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ABSTRACT

ldiopaihic pulmonary fib.ro.sis is a chronic inflammatory disease of the
lung characterized by pathologic alterations with fibroblast proliferation and
disordered deposition of extracellular matrix reSuIting in impairment of ;]as
exchange often leading to respiratory failure. In the pulmonary interstitium, the
fibroblast and the extracellular métrix products they produce, play a pivotal role
in maintaining the structural and functional integrity of the lung.

In the study of lung fibrosis and other fibrasing diseases much attention
has been directed at events which alter fibroblast activities. In this construct
however, thle iung fibroblast is viewed merely as a homogeneous target cell
altering its behaviour as a result of immune and inflammatory events.
Importantly, it has become apparent over the years that (1) fibroblasts are
themselves effector cells capable of releasing a variety of growth factors and
mediators and (2} that fibroblasts comprise a heterogeneous population, both
within and between tissues. Therefore, an alternative, but not a mutually
exclusive hypothesis considers the heterogeneous nature of the fibroblast
population and the potential contribution of various subpopulations to diseas=

expression.

Our first report that fibroblasts derived from chronically activated and



L

inflamed human ‘lung tissue behaved differently than normal fibroblasts

-

suggested that fibroblast populations present in fibrotic lung tissue exhibited

accelerated growth rates. In order to further examine the growth

established in which we examined the ability of lung fibroblast primary lines to
form - colonies under anchorage-independent growth conditions, possibly

eqguating to aggressive or "transformed” behaviour. Fibroblasts derived from

\.L}l

- characteristics of fibrotic lung fibroblasts, a soft agarose culture, system was

the lungs of patients with idiopathic pulmonary fibrosis exhibited anchorage-

independent growth in soft agarose culture whereas fibroblast lines derived
from normal adult tissue did not. These colonies were fibroblast-like according
to morphology and immuhohistochemical stain characteristics, and the ability
to grow under semi-solid growth conditions was maintained by the fibrotic
derived cells even after selection and expansion of single colonies.
Interestingly, fibroblaét cell lines derived from neonatal iung tissue also
exhibited the ability to grow as colonies under soft agarose growth conditions
suggesting newly differentiated fibroblast populations may be prevalqgt in
fibrotic lung tissue.

The effect of various growth and differentiating factors on the

- modulation of the anchorage-independent colony formation phenotype was

examined in vitro. Treatment with various growth factors, including PDGF,

FGF, EGF, TGFB and corticosteroid were able to modify the colony forming

iv



)

abilities of fibrotic and neonatal fibroblast lines. Importantly, none of the above

treatments was able to induce fibroblasts derived from normal aduit lung tissue

B
N

to fdrm colonies. The ability of IFF fibroblast lines and neonatal lung fibroblast
lines to form colonies under soft agarose growth conditions was inhibited by
treatment with retinoids, known differentiating agents, implying the
modulation/differentiation of a particular fibroblast pher.otype toward a more
mature phenotype; one incapable of anchorage-independent growth.

Since the ability to form colonies under soft agarose growth conditions
by fibrotic fibroblasts appeared to be a stable and disease specific phenotype
and since in_vitro we were able to successfully modulate this behaviour with
retinoids, we examined the effect of qrally administered retinoic acid on the
modulation of the fibrotic lung respense in a rat model of bleomycin induced

pulmonary fibrosis. In this study, we report that the in vivo administration of

all-trans retinoic acid significantly decreased the number of fibrotic lesions and
dramatically altered the pattern of collagen deposition in the bleomycin treated
lung.

These studies have confirmed and extended our earlier hypothesis
concerning the contribution of fibroblast heterogeneity to the pathogenesis of
pulmonary fibrosis and suggests avenues of intervgntion that may lead to

alteration of the fibrotic tissue and return to normal lung function.
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PREFACE

This dissertation consists of five chapters. The introd uct[g_h to the thesis
is Chapter one and reviews basic concepts and pertinent baéi;ground to the
thesis. It alsc encompasses the objectives of the study. Chapters 2 - 4,
represent the core part of the thesis and comprise 1 individual published
scientific paper, 1 manuscript accepted for publication and 1 manuscript

submitted. Chapter 5 represents a summary chapter of the major findings and

their relevance.

vii



%

TABLE OF CONTENTS

ﬂ Fage

Abstract ifi

Acknowledgements vi

Preface ) vi

Table of Contents viii

List of Abbreviations Xi

CHAPTER One

INTRODUCTION

1.1. The lung Fibroblast 2

1.2. Pulmonary Fibrosis 2

1.3 Collagen and Pulmonary Fibrosis 4

1.4. Mechanisms of Lung Fibrosis 6

1.4.1. The Fibroblast as a Target Cell 6

1.4.2. Fibrogenic Cytokines 6

1.4.2.1. Interieukin 1 6

1.4.2.2. Tumor Necrosis Factor 7

1.4.3. Growth Factors 8

1.4.3.1. Transforming Growth Factor-8 8

viii

A



1.4.3.2. Platelet-derived Growth Factor
1.4.3.3. Fibroblast Growth Factor
1.4.3.4. Insulin-like Growth Factor
1.4.4. Extracellular Matrix Components
1.5. The Fibroblast and lung Fibrosis
1.6. The Fibroblast as an Effector Cell
1.7. Fibroblast Heterogeneity
1.7.1. Proliferation
1.7.2. Morphology
1.7.3. Responses to Cellulér Mediators
1.7.4. Cell ébrfgg_@ Receptor/ Protein Expression
1.7.5. Collagen Synthesis h

1.8. Research Proposal

CHAPTER two
Anchorage-independent colony growth of pulmonary fibroblasts

derived from fibrotic human lung tissue

10
11
11
12
14
15
15
20
23
26
29

31

36



o

CHAPTER three 45

Modulation of the ahchorage-independent phenotype of human lung
fibroblasts obtained from fibrotic tissue following culture with

retinoid and corticosteroid.

CHAPTER four 80
The in-vivo administration of all-trans retinoic acid modulates the fibrotic -

outcome in a rat model of bleomycin induced pulmonary fibrosis.

CHAPTER five 113
SUMMARY
References 123



13-cis
AcA
Al
AtRA
DEX
ECM
EM
FACS
FGF
GAG
GM-CSF
IGF

IL-1

. IPF

LMP

LPS

PBM

PDGF

LIST OF ABBREVIATIONS

13-cis retinoic acid

acetic acid alcohol
anchorage-independent growth
all-trans retinoic acid
dexamethasone

extracellular matrix

electron microscopy

fluorescence-activated cell sorting

" fibroblast growth factor

glycosaminoglycan

granulocyte-macrophage colony stimulating factor
insulin-like growth factor

interleukin 1

idiopathic pulmanary fibrosis

low-melting point

lipopolysaccharide

peripheral blood monocyte

platelet derived growth factor

Xi



off

PGE,
R-al
R-ol
TGF
Thy 1

TNF

prostaglandin E, series
retinal

retinol

transforming growth factor
thymocyte 1

tumor necrosis factor

xii



Chapter One

INTRODUCTION



1.1. THE LUNG FIBROBLAST |

The lung fibroblast is a differentiated mesenchymal cell accounting for
approximately 40% of the calls in the pulmonary interstitium (Rennard et al.,
1982). Specific details as to the derivation of the mature fibroblast still remain
to be determined. As such, fibroblasts are generally characterized by their
location in connective tissues, their spindle shaped morphology, presence of
cytoplasmic actin and vimentin filaments, and by their ability to synthesize the
major extracellular matrix {(ECM) proteins such as collagen 1 and 1ll in the lung,
fibronectin, and proteoglycan which determine the structure and influence the
function of the lung (Clark et al., 1983; Raghu et al., 1991}). The lung
fibroblast not only influences the structure of the pulmonary parenchyma by its
abundance but also influences the functioning of the lung by its contractile
properties which help regulate air/blood flow (Kapanci et al., 1974). The lung
fibroblast also plays a role in lung defense mechanisms owing to its phagocytic

abilities (Raghu et al., 1991}.

1.2. PULMONARY FIBROSIS
Pulmonary fibrosis is a devastating disease of the lung parenchyma
characterized by fibroblast hyperplasia and the abnormal accumulation of

extracellular matrix proteins in the interstitial and intra-alveolar compartments

2



of the lung (Karlinsky et al., 1982; Madri et al., 1980). Fibrosis of the lung
may occur as a lfesult of exposure of the lung to a variety of agents including
(1) inhaled dusts such as asbestos and silica, (2) inhaled gases such as mustard
gas, .‘_\\(3) therapeutic agents such as radiation therapy and systemically
adminisfered drugs such as bleomycin, (4) infectious agents and (5)
autoimmune diseases such as rheumatoid arthritis and scleroderma (Weissler,
19889). However, approximately 2/3 of the cases diagnosed are of unknown
etiology and are termed idiopathic pulmonary fibrosis {IPF}{Crystal et al., 1976).

Idiopathic pulmonary fibrosis is a chronic fibrotic disorder of the lung
believed to be initiated by inflammatory reactions in the alveolar wa!l which
proceed to chronicity by mechanisms not yet understood (Crystal et al., 1984).
The resultant derangement of the lung architecture due to quantitative and
qualitative alterations of the major extracellular matrix proteins eventually leads
to decreased lung volumes and compliance with impairment of gas exchange
(Basset et al., 1990; Katzenstein et al., 1985; Karlinsky et al., 1982; Madri et
al., 1980). As such, pulmonary fibrosis is associated with a high mortality rate
(a S year survival rate of approximately 50%)(Raghu, G. 1987).

As stated previously, the ECM is essential for providing both structural
and functional integrity to the lung. The ECM constitutes approximately 25%
of the dry weight of the lung and is composed of collagenous (60-70%) and

non-collagenous proteins including elastin (25-30%), glycosaminoglycans (<



a5

4

1%) and other glycoproteins such as fibronectin and laminin (Clark et al.,
~1983). In the pulmonary interstitium, the fibroblast is the main cell responsitile
for the organization of the connective tissue matrix (Fulmer et al., 1980;
Bradley et al., 1980, Raghu et al., 1991). In the healthy lung, fibroblasts
continuously remodel the lung matrix through a careful balance of protein
synthesis and production of matrix degradative enzymes. Thus, when
connective tissue sustains damage, the fibroblast is called upon to repair the
damage and to restore the proper.connective tissue profile unique to the lung.
Lung fibrosis therefore, represents a loss of homeostasis which resuits in the

excessive production of ECM elements by the tissue fibroblast.

1.3. COLLAGEN AND PULMONARY FIBROSIS

Collagen comprises approximately 60-70% of the total connective tissue
of the adult human lung (Clark et al., 1983). The metabolism of collagen is a
complex process involving a number of intracellular and extracellular steps. A
procollagen molecule is formed intracellularly from the assembly of 3 alpha
chains in a right handed helical arrangement and is then secreted by the cell
(Crystal, 1975; Hance et al., 1976). Once outside the cell, the procollagen
molecule is processed to the tropocollagen molecule {the fundamental unit of
collagen) and owing to its ability to polymerize with other tropocollagen

molecules forms the final coliagen fibril {Crystal, 1975; Hance et al., 1976).
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There are 25 known alpha chains in the human body; the various combinations
of these composing the different types of collagen (van-der-Rest et al., 1991;
Crystal, 1975; Hance et al., 1976}. To date, there exist 14 genetically distinct
collagens (Bienkowski et al., 1995}, of which 12 have been identified in the
lung (Adams, 1989}). In the lung, type | collagen is the most abundant of the
collagen types and is composed of two identical a1(l) chains and one a2(l)
chain (Clark et al., 1983}). Type | collagen accounts for approximately 65% of
lung collagen content. Type [ll collagen is composed of 3 a1{lil) chains and
accounts for approximately 30% of lung interstitial collagen.

Pulmonary fibrosis is associated with an increase in the ratio of type | to
type lll collagen, with a predominance of type lll collagen earlier in the disorder
{Kirk et al., 1984} and type | coliagen later in the disease course {Crystai et al.,
1978). Of central importance to collagen deposition is the fact that in the lung,
fibroblasts are the major cell type responsible for its synthesis. Not only do
fibroblasts secrete collagen but in addition fibroblasts secrete degradative
proteases responsible for collagen breakdown; as well as tissue inhibitors of
metalloproteinase. The actual amount of collagen laid down therefore is the

result of the balance between these activities (Raghu et al., 1991).



1.4. MECHANISMS OF LUNG FIBROSIS
1.4.1. The Fibroblast as a Target Cell

Previous studies focusing on the role of the fibroblast in idiopathic
pulmonary fibrosis, largely focused on the notion of the fibroblast as a
responder cell the behaviour of which could be regulated directly by solublé
mediators released from a variety of cell types present in the inflamed tissue.
Clearly, a number of cytokines and growth factors have been identified which
mediate powerful effects on the function of fibrablasts by directly affecting the
proliferation of fibroblasts and/or the synthesis/degradation of connective tissue
elements. These mediators are for the most part synthesized and secreted by
monocytes and activated macrophages, however other cell types including
lymphocytes, mast cells, endothelial cells, and fibroblasts themselves can also

produce these mediators.

1.4.2. Fibrogenic Cytokines
1.4.2.1. Interleukin-1

Interleukin-1 {IL-1) is a multifunctional cytokine with a variey of functions
influencing inflam%atory and immune processes (Dinarello et al., 1989}. IL-1
protein exists in two forms, IL-1 a and 8, which exhibit limited homology, but
do express similar biological effects owing to their ability to bind to the same

cell surface receptor (Sims et al., 1988). IL-1 is mitogenic for some fibroblast

A
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cell lines (Schmidt et al., 1982; Thornton et al., 1990} and thus may contribute
to fibrosis by stimulating fibroblast proliferation directly (Postiethwaite et al.,
1988) or indirectly through PDGF induction {Raines et al., 1989). Moreover,
depending on the cell line, IL-1 can either stimulate the praduction or promote
the degradation of collagen {Matsushima et al., 1985; Postlethwaite et al.,
1983; .Goldring et al.,, 1987). IL-1 induces the production of fibronectin by
fibroblasts (Krane et al., 1985). _, It also induces the production of matrix

metalloproteinases (Postlet'hwaite et al., 1988).

1.4.2.2. Tumor Necrosis Factor a (TNFa)

TNF is a pleiotropic cytokine initially recognized for its capacity to induce
necrosis of certain tumors {Carswell et al., 1975; Le et al., 1987; Beutler et al.,
1988). TNFa is a proinflammatory cytokine, generally acting synergistically
with IL-18 to orchestrate a wide variety of biological responses {Ulich, 1993).
At low concentrations, TNFa is in itself mitogenic for fibroblasts, enhancing the
proliferation of c'ertain fibroblast lines, but at higher concentrations inhibiting
fibroblast growth (Sugarman et al., 1985; Vilcek et al., 1986). However, the
induction by TNFa of IL-1 in monocytes and endothelial cells may contribute to
the fibrobiast hyperplasia chaljacteristic of fibrotic lung disease (Bachwich etal.,
1986; Nawroth et al.,, 1986). In vitro, TNFa has been shown capable of

maodulating the production of extracellular matrix components, inhibiting
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collagen secretion, increasing fibronectin synthesis, and stimulating increases
in collagenase and glycosaminogliycan production {Dayer et al., 1985; Mauviel
et al., 1988; Duncan et al., 1989; Elias et al., 1988). In vivo, TNFa has been
demonstrated to be strongly fibrogenic. For example, Pig_uet etal., 1990 in a
mouse modei of bleomycin induced fibrosis demonstrated increased TNF mRNA
levels and the protection from the development of bleomycin induced fibrosis

by pre-treatment with anti-TNF antibody.

1.4.3. Growth Factors
1.4.3.1. Transforming Growth Factor-8 (TGFg8)

The transforming growth factors (TGFS) were initially identified by their
ability to induce the transformed phenotype of anchorage-independent growth
in non-neoplastic rat fibroblasts {Delarco et al., 1978). There are five known
subtypes of TGFBs, but only three are known to be present in mammalian
tissue (Kelley, 1992). Of these, TGFA1 is the most prominent. TGFSs mediate
numerous biological activities including a wide variety of responses that may
potentially play a role in fibrosis. TGF# can enhance the proliferation of certain
fibroblast lines (Thornton et al., 1990) and is mitogenic for immature fibroblasts
(Hill et al., 1986). TGFg is chemotactic for fibroblasts, moreover, it is also
chemotactic for monocytes and macrophages and can induce the synthesis of

fibrogenic cytokines, including TGF# itself in these cells (Wahl et al., 1987;
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McCartney-Francis et al.,1990; Postlethwéite etal., 1987). TGFA can directly "‘
quulate fibroblast ECM gene expression. For example, TGF8 stimulates an
increase in the rate of collagen, fibronectin, proteoglycan, and tissue inhibitor
4‘of metalloproteinase (TIMP) synthesis and secretion {(Roberts et al., 1986;
Edwards et al., 1987; Varga et al., 1987; Overall et al., 1989) while inhibiting
collagenase and stromelysin gene expression {(Matrisian, 1994) and the
synthesis of various proteases (Roberts et al., 1986; Ignotz et al., 1986,
1987).
in response to TGFg, fibroblast cell lines derived from patients with IPF
upregulate procollagen gene expression and decrease rates of newly
synthesized procollagendegradation (Raghu et al., 1989; Harrisonetal., 19291).
in vivo, TGF# has been iocated in the peripheral lung tissue of patients with IPF
(Broekelmann et al., 1991; Khalil et al., 1991} and increases of TGFS mRNA
and protein have been demonstrated in the lung of bleomycin treated rats prior

to enhanced collagen synthesis {Hoyt et al., 1988; Khalil et al., 1989}.

1.4.3.2. Platelet-derived Growth Factor (PDGF)
-. PDGF, originally isolated from platelets (Ross et al., 1974), is a 29-33
kDa dimeric glycoprotein composed of two polypeptide chains linked by
mulitiple disulfide bridges (Deuel et al., 1984}. The two polypeptide chains, a

and B, are not active as monomers, however the intact dimeric forms ie a8, aa,
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or B all exhibit biologic activity (Kelley et al., 1990). PDGF has a multitude of

activities. As a growth factor, PDGF is a potent mitogen for fibroblasts (Heldin
et al., 1988; Clark et al., 1993}. It has also been shown to be chemotactic for

fibroblasts (Seppa et al., 1982) and for smooth muscle cells which also

acciimulate in the pulmonary interstitium during the course of IPF (Grotendorst

et al., 1982). As a fibrogenic cytokine, PDGF has been reported to enhance
the rate of collagen secretion (Thornton et al., 1990) and to stimulate
fibroblasts to release collagenase (Bauer et al., 1985). In vivo, there is
increasing evidence for the association of PDGF with IPF. For example, alveolar
macrophages isolated from IPF patients exhibit increased PDGF transcription
rates (Nagaoka et al., 1990), increased amounts of PDGF mRNA {Shaw et ai.,
1991) and the spontaneous release of PDGF protein (Martinet et al., 1987).
Anti-PDGF antibody staining has been demonstrated in interstitial macrophages

present in fibrotic lung biopsy specimens {Vignaud et al., 1991)

1.4.3.3. Fibroblast Growth Factors {FGFs)

The fibroblast growth factors are structuraily related polypeptides that
have been divided into acidic and basic FGFs based on their differing affinities
for heparin (Lobb et al., 1986; Kelley, 1990). Acidic and basic FGFs are
encoded by different genes but share 55% homology, and are similar in their

biologic effects. Both types are mitogenic for mesenchymal cells, induce
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collagen and fibronectin synthesis, and induce proteoglycan synthesis (Sprugel

et al., 1987; D’Amore, 1990)

1.4.2.4. Insulin-like Growth Factors (IGFs)

The insulin-fike growth factors (IGFs) are a family of smalil peptides
having molecular weights of approximately 7.6 kDa (Stiles et al., 1993). IGFs
were initially recognized for their ability to act as mitogens for a variety of cell
types (Stiles et al., 1993). IGFs potentially play & role in inflammation and
fibrosis through their ability to stimulate proliferation, chemotaxis and collagen
production by lung fibroblasts (Goldstein et al., 1989). There is also increasing
evidence implicating IGFs in the pathogenesis of fibrotic lung disease. Alveolar
macrophages have been isolated from patients with IPF and have been
demonstrated to secrete increased amounts of IGF-1 (Rom et al., 1988).
Increased amounts of IGF-1 have also been detected in the bronchoalveolar

lavage fluid from patients with systemic sclerosis (Harrison et al., 1994).

1.4.4. Extracellular Matrix Components
Not only is the extracellular matrix (ECM) an important structural support
for cellular constituents, but several components of the extracellular matrix
have been shown capable of modulating inflammatory and immune cell

function. The degradation products of elastin and fibronectin such as would
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occur at sites of tissue injury have been documented to be chemotactic for
fibroblasts (Senior et al., 1982; Postlethwaite et al., 1981}, Moreover,
components of the fibronectin molecule are able to stimulate the proliferation
of resting fibroblasts {Bitterman et al., 1983}. In vivo, macrophages derived
from patients with pulmonary fibrosis spontaneously release more fibronectin
than those derived from healthy lungs (Rennard et al., 1981). Fibronectin
production has also been shown to be increased in cells from patients with
interstitial lung disease (Silver et al., 1990). The ECM may also serve as a
sourcelancho; for signals capable of modulating fibroblast growth. For
example, heparin and proteoglycans are known to bind many growth factors
and cytokines (ie FGF, TGFS and TNFa){Roche, 1985; Nathan and Sporn,
1991). The importance of this function of the ECM may be to concentrate or

store mediators at specific sites o~ to prevent their degradation (Schubert,

1992).

1.5. THE FIBROBLAST AND LUNG FIBROSIS

Several lines of evidence suggest that fibroblasts may play a key role in
the development of lung fibrosis. First, their numbers are shown to increase
in areas of active fibrosis (Kuhn et al., 1983) which Qltimately represents a
potential increase in the number of celis producing extraceliular matrix proteins.

Secondly, the lung fibroblast is the predominant cellular source of collagen |
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which is increased in patients with IPF (Hance et al., 1976; Crystal et al.,
1978). Third, fibroblasts examined from IPF lung biopsy specimens reveal an
increase in the proportion of activated fibroblasts. This in contrast to
fibroblasts present in normal lungs which are essentially in a quiescent state
(Kuhn et al., 1989) Thus, an increase in the number of fibroblasts actively
synthesizing collagen could account for alterations in the lung matrix. Fourth,
although alt~rations in the behaviour of inflammatory/immune cells present in
IPF have been well documented, cells such as the alveolar macrophage and
neutrophil are somewhat short-lived and thus may not alone account for the
chronicity present. Moreover, treatment of IPF patients with drugs believed to
alter the activity of effector immune cells has not proven to be of great benefit
in the treatment of pulmonary fibrosis. Fifth, fibroblast mitogens are released
spontaneously by alveolar macrophages isolated from patients with fibrosing
alveolitis (Bitterman et al., 1982). Sixth, in lung biopsy specimens from IPF
patients, decreased collagen degradation has been observed which could
- eventually resuit in increased lung collagen content (Selman et al., 1986). A
reduction in the degradation of newly synthesized collagen has also been
reported in rabbits treated with bleomycin (Laurent et al., 1983) and finally,
fibrobiast cell lines derived from fibrotic lung tissue have been found to rapidly
proliferate in culture (Jordana et al., 1988) leading these iatter authors to

propose that the fibroblast hyperplasia characteristic of fibrosis may result fram
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conditions present during the process of inflammation and fibrosis which select

for rapidly replicating clones of fibrobilasts.

1.6. THE FIBROBLAST AS AN EFFECTOR CELL

As stated previously, fibroblasts as responder cells are the key producers
of matrix proteins and their function can be modulated by the release of
mediators from macrophages, neutrophils and lymphncytes. However, it has
become increasingly evident that fibroblasts are effector cells in their own right.
For example, fibroblasts are able to produce a wide variefy of cytokines such
as IL-1, IL-6, and IL-8 (Elias et al., 1989,1990; Rolfe et al., 1991; Strieter et
al., 1989a,1989b; Scott et al., 1990; Vancheri et al., 1989) and eicosanoids
(Elias et al., 1987b) which can influence the inflamed state. Fibroblasts are
capable of producing mitogenic cytokines and can synthesize their own
progression factors in response to PDGF {Clemmons et al., 1985; Fabisiak et
al., 1992). Moreover, through their production of extracellular fnatrix proteins,
fibroblasts are able to modulate the function of inflammatory cell populations
that infiltrate the lung during disease progression. Finally, to add to the
complexity of the role of the fibroblast in fibrosis, a large volume of evidence
has now accumulated documenting the existence of heterogeneity among

fibroblast populations.
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1.7. FIBROBLAST HETEROGENEITY

Until recently, it was assumed that fibroolasts represented a
homogeneous population of cellé which functioned merely as target cells, the
behaviour of which could be modified upon direct stimulation by mediators
secreted by other cell types. While fibroblasts as a group do share common
characteristics such as structure, anatomical location, and extracellular matrix
productidn, a number of studies have documented significant differences in the

phenotype and function of fibroblasts.

1.7.1. Proliferation

it has been suggested that in the normal lung, only a small proportion of
fibroblasts are actually proliferating at any one time (Jordana et al., 19982).
Although the mere presence of proliferating/non-proliferating cells in the lung
could be viewed as a measure of heterogeneity, studies on the growth
potentials of cultures of fibroblasts reveals that when fibroblasts divide, they
produce clones with a wide variety of doubling potentials, including clones
which divide very little and are referred to as the terminally differentiated pool
(Martin et al., 1974). Moreover, continuous cloning of these populations
results in a shift in the distribution of rapidly proliferating cells towards those
with slower growth rates. The observation by Hayflick and Moorhead (1961)

that clones of fetal lung fibroblasts exhibit a limited proliferative capacity i.e.
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only 5% of cells are stili capable of cell division 50 passages later, led to the
hypothesis that a decrease in growth potentials of fibroblast cultures was a
consequence of terminal differentiation (Smith et al., 1974). It was
hypothesized by two groups (Kirkwood et al., 1975; Jones et al., 1982) that
there exists in culture a limited number of stem-like cells and that everytime a
cell undergoes division, its chances of becoming a committed cell with a limited
growth potential increases. Thus, true fibroblast growth heterogeneity is more
likely reflective of differences in the proportions of cycling/non-cycling cells in
the tissue at any one time.

Variations in the proliferative rates of fibroblasts isolated from different
tissues has been observed by a number of investigators. In the early 1960s,
comparisons of fibroblasts obtained from the skin, lung, synovial tissue, and
peritoneum revealed differences in proliferative potential and
mucopolysaccharide synthesis (Castor et al., 1962). In the 1970s, Schneider
et al. (1977) compared fetal fibroblasts derived from lung and skin tissues and
observed that lung fibroblasts displayed faster growth rates, lengthened in vitro
life spans, higher cell numbers at confluency, and differences in celiular
morphology.

A large body of evidence has also accumulated demonstrating the
existence of growth heterogeneity within the fibroblast population of a specific

tissue. Differences in cell proliferative rates have been documented by Harper
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et al. {1979) who examined normal adult fibroblasts isolated from the papillary
layer and the reticular layer of the dermis and observed that papiilary fibroblasts
exhibited greater proliferative rates. Azzarone et al. (1982) extended these
studies and observed that fibroblasts derived from tﬁe papillary regions of the
skin exhibited a greater proliferative potential, saturation density, and in vitro
lifespan as compared to fibroblasts isolated from the reticular region.
Differences in cell growth rates have also been documented in fibroblast
cultures derived from gingival tissue. Moreover, these differences appeared to
be stable since the observed heterogeneity persisted throughout nurmerous in
vitro cell replications (Hassell et al., 1983).

Studies examining the growth rates of fibroblasts derived frora fibrotic
tissue have demonstrated differences in the proliferative rates of fibroblasts
derived from fibrotic as compared to normal tissue. Rodemann et al. (1990)
isolated fibroblasts from kidneys affected with interstitial fibrosis and observed
that these fibroblasts exhibited abnormal hyperproliferative growth
characteristics as compared to fibroblasts obtained from normal tissues. In
addition, these data illustrated for the first time increased fibroblast numbers
in fibrotic kidneys. '

Chen et al. {1992) isolated mesenchymal cells from patients dying with

acute lung injury and observed that these cells displayed enhanced proliferative

rates as compared to control cells when analyzed in serum-free defined medium
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containing no exogenous peptide groﬁh factors. Moreover, this proliferative
phenotype was observed to be stable for at least 5 passages in vitro.

In studies documented by Jordana et al. {1988) it was observed that
fibroblast cell lines and clones of fibroblast lines derived frdm fibrotic lung
tissue exhibited greater mean proliferative rates than fibroblasts derived from
normal lung tissue. Raghu et al. (1988) also studied the behaviour of
fibroblasts obtained from normal and fibrotic lung and observed that fibroblasts
derived from early fibrosis proliferated quicker than fibroblasts obtained from
normal lung. Moreover, these authors also demonstrated differences in the
proliferative potential of fibroblasts derived from early versus late fibrosis, such
that fibroblasts obtained from early disease displayed a greater proliferative
potential than fibroblasts from late fibrosis. These resuits substantiate those
of Absher et ai. (1984) who demonstrated in a rat model of bleomycin induced
pulmonary fibrosis that lung fibroblasts derived from end stage fibrotic tissue
displayed decreased growth ratéé énd a decreased cell yield as compared to
normals. Thus, from these data, we suggest that a "growth aggressive"
fibroblast subpopulation preexists in the fibrotic lung and that it is somehow
selected and expanded during the pathogenesis of fibrosis or evolves as a result
of a differentiating event(s), thus altering the overall behaviour of the lung.

Interestingly, Jordana et al. (1988) has observed that primary lines of

neonatal lung fibroblasts exhibited faster proliferative rates when compared to
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adult lung fibroblasts. Although this observation is not entirely unexpected
owing to the previous discussion of growth potentials in mass cultures, it is
interesting in that it predicts the emergence of newly differentiated cells (such
as would be mobilized during normal injury and repair processes} early in
disease progression exhibiting greater proliferative potentials. In addition, as
the disease progresses to a more advanced stage, changes would eventually
occur within the lung parenchyma as the pool of ‘younger’ fibroblasts shift to
a more differentiated / less proliferative state, as would be suggested by the
studies of Raghu et al. (1988) and Absher et al. (1988).

The notion that disease development might be related to the persistent
expression of a fetal or newly differentiated fibroblast phenotype or due to the
emergence of a newly differentiated stem-like cell has also been hypothesized
in neoplastic disease (Schor et al., 1987) and in atherasclerosis (Schwartz et
al., 1985). Indeed, fetal fibroblasts and aduit fibroblasts do differ from each
other in a number of ways. These include differences in morphology
(Makswvytis 'let al, 1984); ability to grow under conditions of anchorage-
independent growth (Nakano et al., 1981); differences in expression of specific
growth factors such as IGFs and PDGF (Clemmons et al., 1983; Daughaday et
al., 1989); differences in response to various mediators {Hill et al., 1986;
Edwards et al., 1987, Romaris et al., 1991); and differences in the production

of extracellular matrix elements, specifically glycosaminoglycan synthesis
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(Caniggia et al., 1992; Matsuura et al., 1985). Therefore, the development of

fibrosis may in fact involve a differentiating event resulting in the presence of
new young fibroblasts behaving more in keeping with a growing and
proliferating tissue such as found in the neonatal developing lung. It is
therefore possible that the fibrotic aspect of IPF is a consequence of not being
able to shut off the behaviour of this newly differentiated cell population or to

switch the cells to an adult behaviour.

1.7.2. Morphology

Two studies have documented the separation of fibroblast subsets on the
basis of cell size. Mitsui et al., {1976) have fractionated human lung fibroblasts
into two populations by gravity sedimentation through fetal bovine serum
gradient. This separation procedure yielded fibroblast populations containing
either large, slowly replicating cells, or small rapidly dividing cells. Elias et al.
(1987) isolated 3 main fractions of human lung fibroblasts by gravity
sedimentation through Percoll which were heterogeneous in cell volume and
growth, However, in both the study of Mitsui et al. (1976) and Elias et al.
(1987) the fractionated phenotypes were not retained in culture.

Lung fibroblast subpopulations have also been characterized on the basis
of cell shape, distribution of cellular organelles, and on whether or not they

contained lipid droplets. Wolosewick et al. (1976} have documented the
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existence of two morphologically distinct fibroblast populations of intermediate
passage which differed in terms of cell size and shape. One fibroblast subset
displayed features of the typical fibroblast type which was small, fusiform in
shape with a centrally placed nucleus. The other fibroblast subset contained
larger cells, was nonfusiform in shape with a nucleus placed to one side of the
cytoplasm. These two subpopulations were also observed to differ in the size
of nuclei and the distribution of internal organelles and inclusions.

Voccaro and Brody (1978} examined postnatal alveolar septal formation
and described the presence of an interstitial fibroblast filled with neutral lipid.
The subsequent isolation and characterization of the lipid-containing interstitial
cell has revealed that (i) lipid and nonlipid containing interstitial lung cells are
heterogeneous with respect to growth rates (Maksvytis et al. 1981; Brody et
al., 1983), (i} lipid containing interstitial cells are the most abundant in the
neonatal rat lung, however they are present in smaller numbers in the adult rat
lung (Kaplan et al., 1985), (iii) lipid interstitial cells contain dense bundles of
cytoplasmic microfilaments {Maksvytis et al., 1981) and (iv) at no time was any
evidence observed of conversion from a lipid to a nonlipid phenotype (Brody et
al., 1983). A number of related studies have since examined further the nature
of the lipid interstitial fibroblast and are reviewed by Berk et al., (1992).

A second type of interstitial cell found in the lung which is found to

express contractile features is the myofibroblast {Gabbiani et al., 1971; Darby
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et al., 1990). The myofibroblast is unique in that morphologically it resembles
a fibroblast, but under EM examinatioh, it has been shown to possess |
contractile elements similar to smooth muscle cells. Specifically, a number of
these cells exhibit staining for @ smooth muscle cell actin (Darby et al., 1990).
Cells expressing the myofibroblast phenotype have been identified in (1) a
variety of normal tissués including the lung, (2) the granulation tissue of wound
healing, (3} in IPF tissue, and (4) in other chronically inflamed airways tissue
(Ryan et al., 1974; Adler et al., 1981; Schmitt-Graff et al., 1994; Tremblay et
al., 1994). Functionally, it is believed that the myofibroblast phenotype plays
an important role in wound contraction in both normal repair and pathological
processes (Majno et al., 1971; Kuhn et al., 1991). Therefore, it would appear
that fibroblast subpopulations exist in normal tissue which express distinct
cytoskeletal features conferring upon them unique functional capabilities.
Current evidence suggests that the myofibroblast is locally derived from
surrounding mesencymal celis although its specific cell of origin is unknown
{Juliano et al., 1993}). Whether the myofibroblast represents an induced
phenotype or is representative of a stage of fibroblast development is unknown
(Schmitt-Graff et al., 1994; Tremblay et al., 1994},

A third type of adult lung ceil which is found to express contractile
features is the contractile interstitial cell {CIC)(Kapancietal., 1974; Adleretal.,

1989). The CICs also exhibit ultrastructural characteristics of both fibroblasts
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and smooth muscle cells. Interestingly, EM and immunofluorescence studies
reveal the presence of actin filaments in their cytoplasm and it is believed that
the contraction of these cells may play a role in normal lung ventilation and
perfusion of the alveoli (Kapanci et al., 1974). Ultrastructurally, these cells
appear similar to the myofibroblast and are now believed to be identical to the
lipid interstitial cell characterized in mature rodent lungs (Kaplan et al., 1985).

Finally, studies by Conrad et al. (1977} prc;vide evidence for
heterogeneity between tissues by describing fibroblast cell lines derived from
cornea, heart and skin which differ in morphology, saturation densities and

sensitivity to trypsin and EDTA.

1.7.3. Responses to Cellular Mediators

Fibroblasts have been observed to differ in their response to cellular
mediators. Kondo et al. (1985} observed that fetal lung and skin fibroblasts
differed on the basis of cell growth in response to hydrocortisone and by
differences in the binding of dexamethasone. In dermal fibroblasts, evidence
provided by Smith et al. (1989) demonstrated that while dermal fibroblast
glycosaminoglycan (GAG) synthesis was inhibited by thyroid hormone and
glucocorticoid, fibroblasts derived from retroocular tissues were not responsive
to either. Moreover, GAG production was demonstrated to be upregulated by

interferon gamma in retroocular fibroblasts but not in dermal fibroblasts (Smith
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et al., 1991).

A number of investigators have aléo reported differences in the response
- of lung fibroblasts to various mediators. Xing et al. {1992) demonstrated
heterogenei".cy in the responsiveness of different fibroblast populations within
the respiratory tract to lipopolysaccharide (LPS).IH\. The authors examined
fibroblasts derived from lung (either normal or fibrotic), bronchial, and nasal
(normal or nasal polyp) tissue and reported that whereas IL-1 was able to
induce the synthesis of GM-CSF, IL-8, and IL-6 by all respiratory fibroblasts,
exposure to LPS directly stimulated the synthesis of these cytokines only in the
nasal fibroblast populations. Studies by Jordana et al. {1992) examined the
ability of normal adult lung fibroblasts and normal neonatal lung fibroblasts to
proliferate in response to fibroblast conditioned media derived from IPF
fibroblasts, normal neonatal fibroblasts, and control fibroblasts. Specifically,
these authors demonstrated that while neonatal derived supernatants yielded
the greatest effect on fioroblast proliferation, the stimulation of proliferation
was largely dependent upon the target cell employed such that neonatal cells
consistently displayed greater proliferative responses to the same medium when
compared to control fibroblasts. These results are in agreement with studies
by Piisko et al. (1983) who observed that the growth responsiveness of
neonatal skin fibroblasts was greater than adult skin fibroblasts in response to

the same serum mitogens. Importantly, these studies suggest that the
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pro:liferative events occuring during the process of inﬂarﬁmation and fibrosis are
ndt only affected by the presence of cellular mediators and mitogens, but also
by the responsiveness of the target cell.

Since pulmonary fibrosis is a chronic condition characterized by an
ongoing inflammatory response, the effect of prolonged exposure of fibrobiasts
to various cellular mediators yields interest. To this end, Ko et al. (1977)
observed two subpopulations of normal human gingival fibroblasts based on
their sensitivity or insensitivity to the growth inhibiting effects of prostaglandin
such that the incubation of these fibroblasts for 2 weeks in media

-"supplemented with prostaglendin £, (PGE,} resulted in the eventual outgrowth
of a PGE, unresponsive population. The proliferative response of clonally
derived lung fibroblast lines chronically exposed to peripheral blood monocyte
(PBM) supernatants was also examined by Jordana et al. {1992). These
authors demonstrated that following prolonged exposure of lung fibroblasts to
LPS stimulated PBM supernatant, fewer clones were capable of being inhibited
when reexposed to PGE,. Interestingly, these authors also demonstrated that
clones of rapidly proliferating IPF fibroblasts were only minimally inhibited by
acute exposure to PBM supernatants as compared to control lung fibroblasts
(Jordana et al., 1992). Similarly, Mio et al. (1992} examined the growth
characteristics of fibroblasts derived from IPF lung tissue and control fibroblasts

and reported that fibroblasts obtained from higher-intensity fibrotic lesions were
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less inhibited then either control or fibroblasts obtained from lower-intensity

fibrotic lesions in their proliferative response to PGE,.

Py
¢

Korn et al. (1984) observed that ﬁbrobiésts derived from neonatal -

foreskin were also heterogeneous in their response to stimulation by mitogen
activated mononuclear cell supernatants. Eleven fibroblast substrains revealed
differences in proliferative rates and prostaglandin E, synthesis. Since the
growth suppression observed among the fibrobiast clones coincided with the
stimulation of prostaglandin synthesis in these clones, the differences in
proliferative rates o}:sérved most likely reflected inherent differences in the
prostaglandin synfﬁetic response of the fibroblast clone itself. Moreover, in a
related study, Korn et al. (1985} demonstrated that short-term exposure of
neonatal skin fibroblasts to mitogen-activated mononuclear cell supernatants
resulted in the selection of fibroblasts that were hyperresponsive in their
prostaglandin synthetic response upon re-stimulation by mononuclear cell
prpgucts. Furthermore, this response was observed to persist for as long as 4

months in culture (Korn et al., 1983).

1.7.4. Cell Surface Receptor/Protein Expression

Studies by Ndumbe et al. (1985) have utilized monocional antibodies in
order to characterize surface antigen differences in fibroblasts derived from

bone marrow, skin, and human embryo lung tissue. Subpopulations of rat lung
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fibroblasts have been separaté;;i by the use of fluorescence-activated cell
sorting (FACS) based on the relative celi_ surface associated expression of -
collagen type | or,_lll (Breen et at., 1990). One subset displayed a high density
of type | collagen receptors and a low density of type Ill collagen receptors,
whiile the otherlgsubpopulation expressed high type lli collagen receptors and
low type | coliagen receptor intensities. bifferences in the intensity of staining
correlated with differences in the cellular steady state levels of type | and type
] pfocollagen mRNA. These subpopulations were able to maintain this
phenotypes for at least 4 passages.

Bordin et al. (1984) defined by FACS analysis a subset of normal gingival
fibroblasts characterized by high levels of C1q receptors. In addition, these
cells displayed an enhanced proliferative rate after exposure to C1q, as well as

an increased protein synthetic rate, of which approximately 40% was directed

to collagen production. These properties were found 10 be maintained in -

cuiture for at least 12 population doublings. In a similar study, Maxwell et al.
(1287) examined skin fibroblasts derived from patients with early or chronic
Scleroderma for C1lq binding;_and demonstrated that fibroblasts isolated from
early lesions bound significan;cly higher amounts of C1q.

Phipps et al. (1989) have isolated two distinct and stable populations of
fibroblasts derived from normal murine lungs based on the surface expression

of thymocyte-1 (Thy1) antigen. Thy1+ and Thy1- populations were found to



5]

28

exhibit distinct morphologies and fuhctions. Thy1 4+ fibroblasts are spindle
shaped, contain intracellular lipid, and proliferate more rapidly than the Thy1-
populations. In response to treatment with interferony, both subset; express
class | major histocompatibility antigens {MHC}, however class. I MHC
expression and the presentation of antigen to T lymphocyte clones was only
inducible in Thy1- fibroblasts. Thy1- fibroblast populations also synthesized
IL-1a, with TNFa treatment further enhancing I1L-1 production 5-20 fold. Both
populations of Iung‘ fibroblasts are able to synthesize fibronectin and collagen
{the major types produced | and lll}{Derdak et al., 1992) however, the Thy1 +
subset was observéd to synthesize 2-3 fold more collagen. A review of the
characterization of Thy1+ and Thy1- subpopulations can be found in Froncek
et al.,, 1992,

Siminski et al. {1991) have examined fibroblasts derived from normal and
fibrotic human lungs for Thy1 expressi_pp. Two populations of cells were
identified with low Thy1 4+ cells exhibiting a greater proliferative capacity than
those that expressed high levels of Thy1 antigen. Interestingly, the two
subsets of celis were grown under the same culture conditions for the next 5
days and the cellular profiles of anti-human Thy1 surface expression repeated.
The cells sorted initially as high and low binding Thy1 + celis retained their
respective profiles after 24 h, but lost this differential expression after 5 days

in culture.
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) 1.7.5. Collagen Synthesis

Fibroblasts have also been shown to be heterogeneous with respect to
the production of collagen. Mollenhauser et al. {(1986) identified 3 distinct
Hfibroblast subsets derived from rat lung and skin which displayed heterogeneity
with respect to morphology, proliferative potential and collagen synthesis.
Fibroblast cell types terrned F1 produced little collagen and were highly
proliferative, whereas F111 fibroblasts synthesized larger amounts of collagen
and proliferated at a slower rate than the other two subtypes. F11 fibroblasts
synthesized slightly more collagen than F1 fibroblasts. Interestingly, the
relative proportions of F1, F11, and F111 cell types were found to change with
the age of the animal, such that with increasing age a predominance of F111
cells was observed.

Goldring et al. (1990) observed that fibroblasts derived from neonatal
skin exhibited marked heterogeneity with respect to the amount and pattern of
collagen types produced. In addition, these clones of neonatal dermal
fibroblasts were also observed to be heterogeneous in their response to specific
hormones known to modulate éollagen synthesis.
| Botstein et al. (1982) observed that clones of neonatal foreskin fibroblasts
exhibited at least a threefold difference in their collagen synthetic capacities.
Moreover, the heterogene_ity observed among the clones was conserved over

multiple cell passages. Interestingly, when these clones were exposed to sera
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‘ from. paﬁents with Scleroderma, a selective outgrowt-h of fibroblasts which
produced high levels of collagen occurred.

A number of investigators have also observed that dermal fibroblast
populations derived from Scleroderma tissue differ in their collagen production. |
LeRoy et al. {1972} demonstrated enhanced collagen synthesis in skin
fibroblasts obtained from patients with .Scieroderma as compared to control
subjects. Uitto et al. {1979) extended these studies and showed that skin
fibroblasts derived from Scleroderma patients displayed an enhanced synthesis
of both type I and lll procollagens as compared to controls. Kaharietat. (1987)
examined collagen synthesis in fibroblasts cultured from the skin of
Scleroderma patients and observed a three fold increase in collagen gene
transcription over control fibroblasts.

Studies in vivo have examined alterations in collagen synthesis by lung
fibroblasts and support the idea that fibrosis is associated with an aitered
collagen synthesizing phenotype of tissue fibroblast. McDonald et al. (1986}
examined lung biopsy specimens from patients with fibrotic disease and
demonstrated by immunohistochemistry the presence of high collagen
producing fibroblasts in fibrotic lung as compared to normal lung. Simitarly, in
a rat model of bleomycin induced lung fibraosis, Phan et al. {1985) demonstréted
that fibroblasts isolated from bleomycin treated lungs synthesized elevated

levels of collagen, with most of the increase owing to type |, when compared
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to normal lung fibroblasts.

) Finally, McCulloch et al. (1993) have examined fibroblasts from normal
gingival connective tissu?g:and:f{\om fibrotic lesions for their -ability to
phagocytose collageﬁzcoéiced ﬂuoresﬁ::ent beads. These authors demonstrated
heterogeneity in the collagen phagocytic activity within the normal fibroblast
population with as much as 88% of the fibroblast cell population being
phagocytic. Interestingly, fibroblast cultures obtained from fibrotic lesions

contained a smalier number of phagocytic cells and at no time were fibrotic

fibroblast cell populations found to exhibit a high phagocytic activity.

1.8. RESEARCH PROPOSAL

The lung fibroblast reprééents the final pathway for the deposition of
extracellular matrix elements under a variety of normal and disease processes.
Although once believed to comprise a homogeneous cell population, increasing
evidence has accumulated demonstrating significant differences within the
phenotype and function of resident tissue fibroblasts. Fibroblasts have been
found to be heterogeneous with respect to growth potentials, m.atrix
production, responses to cellular mediators, and expression of cell surface
proteins. Moreover, studies of fibroblasts derived from diseased tissue have
demonstrated heterogeneity between healthy and diseased fibroblasts

suggesting the involvement of particular fibroblast subsets in the pathogenesis
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of diseases such as fibrosis.

It is clear that an increase in fibroblast number and an increase in
connective tissue deposition are hallmarks of the fibrotic response of the lung.
Moreover, it is now reasonable to assume that within norma! lung
subpoputlations of fibrablasts coexist.  Therefore, .the possibility that
inflammatory processes may select out or activate fibroblast subsets displaying
phenotypic characteristics consistent with disease expresssion can be put
forward as a mechanism for the pathogenesis of IPF and other connective
tissue diseases. Once fibroblast heterogeneity has been established within the
lung, a number of pathways leading to the emergence of distinct fibrr}B!ast
subsets can be suggested. For example, proliferation studies have suggested
the outgrowth of a "growth aggressive” fibroblast subpopulation within the
fibrotic jung which could account for the increased numbers of fibroblasts and
the increased ECM production observed during fibrosis. Moreover, the
proliferative expansion of a particular subset of fibroblasts could occur as a
result of prolonged exposure of subpopulations to mediators present during
chronic inflammation resulting in the emergence of lung fibroblasts which are
no longer responsive to factors which turn them off or down regulate their
proiiferation. In addition, clonal deletion or expansion of certain subpopulations
could alter the phenotype of the fibroblast subsets present during fibrosis. For

example, the emergence of fibroblasts in the lung which produce greater
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amounts of PGE, could in effect downregulate the proliferation of surrounding
fibroblast populations which are still responsive to the effects of PGE,, thus
skewing the phenotype of the fibroblast populations present during fibrosis.
Fibroblast subsets could also accumulate in the lung either through direct
migration, chemotaxis, or through the selective expansion of a fibroblast
subpopulation expressing a specific surface receptor. Finally, due to the
ongoing parenchymal injury occurring during the fibrotic response, the increased
demand for {ung repair could lead to the mobilization and increase of newly
differentiated fibroblasts which rapidly proliferate and synthesize components
of the ECM.

As stated previously, the contributions of short-lived inflammatory cells
such as the neutrophil and alveolar macrophage to the fibrotic response have
been well documented. However, treatment of patients with drugs known to
modulate the effector functions of these cells has not appeared to significantly
alter the overall course of disease expression in the majority of IPF patients.
Since recent evidence has now accumulated demonstrating that fibroblasts may
function as effector cells, the theme of this proposalis that long-lived structural
cells such as the fibroblast may play a more direct role in the pathogenesis of
inflammation and fibrosis. This procposal hypothesizes that during repeated
episodes of inflammation, a subpopulation of fibroblasts emerge within the lung

either by selection or differentiation, which express distinct phenotypes such
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as enhanced proliferation, enhanced ECM production, and enhanced expression
of inflammatory cytokines which ensure the continued presence of the chronic
inflammatory response. Thus, once distinct subsets of fibroblasts have become
predominant within the lung parenchyma, suppression of the inflammatory
response alone may not be sufficient in itself to end the fibrotic process. The
objectives of this study therefore were to further investigate the hypothesis of
fibroblast heterogeneity in lung fibrosis, to characterize the_phenotype of the
fibrotic’ lung fibroblast, and to identify mechanisms for thé modutation of the
emergence of the 'fibrotic’ fibroblast phenotype. Both in vitro and in vivo
approaches were utilized to address these issues.

Since previous work in our laboratory had documented that lung
fibroblasts derived from areas of active fibrosis proliferated faster (similar to
neonatal lung fibroblast iines) than normal aduit lung fibroblast cell lines and
since a series of papers from Lafyatis et al. (1989a, 1989b) indicated that
fibroblast-cell lines derived from rheumatoid synovium were capable of
sustaining clonal growth under anchorage-independent conditions, |
hypothesized that lung fibroblast populations isolated from fibrotic lung tissue
might also be capable of growth under anchorage-independent conditions, a
characteristic generally associated with a "transformed" phenotype. To
specifically address this issue, a soft agarose growth culture assay was

established and the colony forming potential of adult fibrotic, neonatal, and
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normal adult lung fibroblast cell lines was examined. The findings from this
investigation are presented in the publication in Chapter two.

Having established an in vitro model which clearly depicts growth
heterogeneity between fibrotic and normal lung fibroblast populations, |
proceeded to investigate the modulation of this "growth aggressive”
phenotype. Since neonatal lung fibroblast populations were also shown to be
capable of growth under soft agarose conditions, it was suggested that the
fibroblast present in fibrotic tissue might resemble a newly differentiated
fibroblast. As such, experiments were performed in an attempt to modulate the
differentiation of the fibrotic fibroblast to a more mature phenotype; one
incapable of anchorage-independent growth. The results of this study are
detailed in the publication in Chapter three.

Having demonstrated in vitro that the behaviour of anchorage-
independent growth exhibited by the IPF fibroblast could be modulated
following treatment with retinoids, known differentiating agents, and that
retinoids have been shown capable of reducing collagen synthesis in
scleroderma fibroblast cultures in vitro (Abergel et al., 1985), 1 examined the
effect of the in vivo administration of all trans retinoic acid on the modulation
of the fibrotic lung response in a rat model of bleomycin-induced fibrosis. The

results of this study are detailed in the publication in Chapter four.



al

CHAPTER two
CHARACTERIZATION OF THE ANCHORAGE-INDEPENDENT PHENOTYPE OF

LUNG FIBROBLASTS DERIVED FROM ADULT FIBROTIC LUNG TISSUE

The following article entitled "Anchorage-independent Colony Growth of
Pulmonary Fibroblasts Derived from Fibrotic Human Lung Tissue™ is published
in The Journal of Clinical Investigation 93:1525-1532, 1994, This paper
addresses the initial characterization of the anchorage-independent phenotype
of the lung fibroblast derived from fibrotic lung tissue.

The work presented in this study was performed by the author of the
thesis with the exception of electron microscopy (EM) studies in which help
from EM technicians was employed. This research paper was written by the
author of the thesis. Drs. Richards, Podor, and Gauldie provided supervision

over the study resulting in multiple authorship.
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Anchorage-independent Colony Growth of Pulmonary
Fibroblasts Derived from Fibrotic Human Lung Tissue

Diane J. Torry, Carl B. Richards, Thomas J. Podor, and Jack Gauldie

= Abstract

4
{

Fibroblast h{l-lerogeneity is known to exist in chronically in-
flamed tissue such as pulmonary fibrosis (IPF) and sclero-
derma. We have previously shown differences in proliferation
rates in primary lines and cloned lines of fibroblasts derived
from 1PF tissue compared with normal lung. In this study, we
report that cell lines derived from fibrotic tissue demonst{rate
anchorage-independent growth in soft agarese culture whereas
normzl lung fibroblast lines do not. We also show that fibro-
blast lines derived from neonatal lung tissu¢ form colonics at
about the same frequency as the fibrotic cells. Colonies from
both fibrotic and nconatal lines were shown to be positive for
vimentin, laminin, fibronectin, fibronectin receptor, S-actin,
and tropomyosin by immunohistechemistry but were negative
for desmin, keratin, Factor VIII, a-smooth muscle cell actin,
and tenascin. Treatment with cytokines TGF-8 and PDGF or
with corticosteroid modified the colony-forming capacity of fi-
brotic and nconatal cell lines, however, none of these treat-
ments induced normal Iung celi lines to farm colonies, The pres-
ence of cells in adult fibrotic tissue with growth characteristics
similar to those exhibited by neonatal cells is further evidence
of fibroblast heteropeneity and suggests newly differentiated
fibroblasts may be prevalent in fibrotic tissue and contribute
directly to the matrix disorder scen in this discase. (J. Clin.
Invest, 1994.93:1525-1532.) Key words: idiopathic pulmonary
fibrosis + fibroblast heterogeneity » soft agarose growth » inflam-
mation

Introduction

Pulmonary fibrosis is a chronic and devastating condition
characterized by pathologic alterations of extracellular matrix
elements ultimately affecting the functional integrity of the
lung ( 1-6). Thought to be initiated by inflammatory reactions
in the alveolar wall, fibrosis is most likely the end result of a
dynamic repair cascade. which proceeds to chronicity by un-
known mechanisms{7-9). [n addition to well-recognized con-
tributions made to the process by inflammatory cells, we and
others have demonstrated that tissue structural cells, including
fibroblasts, endothelial cells. and epithelial cells, are capable of
releasing potent inflammatory and matrix modulating media-
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tors (10,1 1) and hence play a direet role, as effectors, in the
pathogencesis of idiopathic pulmonary fibrosis (1PF).!

The existence of phenotypie heterogeneity within the resi-
dent fibroblast population of 2 given tissue has been widely
deseribed. We and others have previous!y reported thag ity
blast lines established from histologically proven filwoth: ssue
or chronically altered dermal tissue display ditferenee in praoht-
erative patential, matrix gene expression, cell surfice e
expression, and cell-mediated r"cﬁpnnscs (12-16%, Moteos v,
we have also shown similar prolitermtive differences with -+
mary lines established from neonatal fung tissue (173, Ho o
ever. whether these in vitro differences relate directly to the
fibrotic process or contribute w the chronic inflammatory rea-
tion is not yet clear.

Recently, & number of eytokines have been shown 1o have &
profound impact on libroblast charicteristics, inclinding
growth fuctors such as PDGF and TGE-8, These factors modu-
late fibroblast proliferation and can mediate transfornunion of
fibroblasts, inducing these cells 1o anchorage-independent
growth (reviewed in relerences 18 and 19), Moreover. TGE-#
and PDGF have been shown (o be present in greatly enliunced
amounts in lung biopsics from 1P patients ( 20-23), implying
that celis found in IPF tissue may exhibit characteristics of
growth consistent with chronic exposure to these eytokines.

To determine whether the various fibroblast lines we have
established from adult and neonatal human lung lissue demon-
strate abnormal growth characteristics, we established a solt
agarose suspension culture assay and show here that primary
fibroblast cell Tines derived from human adult brotic lung
tissuc, but not those from normal adult fung tissue, form coto-
nies under anchorage-independent growth conditions. Further,
we show that primary lbroblust lines derived from neonatal
lung tissue also exhibit the ability for colony formation under
anchorage-independent conditions, These colonies demon-
strate a pattern ol symhesis of intra- and extracellular matrix
{ ECM) proteins typical of fibroblasts, Anchorage-independent
growth characteristics are maintained by the hibrotic cebls even
after selection and clonal expansion of single colonics. The
presence of these “transformed™ phenotypes in fibrotic adult
and nconatal cell lines suggests the process leading Lo fibrosis
may involve de novo stromal eell differentiation, possihly
under the influence of inllammitory mediators,

Methods

Reagents. Streptavidin-perosidase imnmunohistalogical .-.l:ni\nin*,', bt
was purchased (Histostuin-SP Kit 95-6543 for use with imouse primary
antibody; 95-6143 for use with rabbit primary antibody, Zvined | abr.

1. Abbreviations wsed in this paper. AcA, acelic acud alcohol; DX,
dexamethasone: ECM, extrucelluliar matris; EM, clectron micropraphy
IPF, ideopathic pulmonary fibrosis, LMD, low-melling point.
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Inc. San Francisco, CA). Hematoxylin solution Gill No. 2 was pur-
chased (GHS-2-178; Sigma Chemical Co., St. Louis, MO). Agarose for
use in the anchorage-independent growth assay was purchased
(5510UB; Bethesda Research Laboratories, Gaithersburg, MD). All
human sera used in growth assays were obtained from healthy normal
volunteers using vacutainer sterile blood collection tubes with no addi-
tives( Becton Dickinson Canadi Inc., Mississauga, Canada). Recombi-
nant human PDGF was oblained (2038-01: Genzyme, Cambridge,
MA),P.J'I'GF-ﬁ was obtained (100-B; R & D Systems, Minneapolis,
MN). Dexametbasone {DEX ) was purchased { DIN 00664227; Sabex,
Boucherville, Quebec, Canada).

Autibodics. Antisera to human antigens were purchased from
Sigma Chemical Co.: a-actin ( A-2668, polyclonal }; a-tropomyosin { T-
3651, poly) e-vimentin (V-6630, mAb): «-SMC actin (A-9047,
mAb); a-laimninin (1.-6145, polyclonal); a-desmin (D-9159, mAb); a-
cylukeratin (P-1548. mAb). Antisera 1o human antigens were pur-
chased from Dako Corp. (Carpinteria. CA): a-lenascin (M-636.
mAb); 1-CD34 (M-824, mAh); a-fibronectin (A-245, polyclonal ): -
Factor VIII (A-0R2, polyclonal): nonimmunized rabbit serum {X-
902). Purified mouse myelema IgGt was purchased from Zymed
Tabs., Inc. (02-6100). Antiscrum 1o human fibroncctin receptor was
purchased from Telios Pharmaceuticals, tne. (San Dicgo. CA) (A-108,
pulvelonal ).

Cell lines. We have previously established a number of human pri-
mary fibroblast lines. Fibroblast lines were established by outgrowth
from explints as previously described (16, 17). Three cell lines were
established from tissues taken a8 open lung biopsy for diagnosis of
interstitiad lung discase and from arcas shown histologicully to demon-
strate features of active fibrosis. Four lines were established from histo-
logically normal adult Jung tissue removed as part of resection of tumor
mass, and two lines were established from noermal neonatal lung tissuc
removed at autopsy within 12 hof death from premature infarisdying
within the first 3 d of life lrom causes not related to pulmonary func-
tion, Cell lines were used within the first five passages only, Lung fibro-
blast lines were prown in 75-cm? tissue culture flasks (Corning Inc.,
Corning, NY Y and maintained in RPMI supplemented with [0% fetal
hovine serum (Gibeo Laboratories. Grand Island, NY )and 1% penicil-
lin/streptomyein (Gibeo Laboratories). The human fibrosarcoma cell
tine 1TE-E080 was obtained rom American Type Culture Collection
{Rockville, MD)CCL 121). HT-1080 cells were maintained in MEM
F-15 supplemented with 10% feta! bovine serum.

Anchorage-independent growtlt assav, An anchorage-independent
growth assay similar to that previously described (24) was carried out
in T-24 plates (Nunclon: InterMed Nune, Roskitde. Denmark) with
the following modifications. From u 2% stock agarose solution in PBS,
a 0.8% agarose mixture was prepared and used 10 precoat 2d-well
nlates. The agarose mixture was allowed o solidify a1 room tempera-
ture and the plates placed at 37°C until use, Subconfluent cultures of
fibroblast cell lines (passage < 8 were washed twice in warm PBS,
trypsinized, ventrifuged, and resuspended 1o a concentration of
ROMONL celisfml, Cell viahility was > 95% at the start of the ussay as
assessed by trypan blue exclusion. The colony-formi NG dsSily was opti-
mized by varving percentages of normal human serum, For alf experi-
ments presented, a 0.4% agarose mixture containing 20% AB human
serum was prepared, cooled to 37°C, and o fixed number of cells (1.5
S0 added 0 this minture. The agarose/eell mixture was then
layered over the base layer, allowed to solidify, and 100 ul of media
without FCS was added to each well in order 1o keep the cultures moist.
The cultures were then incubated at 37°C7 5%, CO;and the wellsexam-
ied daily for colony growih, We observed optimal colony growth 10~
1 dafter plating at which time colonics with a diamelter > 45 um were
seoved. We chose 45 am to be represemtative of a colony, since in
peneral, the size distribution of the colonivs appearing in the agarose
varied between 45 and 100 pm and only occasionally were there
sialler clusters of cells within the agarose layer. A single-cell suspen-
sion was ensured (and conficmed by light microscopy) at the start of
the assay by repeated passage of the cells through u 25-gauge needle. An
inverted light microscope fitted with an evepicee with a grid (Carl
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Zeiss, Inc., Thornwood, NY) was used to calculate the diameter of the
colonies and 1o count 1ota colonies in a well. Agarose blocks contain-
ing the cell colonies were harvested, fixed in acetic acid alcohal (AcA)
far 24 h, paraffin embedded, and 4-um sections cut onto APTEX slides
for use in immunohistochemical studies. Two controls were included.
(a) Normal human tung fibroblasts were grown to confluency, washed
twice with warm PBS, trypsinized, centrifuged, and a cell pellet was
obtained, A 2:1 ratio (vol/vol) of the agarose solution was added to the
pellet and the mixture stirred to disperse the cells. The agarose/cell
mixture was allowed 10 harden. fixed in AcA. and then processed as
described above: (h) Human fibrosarcoma line HT-1080 was uscd asa
posilive control for colony formation. The cells were treated similar 1o
the fibrotic lines.

Colony expansion, To pick and expand individual cell colonies, the
above assay was repeated using low-melting point { LMP) agarose
(5517UA: Bethesda Research Laboratories, Gaithersburg, MD) {25).
Briefly. a base layer containing 1% LMP agarose was poured into cach
of 96 wells (Nunclon, InterMed Nunc, Roskilde, Denmark) and al-
lowed 1o solidify at 4°C, A fixed number of cells {3 X 10* cells/well)
was then added to the top layer (0.3% LMP agarose/20% human
serum} and this mixture layered over the base layer. The top layer was
allowed to solidify at room temperature and then the plates were
wrapped in aluminum foil to avoid drying out and placed at 37°C/5%
CO,. In 7-10 d. those colonics with a diameter > 45 um were removed
lrom the agarose by use of a micropipette and inverted microscope and
expanded in culture in RPMI supplemented with 10% FBS and 1%
pen/strep.

{mmemnostaining of colonivs. Immunoperoxidase staining of colo-
nies was performed according to the manufacturer's instructions
{Zymed Labs.. Inc.) with minor modifications. Paraffin sections were
dewaxed in xylene, passed through an ethanol series. and blocked for
endogenous peroxidase activity with H;O.-methanol-HCi solution for
30 min at room temperature. Slides were then rinsed in 70% ethanol
followed by distilled water, and then washed in Tris-buffered saline, pH
7.6 {TBS buffer). Afler incubation with nonimmune serum to block
nonspecific hinding, primary antibodics were applied 1o the sections
and allowed to bind at room temperature for 1 h. The sections were
then rinsed in ‘I'BS buffer. overlaid with a biotinylated sccondary anti-
kody. rinsed again in TBS bufler, and then incubated with a streptavi-
din-peroxidase conjugate, Scctions were then incubated with a sub-
strite-chromagen mixture {AEC: Zymed Labs.. Inc.). counterstained
with hematoxylin, and coverslipped.

Electron microseopy ( EM) studies. Agarose blocks containing the
fibroblast colonies were harvested between days 10 and 14, fixed over-
night in 2% glteraldehyde at 4°C, and then processed for transmission
EM analysis.

Criokine modulwion of anchorage-independent growth. Allsoft uga-
rose studies were performed as described above with the following mod-
iftcations. Fibrotic, neconatal, and normal adul lung fibroblast lines
were cultured in a 0.4% agarose top layer containing ¢ither PDGF (3
ng/ml), TGF-8 ( 100 pg/m!), or dexamethasonc { 10~ M) in the pres-
ence of 20% human serum. The cultures were then incubated at 37°C/
5% €O, and colony growth (diameter, = 45 um) was assessed 10-14 d
after plating. All experiments were performed in duplicate.

Results

Fibrotic adult and normal neonatal lung Jibroblast cell lines
exhihit colony formation under anchorage-independent condi-
tions. The number of colonies appearing 10-14 d after plating
is presented in Table I, Examination of three fibroblast cell
lines derived from areas of fibrotic lung tissue reveals that IPF
fibroblasts readily form colonies under soft agarose growth
conditions. In contrast, fibroblast lines derived from normal
adult lung tissue do not exhibit the capacity to grow under
anchorage-independent conditions. Asa group., IPF fibroblasts
form colonies with a frequency of 0.54% compared with



Tahie I. Lung Cell Line Colonies

Tissue Cell Ne. of Percent
derivation line Exp. colomies® CFu'
Fibrotic 1 i 85.75+2.87
2 93.75+3.10
2 1 77.50£8.66 0.54
2 88.00=13.95
3 1 89.00+5.48
2 79.50x11.45
Normal 1 1 0.50:0.58
2 0.25+0.50
2 1 1.00+0.82 0.003
2 0.25+0.50
3 l 0.00:£0.00
2 0.00£0.00
4 1 1.25+0.96
2 1.00+1.41
Neonatal I i 66.00x2.16
2 63.755.50 0.43
2 1 65.25£1.89
2 71.00£2.31
Tumor 1 193.75+6.65 1.1
(HT-1080) 2 157.75220.15

Data are number of colonies per well in scmisolid agar suspension
with a diameter >45 gm from 1.5 X 10% cells. * Values represent
the mean+SD of the number of colonies per well in cight wells, All
statistical analysis was performed with the aid of Minitab Data Anal-
ysis Software, Release 7. 1% (1989; Minitab, Inc., State College. PA).
t percent CFU was calculated by averaging the number of colonics
obtained by each group (fibrotic, normal, etc.) and dividing by the
number of input cells per well,

0.003% observed for normal adult lung fibroblasts. Our pre-
vious studies indicated that fibroblast lines derived from nor-
mal neonatal lung tissue proliferated faster than those from
normal adult lung, and we examined whether these neonatal
lines would also show abnormal growth in the assay. We show
here that neonatal lung primary fibroblast lines exhibit colony
formation under soft agarose growth conditions with a fre-
quency of 0.43%, only slightly less frequent than the IPF lines.

For comparison with a fully transformed cell line, we also
examined the pattern of anchorage-independent growth for the
tumorigenic cell line H'T-1080 (human fibrosarcoma cell line).
HT-1080 vielded twice the number of colony-forming units
(1.1% frequency) as compared with iPF lung fibroblast-de-
rived colonies.

Morphological examination reveals a Sthroblast-like nature
1o the colonies. Histological and EM examination of lung colo-
nics was performed to determine morphological characteristics
associated with colony growth. Over 30 colonies from each cell
line were examined in detail. Fig. 1. A and B, illustrate a typical
lung colony from a fibrotic cell line showing an inner multicel-
Jular centre surrounded by an extracellular granular type mate-
rial, which stains intensely with hematoxylin and appears to be
deposited into the agarose gel. Closer examination of each cell
within the colony framework reveals the presence of large
rounded nuclei. dispersed nuclear chromatin, and prominent
nucleoli, all within an exiensive cytoplasm.

The ultrastructural appearance of the colonies examined by
EM analysis supports a fibroblast-like morphology for these

cells (Fig. 2). The absence of intercellular junctions, basal lam-
ina. or Weibel-Palade bodies all serve 1o exclude an epithelial
ot endothelial lineage to these cells ( 26). There does not appear
10 be myofibrils present, suggesting these are not myolibro-
blasts. Intercstingly. EM analysis also demonstrates a number
of ultrastructural features charcteristic of proliferating fibro-
blasts. including the presence of rounded nuclei, prominent
nuclecli. numerous cellular organelles with abundant clon-
gated mitochondria. cytoplasmic processcs. and the apparent
absence of collagen fibres.

Dmmunohistochemical studies of fibrotic und neonaral ling
colonies. Tmmunohistochemical studies were carried out on
fixed colony sections derived from both fibrotic and neonatal
lung fines in order 1o investigate the distribution of'a variety of
different eytoskeletal and ECM pratcins characteristic of fibro-
blasts. Immunostaining of intermediate filaments and various
actin isoforms reveals that both the fibrotic and neonatal lung
colonies (> 30 cxamined) exhibit similar staining patterns tor
cytoskeletal and ECM proteins. Colonies stained positive for
vimentin, laminin. fibrenectin, and fibronectin receptor, e-
hibiting both cellular and extracellular locatizations (Fig. 1.
C-F). The colonies also demonstrated intense cytoplasmic
and extracellular staining for f-actin and tropomyosin, indicat-
ing the structural organization of these proteins ino stress
fibers (27). Colonies stained negative for « smooth muscle cell
actin. desmin, keratin, Factor V111, and tenascin.

Control sections of adult human normal lung fibroblasts
suspended. but not cultured. in agarose were similarly investi-
gated by immunoperoxidase staining for expression of inter-
mediate filaments and ECM organization. Normal lung fibro-
blasts stained positive for vimentin, laminin, #-actin, fibronec-
1in, and Gbroncctin receptor, and stained negative for desmin,
keratin, tenascin, and « smooth muscle cell actin.

Colony expansion and replating. o assess whether the ci-
pacity to form colonics develops as a result of the assay condi-
lions or is an intrinsic property of a cell population, single
colonics with a diameter > 45 pm were picked from low melt
agarose. The cells were expanded 10 5 % 10" (representing it
further 22 population doublings from a single clone) and either
reintroduced into the soft agarose culture system or carried for
a further 2 passages and then reexamined in the colony assay.
The ability of individual expanded clones to again form colo-
nies was demonstrated. however, in gencral, the percentipe of
colony-forming units was observed 1o decrcase with successive
passage, from (.38% with the parent linc to 0.08% at a lurther
two passages of the expanded colony (Table £,

Effect of PDGF, TGF-8, and corticosteroid on grosetd in soft
agarose. To examing possible mediators of colony lormation
in the soft agarose conditions, PDGF, TGF-f, and DEX were
tested for their ability to modulate anchorage-independent
growth, Fig. 3 illustrates that the addition of PDGF or DIEA
greatly enhances soft agarose colony growth of fibroblasts de-
rived from fibrotic lung tissue, but has little effect on neonatal
fibroblast colony growth. TGF-g, in contrast, acts by partially
inhibiting the ability of both fibrotic and nconata! ung fibro-
blasts to form colonies. Qn the contrary, the addition o PIXCiL,
TGF-8, or corticosteroid did not induce any coluny growth by
normal adult lung fibroblasts.

Discussion

We have previously shown that cell lines isolated from fibrotic
adult lung tissues compared with normal tung lines exhibit
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Figure 1. Morphology of anchorage-indepen-
dent colony growth. (4} Appearance of fibrotic
lung fibroblast-derived cell line cultured in soft
agarose assay (day 14) as visualized under an
inverted light microscope {original, X63). (B)
Representative hematoxylin and cosin-stained
section of ..a adult fibrotic lung-derived colony
{eriginal, X63). (C-#7) Immunoperoxidase
staining of AcA-fixed agarose sections contain-
ing lung colonics, Staining of adult fibrotic
lung colonies for vimentin showing both an
intracellular and extracellular deposition and
the normal mouse serum control (C-D).
Staining of adult fibrotic lung colony for the
fibronectin {F) and its receptor (£}, Immuno-
peroxidase staining of AcA-fixed normal adult
lung fibroblasts in agarose stained for vimentin
and the fibronectin receptor ( G-f1) {oniginal,
x64), -



faster proliferative characteristics (16). In this study, using a
soft agarose culture system, we have shown that fibroblasts de-
rived from fibrotic lung tissue (IPF) exhibit colony growth
under anchorage-independent conditions whercas fibroblasts
derived from normal adult lung tissue do not. This is further
evidence of heterogeneity within lung fibroblast populations
and between healthy and diseasid (IPF) fibroblasts. We have

Anchorage-

Figure 2. EM analysis,
EM examinition ol s
librotic lung-derived
colony, (1} A micro-
graph of vne fibrotic
lung-derived colony
showing the multicellu-
lar nature of the coluny
{original, X L900). (1)
EM of a singhe cell
within the colony. Notw
the large round nucleus,
prominent nucleoli, and
dispersed heteroglire-
maltin (origiml,
#9,1K)).

also previously shown that primary lines of neonatal lung fibro-
blasts proliferate faster than control libroblast lines (17}, and
demonstrate here that neonatal lung cell lines also form colo-
nies under anchorage-independent growth conditions ( Tahle
1). These results suggest that cells exhibiting the ability to grow
under ancherage-independent conditions in fibrotic lung tissue
may bear some resemblance Lo the differentiating embryonic

independent Growth of Fibroblasts from Fibrotic Lung Tissue 1529



Table 1}, Results of Replating Experiment

- Percent

Cell line Exp. No. of colonies® CFUt
Fibrotic ! 85.75+2.87 0.58
Cell line no, | 2 93.75£3.10
Fibrotic 1 55.5018.43 0.38
Passage 4 2 62.25+16.11
Fibrotic | 12.75+8.42 0.08
Passage 6 2 10.5045.57

Single colonics from a fibrotic cell line were picked from low-melt
agarose, expanded in cullure, and reintroduced into the soft AEATOSC
culture system. Colonics with a diameter >45 um were counted and
the results for one clone (no. 6) and its parent cell line depicted.

* Values represent the mean2:SD of the number of colonies per well
in eight wells. ¥ Percent CFU was caleulated as per Table 1.

fibroblast, a finding not at all surprising when one considers the
sudden recruitment of actively dividing fibroblasts during
wound healing and repair. Moreover, the ability of these cells
Lo grow under anchorage-independent conditions, a character-
istic generally associated with o transformed phenotype, sug-
Bests an aggressive nature to these cells consistent with the fi-
broproliferative nature of fibrosing disease. We cannot, how-
cver., relate proliferative capacity with anchorage-independent
growth as we have no evidence dircctly linking the two charac-
teristics,

The ability 1o form colonics under soft agarose growth assay
conditions has also been documented for synoviocytes isolated
from knee joints of patients with rheumatoid arthritisand from
experimental animal models of rheumatoid arthritis, another
chronic inflammatory connective tissue discase (24). It was
proposed by these authors that these synoviocytes exhibit a
“transformed-like™ phenotype, although no evidence for trans-
formation was demonstrated, Thus, long-lived structural cells
may play @ critical role in the pathogenesis of fibrosis, after
repeated episodes of inflammation and repair, by means of the
cmergence of o group of phenetypically altered cells that pos-
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Figure 3. Modulation of growth in soft agarose by PDGF. TGF-g, and
corlicosteroid, Human broblast cell lines derived from fibrotic, neo-
natl, and normal adult lung tissue were cultured under solt agarose
growth conditions in the presence of PDGF (5 ng/ml). TGF-8 (100
pr/ml) of DEX (107" M) as deseribed in Metheds,
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sess characteristics pivotal 1o the continued presence of inflam-
mation.

HT-1080 fibrosarcoma cells are transformed turnor cells
presumably having clonal identity. Thus. all celis should be
capable of growing as a colony in soft agarose. However, in the
assay as performed, for HT-1080 cells. the colony-forming unit
frequency is only 171% urnlated cells. suggesting the assay may
underestimate the potential*for colony formation, The esti-
mated frequency of colony-forming units for IPF lines (0.54%)
may also underestimate this capacity.

The ability to exhibit anchorage-independent growth ap-
Pears to be intrinsic 1o cells in the original population since
colonies that are picked and expanded can again form colonies,
although at a reduced rate when compared with the parent line
(Table I). The fact that we observe a reduction after passage in
culture of the colonies is consistent with previous reports ( 28.
29) demonstrating a similar decrease in proliferative capacity
as clones of normal dermal fibroblasts are passaged. Morcover,
a decrease in the colony-forming capacity of late passage syno-
viacyles as compared with carly passage synoviocyles has also
been documented (24). These data suggest a progressive shift
in the proportion of immature fibroblasts. possibly those that
proliferate faster, within the population capable of forming col-
onies 10 a more differentiated fibroblast that loses its ability to
form colonies,

To better characterize the nature of the fibrotic fibroblast
phenotype, we examined both fibrotic and neonatal lung colo-
nics using conventional histological. immunohistological, and
uitrastructura! analysis. Upon histological e;amination. a
densc granular-type material was seen to be deposited within
the agarose directly surrounding the colony (Fig. | B). It is
possible that this extracellular material may function, at least
in part, 10 provide a source of'stability and support to the grow-
ing colony. Both fibrotic and neonatal lung-derived colonies
retained intermediate filament phenotypes consistent with fi-
broblast morphology as described by others (the presence of
vimentin, and the absence of keratin and desmin) (30, 31).
The immunolocalization of vimentin was found to be both
intracellular and extracellular, indicating that this protein is
being released into the matrix surrounding the colony, as a
result of cell lysis ( 32).

In considering the source and nature of the cell that exhibits
colony-forming activity in the primary line, two possible candi-
date cells in pulmonary tissue should be considered. The pres-
ence of a fibroblast-like celt in granulation tissue during healing
has been described that shares structural and functional fea-
tures of both smooth muscle cells and fibroblasts and that ex-
hibits immunostaining to «-SMC actin (33, 34). Since myoh-
broblasts share immunohistochemical features with those of
fibroblasts, that is, vimentin positive and desmin negative, and
since myofibroblasts have been described and arg implicated in
the pathogenesis of IPF (35) and bronchial asthma (36), we
exanvined our lung colonies for a-SMC actin expression., Nei-
ther the fibrotic-derived lung fibroblast colonies nor the neona-
tal-derived lung fibroblast colonics stained positive for a-SMC
actin. suggesting the myofibroblast js not 4 component of the
colony-forming unit.

A second cell that has possible relevance is the pericyte,
which has morphology similar 1o the fibrablast and may pro-
vide a precursor population for newly differentiated fibroblasts
and/or smooth muscle cells during wound repair (37, 38).
Pericytes express an important matrix protein, tenascin. that is
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known to be expressed during embryonic development. during
tissue growth and reorganization, and in the stroma of some
malignant tumors occurring in aduithood (39. 40). No 1ena-
scin-positive slaining was observed in either the fibrotic or neo-
natal Jung colonies.

The finding that colonies arc negative for both «-SMC actin
and tenascin would seem to rule out both the pericyte or myofi-
broblast as being present in the colony (39. 41). but does not
necessarily rule out their role as precursors to the colony-form-
ing cell. These aspects are currently under investigation in our
laboratory.

Examination of lung colonics for the expression of other
extracellular matrix proteins demonstrates that both fibrotic
and neonatal lung colonics were positive for laminin expres-
sion (with most of the antibody localized in the cytoplasm) and
that both types of colonies appear to synthesize and secrete
large quantities of fibronectin (Fig. | F). Moreover, intense
extracellular immunostaining was also demonstrated for the
fibronectin receptor, suggesting the receptor is continually be-
ing expressed and removed from the cell surface, however, in
the case of the colenies. thisis held in the immediate arca by the
agarose matrix (Fig. 1 E). Normal lung fibroblasts also exhib-
ited immunostaining to laminin. fibronectin, and the fibronec-
tin receptor, In the case of the fibronectin receptor. localization
was specific to the cytoplasm with no evidence of extracellular
deposition into the surrounding agarose, however, these cells
were not cultured in the agarose for any time. In the context of
wound healing and repair, an increase in expression of the fibro-
nectin receptor could promote the migration of selected clones
of fibroblasts into areas of active injury, where under the appro-
priate signals they may continue to proliferate and lay down
fibrous material {42, 43 ). Fibronectin receptor expression may
also function to ailow the growing colony to remain anchored
to the extracellular fibronectin it has deposited.

To better understand the mechanisms surrounding the soft
agarose growth response of the various lung fibroblast types
(i.e., fibrotic. etc.), und determine susceptibility to cytokine
exposure, PDGF, TGF-8, and DEX werce tested for their ability
to modulate colony formation. The addition of PDGF. which
is a known stimulator of fibroblast proliferation, greatly en-
hanced (~ 50%) the number of colonies formed by fibrotic
lung fibroblasts, but showed little effect on neonatal colony
formation. TGF-8, which is known to mediate the transforma-
tion of Rbroblasts, was found to partially inhibit the colony-
forming abilities of both fibrotic and neonatal lung fibroblast
cell lines, Similar findings have also been documented for rheu-
matoid arthritis synoviocytes, with PDGF simulating and
TGF-§ inhibiting colony formation (24, 44). The finding that
PDGF and TGF-8 are not able to induce colony formaiion in
any of the normal adult lung fibroblasi cell lines implies that
the mechanisms surrounding colony formation in sofl agarose
are not simply due to susceptibility to growth faclors present in
the culture media, but likely the result of phenotypic differ-
ences inherent to the initial fibroblast subpopulation iself, as
PDGF induces fibroblast proliferation under normal culture
conditions {adherence) in these same celis (data not shown).

This study also demonstrates that glucocorticoid has a
marked effect on fibrotic lung fibroblast colony formation,
with DEX enhancing colony formation by nearly 100%. In
contrast and similar to response to PDGF, DEX was shown to

* have little effect on neonatal lung fibroblast colonics, and does

not induce colony formation by normal adult lung fibroblasts.

The observation that treatment with steroid actually enhances
the numbers of colony-forming cells in the fibrotic lung fibro-
blast popula’ion raises questions as to the exact role antiinflam-
matory drugs play in the treatment of fibrosing discase,

Our data demonstrate that fibroblasts obtained from
chronically inflamed ' fibrotic lung tissue behave differently
under anchorage-independent growth conditions than fibro-
blasts obtained from normtl lung tissue: Further, this behavior
is present in fibroblasts obtained from neonatal lung tissue,
The similar behavior seen in fibrotic and neonatal cell lines
suggest newly differentiated cells with aggressive growth char-
acteristics populate fibrotic tissue contribting to the altered
growth and matrix deposition, Whether these colony-forming
cells are direct contributors to the process is as yet unelear, but
clearly shows @ phenotypic difference between normal and fi-
brotic lines in growth and eytokine response chinrcteristics.

Lafyvatiset al. (24 Y have previously shown that human syno-
vial fibroblasts maintain colomy growth in soflt agarose. Syno-
vial cells have been shown to possess a variety of markers indic-
ative of an “aggressive phenotype.” including PDGE, 3E,
and TGF-g expression {43, 46). Moreover, the cytoskeletal
and ECM components that we have observed in the lung colo-
nics are also found in normal lung fibroblast cell Hnes, This
suggests that the ability to grow in soft agarose may be due toa
seereted product(s) or other membrane-bound protein impor-
tant in growth and differentiation, and not expressed by quics-
cent normat lung fibroblasts. The future direction in character-
izing the phenotype of the solt agarose-growing fung iibroblast
may lic in the analysis of steady state levels of growth factors,
cytokines, and 1heir receplors known to be important in celf
growth and differentiation. Morcover, further phenotyping of
these lung colonies may help to adidress the role of subpopula-
tions of fibroblasts in the propagation of chronic tissue influm-
mation.
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CHAPTER three
MODULATION OF THE ANCHORAGE-INDEPENDENT PHENOTYPE

BY RETINOID AND CORTICOSTEROID

The following article entitled "Modulation of the anchorage-independent
phenotype of human lung fibroblasts obtained from fibrotic tissue following
culture with retinoid and corticosteroid™ has been accepted for publication in
Experimental Lung Research, 1995. This research article addresses the role of
growth and differentiating factors in the modulation of the anchorage-
independent phenotype.

The work presented in this paper was performed by the author of the
thesis with the help from lab technicians with proliferation assays. This paper
was written by the author of the thesis, with the supervision from Drs.

‘Richards, Podor, and Gauldie.
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ABSTRACT

Fibroblast heterogeneity has been documentedin ﬁbrotié tissue fromlung
and skin. We have previously demonstrated differences in proliferative rates
in fibroblasts derived from fibrotic lung tissue as compared to normal and that
fibroblast lines derived from adult fibrotic lung tissue and neonatal normal lung
tissue exhibit colony growth in soft agarose culture whereas fibroblast cell lines

from normal adult lung tissue do not. The characteristic of anchorage-

independent growth is consistent with the aggressive nature of the disease anc -

with developmental lung growth. In this study, we have exposed fibrotic lung
fibroblasts to growth and differentiating factors to determine whether the
anchorage-independent phenotype can be modulated. Here we report thét
treatn.1ent of fibrotic lung fibroblasts with retinoic acid, known to modify matrix
gene expression and induée differentiation, inhibits the cells ability to form
colonies under soft agarose growth. Treatment with all-trans retinoic acid
yielded the greatest effect inhibiting both IPF and neonatal lung fibroblast
anchorage-independent growth approximately 90% at 10°M. Treatment of IPF
fibroblasts with all-trans retinq‘i'cu acid aISo_, inhibited corticosteroid induced

colony growth. Modulation of the ‘fibrotic’ fibroblast phenotype through

retinoid therapy may prove beneficial as a potential therapeutic strategy.

47



e

N

INTRODUCTION

The notion ;hat fibroblasts within a single tissue do not comprise a
homogenous cell population has received much attention of late. Several lines
of evidence from a variety of diseases characterized by chronic inflammation
and fibrosis support both morphological and functional heterogeneity within
fibroblast populations. There are functional differences in the amounts and
proportions of extracellular matrix proteins produced, responses to cellular
mediators, proliferative potential and mediator release (1-8). Moreover,
fibroblast subpopulations have also been described based on cell surface marker
expression {(9,10). We have previously shown that primary lung fibrobiast cell
lines derived from areas of fibrotic tissﬁe proliferate faster than do control
fibroblasts and that fibroblast clones derived from these primary lines exhibit
similar enhanced rates of proliferation (5). We have extended these studies and
have recently shown that IPF fibroblasts are capable of growing under
anchorage-independe.nt growth conditions, while fibroblast cell lines derived
from normal adult lung tissue do not exhibit this ability (11}. The presence of
such cells which express aberrant growth characteristics in lines derived frdm
fibrotic lung tissue again supports the notion of heterogeneity among fibroblast
populations and bg_tween healthy versus diseased tissue. We also

demonstrated that fibroblasts derived from neonatal lung tissue exhibit the
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ability to grow under conditions of soft agarose growth (11), suggesting that
the fibrpblast present in IPF tissue may in fact resemble a newly differéntiated
fibroblast. Therefore, we have suggested that disease expression méy result
f;riom the selection or prevalence of these growth aggressive clones which then
f';ynthesize and lay-down the structural components of fibrous tissue.

In an attempt to modulate the differentiation of the fibrotic fibroblast to
what we believe is a more mature phenotype and hence one incapable of
anchorage-independent growth, we examined the effect of various growth and
differentiating factors as well as corticosteroid and various retinoids on fibrotic
lung fibroblast soft agarose growth. Retinoids are a class of compounds
important in the normal regulation of tissue development and differentiation and
in vitro have been shown capable of regulating extracellular matrix production
and inducing the differentiation of tumour cell lines (12-18),

We show here that the ability of IPF fibroblasts to grow under conditions
of soft agarose is inhibited by treatment with various retinocids: retinol, retinal,
all trans retinoic acid {AtRA), and 13-Cis retinoic acid (13-cis RA). AtRA
demonstrated the greatést effect suppressing colony growth approxirmately
90% at 10°M. ';'Ve also show ti1at while dexamethasone (DEX}(10°M)
essentially doubles the colony forming capabilities of fibrotic lung fibroblasts,
this induction is totally inhibited by co-incident treatment with either AtRA or

13-cis RA.
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MATERIALS AND METHODS

1. Reagents and Test Compounds. Dexamethasone was purchased from
Sabex, Boucherville, Quebec, Canada (DIN 00664227). All trans retinoic acid
(Cat No. R2625), 13-cis-retinoic acid (Cat No. R3255), retinol (Cat No. R7632)
and retinal (Cat No. R2500) were purchased from Sigma Chemical Co., St.
Louis, MO. Recombinant human platelet-derived growth factor 8 (PDGF) was
obtained from R & D Systems, Minneapolis, MN (Cat. No. 100-8).
Recombinant human fibroblast growth factor (FGF), basic (Cat. No. 341618}
and transforming growth factor 8, (TGFB)(Cat. No. 619350) were purchased
from Calbiochém Corp., La Jolta, CA. Recombinant human epidermal growth
factor (EGF) was obtained from Genzyme, Cambridge, MA (Cat. No. 1213-00).
Agarose for use in the anchorage-independent growth assay was purchased
from Bethesda Research Laboaratories, Gaithersburg, MD. Human sera used in
AIG assay was collected from healthy volunteers using vacutainer sterile blood
collection tubes with no additives (Becton Dickinson Canada Inc., Mississauga,

Ontario, Canada).

2. Cell Lines. All human fibroblast cell lines for use in anchorage-independent
growth assay were established by outgrowth from explants as previously
described {4,5). All celi lines were used at passage < 10. Cell lines were

grown in 75-cm? culture flasks (Corning Inc., Corning, NY) and maintained in
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RPMI supplemented with 10% fetal bovine serum (Gibco Laboratories, Grand

Istand, NY)} and 1% penicillin / streptomycin (Gibco).

3. Anchorage-Independent Growth Assay (AlG). AIG assay was carried out
as previously described with minor modifications (35). Briefly, a 0.8 % agarose
mixture containing 10% fetal bovine serum was used to precoat 95 well plates
(Nu.ncion, InterMed Nunc, Roskilde, Denmark). After allowing the bottom layer
to solidify, a 0.4% agarose top layer containing 20% human serum (HS), 2 x
102 cells, various growth factor(s), dexamethasone or retinoid(s) was layered
over the base layer. Following solidification of the top layer, 100 ul of media
alone or media plus the various retinoid was added to each well. The plates
were then wrapped in aluminum foi! and placed at 37°C / 5% CO, for 10-14
days. Colonies with a diameter > 45 uym were counted using an inverted light

microscope fitted with a grided eyepiece {Carl Zeiss Inc., Thornwood, NY).

4. *H Thymidine (*H-TdR) Incorporation. Human adult fibrotic lung fibroblasts
were grown to confiuency, trypsinized and resuspended in RPMI supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin. Two thousand
cells were plated into the bottom of a 96 well plate and allowed to attach
overnight. The following day, the celis were washed twice with warm PBS and

the media changed to experimental conditions of varying concentrations {10°M
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- 10°M) of retinol, retinal, AtRA, or 13-ci$ RA in 20% human serum +
dexamethasone. The cells were allowed to incubate for a further 72 hours at
37 C, 5% Cbz and .5 uCi/well of ®H-thymidine {20 Ci/mmol, NEN Corp.,
Boston, MA) added during the last 24 hours of incubationr. The celis were then
washed with PBS, lysed and cellular contents collected on a cell harvester.

5. Statistical Analysis. All statistical analyses were performed utilizing the
Minitab Data Analysis software, Release 7.1 (1989, Minitab, Inc., State

College, PA)}.
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RESULTS

1. Effect of Retinoids on Cell Viability. The effect of retinoid {10°5M to 10°M)
and steroid (10®*M) on cell viability was examined. Viability of lung fibroblast
lines was assessed by trypan-blue exclusion and a concentration of 10°M

chosen for subsequent studies since at this concentration, cell viability was >

97% for all retinoids tested (data not shown).

2. The Effect of Retinoids on the Colony Forming Activity of Fibrotic Lung

Fibroblast Cell Lines. The ability of fibroblast celil lines derived from adult

fibrotic lung tissue to form colonies and the modulation of this growth by 4
natural retinoids (retinal, retinol, All-trans retinoic acid, and 13-cis retinoic acid)
is presented in Figure 1. In the presence of 20% human serum, fibrotic
fibroblast cell lines formed colonies gt’the predicted frequency {0.58 - 1.05 %
(35)). However, in the presence of various retinoids, the frequency of this
growth was significantly decreased (Cell line #1 ANOVAF=55.81, p < 0.001,

Cell line #2 F=53.08, p < 0.001 and Cell line #3 F=7.88, p=0.001). All-

trans retinoic acid {AtRA) had the greatest effect on colony formation, being N

much more active than retinol {vitamin A} and retinal at the same
concentration, suppressing colony growth approximately 90% of control (Cell
lines #1,2,3; p < 0.0001, p=0.0007, p=0.0081 respectively). The effect of

retinoids on the colony forming ability of 3 neonatal lung derived fibroblast cell
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lines was also examined. Again, all fetino_ids tested decreased the frequency
of colony growth with all-trans retinoic acid being the most active {p<0.001,

Data not shown).

3. The Effect of Retinoids on Corticosteroid Induced Colony Formation. We
have shown previously that dexamethasone (DEX} (10°M) enhances the soft
agarose colony growth of fibrotic lung fibroblast lines and we examined the
effect of retinoids on this activity. In the. presence of DEX (Figure 2)/,_ a
significant increase in the the mean colony number was observed for all fibrotic
lung fibroblast lines tested (Cell Line #1 p=0.0014 and cell lines #2 and 3
p=0.0072 and 0.0084 respectively). The co-incident addition of either retinol
or retinal did not significantly alter these effects. However, _the':("addition of
AtRA was able to override the colony promoting activity of DEX, resulting in
a marked decrease in the colony farming ability of fibrotic fibroblast cell lines
{Celifine #1, 2 and 3; p=0.0001, p=0.0023, p=0.0003). 13-cis retinoic acid
{13-cis RA) was also able to suppress DEX induced colony growth, but to a
lesser extent than AtRA in 2 of 3 cell lines tested (Cell line #2 p=0.0009 and

#3 p=0.013).

4. Modulation of colony growth by specific growth factors. In an attempt to

identify specific factors potentially involved in the soft agarose growth
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response of f}fibrotic iung‘ fibroblasts, epiderm_al growth’ factor (EGF),
transforming growth factor (“II'GFB), fibroblast growth factor {(FGF) and platelet-
derived growth factor (PDGF) were tested for their colony mbdulating effects.
Figure 3 illustrates that EGF, PDGF, and FGF all function to enhance colony
formation in soft agarose while TGFS (demonstrated here and previously

reported by our group {11)) '\_f_\ras shown to partially inhibit soft agarose growth.

The effects, however, were not as great as those seen with either DEX or

AtRA.

5. The Effect of combinations of growth factors and retinoid on colony
formation. In ordef to examine possible mechanisms involved in retinoid
modulation of anchorage independent growth, EGF, TGFB, FGF, and PDGF were
added directly into the soﬁ agarose growth assay in the presence of various
retinoids. As shown in Figure 4, the ability of retinoids to suppress colony
growth was not altered by the presence of specific growth factors.
Interestingly, the pattern of modulation of colony growth observed in the
presence of specific growth factor alone (ie PDGF t, TGFS {) was maintained
in the presence of retinoid, however the overall frequency of colony formation

for each growth factor was reduced.

6. *H-TdR incorporation in the presence of corticosteroid and retinoid. The
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results of a H-TdR incc;rﬁgration assay from one representative fibrotic lung
fibroblast cell Iihe is presented in Figuré 5. The pattern of 34-TdR incorporation
over 96 hours was not_‘significantly altered in the presence of either retinol or
retinal. A dose dependent decrease in *H-TdR incorporation was observed in
the presence of AtRA and 13-cis, with a 33% drop in incorporation at 10%M
as compared to human serum alone. Interestingly, in the presence of DEX
alone, a similar decrease in thymidine incorporation is observed, although, in
contrast to AtRA, we have demonstrated that treatment with DEX actually
doubles colony number. In the presence of retinoid plus DEX, a decrease in
fibroblast *H-TdR incorporation below that induced by DEX alone was observed

for all retinoids tested.
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DISCUSSION

We have suggested that chronic inflammatory connective tlssue‘
diseases, of which ldlopathlc pulmonary fibrosis (IPF) is an example, may result
from enhanced presence of specific fibroblast subpopulations in the tissue
which express an activated or altered phenotype consistent with disease
expression. Moreover, since fibroblasts may funétion as effector cells, an
activated fibroblast phenotype may perpetuate the disease process through the
release of cytokines Wthh could then modulate surrounding lnflammatory cells
{19,20). Hence, suppression of the inflammatory response alone without
coincident modulation of the fibroblast phenotype may not be sufficient to
arrest the fibrotic process.

The current study demonstrates that culture of fibrotic lung fibroblasts
with retinoid reduces the ability of IPF fibroblasts to form colonies under
conditions of anchorge-independent growth. The frequency of reduction of
anchorage-independent growth varied among the retinoids tested, with AtRA
manifesting the greatest effect {~ 909% iﬁhibition) on the colony forming ability
of IPF fibroblast cell lines. 13-cis-retinoic acid, the isomer of AtRA, showed a
pattern of colony induced suppressipn similar to, but not identical to that of
AtRA..- b

Since it is now widely accepted that nuclear retinoid receptors mediate

the effect of retinoids, differences in the type of receptor present in lung
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fibroblasts could account for the differing activities of the 4 retinoids tested
{21,22). To datle, 3 retinoic acid receptor isoforms .have been detected in
human bronchial fibroblasts (23) and mRNA for 2 retinoic acid receptor
isoforms and the retinoic acid X receptor (RXRa) detected in normal human
unstimulated interstitial lung fibroblasts (24) suggesting that lurig fibroblasts
may also be targets of retinoids.

Our data is consistent with recent studies demonstrating the inhibition
of anchorage-independent growth of hurn_a'ﬁ and rat arthritic synoviocytes by
all-trans retinoic acid at concentrations of 10°°M (25). In addition, the finding
that neonatal lung fibroblast anchorage-independent growth is also inhibited by
retinoid again suggests the modulation of a particular fibroblast phenotype.
Palmer et al {26) have also previously demonstrated the inhibition of growth
factor induced anchorage-independent growth of human skin neonatal
fibroblasts by AtRA.

The effect of specific growth factors, known to mediate the soft agar
growth of normal fibroblasts in culture was examined for their ability to
modulate the colony growth of IPF fibroblasts in the presence of various
retinoid (11,27-29). Again, an overall reduction in mean colony number was
observed for all treatment conditions, with AtRA and 13-cis RA yielding the
greatest effect. The fact that the addition of growth factors known to promote

anchorage-independent growth were not able to override the colony modulating
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effects of AtRA and 13-Cis RA suggests a changé in the phenotype of our lung

IPF fibroblasts such that theyiafﬁ no longer as resporﬁ;ivé to these factors.

e
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Since we rgcenﬁi} demonstrated that glucocorticoids enhance the
anéi&rage-indepeﬁdent growth of IPF fibroblasts, the action of DEX in
combination with retinoid on the colony forming potential of these fibroblasts
was examined. Our data indicate, that of the 4 retinoids tested, only AtRA and
13-cis RA were able to consistently counteract the effects of DEX at the
concentrations utilized in the study. The finding that the presence of retinal or
retinol did not oppose the effects of DEX again sugrg;::?;’that these compounds
must firgt be converted to their active metabolites.

In order to address the possibility that the reduction of ﬁolony growth
demonstrated in the presence of retinoid was due to some toxic activity of the
retinoid which interfered with the metabolic capacity of the cell, we examined
the pattern of *H-TdR incorporation of iPF fibrablast lines, in the presence of
various retinoids. QOur data indicates a dose-dependent decrease in fibroblast
proliferation in the presence of AtRA and 13-cis RA with proliferation rates of
IPF fibroblasts 67% of control. These results are consistent with our
hypothesis since a decrease in cell growth rate would not be unexpected in a
population of cells undergoing differentiation. Moreover, the fact that at a

concentration of retinoid 10°® M, cell viability was found to be >97% suggests

that our IPF fibroblasts still remain a vitai cell population following culture with
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retinoid. In addition, others have shown that 105 M retinoid has little effect on

total protein synthesis in lung fibroblasts (14). We also observed in the

presence of DEX alone, a éimilar decrease in fibroblast proliferation, even
though DEX is a potgnt enhancer of colony number. A decrease in fibroblast
proliferation following treatment by AtRA and 13-cis RA has previously been
reported (30,31). In addition a study by Demetriou et al (32) suggests that
retinoic acid induces differentiation of murine 3T3 fibroblasts.

Zitnik et al. {24) have demonstrated in cultures of human lung fibroblasts
that treatment with retinoic acid (10°°M) is capable of modifying interleukin 1
induced gene expression of cytokine and that the inhibitory effects of AtRA
appear independent of cytoxicity. Moreover, these autﬁors report similar
inhibitory activities following treatment with retino! and retinal {10°M),
suggesting that lung fibroblasts are able to metabolize both retinol and retinal
to their active compounds, a concept our findings would support. Similarly, we
also demonstrate an effect of AtRA on fibroblast metabolism, however unlike
Zitnik et al., retinol and retinal were not found as potent in our system. The
finding that AtRA was twice as effective as either retinol or retinal in reducing
colony number is consistent with the belief that in vivo, all-trans retinoic acid
is the active metabolite of vitamin A (retinol) (33,34} and with studies
demonstrating that particuiar retinoids function differently in their abilities to

induce differentiation (35,36).
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Several studies have suggested the importance of the extraceliular matrix
in normal cellular differentiation (37,38). In addition, changes to the
extracellular matrix have been r_e:por:ced to affeq; fibroblast cell growth and
fibroblast responsiveness to growth —factors {39}). A number of reports have
suggested that AtRA may play a role in controlling extracellular matrix
production (12-18} and several groups have reported the selective inhibition of
collagen synthesis in fibroblasts following incubation wtih retinoid. Oikarinen
et al {13) have reported in skin fibroblasts similar reductions in procollagén
production and type | procollagen mRNA following treatrnent with AtRA {10
M), 13-Cis RA, retinol and retinal. No effect on fibronectin mRNA levels was
evident. Krupsky and Goldstein {14) recently demonstrated that AtRA
treatment of human lung fibrablasts rg;ul;s in the reduction of steady state
mRNA levels of type | collagen and that this reduction is mediated by down
regulating collagen gene transcription. In addition, matrix metalloproteinase
gene expression has also been democnstrated to be repressed by AtRA
treatment (15,16). Based on pre'fvious findings and the observations reported
here, we suggest that retinoid trgétment has an affect on fibroblast phenotype
and that this effect is mediated" possibly through a differentiation or matrix
altering event. |

Numerous investigators have documented that treatment of fibroblast

lines established from keloid or scleroderma cultures with AtRA or 13-cis RA



"
RS
>

G

62

greatly reduced collagen synthesis {40-41). Reﬁnoids, specifically AtRA, have
| also_proven to be effective in the treatment of keloid and hypertrophic scars
and in treatment of patients afflicted with acute promyelocytic leukemia
{42,43). Moreover, in animal models, it has been demonstrated that treatment
of rats with all-trans retinoic acid significantly inhibits disease expression in a
streptococcal cell wall-induced arthritis model (44). Since excessive
accumulation of collagen is a hailmark of fibrotic disease, differentiation therapy
(as suggested here by the use of all trans retinoic acid) as a therapeutic adjunct
to anti-inflammatory treatment of fibrotic disorders may have great potential
benefit. We are currently investigating this hypothesis in vivo, in a rat model

of bleomycin induced lung fibrosis.
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FIGURE LEGENDS
Figure 1. Modulation of anchorage-independent growth of lung fibroblasts by
retinoids(s}). Human adult lung fibrotic fibroblasts {(n=3) were cultl'Jred under
soft agarose growth conditions in the presence of absénce or various retinoids

(10°M). Colonies with a diameter > 45 um were scored. Data represents the

mean number of colonies + SD from 4 replicate wells.

Figure 2. The Effect of Corticosteroid on the soft agarose colony growth of
fibrotic lung fibroblasts. Lung fibroblast cell lines from fibrotic lung were grown
under conditions of anchorage-independent growth in the presence of DEX {10
®M) or DEX plus retinoid {(10°M). The results from 3 lung fibroblast cell lines
are presented. Data represents the mean number of colonies + standard

deviation from 4 replicate wells.

Figure 3. The mo...ation of anchorage independent growth by specific growth
factors. Fibrotic lung fibroblasts were assayead for soft agarose growth in the
presence of human serum alone or serum containing either EGF (6 ng/ml), TGFS
{100 pg/ml}, PDGF (5 ng/ml} or FGF {10 ng/ml). Colonies with a diameter >
45 uym were counted from 4 replicate wells. Colony counts were pooled and
the data represents the mean number of colonies -+ standard deviation from 3

fibrotic lung cell lines.
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Figure 4. Effect of specific growth factors on the modulation of anchorage-
independent growth by retinoids. Human fibrotic lung fibroblasts (n=23) were
assayed for growth under soft agarose conditions in the pr_ésence of retinoid
(10°M) and the following growth factors: EGF (6 ng/ml), TGF# (100 pa/ml},
PDGF (5 ng/ml}, FGF (10 ng/ml) and DEX (10°M). Déta represent the mean

number of colonies + SD from 4 wells in each treatment group.

Figure 5. Influence of corticosteroid and retinoid on *H-TdR incorporation of
fibrotic lung fibroblasts. Adult fibrotic lung fibroblasts were cultured for 72
hours in the presence of either retinoid, DEX plus retinoid {10°°M - 10°*M), DEX
(10°°M) alone, or 20% human serum. 3H-TdR was added to the system during
the last 24 hours of culture. A representative profile from one fibrotic cell line
is presented. The results are expressed as the mean cpm + SD from 4

replicate wvelis.

Figure symbols:
O - AtRA; + - 13-Cis RA; a - R-ol; O - R-al

@ - AtRA + Dex; + - 13-Cis + Dex; a - R-ol + Dex: ® - R-al + Dex
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CHAPTéI; Four
MODULATION OF THE FIBROTIC LUNG RESPONSE
FOLLOWING RETINOID THERAPY
IN A RAT MODEL OF

BLEOMYCIN INDUCED FIBROSIS

The following article entitled "The in-vivo administration of all-trans
retinoic acid modulates the fibrotic outcome in a rat model of bleomycin
induced pulmonary fibrosis" was submitted for publication in The American
Journal of Physiology (Lung). This research article examines the effectiveness
of retinoid as a potential therapy in the modulation of the fibrotic lung response
induced following bleomycin instillation.

The work presented in this study was performed by the author of the
thesis with the help from research technicians with animal handling and care.
This research paper was written by the author of the thesis. Dr. Vincic
assisted with histological assessments. Drs. Richards and Gauldie provided

supervision.
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~ ABSTRACT
Fibrob!aust heterogeneity has been documented in fibrotic tissue. Therefore, we
_ have suggested that idiopathl;; pulmonary fibrosis {IPF) {and other chrohic
inflammatory connective tissue diseases) may result from the overabundance
of specific fibroblast subsets in the lung which express activated phenotypes
consistent with disease expression. We héve previously demonstrated that
primary lines of fibroblasts derived from IPF tissue exhibited enhanced
proliferative rates, are capable of anchorage-independent gr’gwth, and that the
colony forming ability of IPF fibroblasts could be inhibited with retinoid, known
differentiating agents. Similar findings were also demonstrable in fibroblast
lines derived from neonatal lung suggesting the modulation/differentiation of a
particular fibroblast phenotype toward a more mature adult phenotype; one
incapable cf anchorage-independent growth. In this study, we report the in
vive administration of all trans retinoic acid (AtRA) significantly decreased the
number of fibrotic lesions in a rat model of bleomycin induced lung fibrosis.
Moreover, the daily adminstration of AtRA dramatically reduced the pattern of

collagen deposition in the lung compared to the bleomycin contro! tissue.

Index terms: fibroblast heterogeneity, retinoic acid, pulmonary fibrosis,

inflammation, collagen.
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ABBREVIATIONS

AtRA - All-trans retinoic acid

DEX ‘ De>§§'methasone

IPF : Idiopathic pulmonary fibrosis
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INTRODUCTION

The development of pulmonary fibrosis may be the end reéﬁ_l_t of
~ exposure of the lung to a variety of known etiological agents includiné inorga'nic
dusts and chemicals such as asbestos and silica, infectious agents and
therapeutic agents such as radiation. However, approximately 2113 of the cases
diagnosed are of unknown etiology aﬁd are termed idiopathic puiﬂm“onary fibrosis
{IPF){2,6-8) |

Pulmonary fibrosis is characterized by fibroblast hyperplasia and
excessive connective tissue deposition resulting in decreased lung volumes and
compliance with impairment of gas exchange (18,19,23,28). In addition, an
increase in the proportion of fibroblasts actively synthesizing collagen has been
documented in the lungs of patients with pulmonary fibrosis (8).

The process of fibrosis is believed to be initiated by inflammatory

reactions in the alveoii and alveolar wall which for reasons not yet clear

proceed to chronicity (2,6,8). While inflammatory/immune cells clearly

contribute to the fibrotic process, we and others believe that tissue structural
cells, particularly the interstitial fibroblast, may play a more direct role as
effector cells in the pathogenesis of IPF through the relerse of potent
inflammatory and matrix modulating mediators (11,15).

Moreover, evidence clearly exists of morphological and functional
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heterogeneity ‘within fibroblast populations isolated from chronically inflamed
tissues. Fibroblast popqlatiohs with enhanced proliferative rates, differences

in ECM production, differences in release and respcnse to cellular mediators,

“_.and differences in cell surface marker expression have all been documented

(3,10,13,16,1 5,21 ,29,35). In addition, we have previously demonstrated that

fibroblasts derived from human IPF tissues and human neonatal lung exhibit the

_ability to grow as colonies under conditions of soft agarose culture, whereas

fibroblasts obtained from normal lung do not form colonies {(32). We further
demonstrated in vitro that the colony forming activity of the IPF fibroblast could
be decreased by treétment of cell lines with retinoids, known differentiating
agents (33).

The use of retinoidé in vivo, has proven to be effective in the treatment
of rat streptococcal cell wall induced arthritis (12) and in treatment of patients
afflicted with keloid and hypertrophic scars (7,14). In this study, a rat model
of bleomycin induced pulmonary fibrosiS was employed to evaluate the use of
retinoid or a combination of retinoid and steroid as potential therapies. The
data presented here demonstrate that the daily oral adm-inistration of all trans
retinoic acid beginning 10 days post-bleomycin exposure dramatically reduces
the number of lesions and alters the pattern of coliagen deposition in the

fibrotic lung.
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MATERIALS AND METHODS

1. Animals.

Pathogen free adult male Lewis rats weighing 180-250 g were obtained from
Charles River Laboratories Canada (St.-Constant, Quebec} and housed under
spécific pathogen free conditions in our central animal facilif:\';;r;‘f"' Animals had
free access to water and commercial rat food. All manipulations to the animals

were carried out under a laminar flow hood.

2. Chemicals and Reagents.

All trans retinoic acid (Sigma Chemical Company, St. Louis, MO R-2625) was
dissolved in arachis oil and stored protected from light in 1 ml aliquots at -
20°C. Dexamethasone was obtained from Sabex Boucherville, Quebec (DIN
00664227). Bleomycin (Blenoxane) was purchased from Bristol Laboratories
of Canada, Montreal, Quebec (DIN 00258482). Ketamine (Ketalean) was
purchased from MTC Pharmaceuticals, Cambridge, Ontario {DIN 00612316).
Xylazine {Rompun) was purchased from Chemagro Limited, Etobicoke, Ontario

(DIN 00408972).

3. Bleomycin Model.
Specific pathogen free rats, weighing between 245 - 260 g at the start of the

experiment, were anesthetized under a mixture of ketamine hydrochloride and
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xylazine given intraperitoneal. At Day 0, the intratracheall injection of
bleomycin was accomplished via tracheostomy. Bleomycin dissolved in sterile
Pés was administered at a concentration of 1.5 U / 250 g body weight. At
Day 10 and again beginning Day 14, animals {n=3) received either i) an oral
dose of AtRA via gastric intubation at a concentration of 1 mg / 250 g rat to
achieve blood levels of the drug approximately 10°°M (30), ii) a subcuta.neous
injection of DEX in sterile PBS {25 ug / 250 g rat), or iii) a combination of AtRA
/ DEX (at the above concentrations) daily until Day 28. On day 28, the
animals were sacrificed by exsanguination and lungs excised. One 'itﬁg was
fixed by perfusion with 10% neutral buffered saline and then paraffin
embedded for histological study. A piece of the right lung was obtained for cell
culture and the remainder of the lung placed directly in GITC solution for RNA

extraction.

4. Total RNA Preparation.

Total tissue RNA was extracted from the lung using a slightly modified single-
step method {5). Lung tissue was placed directly into a solution of guanidinium
buffer {4 M guanidinium isothiocyanate, 17mM sodium lauroyl sarcosine,
25mM sodium citrate, 0.1 M 2-mercaptoethanol}, homogenized and then stored
at - 70°C for future processing. RNA was extracted with 2M sodium acetate

pH 4.0, water saturated pheno! and chloroform, and then precipitated at -20°C
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overnight in isopropanol. For northérn ge! hybridization, 20 ug of total RNA
was electrop:ii!oresed ona 1.0% agarose formaldehyde gel, transferred onto
nylon membrane in 0.025M phosphate buffer pH 6.5 (Biotrans, Pall Biosupplgrt
Corporation, East Hills, NY) and ultraviolet fixed for 2 minutes. The biot wés
hybridized with a 32p.y-ATP labeled rat a,(l) procollagen oligonucleotide
antisense probe which was synthesized based on the sequence quote& by

Zhang et al. (37), d(AGG-GCC-AGT-CTC-AGC-ACG-GTC-ACC-CTT-GGC).

5. Lung histology.

4 ym rat lung sections were cut from paraffin blocks and serial sections stained
with either hematoxylin and eosin (H and E) or Miller’s Elastic Fibre Stain (24).
The slides were examined by light microscopy and graded to assess levels of
fibrosis. All histological assessments were performed by the same pathologist

without knowledge of the treatment conditions.

6. *H-Thymidine (*H-TdR) Incorporation.

Primary rat cell lines were established frbm rat lung tissue utilizing methodology
as previously described (16). For assay, rat lung fibroblasts were grown to
confluency, trypsinized and resuspended in RPMI media suppiemented with
10% fetal bovine serum and 1% penicillin/streptomycin {(Gibco Laboratories,

Grand Island, NY). Two thousand cells were plated into the bottom of a 96



A

89
well plate and allowed to attach overnight. The following day, the cells were
washed with PBS, and fresh media added. The cells were allowed to incubate
for a further 72 hrs at 37°C, “5% CO, and 0.5 uCi/well of 3H-fhymidine (20
Ci/mmol, NEN Corporation, Boston, MA) added for the last 24 hours of culture.
The cells were then washed, lysed and cellular contents collected on a cell

harvester.

7. Total Leukocyte Counts and Differential Cellular Analysis.

Total leukocyte counts were performed on peripheral blood samples obtained
at Day 28 using a standard hemocytometer. Differential cell counts were
performed on blood smears stained with a modified Wright-Giemsa Stain

{(Hema-tek Stain Pack, Miles Inc Diagnostics, Elkhard Indiana).

8. Statisticai Analysis. All statistical analyses were performed utilizing the
Minitab Data Analysis Software, Release 7.1 (1989, Minitab, Inc., State

College, PA).
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RESULTS

1. Histopathologic Features.

The fibrotic ‘control’ animals showed histologic findings consistent with
bleomygin i;duced pulmonary fibrosis (25,31). There was evidence of
interstitial widening and obliteration of bronchioles and airspaces. The lesions
appeared to be cellular in nature containing inflammatory cells, smooth muscle
cells and fibroblast-like cells and were often centered around bronchioles or
bronchi. From the corresponding Miller matrix stained section we observed (i)
areas of intense collagen staining and (ii} areas of staining in the obliterated
airspaces indicating cellular fibroblastic lesions undergoing organization. The
appearance of foamy histocytes indicated areas of obstructive pneumonia
(Figure 1{a)-(c)).

The DEX and AtRA/DEX treatment groups beginning either day 10 or 14
post bleomycin treatment exhibited similar histology to bleomycin controls (data
not shown). Again, widening of the interstitium was observed as well as
obliteration of bronchioles and airways. Examination of lung sections stained
with H and E revealed similar numbers of lesions as compared to bleomycin
control. However, upon examination of the corresponding sections developed
with Miller stain, the type of lesion was found to differ. In both the DEX and
AtRA/DEX groups, less cellular fibroblastic processes were observed in the

lesions. At the periphery of lesions a darker stain was observed indicating more
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dense collagen in these scars as compared to bleoméyin only controls. These
findings are typical 6f more organized {older) lesions. Also, the Ieéions
appeared to be 'smaller’ or contracted. Th; presence of fibrous plugs was also

observed.

2. Differences in the AtRA Treatment Groups Day 10 vs Day 14.

In the animals beginning treatment with AtRA Day 10 posi-bleomycin
(AtRA 10), there appeared significantly fewer numbers of lesions \;vith
decreased intensity of collagen staining as compared to the fibrotic contro! and
the other treatment groups (Figure 1{d) - {f)).

In the animals receiving AtRA beginning Day 14 (AtRA 14) post-
bleomycin treatment !;;th the H and E and Miller stains appeared
indistinguishable from bleomycin controls {Figure 1{g) - (i)). Interstitial and
airways fibrosis was observed. The numbers and type of lesions present were
similar to controls i.e. the iesions appeared to be organizing (more cellular with

very little collagen in periphery of lesion).

3. mRNA Analysis.
In order to examine if the changes observed in lung histology were
associated with changes in the ievels of mRNA for procoliagen a, (I}, total lung

RNA was isolated and analyzed by Northern biot {Figure 2). In accordance with
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collagen mRNA levels (Fig 2, Lane 2)(20,26). Analysis of lung RNA from AtRA,
DEX, and AtRA/DEX treated rats beginning day 10 post-bleomycin treatment
revealed similar procollagen a,{l} mRNA band intensities which were

indistinguishable from the bleomycin control (Fig 2, fanes 3-5).

4. Changes in the proliferative rates of lung fibroblast lines derived from
bleomycin control and AtRA treated rats.

The resuits of a *H-TdR incorporation assay utilizing primary rat fibroblast
cell lines derived from treated and untreated rat lung are presented in Figure 3.
The pattern of *H-TdR incorporation over a 86 hour time interval revealed: (i)
rat fibroblast cell lines derived from fibrotic lung tissue proliferated slower than
normal lung fibroblast cell lines {Figure 3a) and, (ii} treatment with AtRA
beginning Day 10 post bleomycin exposure resulted in derivation of cell lines
with significant increases in the mean proliferative rate above fibrotic controls

(Figure 3b), tending towards a more adult fibroblast behaviour.
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DISCUSSION

To date, the mainstay of treatment for patients with pulmonary fibrosis
has been aimed at modulating the inflammatory process. However, the
treatment of patients with cortico;.teroid appears most effective in patients
with early stage disease i.e. those exhibiting little scarriﬁg (4,34). Since most
patiehts present clinically in the later stages of disease when the fibrotic
component in the lung is well established, treatment with antiinflammatory
agents may not be an effective drug strategy.

We have previously demonstrated that human lung fibroblasts derived
from inflamed lung and those derived from normal neonatal lung: (i} exhibit
quicker proliferatiQe rates than normal adult lung fibroblasts (16,17}, (ii) exhibit
the ability to form colonies under conditions of anchorage-independent growth
(32) and liii) that the ability to form colonies under anchorage-independent
growth can be modulated with retinoid (33). The characteristic of anchorage-
independent growth is consistent with the aggressive nature of
fibroproliferative disease and with developmental lung growth. The observation
that fibrotic lung fibroblast cell lines exhibit similar growth characteristics to
neonatal lung fibroblasts suggests the prevalance of newly differentiated
fibroblasts in fibrotic lung tissue exhibiting growth characteristics such as
would be found in the developing lung, or a lung undergoing tissue injury and

repair. Moreover, the observation that retinoid treatment inhibits colony growth
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implies the modulation of the fibrotic phenotype may involve a differentiation
event. It was on this premise that we examined the effect df retinoid in a rat
model of bleomycin induced fibrosis. Treatments began Day 10 or Day 14
post-bleomycin injection as wé wanted to treat animals during the acute
inflammatory stage (Day 10) and at a time point where for the. most part, the
inflammatory changes had subsided and fibrosis was developing (Day 14).
Since our in vitro data utilized 10°M AtRA and other in vitro studies have used
107 to 10°M AtRA to induce cell differentiation, a dose of 4 mg / kg rat was
administered in order to achieve maximal blood levels of the drug at
approximately 10°®M (30}. Moreover, overt toxicity was not observed following
the daily administration of AtRA for a period of 14-18 days.

The histological findings reported here clearly demonstrate that daily
treatments with AtRA (4 mg/kg) beginning Day 10 was able to modulate the
fibrotic outcome in the lung following bleomycin exposure. A dramatic
decrease in the number of lesions present in the lung was noted in all animals
treated this way. Moreover, the collagen content of the AtRA 10 lung, as
assessed by the use of Miller stain, was determined to be dramatically reduced
as compared to the fibrotic control rat lung. Interestingly, in the animals
treated from 10 days with AtRA increases in lymphoid cells were observed in.

blood vessels compared to other treatment groups. As such we decided to

assess the numbers and types of white blood cells circulating in the peripheral
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blood. Mean total leukocyte counts {n=3) for all treatment groups were similar
(5.1 - 5.5 x 10° cells/ml), however marginal differences wefe observed in the
white blood cell profiles from AtRA treated animals. Specifically, AtRA treated
rats (n=3) displayed a significanf increase in meén lymphocyte blood counts
(81.33 + 4.62 vs 63.0 + 3.61; AtRA vs Fibrotic, p < 0.05}, and a decrease
in neutrophil and monocyte counts as compared to fibrotic animals {11.33 +
1.563 vs 20.0 + 1.00, 5.67 + 3.06 vs 16.67 + 2.68 respectively).
Treatment of rats beginning Day 14 post-bleomycin with AtRA did not
appear to have any appreciable effects on the overall outcome of the fibrotic
lung response. These results suggest that treatment with AtRA might only
affect cells present during a small window of time (i.e. between Day 10-14).
“ Since our hypothesis suggests the modulation of the fibrotic ‘anchorage-
independent’ phenotype through the differentiation of the fibrotic fibroblast, it

is possible that AtRA treatment in vivo might not be affecting the fibroblast in

the manner we thought unless the cells present in the lung parenchyma at the
later time point are completely differentiated and not affected by retinoid. We
would therefore expect to see an effect at Day 10 because at this time point
we would interfere with the differentiation events taking place. The idea of
newly differentiating cell populations emerging in the lung between 7-14 days
post bieomycin injection is supported by a recent paper by Zhang et al. (36)

who demonstrate that newly reactive/differentiated myofibroblast/fibroblast
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populations are seen during this time and contribute to increased lung TGF8,
expression during active fibrosis following bleomycin.

In-order to assess whether the histological changes observed foliowing
retinoid treatment were associated with chaﬁges in collagen gene expression,
whole lung RNA was isolated and northern blot analysis performed. Figure 2
shows a dramatic increase in the amount of a,{l} procollagen mRNA detected
iin the fibrotic lung as compared to control. However, treatment with AtRA did
not appear to have any effect on the modulation of this expression. The
discrepancy between reduced collagen protein in the AtRA 10 treated lung and
procollagen mRNA levels suggests possibly that changes in the collagen protein
distribution of the AtRA 10 treated lung rﬁight involve other cell types present
at the inflammatory site, or alternatively that AtRA might be affecting collagen
synthesis at the translational level, not the transcriptional level (9). The
reduction in the accumulation of collagen in the lung of animals treated from
Day 10 onwards with AtRA might also involve enhanced collagen degradation.

In the present study, we have demonstrated that treatment with
corticosteroid did not lessen or ameloriate the fibrotic lung response at the
histological level, nor decrease levels of a,{l) procollagen gene expression
beyond fibrotic control levels. These results suggest therefore that it may not
be the modulation of the initial inflammatory event itself that is important.

Interestingly, AtRA/DEX 10 treatments yielded similar results to those of DEX
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alone, implying that the AtRA dependent evénts occurring Day 10 post-bleo are
steroid sensitive.

The grewth characteristics of primary lung fibroblast lines derived from
Day 28 treated and untreated rats were examined. Figure 3a illustrates that
fibrotic rat lung fibroblast lines exhibited decreased growth rates as compared
to normal fibroblast lines. These results are consistent with studies by Absher
et. al. {1) and Raghu et. al. {29) who examined the proliferative potential of
fibroblasts derived from early versus late stage fibrosis and reported that lung
fibroblasts derived from end stage fibrotic tissue displayed decreased
oroliferative rates as compared to fibroblasts obtained from early disease or
normals. Interestingly, fibroblasts derived from AtRA 10 treated rats displayed
a significantly greater proliferative rate than fibrotic lung fibroblasts {Figure 3b).
However, the fact that the proliferative rates of AtRA 10 fibroblasts never
reach those of normal fibroblasts implies that the proliferative capacity of the
cell and the arrest of fibrosis are not necessarily related.

In conclusion, the findings presented here clearly demonstrate changes
in the histology of the fibrotic lung following retinoid treatment. Since events
occurring around Day 10, but not from Day 14 appear AtRA sensitive, the

theory that AtRA is working through a differentiation pathway in vive may not

hold true. Whether these histologic changes associated with retinoid treatment

in_vivo correlate with positive changes in pulmonary function remain to be

\
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determined. Nonetheless, it would appear that treatment of fibrosis with
agents aimed at modulation of structural cell behaviour may ameliorate the

fibrotic outcome and serves as a template for future therapy in IPF.
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FIGURE LEGENDS

Figure 1. Histology of Lung Sections. Histological sections of rat pulmonary
tissue stained with Miller’s Elastic Fibre Stain. The elastic fibres and mast cell
granules stain black. The connective tissues and bone stain red. Muscle, red
blood cells, nuclei, cytoplasm and other tissue components stain yellow. 1{a) -
. {c), Bleomycin control; 1(d) - (f), Bleomycin + AtRA 10; 1{g) - (i}, Bleo +
AtRA 14. Figures 1{a), (d), and (g) H and E sections, magnification x 31.25
original. Figures 1(b}, (e}, and (h), Miller stained sections, magnification x

31.25 original. Figures 1(c), (f}, and (i), Miller stained sections, magnification

x 125 original.

Figure 2. Northern Blot Analysis. Figure 2a. Total rat lung RNA {20ug) was _‘
fractionated by electrophoresis on 1% agarose gel, blotted to nylon membrane,
and hybridized with *?P-y-ATP procollagen a,{l) oligonucleotide. Normal rat lung
RNA (Lane 1), fibrotic (Bleomycin) control (Lane 2), AtRA (Lane 3}, DEX (Lane
4), AtRA/DEX (Lane 5), interleukin 1 stimulated rat lung fibroblast total RNA
{Lane 6). Each lane represents pooled RNA extracted from 3 animals (except
Lanes 1 and 6 which represent 1 animal). All RNA was extracted from fung
tissue at Day 28 with treatments beginning at Day 10 post-bleomycin
administration. Figure 2b. Quantitative anaiysis of the blot using a light

scanning densitometer {GS Transmitter/Reflectance Scanning Densitometer,
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Hoefer Scientific Instruments, San Francisco).

Figure 3. The effect of in vivo administration of retinoid and corticosteroid on
the proliferation of rat lung fibroblasts. Primary rat lung fibroblast lines derived
from either bleomycin treated rats or animals treated at 10 days and onwards
with bleomycin plus AtRA ( 4 mag/kg rat), DEX (25 pg/250 gm rat) or a
combination of AtRAIDEX were plated at a density of 2000 cells per well and
maintained for 72 hours in culture media. *H-TdR was added to the system
during the last 24 hours of culture. The results are expressed as the mean cpm
4+ SD from 8 replicate wells. Cells were used within the first 5 passages.
Figure 3b represents the above data expanded to clearly depict the significant

differences among bleomycin treatment groups.



&a'ﬁ

3 2
wr
¥ HM

.ﬁ‘lﬁ. -

-

o g ey

Aol
b

o




Relative Units

2 s34 5 6

Z
e / /
— L BmL

NORM  BLM AtRA DEX AtRA/DEX IL-1
Treatment Group



—
//////////Wm

////////////////W //

000000000000

000000
00000
-




CHAPTER Five

SUMMARY

113



114

The lung fibroblast is a differentiated mesenchymal cell responsible for
the synthesis of the major ECM proteins which determine the structﬁre and
influence the function of the lung. Fibroblasts, once believed to comprise a
homogeneous cell population, have more recently been demonstrated to consist
of subpopulations with unique phenotypes and functions. Moreover, data from
studies comparing fibroblasts from normal and diseased tissue support the idea
of fibroblast subsets expressing disease specific phenotypes.

Fibroblast hyperplasia and the overproduction of ECM proteins are
hallmarks of a variety of fibrotic diseases whi_e'.:h affect various anatomical sites.
To date, the molecular mechanisms underiyihg the pathology of fibrotic disease
remain to be determined. This thesis therefore deals with investigating the
hypothesis of fibroblast heterogeneity in idiopathic pulmonary fibrosis and the
potential contribution of various fibroblast subsets to the pathological process
in the lung.

Previous studies have focused on whether the growth characteristics of
the lung fibroblast are permanently altered in jung fibrosis. Evidence to date
documents that primary lines of fibroblasts derived from IPF tissue proliferate
faster than normal lung fibroblasts {Jordana et al., 1988, Raghu et al., 1988)
and that clones of fibroblasts established from fibrotic lines aiso exhibit

enhanced proliferative rates (Jordana et al., 1988). Therefore, the existence
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of fibroblast subpopulations in IPF tissue exhibiting accelerated growth rates
wouid be consistent with the fibroproliferative nature of fibrotic disease.
Interestingly, a series of papers by Lafyatis et al. (1983a, 1989b) have

indicated that fibroblast-like cells obtained from rheumatoid synovium are

capable of clonal growth in soft agarose culture. The ability to growth under -

conditions of anchorage independent growth is a characteristic generally
associated with a transformed phenotype suggesting an aggressive nature to
these cells. Lafyatis et al. {1983) have called these cells "transformed™
because of this finding.

In the preceeding chapters, a series of investigations were performed to
further examine growth heterogeneity among fibroblast populations derived
from healthy and diseased lung tissue utilizing a colony forming assay and to
determine whether these phenotypic activities could be modified by growth and
differentiating agents. Having shown that agents such as retinoic acid and
steroid could elicit phenotype modulation, a rat model of bleomycin induced
puimonary fibrosis wés used to study the effect of these agents on the

modulation of the fibrotic lung response in_vivo.

in the first study, the data demonstrate that fibroblasts derived from IPF
tissue are capable of anchorage-independent growth in soft agarose cultures,
whereas fibroblasts derived from normai lung do not exhibit this ability. These

findings provide further evidence of heterogeneity among fibroblast populations



116

and between fibroblasts derived from normal and fibrotic tissue. Moreover,
these data support the hypothesis that fibroblasts derived from fibrotic tissue
exhibit a more "aggressive” growth potential than those from normal tissue, as
-suggested previously by studies of Jordana et al. (1888} and Raghu et al.
{1988). The characteristic of anchorage-independent growth displayed by IPF

fibroblasts was maintained in vitro over a number of passages and colonies of

fibroblasts that were picked and expanded again formed colonies when
subjected to soft agarose culture, thus defining a stable phenotype. The
maintenance of an anchorage-independent phenotype by fibroblast clones in

vitro suggests that the "growth aggressive” phenotype is a permanent aspect

of the primary fibroblast line and may ultimately be indicative of the various

behaviours of fibroblast subsets in vivo.

The data from these studies further demonstrate that the characteristic
of anchorage-independent growth exhibited by fibrotic fibroblasts is also
observed in fibroblast lines derived from neonatal lung tissue suggesting the
presence and contribution of a newly differentiated young fibroblast in the
pathogenesis of IPF. The implication of these findings is that the development
of fibrosis may involve a differentiating event which results in the over-
accumulation of young fibroblast populations in the lung expressing behaviours
in keeping with a growing and developing lung. The presence of such a

population of cells in the fibrotic lung would not be at all surprising when one
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considers the requirement of actively dividing fibroblasts during episodes of
injury and repair. The ability of neonatal and fibrotic lung fibroblasts to exhibit
similar proliferative behaviours has also been evidenced by Jordana et al.,
(1992). These studies revealed the enhanced proliferative behaviours of
fibroblasts derived from chronically inflamed lung and neonatal lung as
compared to normal adult lung fibroblasts. It is conceivable then that the
fibrotic process might involve (1) the inability of the tissue to regulate the
behaviour of the newly differentiated fibroblast or {2} the inability to change its
behaviour to one more in keeping with the aduit phenotype {ie one incapable
of anchorage-independent growth).

That the resolution of IPF might involve the modification of the
differentiation state of the fibrotic fibrobiast was the axiom behind the second
set of investigations undertaken in this thesis. Here, we considered the
behaviour of anchorage-independent growth exhibited by IPF fibroblasts to be
a behaviour consistent with an IPF phenotype. This is an assumption
undoubtedly, however if true, agents that could modify this behaviour may

ultimately play a role in reversing or arresting the fibrotic outcome in viva. In

this study, a number of growth and differentiating factors were examined for
their capacity to modify the anchorage-independent phenotype of lung
fibroblast populations. Consistent with our hypothesis, the treatment of IPF

fibroblasts with one particular from of retinoic acid, all trans-retinoic acid
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growth conditions. In addition, retinoid treatment of neonatal lung fibrobiasts
similarly decreased their frequency of colony formation and growth. These
findings again support the notion of an association between fibroblast
behaviour in fibrosis and neonatal fibroblast behaviour and suggest the
modulation of a particular fibroblast phenotype. Moreover, that the addition of
growth factors known to promote the anchorage-independent growth of
fibroblasts were not able to reverse the inhibitory effects of retinoid on colony
formation implies a change to the initial phenotype of the cell. Normal adult
lung fibroblast populations also exposed to colony enhancing growth factors
and corticosteroid (under the same experimental conditions as the IPF fibroblast
lines) could not be induced to form colonies indicating that the outcome
observed in experiments with the IPF fibroblast lines was likely due to the
selection of a specific fibroblast phenotype from a heterogenous cell population
rather than simply the induction of a particular phenotype. Such a subset of

fibroblasts could be selected in_vivo as a result of chronic exposure to

inflammatory mediators as would likely occur during repeated episodes of
inflammation and repair as the disease is suspected to develop over a number
of months to years.

Based on the previous two studies, we believed that the ability of IPF

fibroblasts to form colonies under soft agarose growth conditions was a
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consistent and disease specific phenotype. Moreover, we believed that we
were able to successfully modulate this behaviour in_vitro utilizing
differentiation agents. Since a number of studie; have reported that (1) retinoid
treatment reduces collagen synthesis in fibroblast lines established from keloid
or scleroderma cultures (Abergel et al., 1985, Ohta et al., 1987) and (2}

retinoid therapy in viva is effective in treatment of keloid and hypertrophic scars

(Daly et al., 1986) and in inhibiting rat streptococcal cell wall induced arthritis
(Haraoui et al., 1985} we assessed the effect of AtRA in a rat model of
bleomycin induced lung fibrosis. The results presented from this study clearly
demonstrate that the daily treatment of rats with all trans retinoic acid results
in a significant decrease in the number of fibrotic lesions and in the alteration
of the pattern of collagen deposition in the lung following bleomycin injection.
This effect was time dependent in that retinoid treatments beginning Day 14
were not sufficient to alter the fibrotic events occurring in the lung implying

that the theory of AtRA working through a differentiation pathway in vitro may

not hold true in vivo unless the population of cells present at the later time
point are completely differentiated and hence nonresponsive to retinoid therapy.
The concomitant treatment of animais beginning Day 10/14 with retinoid and
corticosteroid yielded results similar to those exhibited by steroid treated
animals alone suggesting that the AtRA dependent events occuring early in the

inflammatory process were steroid sensitive.
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Changes in collagen gene expression were examined at the mRNA level
for all groups and an apparent discrepancy between'collagen distribution and
procollagen mRNA levels Was documented in the responsive animals c%reatet:l
with AtRA from day 10. That the histological demonstration of collagen and
procollagen message levels did not correlate suggests that AtRA might be
affecting collagen synthesis (1) at the translational level (Focht et al., 1984},
(2) through the upregulation of collagen degradative enzymes or (3} indirectly
through the involvement of other cell types present during the inflammatory
process. It should be noted however that that the collagen content/distribution
of the lung was determined via histological assessment. The relative synthesis
of collagen by lung fibroblasts as measured via radioactive hydroxyproline
incorporation relative to free intracellular radioactive proline as suggested by
Oikarinen et al. {1989) may have vielded a different understanding as to the
actions of AtRA on collagen synthesis.

The ability of cells to grow under soft agarose growth conditions
suggests an "aggressive” nature to the IPF fibroblast consistent with the
proliferative aspect of fibrosing disease. However, no evidence exists linking
the proliferative capacity of the fibroblast or the characteristic of anchorage-

independent growth exhibited by IPF fibroblasts directly to disease progress.

The findings presented from our in_vivo investigations imply that events

occurring at or around Day 10 (during the acute inflammatory stage) but not by
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Day 14 (when fibr\é\isis is becoming established) after bleornycin administration
are AtRA dependent. Althougt; these results are encouraging they do not
necessarily correlate with our in vitro data reporting re{inoid modulation of
colony formation in fibrotic lung fibroblasts. In addition, that the in_vitro
findings of inhibition of steroid induced colony growth by retinoid also did not

translate to a detectable effect in vivo implies a tenuous relationship between

the anchorage-independent phenotype and fibrosis.

In summary, the fibroblast is a charismatic cell type, acting as a target
for mediators released by inflammatory-immune cells and as a potent effector
cell itself_. The notion of fibroblast heterogeneity and its investigation is of
great interest in fibrotic disease owing to the potential contribution of various
subsets to disease progression. By understanding the role of various fibroblast
subpopulations in disease, the potential manipulation of fibroblasts subsets
expressing distinct functions could prove therapeutic.

While there exists a large body of data suggesting the role of fibroblast
subsets in IPF and fibrotic disease, a number of questions still remain.
Foremost, how the lung becomes populated with actively proliferating
fibroblasts remains to be determined as does the source or stem cell of the
proliferating fibroblast itself. Secondly, whether their prevalence is a selection
or differentiating event is unknown. Finally, the effectiveness of retinoid or

similar drugs in_vivo to modulate the fibrotic lung response and alter the
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function of the lung warrants further investigation.

)
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