTE FRACTIONS

WT NE--

Saline Bleomycin Saline Bleomycin

Day 3 Mac  96.6(0.9) 74.6(3.7) 96.5(1.7) 78.8(3.2)

PML 3.1(08) 209 (2.4) 33(17) 186 (24)
Lymp  0.4(0.2) 4.5 (1.9) 02(02) 28(28)
Day 7 Mac  934(12) 73.9(1.8) 923(1.3) 71.8(2.4)
PML 50(12)  18.2(1.0) 53(0.7) 215(1.9)
Lymp 1.9 (0.5) 7.9(1.1) 24(0.7)  6.4(1.0)
Day10 Mac  93.7(0.7) 69.0(1.1) 98.5(0.2)  79.0(2.0)
PML 36(0.8) 20.2(1.3) 11(0.1)  12.4(1.6)
Lymp 2.7(06) 10.9(0.6) 05(02)  86(0.5)

Mean % (SEM)

Figure 21. Changes in BAL fluid leukocyte composition are equivalent
between WT and NE” mice following saline or bleomycin instillation.

Differential cell fractions were determined by cell counting of cytocentrifuged
BAL fluid from saline and bleomycin-treated WT and NE’- mice. Approximately
1 x 10° cells were centrifuged onto each slide, stained with Diff-Quick® Wright-
Giemsa, and a minimum of 400 cells counted. Cells were differentiated on the
basis of morphological features and divided into three main groups (Mac,
macrophages;, PML, polymorphonuclear leukocytes;, Lymp, lymphocytes).
Values represent mean percentages with SEM in brackets.
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Figure 22. Changes in differential inflammatory cell indices following
bleomycin instillation.

Time course changes in BAL fluid cellularity were assessed in saline and
bleomycin-treated WT and NE” mice. Cells were differentiated visually on
Wright-Giemsa (Diff-Quick®)-stained cytospins. Cell numbers were calculated
using the percentage of each cell type present and the total leukocyte count for
each given sample. Values represent the mean + SEM of 4 - 12 animals per
group.
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MPO activity in lung homogenates was highest in both WT and NE” mice three days following
the administration of 0.05U bleomycin (figure 24). Values were comparable between the two
genotypes and were significantly higher than their respective saline-treated controls (P < 0.05). At
subsequent time points (days 7 and 10), no statistically significant differences were detected

between bleomycin and saline-treated mice of either genotype.

5.2.ii Bleomycin-induced lung injury

5.2.iii DNA damage

DNA damage was analysed qualitatively as an early marker of bleomycin-induced lung
injury using the alkaline COMET assay. Nuclei from untreated WT and NE” lungs possessed a
rounded appearance and contained intact DNA that fluoresced strongly with propidium iodide
(figure 25). Four hours after bleomycin instillation, broken single-stranded DNA produced a
distinctive smeared ‘tail’ effect in the majority of nuclei from WT and NE” mice. By 24 hours
after bleomycin instillation, nuclei from both WT and NE” lungs appeared to have regained the
rounded morphology seen in untreated samples. Overall, the extent of bleomycin-induced DNA

damage and repair was similar between the two genotypes of mice.

5.2.ii.ii Alveolar-capillary barrier function

The integrity of the alveolar-capillary barrier was assessed by quantitating the amount of
albuminophilic Evans blue dye (EBD) leaving the pulmonary circulation and collecting within the
alveolar spaces. EBD accrual in the lung is dependent on the concentration of dye used and the
length of time it is allowed to remain in the systemic circulation. The concentration of EBD used
in these studies was chosen from the literature. Figure 26 shows that intravascular distribution of
the dye for either one or three hours was associated with a similar degree of pulmonary dye
retention and recovery in BAL fluid. The one-hour circulating time was thus chosen for

subsequent experiments.
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Figure 23. Determination of optimal incubation time for measuring
horseradish peroxidase activity.

Analysis of the efficiency of standard horseradish peroxidase to hydrolyse
ethanol-dissolved O-Dianisidine (DMB, 0.32 mM) by varying the duration of
incubation. Reactions were performed at 37°C for 5 minutes followed by
incubation at room temperature for 15, 25 or 35 minutes. Values represent
absorbances read at 560 nm.
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Figure 24. Lung tissue neutrophil burden is similar in WT and NE’- mice
following bleomycin-induced lung injury.

Myeloperoxidase (MPO) activity, taken as an index of neutrophil burden, was
determined in homogenised lung tissue by measuring the hydrolysis of O-
dianisidine (DMB). A standard curve for the reaction was generated using known
concentrations of horseradish peroxidase (0.1 - 10.0 ng, specific activity 0.00131
units/ng protein). Total protein content in the same samples was quantified with
the BCA assay. Values are expressed as mean + SEM. * P < 0.05.
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Figure 25. Analysis of DNA damage in lung cells by the COMET assay.

WT
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DNA damage and repair was assessed in cells isolated from dispase-digested
lungs. Cells were lysed, treated under alkaline conditions to uncoil their DNA
and subjected to single-cell gel electrophoresis on agarose-coated microscope
slides. Images of intact and damaged nuclear DNA stained with propidium
iodide were taken of representative fields from each animal (n = 2 mice in
untreated group; n = 3 mice in each bleomycin-treated group).

Cells and images prepared by F Chua, assay performed by PH Clingen
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Figure 26. Recovery of Evans blue dye from murine BAL fluid is similar
following either one or three hours of intravascular circulation.

Evans blue dye (20 mg/kg) was injected intravenously one day following
intratracheal bleomycin or saline instillation and allowed to circulate for one or
three hours prior to animal sacrifice. Accumulation of dye in the alveolar
compartment was assessed by determining dye absorbance at 620 nm in cell-
free BAL fluid. Each point represents the mean + SEM of four animals.
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Alveolar leak was evident three days following I'T bleomycin instillation into WT mice and
reached peak values at seven days following treatment (figure 27). At both these time-points,
alveolar leak was comparable in bleomycin-treated NE”" mice. By 10 days following bleomycin
instillation, alveolar leak in NE”* mice was significantly below values measured in WT animals

(NE” vs. WT permeability index: 0.09 + 0.01 vs. 0.25 + 0.05, P < 0.01). In contrast, saline

treatment exerted a marginal effect on alveolar barrier integrity in both WT and NE” lungs.

The amount of retained EBD within perfused and lavaged lung tissue was also quantified as an
estimate of interstitial oedema. Bleomycin treatment of WT mice increased dye sequestration in
this compartment above saline controls at all time points assessed (figure 28). The recovery of
trapped dye was particularly prominent in the day 10 samples. Tissue permeability index did not
differ significantly between the two genotypes at either three or seven days following bleomycin
treatment. However, by ten days following bleomycin instillation, the degree of interstitial dye
retention was three times lower in NE”* compared to WT lungs (0.08 +0.01 vs. 0.22+0.05, P <
0.01). This difference was also visually apparent when representative lungs from each group of
mice were examined (figure 29). EBD injection led to dye accumulation in lung tissue and airway
walls of bleomycin-treated animals. On the other hand, Evans blue dye accumulation in saline-

treated lungs from either genotype of mice was marginal.

Changes in BAL fluid protein content were similar to trends in bleomycin-induced alveolar leak
assessed by EBD extravasation. The dose response of the assay used to quantitate BAL fluid
protein is highly reproducible and changes linearly with increasing concentrations of albumin
(figure 30, panel A). Bleomycin instillation induced a progressive and comparable increase in
BAL fluid protein in both WT and NE”* mice that was maximal a week following administration
(figure 31). By the tenth day, however, average protein levels in NE” BAL fluid had decreased to
nearly two-thirds that of WT samples (NE” vs. WT: 0.86 + 0.12 vs. 1.38 + 0.15 mg/ml, P <
0.05). Saline treatment did not alter BAL fluid protein levels in either WT or NE” mice compared
to untreated controls (not shown). Analysis of BAL fluid samples using one-dimensional gel
electrophoresis confirmed that the most abundant protein in specimens from bleomycin-treated
WT and NE” mice migrated between 60 - 70 kDa (figure 32). Although monomeric albumin has
a molecular weight of 66 kDa, this band could contain a number of admixed proteins, not
necessarily just albumin. Although not pursued in the current studies, dilution of samples and
repeat analysis using either a sepharose blue gel or non-denaturing PAGE with Western Blotting

for albumin would be appropriate in confirming the nature of the most abundant protein.
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Figure 27. Bleomycin-induced alveolar hyper-permeability (leak) resolves
earlier in NE”- mice.

Evans blue dye (EBD, 20 mg/kg) was injected intravenously three, seven or ten
days following intratracheal bleomycin or saline instillation. Accumulation of dye
in alveoli was assessed by bronchoalveolar lavage. The BAL fluid : plasma ratio
of EBD absorbance at 620 nm was used to indicate the extent of alveolar-
capillary leak. Each point represents the mean + SEM of three animals.

* P < 0.01 (bleomycin-treated WT vs. NE”- mice)
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Figure 28. Bleomycin-induced interstitial oedema in NE’ mice is
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significantly less than in WT mice at 10 days following instillation.

Accumulation of albuminophilic Evan blue dye in the pulmonary interstitium was
analysed by homogenising lung tissue to extract trapped dye. The tissue :
plasma ratio of EBD absorbance at 620 nm was used to indicate the extent of
pulmonary interstitial oedema. Each point represents the mean + SEM of three

animals. * P < 0.01 (bleomycin-treated WT vs. NE7 mice)
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Figure 29. Macroscopic appearance of lungs following EBD injection.

Evans blue dye (EBD, 20 mg/kg) was injected via the tail vein ten days following
intratracheal bleomycin or saline instillation and allowed to circulate systemically
for one hour. Lungs were removed en bloc from the thoracic cage without prior
saline perfusion.
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Figure 30. Standard curve for the BCA protein assay.

The Pierce bicinchoninic acid (BCA) assay was used to measure the albumin
concentration in BAL fluid (panel A) and homogenised lung samples (not
shown). Bovine serum albumin standards were supplied by the manufacturer.
Some albumin standards were precipitated with trichloroacetic acid prior to use
in the assay (Panel B). Each point represents the mean + SEM of a triplicate.
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Figure 31. Bleomycin instillation induces a progressive increase in BAL
fluid albumin in WT and NE”- mice that peaks at seven days.

Albumin  concentration in cell-free BAL flud was measured
spectrophotometrically using the Pierce BCA assay. Each sample was analysed
in triplicate by measuring the absorbance of the reduced cuprous (Cu*)-
containing products at 560 nm. Comparison against a standard albumin curve
enabled the protein content in each sample to be determined. Values are
expressed as mean + SEM. Values from untreated and saline-treated animals
were significantly less than bleomycin-treated values at all time points (less then

0.2 mg/ml BALF, data not shown). n = 5 in each treatment group. * P < 0.05
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Figure 32. BAL fluid protein from bleomycin-treated WT and NE” mice is

primarily composed of albumin.

Representative sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using BAL fluid from WT and NE”- mice collected seven days after
saline or bleomycin instillation and resolved using a 12% separating gel.
Standard molecular weight markers were incorporated to aid identification of
different proteins. In this particular gel, each lane indicates BAL fluid from one

animal.
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Figure 33. Measurement of BAL fluid protein is not interfered by other
substances.

The Pierce bicinchoninic acid (BCA) assay was used to measure total protein in
cell-free BAL fluid collected from WT and NE”- mice 10 days following the
instillation of either saline or bleomycin. Samples in Panel B were precipitated
with trichloroacetic acid prior to analysis. Changes in absorbance were
measured at 560 nm. Each point represents the mean + SEM of a minimum of
six different samples.
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Moreover, the development of a band around the 30 kDa mark in BAL fluid of both bleomycin-
treated WT and NE”" mice remains unexplained. It is likely that the induction of this protein is
related to bleomycin exposure due to its absence following saline treatment but its identity is
unclear. Because lipids are known to interfere with the assay used to quantitate BAL fluid protein,
standards (figure 30b) and samples (figure 33) were also precipitated with trichloroacetic acid
(TCA) in parallel experiments. The degree of similarity in the amounts of BAL fluid protein
measured with and without the TCA precipitation step indicated that the measurement of soluble

protein in these samples was not altered by interfering substances.

Differences in wet lung weight in WT and NE” mice were also compared as further
corroboration of changes in alveolar protein leak. As figure 34 shows, as a group, lungs from
bleomycin-treated NE”" mice were significantly lighter than lungs from WT animals ten days
following instillation (0.36 +0.012 g vs.0.407 £0.011 g, P < 0.05). Interestingly, lungs from saline-
treated WT mice were also heavier than those of saline-treated NE” littermates at this time point.
The overall trend was consistent with differences in alveolar leak as assessed by EBD
extravasation and BAL fluid protein levels. Using these various techniques, alveolar leak was
consistently greater in WT lungs ten days following bleomycin instillation compared to lungs from

mice lacking neutrophil elastase.

The amount of lactate dehydrogenase (LDH) in the extracellular compartment (BAL)
was measured as an index of cell death. LDH in BAL fluid from bleomycin-treated WT and NE”
mice was maximally increased above saline-treated values seven days following bleomycin
instillation (figure 35). Although levels of LDH did not differ significantly between the two
groups of mice at any time point assessed, WT values tended to be slightly higher particularly at
the earlier time points. LDH levels in saline-treated BAL fluid from both genotypes were

comparable.

5.2.1i.1v Morpbologic changes

Bleomycin instillation in WT and NE”* mice was associated with changes consistent with
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Figure 34. Changes in wet lung weight ten days following bleomycin
instillation.

Wet lung weight was determined by weighing snap frozen lungs (without
airways) harvested from WT and NE-- mice ten days following 0.05 U bleomycin
or saline instillation. Each bar represents the mean of eight to thirteen animals

(error bars denote SEM). * P < 0.05.
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Figure 35. Quantification of lactate dehydrogenase in BAL fluid.

Levels of lactate dehydrogenase (LDH) in cell-free BAL fluid were measured
using a colourimetric assay based on the enzymatic conversion of a tetrazolium
salt into a red formazan product. Absorbances were analysed in triplicate at 490
nm. Values are expressed as percentage mean above saline values + SEM.
Levels of LDH from untreated animals were below saline values (not shown).
n = 5 in each treatment group.
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Figure 36. Bleomycin instillation induces an intense alveolitis and
alveolar damage in WT and NE”- mice.

Histology of paraffin-embedded lung sections of WT and NE-- mice collected
three, seven and ten days following the instillation of 0.05 U bleomycin
showing widespread inflammatory foci in the parenchyma. Changes of lung
injury were absent in the lungs of saline-treated control animals (not shown).
Bar, 100 mm.

Masson'’s trichrome staining
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acute lung injury. Three days following the administration of bleomycin, interstitial oedema and
inflammation particularly in perivascular and peribronchiolar locations were the most obvious
changes in the lungs of both genotypes of mice (figure 36, top panels). It was apparent even at
low power that the overall alveolar architecture was disrupted. Injury to the pulmonary
microvasculature was evidenced by the presence of erythrocytes in the alveolar airspaces which
was best appreciated at high magnification. The intensity of alveolitis became increasingly
pronounced and by seven days following bleomycin instillation, multifocal sites of inflammation
had appeared throughout the lung parenchyma. The infiltrating leukocytes were a mixture of
polymorphonuclear (neutrophils) and mononuclear cells (macrophages and lymphocytes). Marked
disruption of the alveolar-capillary barrier in both bleomycin-treated WT and NE” mice was
indicated by the loss of alveolar compartmentalisation (figure 36, middle panels). Overall, the
degree of lung damage was comparable between bleomycin-injured WT and NE” lungs at the

end of the first week.

By the tenth day following bleomycin instillation, numerous alveoli in WT lungs were filled with a
combination of inflammatory cells, cellular debris and fibrinous exudates (figure 36, left lower
panel). In addition, type II epithelial cell hyperplasia was noticeable particularly adjacent to
congested alveoli. Bleomycin-treated NE” lungs also appeared abnormal although architectural
damage seemed attenuated at this time point. In terms of inflammatory changes, many animals
from both genotypes displayed features of persistent parenchymal inflammation that lasted into
the third or fourth week following bleomycin administration. In comparison, morphologic
features of persistent alveolar injury were absent in saline-treated WT and NE” mice (not shown).

Any noticeable alveolar abnormality resolved within days of saline instillation.

The presence of tissue neutrophils throughout the entire duration of acute lung injury (days 3 -
10) was a pathologic hallmark in both WT and NE” lungs. However, neutrophils appeared to be
dispersed over a wider area in the lungs of bleomycin-treated W'T mice. In these specimens,
neutrophils were often present within injured alveoli and scattered throughout the lung
parenchyma (figure 37). In lungs from bleomycin-treated NE”* mice, neutrophils aggregated

predominantly around the smaller capillaries with less infiltration into the airspaces.
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Figure 37. Neutrophils are prominent in WT and NE”- lungs seven days
after bleomycin instillation.

In bleomycin-treated WT lungs, neutrophils are dispersed over a large area of
damaged lung and appear within injured alveoli. In NE”- lungs, neutrophils
have a greater tendency to remain associated with perivascular areas. Bar,
100 pm.

Masson’s trichrome staining
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5.3 Discussion

The findings presented in this chapter relate to: (1) the role of neutrophil elastase in recruiting
neutrophils to sites of damaged lung, (2) the importance of neutrophil elastase in the severity of
bleomycin-induced lung injury and inflammation, and (3) the relevance of particular aspects of

lung injury to the eventual development of bleomycin-induced pulmonary fibrosis.

5.3.i Neutrophil elastase activity is not required for neutrophil recruitment

to bleomycin-injured lungs

Implicit to the hypothesis that neutrophil-mediated matrix damage precedes fibrotic lung
remodelling is the requirement that these cells must leave the bloodstream to reach sites of lung
injury. The present data show that despite not possessing neutrophil elastase, neutrophils were
able to infiltrate the alveoli of bleomycin-treated NE” mice. Both mature and immature forms of
neutrophils breached the alveolar-capillary barrier to enter the perivascular space within hours of
bleomycin instillation. The redundancy of neutrophil elastase in this process suggests that
neutrophil transmigration from the vasculature does not solely depend on the proteolysis of an
elastase-sensitive substrate. Closer inspection revealed that, compared to WT lungs, neutrophils in
bleomycin-treated NE” lungs were retained for longer within the perivascular vicinity before they
penetrated the surrounding alveoli. This observations suggests that neutrophil elastase might exert

a rate-limiting effect on lung tissue neutrophil accumulation.

Proteolytic cleavage of the pulmonary ECM has long been thought to play a key role in regulating
neutrophil influx into the lung (Watanabe et al., 1990; Bonnefoy and Legrand, 2000). However,
the evidence that neutrophil elastase plays a direct role in mediating neutrophil migration into the
lung has been conflicting. Studies in inflamed lungs have shown that neutrophils can migrate
unimpeded into the alveoli of NE” mice infected by klebsiella pneumoniae (Belaaouaj et al., 1998).
More recently, these observations have been extended to pulmonary infections caused by other
gram-negative bacteria including pseudomonas aeruginosa (Hirche et al., 2004). Chronic exposure of
NE” mice to cigarette smoke also leads to the development of pulmonary emphysema
accompanied by alveolar neutrophilia (Shapiro, 2002). Likewise, neutrophil elastase deficiency

does not impair neutrophils infiltrating into thioglycollate-inflamed serosal cavities (Tkalcevic et
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al.,, 2000) or traversing through endothelial cell layers i vitro (Allport et al., 2002). Furthermore, in
experimental bullous pemphigoid induced by the administration of antibodies targeting murine
subepidermal BP180 ligand, the absence of neutrophil elastase does not prevent pathologic
neutrophil accumulation in the skin of mice lacking this serine proteinase (Liu et al., 2000). In

other words, neutrophil elastase does not appear to be necessary for neutrophil tissue penetration.

Emigration of neutrophils from the pulmonary circulation crucially relies on physical adaptation
to sequestration (Doerschuk et al., 2000). /z vitro observations that neutrophil elastase can bind
competitively to CD11/18 have led to the suggestion that neutrophil elastase localised to the cell
surface might proteolytically elute ligands involved in neutrophil immobilisation and thereby
promote neutrophil migration. Functional proof has come from murine studies in which
neutrophil elastase-mediated cleavage of CD11b/18 facilitated the migration of activated
neutrophils into alveoli previously exposed to bacterial lipopolysaccharide (Cai and Wright, 1996).
In contrast, other stimuli such as hyperoxia and activated complement factor 5 (C5a) do not
depend on CD18-proteolysis for neutrophil recruitment (Doerschuk et al., 1990). It is possible
that bleomycin may exert its pro-inflammatory effects on neutrophil influx in a CD18-
independent manner. Even when a particular stimulus elicits neutrophil emigration primarily
through CD18-dependent pathways, anti-CD18 antibodies only block such emigration by 60 -
80% which means that about 20 - 40% of neutrophils may be emigrating through CD18-
independent pathways (Doerschuk et al., 2000).

Cytokine heterogeneity in terms of neutrophil chemoattraction has been described in the
bleomycin model. Neutrophil elastase activity does not appear to be essential for mediating
neutrophil migration in response to either IL-1B or TNF-a. whereas zymosan-induced neutrophil
adhesion and transmigration are significantly decreased following pharmacological inhibition of
neutrophil elastase activity (Young et al., 2004). These observations confirm the versatility of

neutrophils in utilising different molecular pathways to find their way into injured lung tissue.

A series of studies by Walker and colleagues has shown that neutrophils can seek out and traverse
gaps between neighbouring endothelial cells (Burns et al., 2003). Neutrophils have even been
observed to adhere to the surface of fibroblasts embedded within an interstitial barrier to aid their
own migration across that lining (Behzad et al., 1996). More recent studies have shown that the
coordinated release of syndecan-1, a heparan sulfate proteoglycan, and KC, an epithelium-derived

CXC chemokine, by matrilysin (MMP-7) promotes transepithelial neutrophil migration in the
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setting of bleomycin-induced lung injury (Li et al., 2002). By acting as a ‘sheddase’ to cleave the
ectodomain of epithelial syndecan-1, matrilysin generates a gradient of ectodomain-bound KC
that functions to direct and facilitate neutrophil infiltration into alveolar airspaces following the
initiation of lung injury. In matrilysin-deficient animals, neutrophils were seen to congregate
perivascularly but could not penetrate into alveoli. A similar observation has been made in the
present studies, suggesting that a neutrophil elastase-sensitive substrate may enhance alveolar
neutrophil infiltration. As yet, it is not known if the delayed tissue influx in NE”" lungs affects

subsequent tissue repair.

The kinetics of inflammatory cell infiltration in the current study are consistent with those in the
reported literature. Peak neutrophilia occurring at seven days post-bleomycin instillation has also
been described in other murine bleomycin studies (Izbicki et al., 2002; Teder et al., 2002). The
histological presence of neutrophils for a number of weeks after bleomycin administration
suggests that neutrophil inflammation may be a more sustained phenomenon in 12956/SvEv
mice than in other strains previously studied. The persistent lung tissue neutrophilia, particularly
prominent in bleomycin-treated NE” mice, implicates a role for these cells in tissue remodelling

events and in more chronic sequelae such as pulmonary fibrosis.

5.3.ii The absence of neutrophil elastase does not decrease the severity of

bleomycin-induced lung injury or inflammation

The deleterious effects of unopposed neutrophil elastase activity on alveolar structures
has been implicated in the development of both clinical and experimental forms of acute lung
injury. Local elastase : anti-elastase imbalances resulting from inadequate antiproteinase defenses
are believed to underpin many manifestations of acute and chronic lung injury. Pretreatment with
neutrophil elastase inhibitors in animal models of acute lung injury consistently attenuates
characteristic parameters such as BAL fluid neutrophilia and alveolar-capillary permeability. In
guinea pigs treated with E. coli endotoxin, inhibition of neutrophil elastase activity by ONO-5046
decreased BAL fluid neutrophilia and alveolar-capillary permeability as assessed by the proportion
of radiolabeled albumin in BAL fluid to that in plasma and the wet-to-dry lung weight ratio
(Sakamaki et al., 1996). Similarly, in dogs subjected to ischaemic reperfusion lung injury, ONO-
5046 minimised lung extravascular water accumulation which led to improved lung compliance

and decreased levels of pro-inflammatory IL-6 and IL-8 in the circulation (Yamazaki et al, 1999).
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Inhibitors of neutrophil elastase also exert protective effects in thrombin-induced pulmonary
oedema (Saldeen et al., 1991), IgG immune complex-induced lung injury (Bless et al., 1997) and
organic acid-induced lung and systemic injury (Kaneko et al., 1997). Despite these findings, a

unifying mechanism to account for the role of neutrophil elastase in lung injury has not been

described.

Because of its short half-life iz vivo (less than 32 minutes in murine lungs; Lazo and Pham, 1984),
maximal DNA damage caused by bleomycin could be expected to occur rapidly and coincide with
deleterious effects on the lung epithelium. It follows that an enhanced rate of DNA repair might
correlate with increased resistance to bleomycin-induced lung toxicity. In the current study, acute
changes in single-stranded DNA damage and repair following bleomycin instillation did not
distinguish WT from NE” lung cells. The cytotoxic effects of bleomycin at such early time points
were likely to obscure any changes in DNA damage attributable to neutrophil elastase. The
observed changes in single-stranded DNA breakage correlated with increases in lung poly (ADP-
ribose) polymerase (PARP) activity in both bleomycin-treated WT and NE”" mice during the
period of acute lung injury (data not shown due to limited numbers). PARP is an enzyme of lung
DNA repair and measurement of its activity has been linked to the sensitivity of murine lungs to

bleomycin and its associated effects on cellular integrity (Hoyt and Lazo, 1992).

The administration of exogenous a,-PI and SLPI when given either prior to or concomitantly
with bleomycin has been shown to decrease total BAL fluid leukocytes in the first week following
bleomycin instillation (Nagai et al., 1992; Mitsuhashi et al., 1996). Intraperitoneal injection of
twice-daily SLPI for 10 days starting from the day of bleomycin administration also decreases lung
tissue leukocyte accumulation. Similarly, when ONO-5046, a synthetic neutrophil elastase
inhibitor, is administered together with bleomycin instillation over a ten-day period, BAL fluid
inflammatory cell numbers are decreased for up to a month afterwards (Taookaet al., 1997). In
the latter, suppression of leukocytosis was also associated with early reductions in BAL fluid IL-

1B, PDGF-A and IGF-1. Even though the use of these inhibitors appeared to attenuate non-

specific indices of inflammation, their effects were temporary.

Precisely why neutrophil elastase deficiency does not protect against bleomycin-induced lung
injury is not entirely clear. As previously mentioned, it is possible that the severity of early
bleomycin-induced lung damage made it difficult to attribute particular aspects of alveolar injury

to neutrophil elastase. Neutrophil depletion has previously been shown to ameliorate the in vivo
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development of experimental lung injury (Albertine, 1988). However, such studies used
granulocyte-neutralising antibodies active in the peripheral circulation but failed to suppress bone
marrow production of new granulocytes, resulting in incomplete neutrophil depletion in the
bloodstream. The administration of exogenous a1-PI also attenuates bleomycin-induced cellular
inflammation although this is not a result of diminished neutrophil elastase activity in the treated
animals (Nagai et al., 1992). Other non-proteolytic pathways of lung injury may be involved,
including the contribution of hydrogen and oxygen radicals as well as immune-mediated
mechanisms of tissue damage. It is possible that such processes may interact with neutrophil

elastase-mediated pathways to accentuate lung tissue injury following the instillation of bleomycin.

5.3.iii Neutrophil elastase activity delays alveolar-capillary barrier repair

following bleomycin-induced lung injury

Disintegration of the alveolar-capillary barrier causing alveolar flooding in the context of
acute lung injury is associated with an increased likelihood of progression to pulmonary fibrosis
(Matthay, 2004). In acute lung injury in general and the bleomycin model in particular,
fibroproliferative complications may be initiated while the injured alveoli remain hyper-permeable
to macromolecules and cells. In the present studies, morphologic signs of gross alveolar cell
damage including vacuolisation, cytoplasmic expansion and detachment from the basement

membrane were evident within days of bleomycin instillation in both WT and NE”" mice.

Alveolar barrier damage can occur due to the release of cytotoxic products by transmigrating
neutrophils. However, this is usually characterised by a temporary and reversible decrease in the
transepithelial resistance (Nusrat et al., 1997). More lasting effects of alveolar barrier injury may
develop following other insults. Hence, a morphologic assessment of barrier breakdown without
correlation to physiological dysfunction only provides an incomplete analysis of alveolar injury. In
the present studies, comparisons of alveolar barrier macromolecular selectivity provided one of
the most striking differences of alveolar injury between bleomycin-treated WT and NE” animals.
In essence, hyper-proteinaemia in BAL fluid induced by bleomycin treatment decreased
considerably earlier in NE” mice than in WT animals which suggested more prolonged damage

of the epithelial barrier in the latter.
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The use of Evans Blue dye (EBD) enabled the permeability of both the endothelial and epithelial
linings in both groups of mice to be assessed in greater detail. EBD must traverse both these
barriers and their respective basement membranes in order to get into BAL fluid. On the other
hand, EBD that is extracted from lung tissue is trapped within the pulmonary interstitium and
need only have traversed the endothelial barrier to enter this compartment. The observation that
bleomycin treatment significantly and comparably increased BAL fluid and lung tissue
permeability in both WT and NE” lungs up to seven days indicated that the severity of
bleomycin-induced tissue damage may have masked specific neutrophil elastase-mediated effects
on the alveolar barrier or that neutrophil elastase activity is not required for the initial degradation
of this barrier. Evidence for the latter is supported by studies where the removal of neutrophil
elastase or cathepsin G activity from the supernatant of activated neutrophils does not affect the
microvascular permeability of cultured endothelial cells (Gautam et al., 2001). Put another way,
the earlier resolution of alveolar barrier leak in bleomycin-treated NE” mice suggests that
deleterious neutrophil elastase activity may be more important during the reparative phase of

barrier injury.

At least two potential mechanisms can explain the time frame allowing unopposed neutrophil
elastase activity to retard alveolar-capillary barrier repair during bleomycin-induced lung injury. As
previously mentioned, neutrophil elastase might act early during the acute phase but its effects
only become evident when the alveolar damage induced by bleomycin has subsided. Alternatively,
it might act on one or more substrates in the barrier approximately a week post-instillation of
bleomycin when its impact on barrier repair is likely to be greatest. Neutrophil elastase has been
shown to degrade proteins within tight cell junctions involved in maintaining cellular integrity and
tissue compartmentalisation. These include VE-cadherins in endothelial cells (Carden et al., 1998)
and E-cadherins that separate mature epithelial cells (Ginzberg et al., 2001). However, if cadherin
proteolysis was the primary mechanism for elastase-mediated barrier injury, it would not explain
why alveolar leak 1s no different between the two genotypes of mice in the first seven days
following bleomycin instillation. Unless of course, cadherin proteolysis itself occurs as a late
event, either on its own or in combination with neutrophil elastase-induced detachment of
epithelial cells and degradation of type IV collagen. Although possible, evidence to support this

premise is not presented in the current studies.

The mechanism most consistent with the present data is one where neutrophil elastase activity

modulates the activity of a second molecule which allows it to potentiate and prolong alveolar
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barrier dysfunction. One candidate is TGF-f, a molecule that has been shown to disrupt the
integrity of cellular components of the alveolar-capillary barrier in a number of ways. TGF-f can
increase endothelial permeability by increasing the gaps between adjoining cells (Hurst et al.,
1999). This effect results from myosin light chain kinase-dependent signaling leading to
endothelial cell contraction, a phenomenon that is itself dependent on the proliferative state of
these cells. More recently, TGF- has been shown to directly increase alveolar cell permeability ir
vivo, in a mechanism involving the depletion of intracellular glutathione and an increase in the
concentration of its oxidized form, glutathione disulfide (Pittet et al., 2001). Glutathione is
depleted from the epithelial lining fluid in animal models of lung injury (Guidot et al., 2000) and
in patients with ARDS (Bunnell and Pacht, 1993). Moreover, TGF-B has also been shown to act

as a pro-oxidant by increasing the cellular generation of hydrogen peroxide (Das and Fanburg,
1991).

In addition to these actions, TGF-B may also inhibit surfactant component expression and
enhance Fas-mediated apoptosis of epithelial cells (Beers et al., 1998; Hagimoto et al., 2002). Fas
ligation itself can augment the release of proinflammatory cytokines to promote epithelial cell
injury (Chen et al., 1998). Of note, activation of the Fas-fasL pathway has been previously shown
to be an important pathogenetic mechanism in bleomycin-induced pulmonary fibrosis (Kuwano
etal., 1999). More recently, neutrophil elastase has been shown to mediate apoptosis of human
alveolar epithelial cells i vitro through a mechanism implicating proteinase activated receptor-1
(PAR-1) (Suzuki et al., 2005). More specifically, the process involved altered mitochondrial
permeability, translocation of cytochrome c to the cytosol and enhanced cleavage of death
enzymes, caspase-3 and caspase-9, leading to JNK and Akt inhibition. One other physiological
abnormality linked to TGF-B activity in the alveoli is the reduction of epithelial sodium and water
clearance due in part to the suppressed expression of apical membrane sodium (alphaENaC)
channels (Frank et al., 2003). Taken together, these studies suggest that TGF-B activity is
important beyond its classic association with fibrotic tissue remodelling during the late phase of
lung injury. Its pathogenic role in earlier phases of lung injury is now emerging, particularly in the
context of alveolar hyper-permeability. Hence, its sustained actions throughout the evolution of
alveolar injury may provide the crucial links that bridge acute lung injury with eventual pulmonary

fibrosis.
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5.3.iv. How does alveolar barrier leak impact on fibrotic matrix

accumulation in the lung?

Although severe and persistent alveolar leak is linked to a greater tendency to form
pulmonary fibrosis, it is not known whether leak per se exerts a rate-limiting effect on the
development of fibrotic lesions. What is not disputed is that alveolar leak allows a significant
amount of protein-rich oedema fluid containing inflammatory and fibrogenic cytokines to reach
the alveolar spaces. Mediators such as IL-1, IL-6 and TGF-p have been measured in increased
amounts in pulmonary oedema fluid (Dhainaut et al., 2003; Olman et al., 2004). In the past,
inhibition of alveolar surfactant protein function by plasma-derived proteins has previously been
demonstrated i7 vitro (Fuchimukai et al., 1987). More recently, abnormalities in surfactant function
have been suggested as an additional pathogenic factor in the development of fibroproliferative
lung disorders (Gunther et al., 1999). As one of many examples, the surfactant-inhibitory capacity
of fibrinogen is markedly enhanced upon its conversion to fibrin and the acquisition of greater

hydrophobicity once it has reached the alveolar space (Seeger et al., 1999).

Ultrastructural studies have shown that the invasion of matrix-synthesising fibroblasts into
damaged alveoli also commences during this phase (Kuhn Il et al., 1989). Tissue accumulation of
these cells is associated with discontinuities in the epithelial basal lamina and contributes to the
formation of intra-alveolar fibrosis as well as fibroblastic foci within the parenchymal interstitium.
The latter consist of matrix-producing fibroblasts/myofibroblasts organized in clusters that are
thought to represent sites of active collagen synthesis (Katzenstein and Myers, 1998). The
structure of these foci suggests that they arise in areas of prior exudate deposition that provide a
substratum for the invading fibroblasts. Fibroblastic foci often coincide with areas of damaged

basal laminae and are typically bounded by damaged or reactive epithelium.

Persistent alveolar leak also impairs oxygenation and is linked to higher oxygen debt (hypoxia) asa
direct result of the degree of lung injury. In human fibroblasts, the combination of hypoxia and
the presence of other injurious mediators such as TGF- can reduce cellular MMP-1 expression
while at the same time amplify the expression of tissue inhibitors of matrix proteinases (TIMP)
and collagen type I (Papakonstantinou et al., 2003). Put simply, lung injury induces pulmonary
tissue oxygenation that in turn perpetuates adaptive responses including an altered mediator

secretion profile that favours fibroproliferative lung repair.
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In the clinical setting, a link between alveolar leak and lung fibrosis has been most widely studied
in ARDS. In this catastrophic disorder, alveolar hyper-permeability is a pathologic hallmark with
negative prognostic implications (Matthay, 2004). The development of fibrosing alveolitis carries a
significant risk of death in these patients and is more likely to result from uncontrolled and severe
pulmonary oedema (Clark et al., 1994). In recent years, elevated levels of procollagen III, a
biological marker of collagen synthesis, have been identified in ARDS patients with more adverse
physiological scores (Clark et al., 1994). Hence, the observation that more efficient repair of the
damaged alveolar-capillary membrane may somehow protect against later fibrotic sequelae in
bleomycin-treated mice lacking neutrophil elastase may have important implications clinically.

Studies have shown that neutrophil elastase activity is elevated and o-proteinase inhibitor (o,-

antitrypsin) is reduced in BAL fluid of patients with ARDS (Lee et al., 1981; Gando et al., 1997).
Critically ill individuals at-risk of developing ARDS also have increased alveolar and circulating
levels of neutrophil elastase compared to those who do not develop the syndrome (Donnelly et
al., 1995). Furthermore, BAL fluid levels of both SLPI and elafin are markedly increased in ARDS
patients suggesting that vigorous attempts at mounting an anti-elastase response within the lung

are initiated during severe lung injury but are ultimately inadequate at controlling alveolar damage
(Sallenave et al., 1999).

The suppression of alveolar permeability has also been associated with the attenuation of
bleomycin-induced pulmonary fibrosis (Iyer et al., 2000; Yasui et al., 2001). Increased alveolar
fluid and solute loss due to leak has been documented using radiolabeled albumin and non-
albumin tracers such as 99mTc-DTPA (Jordana et al., 1988). This concept has also been studied
indirectly. For example, the intratracheal instillation of carbon particles at a time when the alveolar
barrier is already repaired following bleomycin-induced injury does not appear to induce
additional fibroblast growth or collagen deposition (Adamson and Prieditis, 1995). Once the
alveolar leak is plugged and fibrosis is established, further fresh injury is unlikely to influence the
magnitude of the resultant fibrosis. Hence, the current findings are consistent with the hypothesis
that repair of the alveolar-capillary barrier is an important step in maintaining alveolar architecture

and impeding the development of pulmonary fibrosis.
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CHAPTER SIX

BLEOMYCIN-TREATED NE/ MICE HAVE
DIMINISHED PULMONARY LEVELS

OF ACTIVE TGF-B

167



6.1  Background

6.1.i Increased TGF-B activity promotes pulmonary fibrosis in animal

models

TGF-B 1s widely regarded as the most potent mediator of tissue fibrosis. TGF-p gene
expression and protein production are increased in animal models of pulmonary fibrosis resulting
from the administration of bleomycin, silica or asbestos fibres, or irradiation of the thoracic cage
(Phan and Kunkel, 1992; Williams et al., 1993; Rube et al., 2000). In the bleomycin rodent model
of pulmonary fibrosis, elevations in TGF-B mRNA and levels of procollagen molecules
consistently precede the development of pathologic evidence of fibrotic lung damage (Hoyt and
Lazo, 1988). Steady-state expression of TGF- transcripts significantly increase about one week
after intratracheal instillation of bleomycin in mice, hamsters and rats (Hoyt and Lazo, 1988;
Raghow et al., 1989; Westergren-Thorsson et al., 1993). More recently, the correlation of
decreased TGF-f activation (Munger et al., 1999), production (Huang et al., 2002) or tissue
abundance (Azuma et al., 2005) with attenuated bleomycin-induced pulmonary fibrosis has

further consolidated the importance of TGF-B as a key fibrogenic mediator.

Approaches using antibodies or soluble receptors to neutralise TGF-p activity have proven to be
effective at inhibiting the development of bleomycin-induced pulmonary fibrosis (Giri et al., 1993;
Wang et al., 1999). Targeted overexpression of decorin, a naturally occurring proteoglycan
inhibitor of TGF-B, in alveolar cells also attenuates the lung fibrotic response resulting from prior
administration of bleomycin (Kolb et al., 2001b). Moreover, inhibition of Smad3, a stimulatory
protein involved in TGF-B signalling, by overexpression of the inhibitory Smad7 protein inhibits
the development of bleomycin-induced pulmonary fibrosis (Nakao et al., 1999). More recently,
the same protective phenotype against pulmonary fibrosis has been duplicated in mice with a
targeted deletion of Smad3 itself (Zhao et al., 2002). In organs other than the lung, the anti-
fibrotic properties of decorin have been successfully employed to abrogate renal and gliotic brain
scarring, pathological situations in which the profibrotic potential of TGF-B has been implicated

(Isaka et al., 1996; Logan et al., 1999). Smad3-null mice also have drastically decreased fibrotic

168



responses in radiation-induced cutaneous fibrosis (Flanders et al., 2002) and carbon tetrachloride-

induced hepatic fibrosis (Schnabl et al., 2001).

Direct evidence that TGF- is potently fibrogenic has been shown by directly overexpressing
active TGF- in the lungs of host animals (Sime et al., 1997). In the same study, latent TGF-B
was not fibrogenic when overexpressed in the lung. Overexpression of active TGF-B induced
severe and lasting pulmonary fibrosis with intense myofibroblast induction. Adenoviral-mediated
delivery of GM-CSF, IL-1B and TNF-a genes to the alveoli also induces diffuse pulmonary
fibrosis. The regulatory processes that underpin excessive lung matrix deposition following the
administration of these growth factors appears to be TGF-B dependent (Xing et al., 1997; Kolb
et al., 2001a; Liu et al., 2001). These findings strongly suggest a capacity for TGF-p to act as a

‘conductor cytokine’ in regulating tissue repair pathways that culminate in lung fibrosis (Gauldie et
al., 2001).

6.1.ii Mechanisms of fibrogenic activity of TGF-p

Fibroblasts express TGF-f receptors comprising two serine/threonine kinase subunits,
TGF-B type I receptor (TBRI) and TGF-f type II receptor (TPRII) (Massague, 1998). The TPRII
kinases are constitutively active; ligand binding to TBRII allows the latter to activate the TPRI
kinase through phosphorylation of its juxtamembrane domain, mainly at the glycine-serine-rich or
GS domains (Heldin et al., 1997). Signals from TGF-p receptor activation are transduced either
by a series of latent cytoplasmic transcription factors called Smad proteins or by the entire
complex of mitogen-activated protein kinase (MAPK) pathways (Shi and Massague, 2003).
However, various degrees of cross-talk exist between the different transduction pathways, as
evidenced by the ability of the ras / MEK / ERK MAP kinase cascade to modify the function of
Smad-mediated signalling (Mulder, 2000). In addition, the initial presentation of TGF-f to its

receptor may occur in association with accessory proteins, such as betaglycan and endoglin, an

interaction that can modify the cellular response (Letamendia et al., 1998; Leask et al., 2002).

When the Smad signalling pathway is engaged, TGF-f binding allows TPRI kinase to directly

phosphorylatate the receptor-activated Smads (Smad2 and Smad3) on a C-terminal motif while

still in the cytoplasm (Derynck et al., 1998). These phosphorylated R-Smads then hetero-
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oligomerise with the common mediator Smad4 and translocate to the cell nucleus where they bind
to sequence-specific DNA known as Smad-binding elements (SBE) (Zawel et al., 1998). Smad-
dependent transcriptional control is reliant upon Smad proteins interacting with the appropriate
transcriptional factor(s), including Sp-1, DP1 and Miz-1, to achieve the desired gene effect (Shi
and Massague, 2003).

As TGF-B receptors and transcriptional factors in the main are limited, it is likely that alterations
in signalling pathways help differentiate biologic responses to TGF-B. In its capacity as a key
downstream mediator of pulmonary fibrogenesis, the stimulatory effects of TGF-p are most

prominent at two levels: (1) its ability to promote fibroblast growth and activation, and (2) its

effects on ECM production and organisation. Although TGF-B can upregulate the synthesis of
collagens, elastin, proteoglycans and glycoproteins, most studies of TGF-B-dependent lung matrix
production have concentrated on collagen. Active TGF-B specifically induces lung collagen

formation by a combination of upregulating collagen gene expression, increasing collagen mRINA
stability and inhibiting post-translational collagen protein breakdown (reviewed in Cutroneo

2003). TGF-B-responsive sequences in the human a1 (I) procollagen gene promoter have been
identified using transfection studies in NIH/3T3 cells (Jimenez et al., 1994). These TGF-f

binding sites are believed to regulate the basal expression of the mouse and rat a1 (I) procollagen

genes (COL1A1).

TGEF-B usually induces synthesis of a1 (I) and a2 (I) collagen pro-polypeptides in a strict 2 : 1
proportion (Curoneo, 2003). However, TGF-B-mediated regulation of procollagen gene
expression may be cell type- and species-specific. For example, TGF-B-stimulated transcription of
the a1 () procollagen gene (COL1A 1) appears to be controlled by nuclear factors interacting at
the DNA Sp1-like binding site (Gaidarova and Jimemez, 2002). In contrast, transcription of the
human a2 (I) procollagen gene (COL1A2) is regulated primarily by the TGF-B-dependent Smad
signalling pathway (Cutroneo, 2003). Smad3 and Smad4 are required for TGF-B-induced .2 (I)

procollagen expression in cultured human skin fibroblasts and act as transcription factors that

interact with DNA-bound Sp1 complexes (Chen et al., 2000; Poncelet and Schnaper, 2001).

TGF-B also potently induces fibroblast growth and activation, processes synonymous with the

transformation of quiescent fibroblasts into more contractile and metabolically active cells called
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myofibroblasts (Desmouliere et al., 1993). Fibroblast phenotype switching is characterised by
increased expression of the transdifferentiation marker a-smooth muscle actin (a-SMA).
Combined in-situ hybridisation studies have shown that procollagen type I messenger RNA
frequently co-localises with immunostaining for a-SMA, an observation consistent with
myofibroblasts as a key source of collagen production in the lung (Zhang et al., 1994).
Furthermore, TGF-f protects myofibroblasts against apoptotic signals and prolong their survival
(Zhang and Phan, 1999).

Most cells secrete TGF-f as a latent molecule comprising the mature TGF-B moiety non-
covalently bound its latency-associated peptide (LAP) (Gentry et al., 1988). An important

mechanism for controlling TGF-f activity is the post-translational processing that removes LAP
from the mature peptide (Lawrence, 1991). Successful LAP-TGF-B separation appears to be
critical for TGF-B activity, since enhanced TGF-f expression does not always equate to increased
TGEF-B activity (Theodorescu et al., 1991). In vitro, a number of methods including thermal,

acidification and proteolysis, have been shown to activate latent TGF-f (Gleizes et al., 1996).

6.1.iii Proteolytic control of TGF-f activity in the extracellular environment

TGEF-P is subjected to proteolytic regulation at various points of its synthetic and
secretory pathway. While still within the Golgi apparatus, the TGF-p gene product is digested by a

furin-type endopeptidase at a ‘RRXR’ sequence to produce two monomers that rapidly dimerise
(Dubois et al., 1995). The larger N-terminal fragment forms the LAP while the smaller C-terminal
portion becomes the mature TGF-B homodimer. Both molecules remain non-covalently bound in
a conformation known as the small latent TGF-B complex. Just prior to secretion, a covalent
bond is formed between the cysteine-33 residue of LAP and an 8-cys structural motif located in

latent TGF-B binding protein (LTBP) molecules (Saharinen and Keski-Oja, 2000). This process is

thought to be necessary for rapid and efficient secretion of the large latent TGF-B complex.

Outside the cell, most large latent TGF-B complexes (LTBP-LAP-TGF-B) are targeted to the
ECM by a tissue transglutaminase acting on substrate motifs in the N-terminal portion of the

LTBP molecule (Nunes et al., 1997). Generation of active TGF- in the extracellular
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microenvironment also implicates two further roles for proteolysis. Serine proteinases such as
plasmin, calpain, some cathepsins, neuraminidase, sialidase and endoglycosidase F can cleave the
LAP-TGF-f bond to produce active TGF-B in vitro (reviewed in Khalil, 1999). Other proteinases,
such as MMP-9 (gelatinase B), have been shown to activate latent TGF-B localised to keratinocyte
cell surfaces by degrading the LAP component (Yu and Stamenkovic, 2000). Moreover,
urokinase-type plasminogen activator (uPA) can increase TGF-B activity in osteoblast cultures in
aprocess which likely requires plasmin as an intermediate mediator (Yee et al., 1993). Finally, the

release of ECM-bound latent TGF-B 1s also proteolysis-sensitive (Taipale et al., 1995).

The importance of proteolysis to TGF-B-dependent matrix remodelling has been characterised in
some detail in experimental models of bone tissue development (Dallas et al., 1994). LTBP-1
bound to bone matrix is susceptible to cleavage by purified plasmin and pancreatic elastase, both
of which can release tissue stored TGF-B (Dallas et al., 2002). Subsequent activation generates
active TGF- to stimulate the proliferation and migration of osteoblasts, the cells that ultimately
orchestrate increased bone formation. In line with this, Geiser and colleagues have discovered
that TGF-B1-null mice have decreased bone mass and elasticity within the first few weeks of life

before succumbing to fatal multi-organ inflammation (Geiser et al., 1998).

Different lines of evidence from cell co-culture models have built the case for plasmin as a key
activator of latent TGF-B (Antonelli-Orlidge et al., 1989; Sato et al., 1990). Lyons and coworkers
showed that plasmin can release mature (active) TGF-B from LAP by proteolytically disrupting
the non-covalent interactions between them (Lyons et al., 1990). Plasmin also has been shown to
efficiently degrade matrix-associated LTBP molecules to liberate small latent TGF-B complexes
from cultured fibroblast and epithelial-derived extracellular matrices (Taipale et al., 1992).
Although Grainger and colleagues have demonstrated that TGF- activation is decreased in
transgenic mice expressing Apo(a), a structurally homologous competitor of plasminogen
(Grainger et al., 1996), the fact that mice lacking plasminogen are spared the lethal phenotype of
TGF-B-deficient animals indicates that the plasmin activation mechanism is not the only TGF-f
activation pathway operating iz vivo. Neutrophil elastase has been shown to cleave proteins

involved in TGF-B anchorage to the ECM, such as LTBP (Taipale et al., 1995). The potential

implications of this observation to the current thesis will be explored in detail in the chapter

discussion.
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6.2 Results

6.2.i Reproducibility and specificity of the MLEC PAI-1/luciferase assay

The mink lung epithelial cell (MLEC) PAI-1/luciferase bioassay (Abe et al., 1994) was
optimised for measuring amounts of active TGF-f in BAL fluid and in tissue obtained from
murine lungs. Preliminary experiments determined that the optimal ratio of MLEC lysate to assay
substrate required to generate the greatest increment in luciferase activity per given amount of
TGEF-B was 1:5 (50 pl lysate to 250 ul substrate). Dose response curves produced by two different
lysate:substrate ratios are shown in figure 38. Aliquots of acid-activated TGF-p over a range of
0.1 to 1.2 ng/ml consistently produced a sigmoid-shaped dose response curve (figure 39a). A
reproducible linear portion of the curve was obtained between 0.2 and 1.0 ng/ml of active
purified TGF-B (figure 39b). Luciferase activity in each biological sample (BAL fluid or lung
tissue) was determined after subtracting background luciferase activity. Overall, the inter-well
variability of luciferase activity within each triplicate of samples or standards was less than ten

percent of the mean value.

The specificity of the assay for active TGF-p was verified using a pan-specific TGF-f neutralising
antibody (R & D Systems, UK). One hundred pig/ml of this antibody reduced luciferase activity
measured in BAL fluid from WT or NE” mice to near background levels (figure 40).

6.2.ii Activation of TGF-f in lung samples

Aliquots of 100 pl of BAL fluid and 50 mg of homogenised lung tissue (collected
according to the protocol described in sections 2.2.ii and 2.2.1ii) produced measurements of
luciferase activity within the linear portion of the standard curve. Samples were subjected to in
vitro heat treatment to activate latent TGF-B. Preliminary experiments showed that heating
homogenised lung tissue at 80°C for 5 minutes produced maximal amounts of active TGF-$
(figure 41). BAL fluid required heating at the same temperature for 10 minutes to generate

maximal amounts of the active cytokine.
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Figure 38. Determination of optimal cell lysate : luciferase substrate ratio
for the MLEC / PAI-1 TGF-p assay.

PAI-1 transfected mink lung epithelial cells (MLEC) were plated at a density of
1.6 x 104 cells/100 pl/well and incubated with increasing concentrations of TGF-$
for 16 hours. The cells were then lysed, and luciferase substrate was added
immediately prior to measuring luciferase activity. Amounts of substrate were
varied to determine maximum relative light units (RLU). Each point represents

MLEC lysate : assay substrate ratio

® 50:30(v:iv) 0O 50:250 (viv)
— a
- [
| °
| I | 1 1 I 1
02 04 0.6 08 1.0 1.2

TGF- B (ng/ml)

the mean of a triplicate measurement.

174

1.4



39 (a) 4000

3000

2000 | L]

RLU

1000

0.2 04 06 0.8 1.0 1.2 1.4
TGF-3 (ng/ml)
3500 -
39 (b) 3000 |- ¢
2500 |-

2000 |- ¢

RLU

1500 -
1000 |-
500 |-

L)
T T T T T 1

0.2 04 0.6 0.8 1.0 1.2
TGF- (ng/ml)

Figure 39. Representative standard curve of the MLEC / PAI-1 TGF-3 assay
showing the limits of detection of active TGF-p.

39 (a). Mink lung epithelial cells (MLEC), stably transfected with a plasminogen
activator inhibitor-1 (PAI-1) / luciferase construct, were adhered on a 96-well
plate. TGF-B standard curves were constructed using 0.1 - 1.2 ng/ml of acid-
activated TGF-B. 39 (b). A linear dose response was consistently obtained
between 0.2 - 1.0 ng/ml TGF-B. One hundred nl of cell-free BAL fluid produced
readings within this linear range. Each point represents the mean + SEM of a
triplicate. (RLU, relative light units)
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Figure 40. The MLEC / PAI-1 luciferase assay is specific for active TGF-3
in BAL fluid.

Specificity of the PAI-1/luciferase bioassay for active TGF-f in BAL fluid was
confirmed using a pan-specific TGF- neutralising antibody (R & D, Abingdon,
UK) used at a concentration of 100 pg/ml. Background of assay (DMEM control)
= 0 ng/ml TGF-B. Values are expressed in relative light units (RLU) as mean +
SEM of a triplicate of pooled BAL fluid.
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In some optimisation experiments, diminution of TGF-B activity in heated aliquots of WT but
not NE”" BAL fluid was noted. This result indicated the potential inactivation of TGF- during
the heating process. In addition, loss of exogenously added TGF- activity was also apparent
when assessed under the same conditions (figure 42). Following the addition of a mixture of
selective proteinase inhibitors prior to heating (Complete® Mini Protease Inhibitor cocktail,
Roche Biochemicals, UK), the recovery of both endogenous and exogenous TGF- activity was
significantly increased. However, the addition of this complex antiproteinase preparation to the
assay also increased baseline TGF-p values. Subsequently, a mixture of PMSF (0.5 mM) (figure
43) and Ilomastat (GM6001, 5 uM) (figure 44) was used for further experiments. Control

experiments confirmed that these two compounds did not alter baseline luciferase activity

(figures 45), or affect mink lung epithelial cell viability (data not presented).

6.2.iii Quantification of active and total TGF-B in BAL fluid

Amounts of active TGF-f in BAL fluid from bleomycin-treated WT mice were two-fold
greater than in saline-treated controls (0.364 + 0.023 vs. 0.224 £ 0.012 ng/ml, P < 0.001) (figure
46). In contrast, bleomycin instillation had no effect on TGF- levels in BAL fluid from NE”
mice. Figure 47 shows the amounts of active and latent TGF-B in BAL fluid of WT and NE”
mice following either saline or bleomycin treatment. Heat treatment was used to activate the
latent cytokine and thus permit detection in the MLEC PAI-1/luciferase bioassay. Approximately
50% of TGF-B in BAL fluid from WT mice (both saline and bleomycin-treated) was present in
the latent form. In comparison, NE” samples contained a smaller proportion of latent TGF-p
that averaged around 30 - 35% of the total pool of cytokine. Following heat activation,
bleomycin-treated W'T BAL fluid contained the highest amounts of TGF-B with levels that were
almost two fold greater than those of saline-treated WT controls (0.747 +0.137 vs. 0.434 + 0.066
ng/ml, P < 0.05). In contrast, TGF-B in bleomycin-treated NE”- BAL fluid did not differ from
saline-treated control values following the same heat treatment protocol (0.362+0.042 vs. 0.340 +
0.013 ng/ml). Thus, the total pool of TGF-B in bleomycin-treated NE” BAL fluid was
significantly less than that recovered from bleomycin-treated WT animals (P < 0.02). Taken
together, these results indicate that not only are the levels of soluble active TGF-B significantly

decreased in NE” mice compared to WT littermates following treatment with an equivalent dose
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Figure 41. Time course of heat activation of latent TGF-$ in lung tissue
and in BAL fluid.

Pooled BAL fluid from saline and bleomycin-treated WT and NE’ mice was
heated for up to 30 minutes at 80°C to determine the optimum in vitro conditions
for activating latent TGF-B. Levels of active TGF-3 were measured by the PAI-
1/luciferase assay. Values are expressed in relative light units (RLU) as the
mean + SEM of a triplicate measurement with each point representing pooled
BAL fluid from at least six animals. Error bars do not extend beyond the
symbols.
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In some optimisation experiments, diminution of TGF-B activity in heated aliquots of BAL fluid
from WT but not NE” mice was noted. This observation suggested that inactivation of TGF-B
might occur during the heating process, possibly as the result of enhanced proteolytic activity. It 1s
possible that neutrophil elastase might contribute to such proteolysis, although its participation is
yet unproven. Loss of activity of exogenously added TGF-B was also apparent when the
experiment was repeated under the same conditions (figure 42). The addition of a mixture of
selective proteinase inhibitors prior to heating (Complete® Mini Protease Inhibitor cocktail,
Roche Biochemicals, UK) significantly increased the recovery of both endogenous and exogenous
TGEF-B activity. However, the addition of this complex antiproteinase preparation to the assay
inadvertently increased baseline TGF-B values. Subsequently, a mixture of PMSF (0.5 mM)
(figure 43) and llomastat (GM6001, 5 uM) (figure 44) was used for further experiments. Control

experiments confirmed that these two compounds did not alter baseline luciferase activity

(figures 45), or affect mink lung epithelial cell viability (data not presented).

6.2.iii Quantification of active and total TGF-p in BAL fluid

Amounts of active TGF- in BAL fluid from bleomycin-treated W'T mice were two-fold
greater than in saline-treated controls (0.364 + 0.023 vs. 0.224 + 0.012 ng/ml, P < 0.001) (figure
46). In contrast, bleomycin instillation had no effect on TGF-p levels in BAL fluid from NE”
mice. Figure 47 shows the amounts of active and latent TGF-B in BAL fluid of WT and NE”

mice following either saline or bleomycin treatment. Heat treatment was used to activate the
latent cytokine and thus permit detection in the MLEC PAI-1/luciferase bioassay. Approximately
50% of TGF-B in BAL fluid from WT mice (both saline and bleomycin-treated) was present in

the latent form. In comparison, NE” samples contained a smaller proportion of latent TGF-B
that averaged around 30 - 35% of the total pool of cytokine. Following heat activation,

bleomycin-treated WT BAL fluid contained the highest amounts of TGF-p with levels that were
almost two fold greater than those of saline-treated W'T controls (0.747 £ 0.137 vs. 0.434 + 0.066
ng/ml, P < 0.05). In contrast, TGF- in bleomycin-treated NE”" BAL fluid did not differ from
saline-treated control values when similarly heated (0.362 + 0.042 vs. 0.340 £ 0.013 ng/ml). Thus,
the total pool of TGF- in bleomycin-treated NE”"BAL fluid was significantly less than that

recovered from bleomycin-treated WT animals (P < 0.02). Taken together, these results indicate
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Figure 42. Proteinase inhibition increases the recovery of heat-activated
TGF-B in BAL fluid.

Levels of active TGF-B were measured in pooled BAL fluid from bleomycin-
treated WT and NE”- mice after heating at 80°C for 10 minutes to activate latent
TGF-B. Exogenous acid-activated TGF- (0.6 ng/ml) was added to selected
wells with or without a broad spectrum proteinase inhibitor (Complete® Mini
Protease Inhibitor, Roche, UK). Values are expressed in relative light units
(RLU) as mean + SEM with each bar representing pooled BAL fluid from at least

six different animals. * P <0.01, * P<0.05
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Figure 43. The addition of PMSF replicates the effects of Complete®
Proteinase Inhibitor on the recovery of heat-activated TGF-(.

Levels of active TGF-p were measured in pooled BAL fluid from bleomycin-
treated WT and NE”- mice after heating at 80°C for 10 minutes to activate latent
TGF-B. Exogenous acid-activated TGF- (0.6 ng/ml) was added to selected
wells with or without PMSF, a serine proteinase inhibitor. Values are expressed
in relative light units (RLU) as mean + SEM with each bar representing pooled

BAL fluid from at least six different animals. * P<0.01, ** P<0.05
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Figure 44. Metalloproteinase inhibition also reduces loss of TGF-§} activity
during heat treatment.

Levels of active TGF-p were measured in pooled BAL fluid from bleomycin-
treated WT and NE”- mice after heating at 80°C for 10 minutes to activate latent
TGF-B. Exogenous acid-activated TGF- (0.6 ng/ml) was added to selected
wells with or without llomastat (GM6001), a matrix metalloproteinase inhibitor.
Values are expressed in relative light units (RLU) as mean + SEM with each bar
representing pooled BAL fluid from at least six different animals. BAL fluid used
came from the same batch as in the previous two figures.

*P<0.01, *P<0.05
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Figure 45. PMSF and llomastat do not interfere with the measurement of
active TGF-p in the MLEC / PAI-1 luciferase assay.

45 (a). 0.5 mM PMSF, 5 uM llomastat (GM6001) and Complete® Proteinase
Inhibitor were added to mink lung epithelial cells, and luciferase activity was
measured after overnight incubation. Data are expressed as percentage
increase in relative light units above serum free controls.

45 (b). The effect of 0.5 mM PMSF on the standard curve of the PAI-1 assay
was also assessed. Each value represents the mean + SEM of RLU for each
corresponding concentration of TGF-p.
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Figure 46. BAL fluid from bleomycin-treated NE”- mice contains decreased
amounts of active TGF-f.

BAL fluid was collected from WT or NE”- mice seven days following bleomycin
or saline instillation and centrifuged to remove cells. Amounts of active TGF-8
were measured using the MLEC PAI-1 / luciferase assay. Each point represents

the mean of each sample measured in triplicate. * P < 0.007 (using ANOVA)
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Figure 47. Latent and total pools of TGF-f are also diminished in BAL fluid
from bleomycin-treated NE”- mice.

Levels of active TGF-B in cell-free BAL fluid from WT and NE’ mice were
measured using the MLEC PAI-1/luciferase assay. Samples were also heated at
80°C for 10 minutes to activate latent TGF-p. Values are expressed as mean +
SEM of a triplicate. Each bar represents values from five to eight different
animals. Solid portions of the bar indicate active TGF-B while open portions of

the bar represent latent TGF-B. * P < 0.02
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that not only are the levels of soluble active TGF- significantly decreased in NE” mice
compared to WT littermates following treatment with an equivalent dose of bleomycin, but that
the total pool of TGF-B available for activation as represented by cytokine recovered in BAL fluid

is also diminished.

6.2.iv Quantification of total TGF- levels in lung tissue

The amount of TGF-B in lung tissue was also quantified in samples from the same
animals in which BAL fluid TGF-B levels had been measured. To recover the maximum amount
of tissue-bound TGEF-B, each aliquot of homogenised lung was processed a total of five times.
Figure 48 shows the average proportion of TGF- recovered from each sample of bleomycin-
treated WT or NE” lung and the efficiency of each sequential extraction. The initial procedure

yielded approximately a third of the recoverable tissue-bound TGF-p in all samples. Decreasing
amounts of TGF-p were recovered at each subsequent extraction; by the fifth (final) extraction,

only 5 - 10% of the total TGF-f remained.

A small but statistically significant increase in the quantity of heat-activated TGF-B was measured
in homogenised lung tissue of bleomycin-treated NE” mice compared to WT lungs (166.3 +9.84
ng/lung vs. 139.6 + 6.34 ng/lung, P < 0.05) (figure 49). Lung tissue from saline-treated NE”*

mice also appeared to contain more heat-activated TGF-B than their WT counterparts although

this difference did not reach statistical significance.

6.2.v  Analysis of pulmonary TGF-B gene expression

Pulmonary TGF-B production was compared between WT and NE” mice by measuring
mRNA levels with a multi-probe Ribonuclease Protection Assay seven days following bleomycin
instillation. Figure 50 shows the positions of RN Ase-protected probes for TGF-f,, TGF-B, and
TGF-B, as well as that of GAPDH (a housekeeping gene) in these samples. The relative densities
of these bands were quantified as a ratio of their pixel intensity to that of GAPDH. TGF-B, was

the most abundantly expressed isoform in both genotypes of mice following bleomycin-induced
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Figure 48. Recovery of TGF-f} from homogenised lung tissue.

Lung tissue was harvested from WT and NE”- mice seven days following saline
or bleomycin instillation. 50 mg of each sample was homogenised in the
presence of proteinase inhibitors (0.5 mM PMSF, 5 uM llomastat) and heated at
80°C for 5 minutes to activate latent TGF-p. Each aliquot was processed a total
of five times to recover the maximum amount of TGF-f. Residual amounts of
TGF-B remaining after the final extraction amounted to < 5% of the total TGF-p
in that sample.
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Figure 49. Greater amounts of heat-activated TGF-$ are present in lung
tissue of bleomycin-treated NE”- mice.

Lung tissue collected seven days following bleomycin instillation was
homogenised and heated at 80°C for 5 minutes to activate latent TGF-p.
Samples were then added to the MLEC PAI-1/luciferase assay. Values are
expressed as mean + SEM of a triplicate following five extractions from a single
lung tissue aliquot to completely recover tissue-bound TGF-B. Each bar
represents values from five to eight different animals. * P < 0.05
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Figure 50. Lung tissue TGF-3, and TGF-; mRNA expression is
comparable between WT and NE”- mice.

Total RNA was isolated using a Trizol-based protocol from WT and NE” lung
tissue seven days following saline or bleomycin instillation. Relative TGF-3
mRNA levels were determined using a RiboQuant multi-probe RNase protection
assay. Top panel, Relative positions of probes for TGF-8,, TGF-8; and GAPDH
(housekeeping gene) are shown. Bottom panel, The densitometric ratios of
protected TGF-B, and TGF-B; mRNA related to GAPDH are shown as a
histogram. Each bar represents the mean value + SEM (n=8 for bleomycin-
treated WT and NE”- mice). Saline values not shown.
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lung injury. In comparison, changes in the expression of TGF-B, were smaller and again not
significantly different between the two genotypes of mice. At this time point, expression of TGF-

B, was negligible in both genotypes. No statistically significant differences in the expression of

TGF-B isoforms were observed in bleomycin-treated WT and NE” mice.

6.2.vi Localisation of active TGF-B in bleomycin-injured WT and NE”

lungs

Figure 51 shows, at low power (left hand panels), the localisation of immunoreactive TGF-f in
WT and NE” lungs seven days following the instillation of 0.05 U bleomycin. In lung sections
from WT mice, staining for active TGF-B was almost entirely extracellular and was prominent in
the interstitium and in locations adjacent to damaged alveoli. Increased staining of active TGF-B
was also observed in areas with increased numbers of inflammatory cells (figure 51, upper right
hand panel). Mature polymorphonuclear neutrophils, discernible by their distinct hypersegmented
nuclei, were scattered within many areas of the lungs of bleomycin-treated WT mice where there
was increased extracellular staining of active TGF-B (left panel, figure 52). In contrast, a much
more limited staining pattern was observed in the lungs of bleomycin-treated NE”* mice although
the distribution of active TGF-B was mostly extracellular. In the lungs of saline-treated WT and
NE” animals, staining of active TGF-B was minor and restricted to the pulmonary endothelial

and airway lining (data not shown).

While most of the active TGF- staining in WT and NE”" mice appeared to be associated with
the extracellular matrix, occasional staining of cells was also evident. However, the cell types
involved were not easily identified but were most likely macrophages, fibroblasts and epithelium
of bleomycin-treated animals. Staining for latent TGF-B in bleomycin-treated WT and NE” lungs

also appeared to be more associated with the extracellular matrix than with cells (data not shown).
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Figure 51. Staining for active TGF-f is more extensive in bleomycin-treated
WT lungs than in bleomycin-treated NE”- lungs.

Representative light photomicrographs showing immunolocalisation of active
TGF-B in paraffin-embedded WT and NE” lungs. Specimens were collected
seven days following 0.05 U bleomycin instillation, and active TGF-$ (brown) was
stained with the LC(1-30) monoclonal antibody. Peroxidase-conjugated
biotinylated secondary antibodies were used. The final immunogenic reaction was
obtained using 3,3-diaminobenzidine (DAB) as a chromogen.

Low power, x 10 objective; high power, x40 objective
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Figure 52. Neutrophils are found in areas of TGF- immunoreactivity in
bleomycin-injured WT and NE* lungs.

Haematoxylin counter-stained polymorphonuclear neutrophils (red arrowheads)
are present at sites of increased active TGF-§ staining (brown staining) in areas of
alveolar damage in WT and NE™ lungs seven days following 0.05 U bleomycin
instillation. Active TGF-B was stained with the LC(1-30) monoclonal antibody.
Peroxidase-conjugated  biotinylated @ secondary  antibodies and  3,3-
diaminobenzidine (DAB) were used for the final epitopic identification.
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Figure 53. Purified neutrophil elastase is equipotent to plasmin at activating
latent TGF-B in vitro.

Purified neutrophil elastase and plasmin were prepared in DMEM containing 0.1%
BSA (pH 7.5) and reacted with 40 nM latent TGF- at 37°C. TGF-B activity was
measured by the MLEC PAI-1 / luciferase assay and expressed as RLU (relative
light units). Measurements were performed in triplicate. Values represent the
mean + SEM.
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6.2.vii Neutrophil elastase is a poor activator of latent TGF-f in BAL fluid

Purified neutrophil elastase at two concentrations, 50 and 100 nM, increased the activity
of 40 nM latent TGF-B (LAP-TGF-B1) in vitro (figure 53). However, the degree of TGF-B
activation was only 45% to 64% of that obtained by heat activation. Curiously, decreased TGF-f8
activation was achieved with the higher (100 nM) concentration of neutrophil elastase. This effect
may have been related to proteolytic degradation of TGF- in the reaction media. In comparison,
both 50 and 100 nM plasmin activated latent TGF- to a similar extent as 50 nM neutrophil

elastase. In these experiments, proteinase inhibition with PMSF and Ilomastat was not used

during the reaction but were added at the end to terminate proteolysis.

Figure 54 shows that the addition of purified neutrophil elastase (100 nM) to BAL fluid from
WT and NE”" mice collected seven days following 0.05 U bleomycin instillation did not activate
latent TGF-B. In contrast, plasmin at a concentration of 1 pM increased TGF-f activity in BAL
fluid by ten-fold in bleomycin-treated WT samples and over seven-fold in BAL fluid from
bleomycin-treated NE”- mice. The final amount of active TGF- following plasmin treatment in
the former correlated to > 1.2 ng/ml BAL fluid (from the dose response curve of the
MLEC/PAI-1 assay). The amount of plasmin-activated TGF-f in BAL fluid from NE” lungs

corresponded to 50% of the value in WT samples. Residual neutrophil elastolytic activity
following incubation was not measured in these samples but differences in endogenous BAL fluid

neutrophil elastolytic activity has been compared between WT and NE”* mice (figure 15).

Plasmin is a serine proteinase whose ability to activate latent TGF-B has often been used as a
positive experimental control. One uM plasmin has previously been shown to be more efficient at
activating LAP-TGF-f than nanomolar amounts of this proteinase when used i vitro (Lyons et
al., 1988). While 1 uM plasmin managed to activate latent TGF-B in BAL fluid of NE” mice, the

degree of activation was significantly less than that in BAL fluid of bleomycin-treated WT mice.
This result agrees with the data obtained from heat activation of NE” BAL fluid (figure 47) and
suggests that the amount of latent TGF-B in BAL fluid from bleomycin-treated NE”* mice is

decreased compared to that of bleomycin-treated WT mice.

Experiments comparing the ability of neutrophil elastase and plasmin to release lung tissue-bound

TGF-p were performed on three different occasions under the same conditions. Figure 55 shows
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Figure 54. Neutrophil elastase does not activate latent TGF-$ in BAL fluid.

BAL fluid was collected from WT and NE” mice seven days after the intratracheal
instillation of 0.05 U bleomycin. Purified neutrophil elastase (NE, 100 nM) and
plasmin (1 uM) were added to activate latent TGF-§3 in these biological samples.
Proteolysis was stopped with 0.5 mM PMSF and 5 uM llomastat (GM6001). Active
TGF-B was measured using the MLEC PAI-1 / luciferase assay. Values represent
the mean + SEM of a triplicate measurement (n = 4 animals in each group).
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Figure 55. Neutrophil elastase enhances TGF-B activation by releasing
activatable cytokine from lung tissue.

Fresh-frozen sections of WT and NE” lungs collected seven days following
instillation of 0.05 U bleomycin were immersed in elution media (proteinase-free
DMEM, DMEM containing 30 nM neutrophil elastase or DMEM containing 30 nM
plasmin). Enzymatic reactions were stopped with 0.5 mM PMSF and 5 uM
llomastat (GM6001) at the end of two hours. In vitro activation of latent TGF-f in
the media was achieved by heating at 80°C for 10 minutes in the presence of the
same proteinase inhibitors. Active TGF-f released into the media was measured
using the MLEC PAI-1 / luciferase assay.
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data from one representative experiment. Baseline amounts of active TGF-f in proteinase-free
elution media were not different in lung cryosections of bleomycin-treated WT and NE” mice
(WT: 0.135 pg/mm?’ lung; NE”: 0.123 pg/ mm? lung). Heat activation of the same samples did
not significantly increase the amount of TGF-B recovered. However, incubation of lung tissue
with 30 mM neutrophil elastase yielded a small and equivalent increase in the amount of active
TGF-B recovered from both WT and NE” lung sections. When the same samples were heat-
treated, a significant increase in active TGF-f was measured in eluates from bleomycin-treated
NE” mice (NE”: 0.28 pg/mm?® lung; WT: 0.22 pg/ mm?® lung, P < 0.05). The amount of
activatable TGF-B susceptible to proteolytic release by neutrophil elastase in the lungs of

bleomycin-treated NE”" mice was approximately 0.10 pg/mm? lung, a value which was twice the
quantity available in bleomycin-treated WT lungs. Plasmin also released and activated tissue-

bound TGF-B in lung sections from WT and NE”" mice. In plasmin-treated samples, significant

amounts of active TGF-B were not generated by heat treatment.

6.3 Discussion

Greater quantities of active TGF-B were present in the lungs of bleomycin-treated W'T
mice compared to similarly treated NE”" mice. This result is a previously unpublished finding and
may be potentially relevant to the decreased susceptibility of NE” mice to bleomycin-induced
pulmonary fibrosis. These studies suggest that the increased amounts of active TGF-B in the BAL
fluid of fibrosis-susceptible W'T mice may be the result of enhanced generation of active TGF-B
as compared to fibrosis-resistant NE” mice. This particular finding has broader implications for
the role of neutrophil elastase in regulating pulmonary TGF- activation in lung fibrosis.
Although previous studies have shown that the fibrotic response in experimental models may be
ameliorated by inhibiting neutrophil elastase activity, a pathologic relationship between TGF-B

and neutrophil elastase iz vivo has still not been demonstrated.

196



6.3.i 'TGF-B activation is impaired in the lungs of fibrosis-resistant NE”-

mice

Levels of active TGF-P failed to increase in BAL fluid of fibrosis-resistant NE”* mice
despite the development of bleomycin-induced lung injury. Similarly, active TGF-B protein in the
lung parenchyma also failed to increase despite comparable levels of TGF-p mRNA in
bleomycin-treated WT and NE” mice. These findings suggest that TGF-B activation rather than
gene expression is impaired in the lungs of bleomycin-treated NE” mice. The additional finding
that heat-activatable TGF-P was present in greater quantities in the lung tissue of these animals
suggested that faulty generation of active TGF- was likely the result of decreased release of
activatable TGF-B from tissue stores. The specific role of neutrophil elastase in regulating

pulmonary TGF-B activation has not been previously examined.

Proteolysis of tissue-associated latent TGF-f has been shown to form an important step in the
generation of active TGF-p (Taipale et al., 1995; Pedrozo et al., 1999). Difficulties in accurately
measuring the iz vivo activity of TGF-B, particularly at the tissue level, have contributed to the
incomplete understanding of TGF-f activation. Additionally, studies of adult fibrosis in a state of
TGF-B deficiency are hampered by the lethality of mice deficient in TGF-B and several associated
signalling molecules (Mummery, 2001). As a result, animal models in which impairment of the
pulmonary fibrotic response resulting from defects in TGF-f activation that do not affect lung

development are of great interest (Munger et al., 1999, Yehualaseshet et al., 2000).

Fibrosis-prone bleomycin-treated 12956/SvEv mice in the current studies have levels of BAL
fluid TGF-B that fall within a range similar to that of bleomycin-susceptible C57BL/6 mice
(Teder et al., 2002). In their report, Kumar and colleagues showed that approximately 30% of
BAL fluid TGF-B collected from bleomycin-injured C57BL/6 mice exists in the active form prior
to acidification (Kumar et al., 1996). The proportion of active TGF-f present in bleomycin-
treated W'T animals in the present studies concurs with this. Iz vivo, less than 500 pg/ml of active
TGF-B in BAL fluid can be fibrogenic in mice instilled with adenoviral-mediated TGF-§ gene
transfer (Kolb et al., 2001; Warshamana et al., 2002). This correlates well with the current
findings. Amounts of TGF-B in BAL fluid are not equivalent to TGF-f concentrations present in

or associated with cells at the tissue level. It is conceivable, although unproven, that
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concentrations of TGF-B would be higher at tissue sites of cytokine activation. Under in vitro
conditions, concentrations of active TGF- in the 5-50 pg/ml range have been implicated in
fibroblast chemotaxis and extracellular matrix production (Coker et al., 1997). However, in the
femtomolar range, the immunoregulatory effects of TGF-f are more likely to predominate over

its tissue remodelling properties (Wahl et al., 1989; Coker et al., 1997).

6.3.ii Inhibition of TGF-B activation is associated with lasting protection

from bleomycin-induced pulmonary fibrosis in NE’ mice

In the current studies, the lungs of NE”" mice were marked by a lack of fibrosis for up
to 60 days following the instillation of bleomycin. In contrast, lung collagen content had doubled
in bleomycin-treated WT mice by 30 days following instillation and remained elevated for a
further 30 days. In fibrosis-resistant NE” animals, inhibition of pulmonary TGF-B activation was
detectable as early as a week following exposure to bleomycin. Protection against bleomycin-
induced fibrosis for an entire two months suggested that compensatory mechanisms of TGF-

activation were either not in evidence or were inadequate to replace the lack of neutrophil

elastase.

Although the timing of lung TGF-B expression and activation has been examined in different
animal models of pulmonary fibrosis (Khalil et al., 1989; Lee et al., 2001; Warshamana et al.,
2002), understanding of the temporal relationship between the upregulation of TGF-8 bioactivity
and initiation of pulmonary fibrosis is still incomplete. In the present studies, temporal changes in
lung TGF-B mRNA expression were not characterised. However, at the time point when it was
quantified (day 7 post-bleomycin), pulmonary TGF-p mRNA was significantly increased over
saline values in both WT and NE” mice, and preceded measurable changes in lung collagen
accumulation. This result agrees with the findings of Kaminski and colleagues that upregulation of
TGF-B is detectable as early as two days following bleomycin administration, ahead of increased
matrix deposition (Kamisnki et al., 2000). In the wider literature, maximal TGF-p mRNA

expression following bleomycin instillation has been documented at day 7 (Hoyt and Lazo, 1988;
Phan and Kunkel, 1992; Santana et al., 1995), or day 10 (Coker et al., 1997) following instillation

of the drug in mice. Coker and colleagues noted a gradual increase in lung collagen following peak
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TGF-B gene expression, with the former reaching a maximum value approximately a month after
bleomycin injection of fibrosis-susceptible B,D,F, strain mice. In all studies, upregulation of

TGF-p mRNA occurred before maximal extracellular matrix accumulation became apparent.

In other models of lung injury, an early rise in TGF-P gene expression preceding slower increases
in lung collagen content has also been described. Peak TGF-B transcripts were measured seven
days after pulmonary overexpression of granulocyte macrophage colony-stimulating factor using
adenoviral-mediated gene delivery (Xing et al., 1997) and fourteen days following the
overexpression of TNF-a using a similar vector (Sime et al., 1998). In radiation-induced
pulmonary fibrosis, TGF-B gene transcription peaks after a longer delay of between two to three

weeks following exposure to radiation, and elevations in total lung collagen similarly take longer

to reach a maximum (Y1 et al., 1996; Rube et al., 2000).

6.3.iii Neutrophil elastase does not activate latent TGF-§ in BAL fluid

In the present iz vivo experiments, levels of total (latent + active) TGF-p in BAL fluid of
bleomycin-treated NE”* mice amounted to only about half of those in WT samples. This disparity
was due to differences in the levels of both latent and active TGF-B as measured by the PAI-1
assay prior to and after heat treatment. Hence, the quantity of heat-activatable TGF-f was
significantly diminished in BAL fluid of NE” mice as early as seven days following bleomycin
treatment. The current studies show that neutrophil elastase activates recombinant LAP-TGF-$
in an equipotent manner to plasmin under iz vitro conditions, but unlike the latter, does not
activate latent TGF-P in BAL fluid. This observation is consistent with findings from studies
using cultured epithelial and endothelial matrices indicating that greater than 95% of matrix-
bound TGF-B released by purified neutrophil elastase is biologically latent and resistant to

activation by the same proteinase (Taipale et al., 1995).

More recently, the instillation of porcine pancreatic elastase to induce experimental emphysema
has been shown to both liberate latent TGF-p from lung tissue stores as well as activate a minor
proportion of it (Buczek-Thomas et al., 2004). At the current time, the ability of neutrophil

elastase to directly activate TGF-B in vivo has neither been completely proven nor refuted.
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Nonetheless, the current data suggest that the predominant action of neutrophil elastase in

modulating TGF-B activity in the injured lung is by releasing activatable TGF-B from matrix-

bound stores rather than by directly activating latent TGF-f.

6.3.iv. TGF-B activation occurs at sites of parenchymal lung damage in

fibrosis-susceptible mice

Accurate tissue localisation of TGF-f is made difficult by its production as a latent
complex, its susceptibility to different extracellular activation mechanisms and its tendency to
bind connective tissue elements. Histological identification of TGF-f in bleomycin-injured lungs
has revealed its commonest cellular sources to be inflammatory and resident lung cells, the latter
represented mainly by fibroblasts and myofibroblasts, with additional expression by bronchial
epithelial cells (Khalil et al., 1989; Zhang et al., 1995). In the current studies, latent TGF-p (LAP-
TGF-B) was present in extracellular foci as well as within some alveolar epithelial cells in both
bleomycin-treated WT and NE” lungs. In the lungs of fibrosis-susceptible W'T animals, much of
the active TGF-f was appreciated extracellularly with a predilection for compact areas of alveolar
damage and increased cellularity, a week following bleomycin administration. It is possible that
these areas may represent early sites of fibrogenesis. These changes correlated with measurable
increases in active TGF-B in BAL fluid. By comparison, the levels of both active and total TGF-
in BAL fluid of bleomycin-treated NE”* mice remained significantly decreased, and few

pathological changes were seen on staining for active TGF- in these lungs.

Although descriptive, immunohistologic observations of changes in staining for active and latent
TGF-B can provide insights into lung tissue remodelling. Expression of active TGF-f and
receptors for TGF-P is increased at sites of bleomycin-induced injury (Zhao and Shah, 2000).
Zhang and colleagues have shown that following bleomycin instillation, early (< 3 days)
localisation of TGF-B in inflammatory cells contrasts with its later (3 - 14 days) prominence in

myofibroblasts and fibroblasts within areas of lung injury and fibrosis (Zhang et al., 1995). The
LAP and LC(1-30) antibodies used in these studies were previously shown to specifically localise
latent and active TGF-B (Barcellos-Hoff et al., 1994). The same antibodies have been used to

indicate histological sites of TGF- production in studies of murine lung injury (Zhang et al.,
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1995; Franko et al., 1997). In the current studies, an increased abundance of active TGF-p in
extracellular sites was identified in the lungs of bleomycin-treated WT animals with normal levels
of neutrophil elastase. TGF-f immunoreactivity was particularly prominent in areas of

hypercellularity, alveolar damage and matrix deposition at day 7. Staining was also evident in

bronchiolar epithelium and in subepithelial matrix, consistent with results previously described by

others (Khalil et al., 1989).

Attempts have been made to correlate TGF-p staining with increased procollagen production or
matrix lung accumulation. TGF-p staining appears to temporally and spatially overlap with
procollagen I mRNA expression in pulmonary fibrosis induced by inorganic fibres of silica
(Mariani et al., 1996). In adult sheep, endotracheal instillation of asbestos fibres induces lesions of
asbestosis (fibrosis) that have abundant matrix-associated but sparse cell-based TGF-f staining
(Lee et al., 1997). Franko and colleagues have shown that following exposure to non-ionising
radiation, TGF-B-positive fibroblasts congregate on the periphery of fibrotic lung lesions. In

contrast, LAP staining is distributed uniformly throughout such lesions (Franko et al., 1997). This
observation suggests that the earlier stages of pulmonary fibrosis may involve an association

between extracellular matrix-producing fibroblasts and the geographic localisation of TGF-.

6.3.v Neutrophil elastase activity enhances the release of lung tissue-bound

TGF-B following bleomycin-induced lung damage

The current data raised the possibility that decreased TGF- activity in the lungs of
bleomycin-treated NE” mice might have resulted from impaired release of latent TGF-B from
tissue stores. Processes that target binding interactions between TGF-B and the ECM can
potentially influence the biological availability of TGF-B. Latent TGF-B can associate with
different elements of the ECM, including permanent structural components (e.g. type IV
collagen), as well as proteoglycans that have a higher rate of turnover (e.g. biglycan and decorin)
(Hildebrand et al., 1994). Although unproven, mobilisation of matrix-associated latent TGF- has
been suggested as a pathologic mechanism by which increased TGF-B may influence lung matrix
remodelling (Buczek-Thomas et al., 2004). Iz vitro studies have shown that the physical association

between latent TGF-B and the ECM yields to proteolytic cleavage by neutrophil elastase (Taipale
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et al., 1995). Thus, targeted interactions between neutrophil elastase and matrix-bound TGF-
may critically influence the means by which active TGF-B is supplied to areas of lung undergoing

fibrotic repair.

The addition of exogenous neutrophil elastase to lung tissue of bleomycin-treated NE” mice was

followed by the detection of increased amounts of heat-activatable TGF-B, suggesting the
possibility that neutrophil elastase can mobilise stored TGF-B. In published studies, neutrophil
elastase has been shown to liberate latent TGF-B from extracellular matrices produced by cultured
pulmonary fibroblasts, epithelial cells, endothelial cells and bone osteoblasts (Taipale et al., 1995;
Dallas et al., 2002). The experiments using cryosections and homogenised lung tissue in this thesis
reveal that bleomycin-treated NE” lungs contain a small but significantly greater quantity of
activatable TGF-B compared to WT controls. While its capacity to release tissue-sequestered
TGF-B is at least as potent as that of plasmin, neutrophil elastase appears to be inefficient at
completely activating latent TGF-B. Hence, neutrophil elastase-mediated release of matrix-stored
TGF-B might represent an important early step in the conversion of latent TGF-f to its

biologically active form within the remodelling lung. In this context, the most likely substrate for

neutrophil elastase is the high molecular weight LTBP (Taipale et al., 1995).

6.3.vi In vivo relevance of neutrophil elastase-mediated TGF- activation

Historically, it has been difficult to correlate quantitative changes in TGF-p activity to
the extent of latent TGF-f activation assessed iz vivo. The realisation now that the total pool of
latent TGF-B 1s likely to consist of a tissue (matrix) reservoir as well as a soluble component in
the form of TGF-B-LAP indicates complex regulation of its activity. Although the signals that
sense and stimulate neutrophil elastase-mediated TGF-p release from the pulmonary matrix

remain poorly understood, it seems likely that the regulation of neutrophil localisation and

activation in the lung are important in this regard.

LTBP plays a role in the correct folding, secretion and targeting of LAP-TGF-B to the
extracellular matrix (Miyazono et al., 1991; Nunes et al., 1997). All three TGF- isoforms have

been found in association with LTBP in high molecular weight TGF-B complexes, suggesting that
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LTBP may mediate the targeting of all mammalian TGF-B isoforms to the ECM (Olofsson et al.,
1992). Physically, LTBP has been shown to associate with fibroblasts and matrix microfibrillar
elements, and more patchily with fibronectin and collagen type IV (Taipale et al., 1994). Large
latent TGF-f containing LTBP is also known to associate with both interstitial and basement

membrane ECM rich in type IV collagen (Paralkar et al., 1991; Roberts and Sporn, 1996).
Incidentally, all these structural proteins are proteolytic substrates of neutrophil elastase. /2 vivo,
however, the presence of neutrophil elastase and LTBP in the same microenvironment is required
to fulfill the minimal caveat that both enzyme and substrate must co-localise for a cleavage
reaction to occur. Although concentrations of neutrophil elastase sufficient to digest LTBP are
likely to be present in the immediate pericellular vicinity of degranulating neutrophils (Taipale et
al., 1995), proof that neutrophil elastase directly cleaves LTBP in the physiological setting is still
lacking.

Placing the current data in perspective, it is proposed that neutrophil elastase proteolytically
cleaves matrix-bound LTBP associated with LAP-TGF- to modulate TGF- activity at sites of
bleomycin-induced lung damage. From previous in vitro studies, less than 1% of recombinant large
latent TGF-B can be activated directly by treatment with purified neutrophil elastase (Taipale et
al., 1995). When 1 pM plasmin is substituted for elastase, the amount of large latent TGF-B
activated is only in the region of 1 - 2%. These observations are consistent with the concept that
the bulk of biologically relevant large latent TGF-B is targeted to the extracellular matrix and not
in solution. This means that other mechanisms for activation of soluble TGF-B apart from

neutrophil elastase and plasmin are likely to exist.

Although purified plasmin can remove LAP to activate latent TGF-B, large amounts (* 1 uM) of
the proteinase are required (Lyons et al., 1988). To circumvent this, the release of LAP-TGF-B
from the matrix could be modified so the latent TGF-B can concentrate at the cell surface in
order to maximise its activation. Such a mechanism has been shown to operate in the bleomycin
model where LAP-TGF-B first binds thrombospondin (TSP)-1 before engaging with CD36, the
TSP-1 cellular receptor, to enhance the proteolytic activity of plasmin (Yehualasehet et al., 1999).
Apart from plasmin, cell-surface proteolysis of LAP-TGF- yielding active TGF- has also been
associated with the action of MMP-9 (Yu and Stamenkovic, 2000). The presence of call-associated
staining of active TGF-P in the current experiments may point to a role for such mechanisms in

the context of bleomycin-induced lung fibrosis.
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Three other potential mechanisms of TGF- activation also implicate a role for the ECM. Mice
lacking avpé, an epithelium-restricted integrin, are protected from bleomycin-induced pulmonary
fibrosis (Munger et al., 1999). In wvitro, ovB6 to RGD sequences on LAP, enabling the B6
cytoplasmic domain to engage cytoskeletal actin elements in the cell. These interactions produce a
conformational change in the LAP-TGF-B complex, allowing the mature TGF-B to directly
interact with its receptors. The second mechanism involves thrombospondin-1 (TSP-1), an
insoluble anti-adhesive molecule derived from platelets, particularly in matrix-associated
haemostatic plugs (Bornstein, 1992). In cell-free systems, TSP-1 binds to and activates small and
large forms of latent TGF-B in a process that is plasmin-independent (Schultz-Cherry et al.,
1994b). Cross-linking studies have shown that TSP-1-TGF-p binding can trigger TGF-B
activation without the involvement of proteolysis or cell binding (Schultz-Cherry and Murphy-
Ullrich, 1993). This interaction is dependent on a three amino acid sequence known as RFK’
located between the first two properdin-like repeats in the TSP-1 moleculeas well as sequences in
the amino terminal of LAP (Murphy-Ullrich and Poczatek, 2000). Histological similarities
between TSP-1 null and TGF-B null mice, particularly in the developing lung, testify to the
importance of TSP-1 as a natural activator of latent TGF-f in this particular organ (Crawford et
al., 1998). Finally, Teder and colleagues have proposed a role for CD44, the major cell-surface
receptor for the non-sulfated glycosaminoglycans hyaluronan, in regulating TGF- activation
(Teder et al., 2002). Increased accumulation of hyaluronan appears to influence recovery from
pulmonary inflammation. In the proposed model, CD44-hyaluronan ligation increases the
clearance of apoptotic neutrophils, a process that is associated with resolution of parenchymal
inflammation and the production of increased levels of active TGF-B. A cell-based version of this
mechanism, with an additional requirement for MMP-9 activity, has recently been elucidated i»
vitro (Yu and Stamenkovic, 2004). Thus, one recurring determinant of fibrotic lung matrix
remodelling in both humans and animal models appears to be an enhanced local capacity to

generate active TGF-P following lung injury.
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Summary of major findings

7.1 Development of bleomycin-induced pulmonary fibrosis is critically influenced by

neutrophil elastase activity in the lung

The studies outlined in this thesis were designed to test the hypothesis that neutrophil
elastase activity plays a crucial role in the development of pulmonary fibrosis. The current
demonstration that absence of neutrophil elastase, a destructive enzyme, is associated with an
increased resistance to pulmonary fibrosis might at first seem paradoxical. However, excessive
neutrophil elastase activity has been implicated in lung injury associated with acute respiratory
distress syndrome (Downey et al., 1999), hypersensitivity pneumonitis (Pardo et al., 2000) and
idiopathic pulmonary fibrosis (Ambrosini et al., 2003) in humans. In all three conditions,
pulmonary fibroproliferation is a recognised pathologic complication. In animal studies, proof of
concept that neutrophil elastase activity can promote or prolong experimentally induced
pulmonary fibrosis has been obtained by inhibiting its activity using exogenous o.1-proteinase
inhibitor (synonymous with a1-AT), secretory leukocyte proteinase inhibitor or ONO-5046, a
synthetic neutrophil elastase antagonist. While these observations strengthen the notion that

neutrophil elastase activity can enhance the lung fibrotic response, the mechanism/s by which it

operates has yet to emerge.

The current in vivo studies demonstrate that mice genetically deficient in neutrophil elastase (NE”)
are protected from bleomycin-induced pulmonary fibrosis. In these animals, lung collagen content
failed to increase following intratracheal instillation of bleomycin. In wild type (WT) mice,
histologic markers of pulmonary fibrosis were firmly established 30 days following bleomycin
administration and persisted for up to 60 days. Crucially, fibrosis temporally correlated with a
doubling in total lung collagen. Although a fibrotic response was absent in NE” mice, bleomycin
treatment did induce DNA damage, inflammation, alveolar leak, focal interstitial thickening and
alveolar collapse. These manifestations indicate that NE” animals are not immune to the
injurious effects of bleomycin. Indeed, these phenomena may even enhance the overall

susceptibility of wild type mice to develop bleomycin-induced pulmonary fibrosis.

In preliminary studies, a fibrosis-resistant phenotype was also discovered in a.1-AT over-

expressing mice exposed to an equivalent dose of bleomycin (see Appendix 1). a1-AT is the
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major endogenous inhibitor of neutrophil elastase in the distal airways and pulmonary acini.
Although these results do not prove that inhibition of neutrophil elastase activity is responsible
for protection against pulmonary fibrosis, the results are consistent with the view that neutrophil
elastase contributes to the ability of the lung to accumulate collagen-rich extracellular matrix

following bleomycin treatment.

7.2 Resistance of NE”" mice to bleomycin-induced pulmonary fibrosis is not related

to impaired neutrophil influx or abrogation of lung injury

Evidence from animal studies increasingly suggests that neutrophil elastase may be less
important in facilitating lung neutrophil infiltration than once thought. The current studies
demonstrate that the degradative capacity of neutrophil elastase is not a prerequisite for
bleomycin-induced neutrophil influx. In the early stages of bleomycin-induced lung injury, the
alveolar inflammatory infiltrate is primarily neutrophil-rich in rats (Thrall et al., 1982) and mice
(Janick-Buckner et al., 1989). However, most of these ‘classic’ cellular changes have only been
characterised in BAL fluid; much less is known about lung tissue neutrophil turnover. In one
particular study, the administration of ONO-5046, a pharmacologic inhibitor of neutrophil
elastase, was associated with reduced neutrophil numbers in murine BAL fluid at 1, 15 and 29
days following bleomycin administration (Taooka et al., 1997). The abundance or persistence of

tissue-trapped neutrophils was not specifically assessed.

In contrast, bleomycin-treated WT mice in the present iz vivo studies did not have an excess of
BAL fluid neutrophils compared to similarly treated NE” mice over the initial 10 days post-
bleomycin. A statistically non-significant reduction in neutrophil numbers in NE”* mice was
observed, however, in pooled BAL fluid collected at the seven-day time point. Nonetheless, total
lung tissue neutrophil burden was similar in both bleomycin-treated W'T and NE” animals. In
other words, pulmonary accumulation of neutrophils was not defective in bleomycin-treated NE”
mice. This finding concurs with previous observations in NE”" mice in models of pneumonic
bacterial infection (Allport et al., 2002; Hirche et al., 2004), thioglycollate-induced peritonitis
(Tkalcevic et al., 2000) and zymosan-induced inflammation (Young et al., 2004).

Lung tissue neutrophils all originate from the pulmonary circulation. Curiously, neutrophils in

bleomycin-treated NE” lungs appeared to be retained longer in perivascular areas before
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advancing into neighbouring alveoli. This anomaly would have been missed if total lung
neutrophil load had been quantified solely by biochemical means (e.g. quantification of tissue
myeloperoxidase activity). This observation suggests that neutrophil elastase activity might impose
a rate-limiting effect on neutrophil transmigration in the lung. Shapiro and colleagues have
reported that fewer neutrophils egress from the pulmonary vasculature into the parenchyma of
NE”" mice chronically exposed to cigarette smoke (Shapiro et al., 2003). Although neutrophil
elastase can cleave a number of structural proteins in both the epithelium and endothelium
linings, identification of the precise substrate involved in the transmigration process was not
pursued in this thesis. Nevertheless, differences in tissue neutrophil distribution between WT and
NE” mice due to different rates of alveolar infiltration may genuinely influence the final
propensity for fibrotic repair in these animals. In other words, the greater ability of activated
neutrophils to sequester within the deeper parenchyma of WT mice may indicate an increased

tendency to fibrosis although the mechanisms that dictate this pathway remain uncertain.

Protection of NE”" mice against bleomycin-induced pulmonary fibrosis was not specifically due
to the diminished severity of acute lung injury. Initial responses to bleomycin, in terms of DNA
damage, inflammatory intensity and cytotoxicity were similar between WT and NE” mice.
Histologic indices of acute lung injury were also comparable between two groups of animals.
Although neutrophil elastase blockade attenuates the intensity of lung injury due to bacterial
endotoxin, organic acids and ischaemia-reperfusion (reviewed in Downey et al., 2001), it 1s also
acknowledged that certain actions of neutrophil elastase may paradoxically downregulate the
inflammatory response. For example, neutrophil elastase can degrade the pro-inflammatory
cytokines, IL-1B and TNF-a (Owen et al., 1997), release complement receptor 1 (CR1) from the
erythrocyte surface to neutralise complement proteins (Sadallah et al., 1999) and cleave CD14, the
main cellular receptor for bacterial lipopolysaccharide (Le-Barrilec et al., 1999). These and other
observations indicate that lung injury responses induced by an external stimulus may be preserved

in circumstances where neutrophil elastase is absent.

7.3 Neutrophil elastase activity potentiates bleomycin-induced alveolar barrier leak
The epithelial lining is generally assumed to be the most selective component of the

alveolar-capillary barrier. Compromised epithelial integrity facilitates the movement of

macromolecules and cells, including leukocytes and matrix-secreting cells, from the vasculature
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into interstitial and alveolar spaces. The subsequent transformation of such exudative material
into provisional or permanent connective tissue is a pathologic consequence of alveolar barrier
breakdown. In the present studies, changes in alveolar permeability as evaluated by differential
Evans blue dye retention, enabled the pathological role of neutrophil elastase in alveolar leak to be
assessed. Intratracheal instillation of 0.05U bleomycin initially induced an equivalent degree of
alveolar hyper-permeability in both WT and NE” lungs. However, alveolar barrier dysfunction
was clearly prolonged in bleomycin-injured WT mice. The earlier restoration of barrier integrity in
NE” mice pointed to a possible way in which neutrophil elastase might potentiate bleomycin-
induced alveolar leak. Specifically, the action of this serine proteinase appeared to be more
relevant to prolonging alveolar-capillary barrier permeability than for initiating its damage.
Hindrance of normal alveolar repair in bleomycin-treated W'T mice would promote intra-alveolar
accumulation of fibrinous exudates, soluble mediators and mesenchymal cells, thereby enhancing
the alveolar potential for uncontrolled fibroproliferation. Although proteolysis of an elastase-
sensitive substrate has not been identified as the culprit mechanism in this context, several

possibilities are suggested by information from previous studies.

In line with its injurious nature, neutrophil elastase may affect alveolar barrier physiology in
myriad ways. Cytolysis and detachment of epithelial cells from the basement membrane (Amitani
etal.,, 1991; Van Wetering et al., 1997) as well as apoptosis of pulmonary vascular cells (Okrent et
al., 1990) have been described following exposure of these cells to purified neutrophil elastase in
vitro. These events, however, would be expected to distinguish between WT and NE” alveolar
integrity early in the course of bleomycin-induced lung injury. Likewise, neutrophil elastase-
dependent dissolution of molecules that mediate intercellular adhesion such as cadherins or
degradation of components of the basement membrane such as type IV collagen would also be
expected to manifest soon after bleomycin administration. The divergence in alveolar leak
between WT and NE” mice after seven days of bleomycin treatment raised the possibility that
neutrophil elastase might be influencing an intermediary molecule whose activity may be more

prominent during the latter phases of lung injury.

In accordance with a growing awareness that TGF-p is an important mediator of acute lung
injury, its deleterious effects on alveolar cells may be particularly relevant to the current
discussion. Excessive pulmonary TGF-B activity has been linked to the depletion of intra-
epithelial glutathione stores and enhanced susceptibility of these cells to oxidants generated during

bleomycin-induced lung injury (Pittet et al., 2001). TGF- also has the capacity to inhibit epithelial
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expression of sodium channels that regulate cellular osmotic integrity (Frank et al., 2003).
Compromised alveolar sodium and water clearance affects the ability of the alveolar barrier to
regulate fluid homeostasis leading to enhanced alveolar leak and the development of pulmonary
oedema. TGF- has also been shown to increase microvascular permeability by inducing the
contraction of adjacent endothelial cells forming a common barrier (Hurst et al., 1999). A
potential link between neutrophil elastase and TGF-f is suggested by observations that neutrophil
elastase can liberate, and perhaps even activate, latent TGF-B in extracellular matrices secreted by
cultured fibroblasts and epithelial cells (Taipale et al., 1995). I vivo, such actions would increase

the prevalence of TGF-B at sites of alveolar-capillary barrier damage.

Equally important but less well known are the inhibitory effects of active TGF-f on pulmonary
surfactant expression (Beers et al., 1998) and the enhancement of Fas-mediated apoptosis of
pulmonary epithelial cells by active TGF-B (Hagimoto et al., 2002). Chen and colleagues have
demonstrated that ligation of FasL (CD95L) itself can stimulate pro-inflammatory cytokine
release (Chen et al., 1998). More recently, neutrophil elastase activity has been shown to directly
induce alveolar epithelial cell apoptosis by acting via the proteinase-activated receptor, PAR-1
(Suzuki et al., 2005). Cellular apoptosis was accomplished through PAR-1-dependent cleavage of
caspase-9 and caspase-3, activation of [NK and alterations in mitochondrial permeability in
epithelial cells. These effects, if operative within the alveolar compartment, could exacerbate
alveolar epithelial cell injury and diminish the capacity of these cells to restore barrier function.
Hence, any role played by neutrophil elastase in modulating alveolar integrity early on could have

deleterious and often permanent consequences on lung repair such as the induction of fibrosis.

7.4 Neutrophil elastase activity increases TGF- activation in bleomycin-injured

lung tissue

Under physiological conditions, the concentration of free (active) TGF-f in equilibrium
with the small latent TGF-B complex is thought to be negligible (Munger et al., 1997). Since
extracellular activation of latent TGF-B is the primary means of generating active TGF-p, this
must mean that ‘free’ TGF- in the extracellular milieu has a very short half-life. Thus, the ability
to store large quantities of activatable TGF- in tissue matrix might be an adaptive mechanism

that would allow concentrated pools of this fibrogenic mediator to be rapidly mobilised when
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necessary. In the lung, different downstream mechanisms could subsequently operate to activate
the released latent TGF-B. These might include proteolysis, oxidant radical production and cell-
based mechanisms such as the plasmin/CD36/thrombospondin complex on macrophages

(Yehualaeshet et al., 1999) or the avP36 integrin on injured epithelial cells (Munger et al., 1999).

WT and NE” mice in these studies constitutively expressed latent TGF-B in the lung. Following
bleomycin treatment, TGF-8 mRINA expression was similar in both groups of animals. However,
unlike WT mice, bleomycin-injured NE”" animals were distinguished phenotypically by an
impaired pulmonary fibrotic response and defective activation of TGF-B. Latent TGF-B was
retained within the lung parenchyma and markedly reduced quantities of active TGF-p were
present in BAL fluid. Tissue-bound TGF-B was susceptible to proteolytic release by purified
neutrophil elastase when evaluated ex wivo. Liberation of this pool of TGF-B under
pathophysiological conditions would likely have increased the bioavailability of activatable TGF-B
at sites of matrix remodelling. Hence, neutrophil elastase-mediated generation of active TGF-

appears to be critically important to the fibrotic predisposition of the bleomycin damaged lung.

Taipale and colleagues found that greater than 95% of TGF-p released by plasmin from cultured
matrices is biologically latent (Taipale et al., 1995). However, the amount of active TGF-§
recovered following lung tissue incubation with plasmin in the current studies was much greater.
In the current studies, at least half of the TGF-f released by plasmin incubation was biologically
active. By comparison, a much smaller proportion of neutrophil elastase-released TGF- was in
the active state. However, the overall ability of neutrophil elastase to release tissue-bound TGF-§
from the lungs of NE”" mice was comparable to that of plasmin. In essence, most of the TGF-B
released by neutrophil elastase remained biologically latent and required activation before it could
be measured by the PAI-1 bioassay. Neutrophil elastase-dependent generation of activatable
TGF-f may therefore constitute an important mechanism to increase the abundance of TGF-f in

the injured lung.
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Potential mechanism of neutrophil elastase-mediated generation of active
TGF-B

The molecular basis by which neutrophil elastase can enzymatically release matrix-
associated latent TGF-P has been elucidated in vitro. The mechanism implicates cleavage of the
latent TGF-B binding protein (LTBP) at one or more proteinase-sensitive sites. Neutrophil
elastase-mediated digestion of LTBP in large latent TGF-B complexes produces biologically
inactive TGF-P that is resistant to further proteolysis but is susceptible to heat or acid-mediated
activation (Taipale et al., 1995). In terms of comparative proteolytic potency, neutrophil elastase

has been shown to be approximately ten-fold more efficient at digesting LTBP-1 than plasmin
(EDy, 5 nM compared to ED,, 50 nM respectively) (Taipale et al., 1995).

Four isoforms of LTBP (LTBP-1, -2, -3 and -4) have so far been cloned (Koli et al., 2001),
including several that are believed to act as local regulators of TGF-B deposition in the ECM.
LTBPs are structurally related to other members of the fibrillin family of ECM proteins that share
a central backbone of tandemly repeating epidermal growth factor (EGF)-like moieties (Saharinen
etal., 1999) (figure 7.1). These EGF-like repeats mediate protein-protein interactions and bind
cations, such as calcium, that help stabilise the entire LTBP molecule. Within this backbone, a
unique and highly conserved pattern of four ‘eight-cysteine’ (8-Cys) residues is interspersed.
Studies of human LTBP-1 have shown that cysteine residues in the third 8-Cys domain (near the
C-terminus) form disulfide bonds with LAP via the Cys-33 residue in the LAP molecule (Gleizes
et al., 1996; Saharinen and Keski-Oja, 2000, Chen et al., 2005). This interaction describes the
primary mechanism by which LTBP-1, -3 and -4 bind LAP-TGF-B to form large latent TGF-B
complexes (Koli et al., 2001). In addition, 8-cys domains and in particular, the first 8-cys repeat

located near the N-terminus, take part in targeting latent TGF- to the extracellular matrix.

TGF-B activation in cell co-culture systems can be prevented by the addition of exogenous
LTBP-1 free of TGF-, or of anti-LTBP-1 antibodies directed against either its N- or C-terminal
regions (Flaumenhaft et al., 1993; Nunes et al., 1997). The blocking of transglutaminase activity
also leads to the inhibition of TGF-B activation in cell culture models (Kojima et al., 1993). Thus,

in several in vitro models, deposition and crosslinking of large latent TGF-B complexes via LTBP
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Figure 7.1 Schematic representation of the large latent TGF- complex
comprising the mature TGF- homodimer, its latency-associated peptide (LAP)
and the latent TGF- binding protein (LTBP).
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plays a distinctive role in TGF- activation. These results suggest that active TGF- generation
may be preceded by the enzymatic/proteolytic release of matrix-associated latent TGF-B. TGF-

activation itself could then be accomplished at or near the cell surface by another proteolytic or

non-proteolytic mechanism.

The proposal that LTBP is a principal candidate for the proteolytic modulation of TGF-f activity
in the lungs is supported by several lines of evidence: (1) most cell-secreted TGF- is associated

with LTBP to form large latent TGF-B complexes (Koli et al., 2001), (2) LTBP forms part of the
connective tissue microfibrils in the pulmonary ECM (Saharinen et al., 1999), and (3) LTBP is

susceptible to proteolytic cleavage, in particular, by neutrophil elastase and plasmin (Taipale et al.,
1995). In vivo, decreased deposition of TGF-B in the ECM in mice lacking LTBP-4 has been
associated with an increased susceptibility to the development of spontaneous and severe
pulmonary emphysema (Sterner-Kock et al., 2002). Against this background, the current findings
confirm that neutrophil elastase can proteolytically liberate latent TGF-B from damaged lung
tissue. Susceptibility of LTBP to proteolysis was originally characterised in relation to plasmin
(Taipale et al., 1994). The ability of enzymes with divergent P1 residue specificities, including
neutrophil elastase and plasmin, to digest matrix-bound LTBP into different truncated forms
supports the view that LTBP contains more than one proteolytically-sensitive region (Taipale et
al.,, 1995). Elucidation of these sites has been facilitated by the use of proteinase-mediated
digestion of recombinant LTBP-1 and LTBP-2 to reveal the presence of a proteinase-sensitive
(‘hinge’) region adjacent to the matrix-binding N-terminus of the LTBP molecule (Taipale et al.,
1995; Hyytidinen et al., 1998) (figure 7.2). This specific region, spanning between 90 to 150
amino acids, is particularly rich in proline and other basic residues (Saharinen et al., 1999). In vitro,
it is cleaved proteolytically by at least plasmin, neutrophil elastase and mast cell chymase (Taipale
et al., 1995). In terms of potency, neutrophil elastase is reportedly ten times more efficient at
digesting LTBP-1 than plasmin (ED,, 5 nM compared to EDy, 50 nM respectively) (Taipale et al.,
1995).

Treatment of the large latent TGF-B complex with either plasmin or neutrophil elastase leaves a
120 - 140 kDa proteolysis-resistant core, possibly representing a small latent TGF- : truncated

LTBP molecule (Taipale et al., 1995). Three lines of evidence support the potential existence of
such a molecule. Firstly, other serine proteinases such as mast cell chymase and plasmin also

degrade LTBP to final reaction products between 85 - 120 kDa in size (Taipale et al., 1994).
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Figure 7.2 Schematic representation of the large latent TGF-3 complex
showing the hinge region and putative extracellular matrix-binding domains of
the latent TGF- binding protein (LTBP).
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Secondly, platelet-derived LTBP molecules (140 kDa) are strongly proteinase-resistant (Taipale et
al., 1994). Finally, studies using recombinant LTBP-2 have shown that processing by neutrophil
elastase in a dose-dependent manner consistently produces fragments of approximately 120 -
160-kDa in size (Hyytidinen et al., 1998). The first proteolytic cleavage is believed to release a 160
kDa LTBP-2 fragment from the matrix substratum, with the reaction occurring at a site proximal
to the first 8-Cys (‘hybrid’) domain of the LTBP-2 parent molecule. Subsequent processing by
neutrophil elastase generates the major proteinase-resistant 120-kDa fragment and less frequently,
a 30 kDa fragment. The last 30 kDa fragment possibly comprises the ‘hybrid’ domain, the third
EGF-like domain and the following 8-Cys repeat. In addition to these defined cleavage sites, a
further elastase processing site has also been found in a 15 kDa elastase-generated fragment of
LTBP-2 located between the ‘hybrid’ and third EGF-like domains (Hyytidinen et al., 1998).
Perhaps more importantly, concentrations of neutrophil elastase sufficient to digest LTBP-1 have
been quantified in the immediate pericellular vicinity of degranulating neutrophils (Taipale et al.,
1995).

Difficulties inherent to the study of proteolytically released matrix-bound TGF- relate to the
manner in which large latent TGF-B complexes are secured to the extracellular matrix. For
example, the interaction between LTBP-1 and the ECM is governed by strong Ca**-dependent
covalent bonds of the intermolecular € (y-glutamyl) lysine type (Nunes et al., 1997). These bonds,
formed by a tissue transglutaminase enzyme called type II tTgase, are able to resist in vitro
hydrolysis with sodium deoxycholate. Since its first description, the role of t Tgase in crosslinking
and stabilising LTBP-ECM interactions has been described in different organs in which the
mobilisation of tissue-bound TGF-B for repair is important (Raghunath et al., 1996). Indeed, cells
that overexpress t Tgase are able to accumulate LTBP-1 in the matrix more rapidly and avidly than
those with normal levels of the enzyme (Verderio et al., 1999). The affinity of TGF- for the
extracellular matrix may underpin a physiological mechanism that balances tissue availability of
TGF-B whilst avoiding complications associated with excessive TGF-f release. Although the
precise mechanism by which neutrophil elastase modulates TGF-B-matrix cross-linking is still
unknown, current evidence suggests that proteolysis of matrix-bound latent TGF- by this serine

proteinase leaves a remnant of the LTBP molecule behind in the ECM.
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Concluding remarks

The finding that mice lacking neutrophil elastase are protected from bleomycin-induced
pulmonary fibrosis forms the key observation in this thesis. Use of the bleomycin model enabled
the temporal pattern of inflammatory cell accumulation, evolution of lung injury and development
of a typical bleomycin-induced pulmonary fibrotic response to be delineated in wild type mice.
Similar indices were used to characterise a fibrosis-resistant phenotype in neutrophil elastase null
mice. Protection against bleomycin-induced pulmonary fibrosis in NE” mice correlated with: (1)
slower pulmonary (alveolar) neutrophil infiltration following bleomycin-induced injury, (2) earlier
restoration of alveolar barrier integrity to macromolecule leak, and (3) impaired generation of

active TGF-B, particularly at sites of lung extracellular matrix damage.

Neutrophil elastase appears to play a pathogenetic role in the development of bleomycin-induced
pulmonary fibrosis at several levels. During the acute or subacute phases of bleomycin-induced
lung injury, the capacity for neutrophils bearing neutrophil elastase to disseminate widely within
the lung is likely to increase the total lung damage burden in WT animals. Put another way, it is
conceivable that the early curtailment of tissue neutrophil infiltration in NE”"mice might blunt
the vulnerability of NE gene-deleted mice to bleomycin-induced pulmonary fibrosis. On top of
this, prolongation of alveolar leak in the presence of neutrophil elastase might also be expected to
heighten the pulmonary fibroproliferative potential of bleomycin-injured WT mice. One
fibrogenic denominator common to both these phenomena (neutrophil chemotaxis and alveolar

leak) is transforming growth factor-p.

TGF-B ranks highest within the biological hierarchy of fibrogenic mediators. Its pro-fibrotic
activities in the lung are potent and wide-ranging. Apart from the above postulated means of
enhancing pulmonary fibrotic potential, one additional mechanism proposes that neutrophil
elastase can specifically cleave matrix-anchored latent TGF-B to increase the availability of
activatable cytokine for ECM regeneration. The findings in this thesis provide an i vivo basis for a
previously described i7 vitro mechanism and implicate LTBP as the neutrophil elastase-sensitive
substrate (figure 7.3). The released latent TGF-B can then be activated by a number of
mechanisms that are either engaged on the surface of inflammatory or resident cells, or

incorporated within the extracellular matrix.
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Figure 7.3 Schematic overview: proposed mechanism of
neutrophil elastase-mediated TGF-} activation
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Comprehensive studies in cell culture systems have shown that the LTBP molecule possesses a
proteinase-degradable region. Cleavage of this region destabilises the large latent TGF-B complex,
and leads to the release of smaller latent complexes. Matrix-sequestered LTBP is thus the most
plausible proteolytic substrate for neutrophil elastase in the current model. By focusing neutrophil
elastase activity at discrete sites of repairing lung parenchyma, the activation of latent TGF-f and
its consequent effects on the formation of fibroproliferative lesions can be spatially enhanced.
Aberrant proteolysis exemplified by the degradation of specific matrix molecules is thought to be
a vital step in the progression of fibrotic lung injury. The findings contained in this thesis explain
how neutrophil elastase can potentiate the early events of bleomycin-induced lung injury as well as
subsequent pathologic ECM accumulation, providing a link between these two stages of
pulmonary fibrosis. It fulfills this role by proteolytically increasing the local abundance and with it,

activation of latent TGF-p.

Therapeutic implications

The finding that neutrophil elastase activity can enhance pulmonary TGF-f activation
raises the possibility of manipulating particular aspects of this biological phenomenon for
therapeutic gain. To date, scepticism in the clinical utility of neutrophil elastase inhibitors has been
related to the potential risks of inhibiting a key antimicrobial molecule and the uncertain efficacy
of administering an enzyme inhibitor after the initiation of tissue damage. While the potency of a
neutrophil elastase inhibitor is relatively easy to assess by measuring its enzyme inhibition
constant (K1), the pharmacodynamics and thus, safety of each individual compound require more

detailed scrutiny.s

Over the past two decades, efforts to augment the body’s elastase inhibitory capacity by positively
manipulating proteinase/antiproteinase defenses, particularly in disease, have been intensified.
One approach has involved the use of high molecular weight inhibitors such as a.1-antitrypsin,
secretory leukoproteinase inhibitor (SLPI), eglin C and elafin (reviewed in Edwards and Bernstein,
1994). Several of these inhibitors have been produced by recombinant technology, and
formulations have been developed for aerosolisation or intravenous administration. A second

approach has been the development of low molecular weight, non-peptidic neutrophil elastase
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inhibitors. This strategy offers several advantages over the first: improved oral absorption, less
proteolytic inactivation, greater enzyme selectivity and decreased risk of immunological

intolerance.

Pulmonary fibrosis is a poorly understood condition whose late clinical presentation is a key
limitation to any therapeutic intervention. However, novel biological targeting, including
neutrophil elastase inhibition may help suppress or ameliorate exacerbative episodes of fibrotic
lung injury where neutrophilia is pathologically prominent. A similar strategy may be feasible for
inhibiting the early fibroproliferation that occurs in the acute respiratory distress syndrome
(ARDS). Sivelestat, a synthetic neutrophil elastase inhibitor that combines two related
compounds, ONO-5046 and LY544349, has been assessed in a cohort of patients with the
systemic inflammatory response syndrome (SIRS) and ARDS. Although the use of sivelestat was
initially associated with decreased duration of mechanical ventilation and earlier discharge from
intensive care (Tamakuma et al., 1998), neither these observations nor any survival benefit were
apparent in a larger international study (Zeiher et al., 2004). This disappointing outcome is
unsurprising, given the intensity of lung damage in established ARDS and unpredictability of an
approach in a diffuse disease where regional ventilation / perfusion abnormalities may result in
increased drug delivery to less severely affected areas of lung and away from more damaged areas.
On the other hand, preliminary studies in patients with cystic fibrosis have shown that the
epithelial lining fluid anti-elastase inhibitory capacity can be increased following aerosolisation of
recombinant SLPI (secretory leukoproteinase inhibitor) (Vogelmeier et al., 1996). And while
conclusive benefit that 1-AT replacement therapy in individuals with a1-AT deficiency-related
emphysema is lacking, parenteral replacement does appear to augment anti-proteinase levels in
bronchoalveolar lavage fluid (Sandhaus, 2004). Thus, if a suitable neutrophil elastase inhibitor did
become available and the timing of therapy as well as drug dispersal (including genetic

approaches) can be optimised, the potential of such an intervention may yet be realised.

Future work

Many of the findings in this thesis, including the primary observation that neutrophil
elastase is required for bleomycin-induced pulmonary fibrosis to develop, have scope for further

study. To confirm that the fibrosis-prone phenotype in mice bearing the NE gene is robust and
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dependent on unopposed neutrophil elastase activity in the ECM, experiments aimed at restoring
the fibrotic phenotype to NE”" mice would be a suitable extension. One approach would involve
lethal bone marrow irradiation in these animals, followed by reconstitution with wild type
haematopoietic progenitor cells (including NE** precursors) and finally, instillation of
intratracheal bleomycin. Alternatively, targeted over-expression of active TGF-B could be
accomplished using a lung-specific delivery vector in NE” mice prior to bleomycin instillation. As
control, the vector could contain latent TGF-f. The same system could be further refined to
inducibly turn the TGF-B gene ‘on’ or ‘off’ in adult NE” mice and thus avoid manipulation of
TGF-B during crucial periods of lung development. This approach could also be modified to
evaluate the role of neutrophil elastase in influencing matrix repair in response to other fibrogenic
agents such as asbestos fibers or non-ionising thoracic irradiation. Both of these stimuli have been

linked to TGF-B-mediated pulmonary fibrosis.

Molecular co-operation may potentially exist between neutrophil elastase and the ovf36 integrin.
As both NE” and avBé” mice are available on the same genetic background (129/Sv),
crossbreeding to generate combined NE/avB6-null animals is theoretically feasible. These
animals could be used to determine whether the absence of both molecules affords greater
protection from TGF-B activation and hence, bleomycin-induced lung fibrosis than would be

expected from knocking out each gene individually. On the same principle, a similar approach
could be taken to assess the impact of combined neutrophil elastase-MMP-9 deficiency on

bleomycin-induced lung pathology.

Further characterisation of neutrophil elastase-mediated proteolysis of matrix-bound TGF-B
complexes in the lung would also be feasible. In particular, analysis of LTBP solubilisation
products in BAL fluid has hitherto not been reported. In the first instance, these could be assayed
by Western blot analysis combined with an examination of the abundance of LTBP in lung tissue
of bleomycin-injured mice. Such changes could also be correlated to neutrophil elastase activity
within the lung matrix by the use specific fluorogenic substrates. Data from such studies would
help to conceptualise the spatial relationship between neutrophil elastase release, LTBP cleavage
and active TGF-P generation at the tissue level. The possibility of compensatory MMP elastolytic
activity in the absence of neutrophil elastase (in NE”" lungs) is as yet unresolved and could be
evaluated using comparative kappa-elastin zymograms in time course experiments using BAL

fluid as the starting material.
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APPENDIX 1 RESPONSE OF ALPHA-1-ANTITRYPSIN OVEREXPRESSING
MICE TO BLEOMYCIN-INDUCED PULMONARY FIBROSIS

Generation of alpha-1-antitrypsin overexpressing mice

Transgenic mice overexpressing human alpha-1-antitrypsin (1-AT) were generated by
Dr. Sue Povey and colleagues at University College London (Kelsey et al., 1987). Mice in these
studies were obtained from a colony maintained by Dr. David Flavell at UCL. In brief, a cDNA
clone encoding human a1-AT PiM gene was isolated from a human liver cDNA library witha
synthetic oligonucleotide using optimised screening conditions. The restriction map of the most
intensely hybridising recombinant, o 1-ATc1, was established by partial digestion and confirmed
to contain the entire a1-AT gene. Following gel-purification, the human insert DNA was
microinjected into the pronuclear eggs collected from (C57BL/6 x CBA)F, mice and transferred
to pseudo-pregnant foster mothers. Forty-nine mice were born following microinjection. Two
separate lines (AT16 and AT39) were established from founders that contained 10-20 copies of
the a1-AT gene. Extensive preliminary studies have shown that these transgenic mice stably
express the human a1-AT gene and that the gene product is processed and secreted by

hepatocytes into serum (Kelsey et al., 1986). Mice used in the present study were derived from
the AT39 founder line and had been backcrossed onto the C57BL/6 background for four

generations. Circulating levels of human a1-AT in these mice are 32 mg/ml (Ali et al., 1994).

Results

Thirty days following the intratracheal instillation of 0.05 U bleomycin, lungs of wild
type mice showed evidence of diffuse fibroproliferative changes. At low power, the alveolar

architecture appeared grossly abnormal with widespread inflammation, focal areas of interstitial
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thickening and increased deposition of loose and dense fibrous matrix (top panel, figure A.1).
The fibrillar pattern of blue-staining collagen strands was better appreciated at higher power
(inset). In contrast, lungs of al-AT overexpressing mice had small and isolated areas of
inflammation and a milder degree of altered matrix deposition (lower panel, figure A.1). In these

animals, the overall parenchymal architecture appeared well preserved.

The measurement of hydroxyproline concentration was used to assess changes in lung collagen
content following bleomycin instillation. The administration of 0.05 U bleomycin induced a 1.5-
fold increase in total lung collagen in wild type mice compared to a1-AT overexpressing animals
at 30 days (3.57 + 0.51vs. 2.4 + 0.26 mg, P < 0.05) (figure A.2). In fact, bleomycin instillation
did not have an effect on collagen in the a1-AT overexpressor group when compared to its own

saline-treated controls.
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Figure A.1. Lungs of bleomycin-treated a1-AT overexpressing mice share
morphologic similarities to bleomycin-treated NE-- mice.

Lungs were harvested from alpha-1-antitrypsin (a1-AT**) overexpressing mice
(C57BL/6 x CBA progeny backcrossed on to C57BL/6 for at least four
generations) 30 days following intratracheal instillation of 0.05 U bleomycin.
Extensive fibroproliferative changes were present in the lungs of wild type
animals generated on the same genetic background (top panel) in contrast to
the minor and isolated changes in lungs from a.1-AT** mice (Bar, 100 um).

Masson'’s trichrome stain
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Figure A.2. Bleomycin-induced changes in lung collagen content in
transgenic mice that overexpress human a1-AT.

Total lung collagen was determined by the measurement of hydroxyproline
content 30 days following the instillation of either saline or 0.05 unit bleomycin
in wild type and a1-AT overexressing mice. Values are expressed as mean

total lung collagen + SEM (four to six animals per group). * P < 0.05
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