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ABSTRACT

Systemic sclerosis (SSc) represents a spectrum of fibrotic connective tissue disorders.
Endothelial cell damage preceding fibrosis is thought to be a key component of the
pathological cascade that ultimately results in fibrosis. However, the cell and molecular
mechanism(s) linking microvascular damage to the subsequent fibrogenic response are poorly
understood. Microvessels consist of two cell types, endothelial cells and pericytes and while
recent studies have demonstrated that pericytes play a critical role in the progression of a
number of fibrotic conditions, hitherto, nothing is known about their role in SSc. The aim of
my thesis was to determine whether microvasuclar pericytes can be implicated in the
pathogenesis of SSc.

Pericyte activation and proliferation was found to be an early and prevalent feature in SSc
and was accompanied by an upregulation of PDGF-f3 receptor expression by pericytes
(p<0.01). Pericytes in SSc lesions phenotypically resembled myofibroblasts with regards to
the expression of a-SMA, ED-A FN and Thy-1. When cultured in vitro, microvascular
pericytes spontaneously changed to a myofibroblastic phenotype maintaining expression of
a-SMA and increasing their expression of ED-A FN and vinculin within fibronexus adhesion
junctions. The use of the PDGF-f receptor inhibitor imatinib mesylate inhibited fibroblast
and pericyte migration and proliferation in vitro (p<0.01), but did not block TGF-B-mediated
differentiation of fibroblasts into myofibroblasts. /n vivo, PDGF-p receptor inhibition during
tissue repair severely disrupted microvascular architecture, delayed wound healing and
reduced collagen deposition in healing wounds.

The data presented in this thesis provide the first evidence that pericytes may play an
important role in the pathogenesis of SSc as precursors for myofibroblasts. Pericytes are also
demonstrated to be a target of endogenous PDGF-f receptor blockade during cutaneous
tissue repair and should thus be considered a candidate cell when considering therapeutic

targets in SSc and fibrosis.
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Cluster determinant

Connective tissue growth factor
4,6-diamidino-2-phenylindole
Transfer factor for carbon monoxide
Dulbecco’s modified Eagle’s medium
Deoxyribonucleic acid

Diffuse cutaneous systemic sclerosis
Enhanced chemiluminescence
Extracellular matrix

ED-A splice variant of fibronectin
Epithelial-mesenchymal transition
Ethylene-diamine-tetra-acetic acid
Ethylene-glycol-tetra-acetic acid
Endothelin-1

Endothelin-A receptors
Endothelin-B receptors

Scleroderma associated fibrosing alveolitis
Fibrillin-1

Foetal calf serum
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FGM
FITC
GAP
GTP
GVHD
HEPES
HIF
HLA

HMW-MAA

HRP
ICAM
ID

IL
IPAH
1cSSc
LOX
MAPK
MCP
MHC
MIP
MMP
mRNA
MRSS
NO
NSIP
PAH
PARC
PBS
PBST
PCNA
PDGF
PDGFRp

PI;-kinase

Fibroblast growth medium
Fluorescein isothiocyanate
GTPase activating protein
Guanidine triphosphate

Graft versus host disease

N-2-hydroxyethylpiperazine-N’-2ethanesulphonic acid

Hypoxia inducible factor

Human leukocyte antigen

High molecular weight melanoma associated antigen

Horseradish peroxidase

Intracellular adhesion molecule
Inhibitor of differentiation
Interleukin

Isolated PAH

Limited cutaneous systemic sclerosis
Lysyl Oxidase

p38 Mitogen activated protein kinase
Monocyte chemoattractant protein
Major histocompatibilty complex
Macrophage inflammatory protein
Matrix metalloproteinase

Messenger ribonucleic acid
Modified Rodnan skin score

Nitric oxide

Non-specific interstitial pneumonia

Pulmonary arterial hypertension

Pulmonary and activation-regulated chemokine

Phosphate buffered saline
PBS/Tween
Proliferating cell nuclear antigen

Platelet-derived growth factor

Platelet-derived growth factor receptor-beta

Phosphatidylinositol 3 kinase
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PFT
PLC-+y
PMSF
PRP
PO,
RANTES
RP
RNAP
RNP
ROS
SDS
SDS-PAGE
SLE
SMC
SNP
SRF
SSc
SScRC
TCR
TdT
TEMED
TIMP

TGF-B
TSK
UCD
UIP
VEGF
VEGF-R
VSMC
X-GAL

Pulmonary function test

Phospholipase C-y
Phenylmethylsulphonylfluoride

Primary Raynaud’s phenomenon

Oxygen pressure

Regulated upon activation, normal T cell expressed and secreted
Raynaud’s phenomenon

RNA Polymerase

Ribonuclear protein

Reactive oxygen species

Sodium dodecyl sulphate

Sodium dodecyl sulphate polyacrylamide gel electrophoresis
Systemic lupus erythematosus

Smooth muscle cell

Single nucleotide polymorphism

Serum replacement factor

Systemic sclerosis

Scleroderma renal crisis

T cell receptor

Terminal deoxynucleotidyl transferase
N,N,N’,N’-tetramethyl-ethylenediamine
Tissue inhibitor of metalloproteinase
Tumour necrosis factor

Transforming growth factor-f3

Tight skin mouse

University California at Davies

Usual interstitial pneumonia

Vascular endothelial growth factor
Vascular endothelial growth factor-receptor
Vascular smooth muscle cell

5-bromo-4-chloro-3-indolyo-B-D-galactoside
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CHAPTER 1: INTRODUCTION

1.1 Overview

Systemic sclerosis (SSc) encompasses a spectrum of connective tissue disorders of unknown
actiology. These are classified into subsets that can be distinguished both clinically and
serologically (Table 1.1). Most major organ systems can be affected, most noticeably the

skin, but more clinically significant, the lungs, kidneys, gastrointestinal tract and heart (34).

Pathologically, SSc is characterised by four processes; chronic microvascular injury,
inflammation and autoantibody production, increased synthesis of extracellular matrix (ECM)
macromolecules and tissue atrophy. The near universal occurrence of microvascular
dysfunction often preceding fibrosis suggests that changes in vascular integrity are an early
and pivotal event in the pathogenesis of scleroderma. Microvessels are comprised of two
principal cell types, luminal endothelial cells and abluminal pericytes (Figure 1). The
function and role of endothelial cells has been extensively studied in SSc, however, little is
known about the function of pericytes. It has become increasingly apparent that endothelial
function is regulated by physical and molecular interactions with pericytes (146). The work
described in this thesis focuses on the contribution of microvascular pericytes to SSc

pathogenesis.

1.2 Classification of systemic sclerosis

1.2.1 Epidemiology

SSc has a worldwide distribution and affects both males and females. Incidence rates, from
retrospective studies, vary from 2-19 cases per million population per year and a US
prevalence has been reported of between 19 and 75 per 100,000 (293). A recent study put the
UK prevalence at 10 per 100,000 (10). The native North American Indian Choctaw tribe from
Oklahoma shows an increased prevalence of scleroderma-like disease of 469 per 100,000
population. The Choctaw Indian adults have a particularly homogenous clinical phenotype

with prominent lung involvement and anti-topoisomerase I autoantibodies (17).
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Table 1.1: Spectrum of SSc and SSc-like diseases

Disease Subtype

I - Raynaud’s phenomenon Raynaud’s disease (primary)

Raynaud’s syndrome (secondary)

I - Scleroderma

1) Systemic Limited cutaneous systemic sclerosis (IcSSc)
Diffuse cutaneous systemic sclerosis (dcSSc)
Scleroderma sine scleroderma

2) Localised Morphea
Linear
En coup de sabre

3) Juvenile Localised forms
Systemic forms

4) Chemically induced Environmental/occupational

Drugs

I11- Scleroderma-like diseases Metabolic
Immunological/inflammatory
Eosinophilic fascitiis
Eosinomyalgic syndrome
Mixed connective tissue disease (MTCD)

Overlap syndromes

Modified from Black and Denton, 1998.



In the general population, the peak incidence of the disease occurs between the fourth and
sixth decades, although it can occur much earlier, even in childhood. The overall survival rate
of SSc patients is 60-83% at 5 years and 40-75% at 10 years after disease onset (211;322).
The major causes of mortality within the diffuse disease subset are renal crisis in the first five
years of onset and pulmonary complications (lung fibrosis and secondary pulmonary arterial
hypertension) after 6 years of disease progression (431). In contrast, pulmonary arterial
hypertension (PAH) represents the leading cause of mortality in patients with the limited
form of the disease (311).

1.2.2 Classification criteria and subgroups

The original criteria for the classification of SSc were proposed by a committee of the
American Rheumatism Association (ARA) (1) (Table 1.2). They are based on the presence of
proximal scleroderma defined as symmetric thickening, tightening and induration of the skin
of the fingers and the skin proximal to the metacarpophalangeal or metatarsophalangeal
joints. Minor criteria are the presence of sclerodactyly, digital pitting scars and pulmonary
fibrosis. For purposes of classifying patients in clinical trials, population surveys and other
studies, a person is considered to have SSc if one major or two or more minor criteria are
present. Localised forms of scleroderma, eosinophilic fasciitis, and forms of

pseudosclerodema are excluded form these criteria.

In order to include those patients that have SSc characteristics but do not fulfil the original
ARA criteria, LeRoy and Medsger proposed a new set of criteria defining a ‘pre-SSc’
subgroup. These patients have Raynaud’s phenomenon (RP), at least one SSc-specific

autoantibody and an SSc pattern of nailfold capillaries but no detectable fibrosis (272).

The most commonly adopted classification for SSc subgroups is based upon skin
involvement and specific clinical, laboratory and natural history associations (Table 1.3)
(270). It divides the systemic disease into limited cutaneous systemic sclerosis (IcSSc) and
diffuse cutaneous systemic sclerosis (dcSSc). LcSSc tends to be associated with late
involvement of internal organs in the evolution of the disease and is usually preceded by a
lengthy period of RP. The dcSSc subtype tends to have a rapid onset, with organ failure
present within the first 5 years of the disease (35).
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Table 1.2: ARA criteria for the classification of SSc

Criteria Characteristic

Definition

A. Major criterion  Proximal

Scleroderma

B. Minor criteria 1. Sclerodactyly

2. Digital pitting

scars

3. Bibasilar

pulmonary fibrosis

Symmetric thickening, tightening and
induration of the skin of the fingers and
the skin proximal to the
metacarpophalangeal or
metatarsophalangeal  joints. The
changes may affect the entire extremity,
face, neck, and trunk.

Above-indicated changes limited to the
fingers.

Depressed areas at tips of fingers or loss
of digital pad tissues as a result of
ischemia.

Bilateral reticular pattern of linear or
lineo-nodular densities most
pronounced in basilar portions of the
lungs on standard chest roentgenogram,
may assume appearance of diffuse
mottling or honeycomb lung. These
changes should not be attributable to
primary lung disease. Depressed areas
at tips of fingers or loss of digital pad

tissues as a result of ischaemia.
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Table 1.3: SSc subsets classification according to Leroy ef al., 1988

Subset

Characteristics

1. “Pre-scleroderma”

2. Diffuse cutaneous SSc

(dcSSc)

3. Limited cutaneous SSc
(1cSSc)

4. Scleroderma sine

scleroderma

Raynaud’s phenomenon plus nailfold capillary changes,
disease  specific  circulating antibodies  (anti-
Topoisomerase I, anti-Centromere, nucleolar), digital

ischaemic changes.

Onset of skin changes within 1 year of onset of
Raynaud’s.

Truncal or acral involvement.

Presence of tendon friction rubs.

Early and significant incidence of interstitial lung
disease, oliguric renal failure, diffuse gastrointestinal
disease and myocardial involvement.

Nailfold capillary dilatation and drop out.

Anti-Topoisomerasel antibodies ~30% of patients.

Raynaud’s phenomenon for years.

Skin sclerosis restricted to extremities, face and neck.
Significant involvement of pulmonary hypertension, skin
calcification, telangiectasiae and  gastrointestinal
involvement.

High incidence of anti-centromere antibodies (70-80%)

With or without Raynaud’s phenomenon-

No skin involvement.

Pulmonary fibrosis, scleroderma renal crisis, cardiac or
gastrointestinal disease.

Antinuclear antibodies may be present.

Modified from Black and Denton, 1998.
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1.3 Clinical features of SSc

1.3.1 Raynaud's phenomenon

Raynaud’s phenomenon (RP) is defined as the episodic vasoconstriction of small arteries and
arterioles of the extremities. The vasospastic events may be brought on by cold exposure,
vibration or emotional stress. Patients experience pallor and/or cyanosis followed by rubor
during re-warming. It affects 3-5% of the general population and 95% of patients are
classified as primary Raynaud’s phenomenon (PRP). Generally, RP will remain a benign if
sometimes painful condition. Approximately 95% of SSc patients present with underlying RP
(481). RP may precede skin changes by several months or years and together with skin
thickening is the most frequent clinical feature of SSc (481). Patients with isolated RP who
have abnormal nailfold capillaries and anti-nuclear antibodies have a 10-15% likelihood of
developing a connective tissue disorder (425). Usually, these include SSc, systemic lupus
erythematosus (SLE) or an overlap syndrome with features of both these conditions plus

inflammatory muscle or joint disease (425).

1.3.2. Skin disease
Involvement of the skin is the most visible pathological characteristic of scleroderma. There
are considered to be three phases of skin involvement; oedematous, indurative and atrophic

(34).

In the early oedematous phase, fingers and hands become puffy and often stiff. Swelling may
be apparent on the extremities and the face. This phase can last from few weeks to several
years. The skin changes usually begin distally in the extremities and advance proximally.
Subsequently, the skin becomes firm, thickens and eventually becomes tightly bound to
underlying subcutaneous tissue. This constitutes the indurative phase. In patients with dcSSc,
skin changes become widespread, including all the extremities, face, trunk and abdomen,
however, the lower back is often spared (270). Rapid progression of these changes over a
relatively short period of time is usually associated with internal organ involvement,
especially lungs, kidneys and heart (34). The skin changes observed in dcSSc usually peak
around 3-5 years after onset and can then show improvement. After many years, the skin may
soften and return to the normal thickness or become thin and atrophic. In the localised subset,

the skin changes tend to be more gradual and are restricted to fingers, distal extremities and

face (35).
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Biopsies obtained during the active indurative phase display a marked increase in matrix
deposition accompanied by a transient but significant infiltration of mononuclear cells
particularly in perivascular locations (188). In the atrophic phase, loss of rete pegs and
atrophy of epidermal appendages is evident accompanied by a reduction in overall cell

numbers and vascularity (35).

The near-universal occurrence of dermal fibrosis has ensured that assessment of SSc
traditionally focuses on the extent of skin involvement as a measure of disease activity.
Findings from several studies suggest that the extent and rate of skin progression is associated
with mortality and organ involvement (270;430;467). Therefore, skin score has been
developed as a widely used assessment marker. The modified Rodnan skin score (MRSS) is
the most commonly used scoring system and allows analysis of 17 different anatomical sites.

Each site is scored from 0 to 3, giving a theoretical maximum of 51 (83).

1.3.3 Lung disease

Lung disease is a frequent manifestation in SSc with approximately 30% of patients
exhibiting some pulmonary involvement (100). Since the emergence of effective treatment
for renal involvement, lung disease is now considered as the primary cause of mortality in
patients with SSc (429). The course of lung disease in SSc patients is highly variable. Lung
function tends to decline early before stabilising and often improving. However, in a small
subset of patients (~15%) the pulmonary function test decline is faster in the 3 first years of
the disease with a median survival of 50% at 5 years (431). There are 2 major types of
pulmonary disease affecting SSc patients: fibrosing alveolitis (FASSc, also known as
interstitial lung disease, ILD) and PAH (37).

a) Fibrosing alveolitis

FASSc usually develops insidiously and tends to remain silent until later stages of the
disease, when it may become a major cause of mortality. Lung biopsy allows the pattern of
lung disease to be determined. The non-specific interstitial pneumonia pattern (NSIP)
predominates in SSc as opposed to the usual interstitial pneumonia pattern (UIP), which is
rarely associated with SSc (45). NSIP tends to be more responsive to treatment and have a
better prognosis than UIP (95;320). However, in FASSc, the overall outcome is linked to

disease severity at presentation and serial DLCO (transfer factor for carbon monoxide) trends
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rather than histological findings (45). FASSc tends to be more frequent and more severe in

patients with dcSSc and with those expressing anti-topoisomerase I antibodies (26;110).

b) Pulmonary arterial hypertension

PAH defined as a median pulmonary artery pressure higher than 30 mmHg at rest by
echocardiography has a reported incidence of approximately 10% in patients with SSc (311).
Isolated PAH (IPAH) is more frequent in patients with 1cSSc and is associated with the
presence of anti-centromere antibodies (ACA). The secondary form of PAH occurs in
patients with either dcSSc or 1cSSc but always in association with pulmonary or cardiac
fibrosis (84;491). The presence of PAH represents an adverse prognostic factor and is a major
cause of mortality, irrespective of whether it occurs in isolation or in association with
pulmonary fibrosis, with a median survival rate of 12-20 months (286). The detection of PAH
is difficult as the symptoms may appear late in the evolution of the disease. The most
common abnormality in pulmonary function test (PFT) is the decrease of the DLCO.
Echocardiography with Doppler provides a non-invasive measure of pulmonary artery
pressure (101). Right heart catheterisation, although a more invasive technique, is considered
a more reliable method for measurement and evaluation of the pulmonary artery pressure in
SSc (311).

1.3.4 Renal disease

The most important clinical manifestation of renal disease in SSc is the scleroderma renal
crisis (SScRC). Reported in 12% of dcSSc patients and up to 2% of cases of 1cSSc, SScRC is
characterised by accelerated hypertension and/or progressive renal failure (100). Identified
risk factors include diffuse disease, use of corticosteroids and the presence of anti-RNA
polymerase III antibody (428;431). The mortality of this complication has been dramatically
reduced by the use of angiotensin-converting enzyme (ACE) inhibitors in the past 10 years,
with survival rates improving from less than 10% at five years to 70% after the use of ACE

inhibitors was introduced (431).
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1.3.5 Cardiac disease

Clinically significant cardiac involvement is reported in up to 10% of SSc cases and is
associated with an adverse prognosis (100). Several studies have indicated widespread
subclinical cardiac involvement in SSc. However controversy exists as to their prognostic
significance (84). The two principle mechanisms thought to be involved in SSc-related heart
disease are; a fibrotic process secondary to myocardial Raynaud’s phenomenon or an
immune-mediated myocarditis. The total number of observations regarding cardiac
involvement remains small and further studies are required to understand the

pathophysiological basis of SSc related cardiac disease.

1.3.6 Gastrointestinal disease

Gastrointestinal manifestations in SSc are prevalent in up to 90% of the patients and represent
the most common visceral complication (100). They include oesophageal, small bowel and
colon alterations. Dysphagia and heartburn secondary to oesophageal hypo-motility are
frequent complaints. Small bowel hypo-motility can lead to diarrhoea, weight loss and
malabsorption with bacterial overgrowth as a recurrent problem. Large bowel involvement is
also common with patients often experiencing ano-rectal disease (100). Vascular lesions in
the gut mucosa are a recognised cause of anaemia in SSc patients and can be treated

successfully by laser treatment if blood loss is significant (60;477).

1.3.7 Macrovascular disease

While microvascular disease is a pathological hall mark of SSc, there is also evidence of
macrovascular disease in SSc (203;469). Prevalence of carotid artery disease and peripheral
arterial disease have been reported to be elevated in SSc (203), while increased ulnar artery
thickening has been demonstrated in SSc patients (427). The relationship between

macrovascular disease and SSc pathophysiology is unclear.

1.4 Autoantibodies in SSc¢

Antibodies against nuclear antigens (ANA) have been described in up to 95% of patients with
SSc (57). There are 3 main autoantibodies associations and a number of minor mutually
exclusive serologic subgroups in SSc. The major autoantibody specificities are usually
associated with distinctive clinical profiles. Therefore, they can be and used as diagnostic and

prognostic factors (Table 1.4) (57;132;261).
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1.4.1 Anti-topoisomerase I antibodies

Anti-topoisomerase I antibodies (ATA), also termed Scl-70, are found exclusively in patients
with SSc and particularly within the dcSSc subset (35). Scl-70 antibodies are associated with
heart disease and pulmonary fibrosis (133;216). Titres of ATA were thought to remain
relatively constant over time (468), however, a subset of dcSSc patients were recently
identified in which the ATA titre declined to undetectable levels during the course of the

disease. These patients were reported to have a more favourable disease outcome (260).

1.4.2 Anti-centromere antibodies

Anti-centromere antibodies (ACA) are the most common autoantibodies occurring in
approximately 25% of SSc patients (35). These antibodies recognise one or more centromere
proteins (CENP-A, -B, or -C) (58). ACA are found more frequently in patients within the
1cSSc subgroup and in a retrospective analysis have been identified as a positive predictive

factor for digital ischemic loss (482).

1.4.3 Anti-RNA polymerase antibodies

Autoantibodies to RNA polymerase I and III (RNAP I and III) are highly specific for SSc,
although they occur in only approximately 20% of patients (57). Anti-RNA polymerase 1I
(RNAP II) autoantibodies have also been described in patients with SSc (384), however, they
are more readily associated with SLE and overlap syndromes (383). Anti-RNAP antibodies
are associated with dcSSc and particularly SSc renal crisis (428;431), as well as with greater
mortality (216). Previous studies have reported no statistically significant associations
between the presence of anti-RNAP I/III antibodies and HLA class II alleles in SSc patients
(131;133).
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1.4.4 Other autoantibodies

Anti-fibrillarin antibodies (AFA) have a prevalence in SSc of 4%. They are more frequently
detected in the Afro-Caribbean population and have been associated with an increased risk of
internal organ involvement, especially IPAH (373;456). Anti-PM-Scl antibodies are present
in 2% of SSc patients but are found in 24% of patients with polymyositis/scleroderma overlap
(327). Between 43% and 88% of the patients positive for anti-PM-Scl antibodies are
diagnosed with myositis/scleroderma overlap syndrome (291;327). Anti-Th/To antibodies
recognise a 40 kD protein component of the Th ribonucleoprotein, which is located in the
nucleolus (503). Antibodies to Th/To ribonucleoprotein are detected in 4% of SSc patients
and reported to be associated with reduced survival (330). The anti-Ku antibodies are found
in a wide spectrum of connective tissue diseases including overlap syndromes. Raynaud's
phenomenon and muscular and joint involvement are the most frequent clinical features

associated with anti-Ku antibodies (148).

1.4.5 Antibodies against extractable nuclear antigens

Anti-RNP antibodies react with the nuclear RNA splicing particle Ul snRNP (357). High
titers of anti-U1RNP antibodies are most often found in association with what was previously
designated “mixed connective tissue disease” with a frequency of more than 90% (400). This
serotype is found in approximately 10% of SSc patients and has been associated with a low
frequency of renal disease, arthritis and pulmonary arterial hypertension (210;261). Anti-Ro
antibodies have also been detected in the sera of SSc patients (28) and a strong association
between SSc and Sjogren's syndrome has been reported in Japanese SSc patients with anti-Ro

antibodies (152).
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Table 1.4: Main serologic groups in SSc¢

Antibodies Prevalence Autoantigens Clinical associations
(%) recognised
Anti-centromere 20-26 CENPs -A, -B,-C  70-80% 1cSSc

Peripheral vascular

occlusive disease.

Anti-topoisomerase 1 22-25 Topoisomerase I ~ 40% dcSSc 10-15% 1cSSc

(Scl-70) Pulmonary fibrosis

Anti-RNA 18-23 RNA polymerase 23 % dcSSc, renal crisis

polymerase I, II, 111 I, II, III.

Anti-Pm-Scl 4 Pm-Scl Scleroderma/polymyositis
overlap

U1-RNP 10 Ul snRNP Overlap features

Th/To 4 Th RNP particle  Poor outcome 1cSSc

Anti-fibrillarin 4-6 U3 RNP IPAH and renal crisis

Modified from Black and Denton, 1998 and Harvey and McHugh, 2000.

1.5 Aetiology of SSc

Whilst a significant number of risk factors have been associated with SSc, the basic aetiology
of the disease remains unknown. Several environmental agents have been linked to the
development of SSc, including toxins, epoxy resins and chemicals (321). This has led to
studies investigating whether SSc is associated with particular vocations. A recent study
identified construction workers as being at a significantly higher risk of developing SSc
(288). Exposure to elemental silicon has been associated with SSc particularly within
coalminers and stonemasons (412), however, no association was found between silicone gel
breast implants and SSc (205). A number of other agents have been put forward, including
epoxy resins, toxic oil and organic solvents such as vinyl chloride, but to date the evidence is
inconclusive (321).

A novel hypothesis investigated in recent years is that the presence of foetal cells in maternal
tissue that is human leukocyte antigen (HLA) class II incompatible produces a graft-versus-

host reaction, which leads to clinical SSc (microchimerism) (220). As the exchange of cells at
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birth can be two-way, the concept of microchimerism can be expanded to explain SSc in
males. Both HLA and Y-chromosome sequences have been investigated, but from the results

to date, no definitive conclusions can be drawn (220).

1.5.1 Genetic Factors

The strongest genetic association in SSc is gender with females being 3 to 8 times more likely
to develop the disease (411). Recent large cohort studies from Australia and the USA
reported that SSc occurred in one or more first-degree relatives with a frequency of 1.4% and
1.6% respectively in the families of patients with SSc (16;127). The estimated prevalence of
SSc in the USA is 2.6 cases/10,000 (0.026%) (16). Therefore, while the absolute risk for each
family member is less than 1%, a positive family history is the strongest risk factor yet
identified for SSc. Comparative studies of monozygotic and dizygotic twins, which could
define the relative contributions from genetic and environmental factors, have been limited
by the rarity of the disease, but they suggest that the majority of monozygotic pairs are
discordant for clinical disease (258;305). A Belgian study reported 2 female identical twin
pairs concordant for scleroderma. The first twin pair was diagnosed with SSc, the second pair
with the localised form (98). Recently Zhou et al. published a study, in which fibroblast-
derived RNA from 10 monozygotic discordant twin pairs was subjected to microarray
analysis. They found that dermal fibroblasts from SSc patients and from 40-50% of their
genetically identical but clinically unaffected monozygotic twins exhibited a similar gene
expression pattern, which could be induced in normal fibroblasts by sera from both twins
(513). This data implies a strong genetic pre-disposition at the molecular level and suggests
that development of the full clinical phenotype may depend on additional non-genetic factors

such as environmental triggers or stochastic genetic factors.

1.5.2 Immunogenetics

A number of candidate genes have been analysed for associations with SSc. Numerous
studies have focused on the major histocompatibilty complex (MHC) for associations with
disease susceptibility. While there is a lack of definitive evidence that MHC genes are
associated with susceptibility, there is increasing evidence that certain HLA-II alleles are
associated with the presence of specific autoantibodies (Table 1.5) (259;449). On the basis of
several studies, it has been argued that defining disease subsets by their autoantibody profile
would provide closer linkage disequilibrium between the disease gene, marker, or haplotype

and disease subgroup. Weak associations between SSc and different ethnic groups have been
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reported. DRS (DRB1*1101 and *1104, DQA*0501, DQB1*0301) and DR3 haplotypes
(DRB1*0301, DQA1*0501, DQB1*0301) have been associated with the North American and
European population. The DRB1*08 haplotype was reported to be more common in African

Americans than ethnically matched controls (223).

Table 1.5: Main HLA-autoantibody associations in SSc

Autoantibody DRBI1 DQA1 DQB1 Ethnicity Reference
ATA *1101 *0501 *0301 White, Reveille et al., 2001
Black
*1104
*1502 *0102 *0601 Japanese Kuwana etal., 1999
*0802 *0301
*1602 *0501 *0301 Choctaw Arnett et al., 1996
ACA *0101 *0501 Japanese Kuwana et al., 1999
*0301 Falkner et al., 1998
U1-RNP *0104/*0802 Japanese Kuwana et al., 1999
*0302
PM-Scl *0301 *0501 *0201 White Marguerie et al., 1992
U3-RNP *1302 *0601 Arnett et al., 1996
(fibrillin)
Th/To *1104 White Falkner et al., 1998
RNA White Falkner et al., 2000
polymerase

L II, II1

Modified from Tan and Arnett, 2000.
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1.5.3 Candidate gene analysis

The complexity of SSc pathophysiology implicates a number of genes as potential candidates
that are key to driving the disease process either singly or more likely in combination. Genes
related to ECM formation, vascular structure and function, and autoimmunity have been
investigated. A number of genes encoding fibrogenic cytokines have been analysed, pre-
eminent amongst these is transforming growth factor-B (TGF-B), which is known to be
increased at the message and protein level in SSc skin (352). Analyses of microsatellite and
intragenic markers in and around genes encoding TGF-Bl and platelet-derived growth
factors- A and B (PDGF-A, B) and their respective receptors in Choctaw Native Americans
revealed no association with SSc (512). A lack of association with TGF-B1 has also been
found in European and Japanese populations (329;437;442), however, one study has shown a
significant association between a single-nucleotide polymorphism (SNP) in the TGF-B1 gene
and SSc (89). Significant associations between SNPs in the TGF-B2 and B3 genes and SSc
have also been detected (442).

While no association with TGF-B and PDGF was found in the SSc Choctaw population, a
significant association with a SNP in the 5'-untranslated region of the fibrillin-1 (FBN1) gene
was detected. The two haplotypes in Choctaws containing this polymorphism were also
shown to be associated with SSc in Japanese patients (451;452). Fibrillin-1 is a major
component of microfibrils and interestingly, duplications in the FBN1 gene are thought
underlie the fibrotic phenotype of the tight skin mouse (Tsk/+) model of SSc (see 1.7.1)
(241). Although a molecular abnormality in FBN1 has not been identified in SSc, functional
studies in fibroblasts from patients have revealed microfibril abnormalities and reduced
incorporation of FBN-1 into microfibrils (475). Furthermore, autoantibodies to several
epitopes on FBN-1 have been detected in the majority of patients with SSc with the exception
of Caucasians (450). In a further study of the SSc Choctaw population, SNPs in the matrix
modifying protein SPARC (secreted protein, acidic and rich in cysteine) gene were associated
with susceptibility to and clinical manifestations of SSc (511). However, these results could
not be repeated in subsequent analyses of European Caucasians (262). A number of studies
associating SNPs within the tumour necrosis factor (TNF) gene family and SSc have been
reported (334;446;454). In a recent study, a functionally relevant NF-kappaB binding site
polymorphism in the promoter of the tumour necrosis factor-a. gene (TNF-a) was associated

with the presence of ACA in SSc patients (378). Although significant associations between a
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number of SNPs and SSc have been reported, a functional relationship between these SNPs
and SSc has yet to be demonstrated. Genetic studies of potentially important candidate genes

are summarised in table 1.6.

Table 1.6: Reported polymorphisms in potentially significant candidate genes and their

clinical associations

Polymorphism Clinical Association Reference
CXCR2 SSc (356)
TNF-863A ACA (378)
IL-10 ACA (206)
SPARC SSc (511)
SPARC No association (262)
MCP-1 SSc (233)
TGF-B1 SSc (89)
TGF-B1 No association (329)
TGF-B1 No association 437)
ACE SSc (136)
NO No association 9
Fibrillin 1 SSc (452)
Collagen 102 SSc (184)

1.6 The Pathogenesis of SSc

The pathology of SSc consists of four distinct yet overlapping and interactive phases. The
initial stimuli triggering the disease are unknown. Endothelial cell damage and activation are
among the earliest events in SSc pathogenesis. The vascular damage is universal and
clinically manifests as RP (179;350). Inflammation, another major component of the disease
pathology is often contemporaneous with the vascular phase. Initially, this is composed of a
perivascular monocytic/macrophage infiltrate, but a variety of inflammatory cell types such
as T and B cells are present in the latter stages. The third and final phase and the pathological
hallmark of the disease is tissue fibrosis. This is characterised by an increased synthesis and
deposition of ECM components, such as collagen (222), fibronectin (139) and proteoglycans

(54), resulting in the destruction of normal tissue architecture and ultimately in organ
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dysfunction and failure. While the four phases of SSc pathology are well delineated, the

cellular and molecular mechanisms that link them are poorly understood.

1.6.1 SSc Pathophysiology I-The immune response and antibodies

Activation of the immune system is an early event in SSc pathophysiology. Autoantibodies
and increased numbers of activated immune cells are found in SSc tissue. These cells are
capable of modifying fibroblast and endothelial cell functions through the production of
soluble mediators. Although immune activation occurs across the disease spectrum, anti-
inflammatory agents have little or no affect on disease progression. Therefore, it is unclear
whether SSc represents an autoimmune disorder or whether the immune response is

secondary to the underlying disease process.

1.6.1.1 T cells

T cells dominate the early inflammatory infiltrates of SSc tissue. In the skin, CD4+ T cells
are the predominant population (350), whereas in the lungs, increased levels of CD8+ T cells
have been reported in the presence of alveolitis (505). Clonal T cells, which are commonly
encountered in T cell disorders such as T cell leukemias, have been found with greater
frequency in the blood of SSc patients than controls (151;294). The Th2 response (IL-4+,
interferon-y+) is generally considered to be predominant in SSc (301;459) although Thl
(interferon-y+, IL-2+) polarisation may occur under specific conditions (165;460). There is
also evidence that the Th2 cytokine response is more common in patients with aggressive
disease (23;289). Thl and Th2 cytokines induce different patterns of chemokine synthesis by

cultured fibroblasts, which may in turn modulate the inflammatory response (76).

The majority of T lymphocytes express a heterodimeric T cell receptor (TCR) consisting of a
and B chains (500). However, a restricted population (1-5%) of T cells express the y and
chains, which differ with respect to their HLA expression, the recognition of self-antigens
(234) and the synthesis of soluble mediators (165). In SSc patients, accumulation of y/6 T
cells has been noted in skin and lung (166;480) where they enhance interaction and
cytotoxicity towards endothelial cells (228). It also has been reported that the expansion of
specific y/8 subpopulations in SSc tissue may be antigen driven (504). Whether T cells
directly induce fibrosis in SSc through the synthesis of pro-fibrotic cytokines is unknown.

However, SSc fibroblasts have been shown to be resistant to the down-regulation of type I
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collagen synthesis, which normally occurs in healthy tissues upon contact with cell

membranes derived from activated T cells (78).

1.6.1.2 B cells and autoantibodies

Several theories have been proposed to explain the mechanisms responsible for the loss of

self-tolerance and autoantibody formation in SSc.

a) Molecular mimicry between infectious agents and normal host cell component

Autoreactive lymphocytes are present in all individuals and benign unless activated.
Molecular mimicry is one of the mechanisms thought to be responsible for such activation
(338). In this case, an antigenic determinant on a protein expressed by an infectious agent is
sufficiently different to be recognised as foreign by the host's immune system yet is
structurally similar to a determinant on one of the host proteins. Consequently, both humoral
and cellular immune responses to this exogenous determinant cross-react with the host tissue
and lead to autoimmunity. In SSc, autoimmunity and human cytomegalovirus (CMV)
infections have been linked. Increased levels of antibodies against CMV are present in the
sera of SSc patients while monoclonal antibodies against topoisomerase-I recognise a
pentapeptide of the autoantigen sharing homology with the CMV derived UL70 protein
(312;318). In a follow-up study, sera from SSc patients were found to contain antibodies
against an epitope contained within the CMV-derived protein UL94 (283). This epitope has
homology to the NAG-2 protein expressed by endothelial cells and incubation with anti-
UL94 antibodies was found to induce apoptosis of endothelial cells upon engagement of the
NAG-2 complex, thereby linking CMV infection, autoantibody production and endothelial
cell damage. NAG-2 is also expressed by fibroblasts (444) and the binding of anti-UL94
antibodies to fibroblasts promotes a ‘SSc-like’ phenotype as determined by gene microarray
analysis (284). Taken together these studies suggest that anti-human CMYV antibodies may be
associated with the pathogenesis of SSc by inducing endothelial cell and fibroblast

activation.

A number of alternative mechanisms linking infection and autoimmunity have been
proposed, including activation of T cells by superantigens and the induction of cytokines and
co-stimulatory molecules by microbial products. A primary inflammatory process may also
cause tissue damage such that sequestered protein components that are normally ‘hidden’

from the immune system are exposed to auto-reactive T cells and evoke a secondary
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autoimmune response (465). This phenomenon is termed epitope spreading and has been

implicated in a number of autoimmune disorders (68) including SSc (50;471;495).

¢) Non-infection mediated cryptic epitope exposition

A number of processes have been identified by which immunocryptic epitopes on cellular
proteins are exposed to the immune system that has not developed self-tolerance for them.
Several autoantigens targeted in dcSSc are susceptible to cleavage by reactive oxygen species
(ROS) and it has been suggested that ROS-mediated protein fragmentation reveals cryptic

epitopes that provoke an autoimmune response (65).

1.6.1.3 The role of autoantibodies in SSc¢ pathophysiology

While there is compelling evidence that autoantibodies are associated with specific clinical
phenotypes in SSc, whether they themselves play a direct pathogenic role remains unknown.
Peripheral blood B cells in Tsk/+ mice and SSc patients have been shown to express higher
levels of CD19 (221;374;380). Subsequent studies of Tsk/+ mice that do not express CD19
(Tsk/+/CD19-/-) mice demonstrated that these mice have reduced B cell activity, serum
autoantibody titers and fibrotic skin changes (374). While loss of CD19 signalling reduces the
degree of skin thickening, skin fibrosis still develops in Tsk/+/CD19-/- mice, suggesting that

B cells play a role in disease amplification, perhaps by promoting epitope spreading.

SSc-derived autoantibodies are known to induce phenotypic changes in target cells in vitro.
For example, addition of FBN-1 autoantibodies to normal fibroblasts in vitro induces a
fibrotic phenotype via a TGFB-dependent mechanism (510). Anti-endothelial cell antibodies
(AECA) can induce pathogenic changes in endothelial cells in vitro including increased
leukocyte adhesion, increased secretion of inflammatory cytokines such as IL-1 and inducing
endothelial cell apoptosis (39;64;396). AECA also induce upregulation of the adhesion
molecule ICAM-1 and increased transcription of the genes encoding for cytokines IL-1a, II-
1B, and IL-6 (77). Anti-fibroblast autoantibodies have been detected in the sera of SSc
patients (48;198) and in the sera of patients with SSc-associated and idiopathic PAH (448),
however, their pathological significance, if any, is unclear. Autoantibodies against matrix-
metalloproteinases-1 and 3 (MMP-1, 3) have been found in sera of up to 75% of patients with
dcSSc and appear to correlate with disease severity (323;381). Serum immunoglobulin

fractions were shown to significantly inhibit MMP-1 collagenase activity, potentially
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disrupting the balance between collagen synthesis and degradation (381). Another recent
study showed that the immunoglobulin fractions from sera of SSc patients could inhibit M3-
muscarinic receptor-mediated contractions in mouse colon longitudinal muscle (171). This
result is of interest as gastrointestinal dysmotility is commonly associated with SSc. The
specific molecular targets of SSc-derived autoantibodies, the cell type-specific expression of

these molecules, and the in vivo effects of such antibodies in SSc remain unknown.

1.6.1.4 The role of other immune cells in SSc¢

Other immune cells have also been implicated in SSc pathophysiology. Reports regarding
numbers of mast cells detected in SSc tissue have been contradictory. They have been
reported as increased (393), decreased (212) or normal (144). Evidence for increased mast
cell degranulation has been found in SSc skin (212;393) and it has been argued that the
differentiation of fibroblasts into myofibroblasts, a key step in the development of fibrosis, is
regulated by mediators derived from de-granulated mast cells (157). Lung biopsies from
scleroderma patients with lung inflammation and pulmonary fibrosis show increased numbers
of mast cells in close contact with interstitial fibroblasts (69). The increase in mast cells is
associated with elevated levels of histamine in BAL fluids (69). Experimental evidence
suggests that mast cells stimulate collagen production through production of MCP-1, and that
fibroblasts in turn release stem cell factor, which further upregulates the production of MCP-
1 from mast cells (488). Histamine, a product of mast cells, is elevated in the plasma of
scleroderma patients (130) and promotes the synthesis of collagen (185). Macrophages are a
major source of wound growth factors and as such are crucial coordinators of the tissue repair
process and the development of fibrosis. PU.1 null mice, which lack macrophages, heal
wounds without scarring (297), while SMAD?3 (an intracellular effector of TGF-B signalling)
null mice show a reduction in myofibroblast frequency and diminished scarring during
wound healing due to impaired recruitment of macrophages (138). In SSc, infiltrating
macrophages have been identified as a source of soluble mediators including TGF-$, TNF-a
and IL-8, thought to be key players in disease progression (182;336;337). Alveolar
macrophages are the most frequent cell type seen in the inflammatory infiltrate in active
scleroderma lung disease. Macrophages in scleroderma lung disease have undergone
‘alternative’, rather than ‘classical’, activation (22). Macrophages activated by
lipopolysaccharide, TNF-a and interferon-y, produce elevated levels of the pro-inflammatory

cytokines but little TGF-B (169;432). Activation by these stimuli induces "classically
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activated macrophages" that are efficient at antigen presentation and inhibit collagen
production by fibroblasts (419;432). In contrast, macrophages activated by IL-4 and TGF-f
have an anti-inflammatory and pro-fibrotic phenotype (129;432). Alternatively activated
macrophages make large amounts of TGF-B, PDGF and CC chemokines such as monocyte
chemotactic protein (MCP)-1 (285). They also stimulate collagen production by fibroblasts
(419). Thus, alternatively activated macrophages appear to be key players in pathologic
processes that are associated with fibrosis. Degranulation of eosinophils occurs in the fibrotic
tissues in scleroderma patients, with eosinophil-derived major basic protein accumulating in
the lungs of these patients (88). Levels of major basic protein negatively correlate with
pulmonary function (88). Eosinophils adhere to fibroblasts and directly activate fibroblast
proliferation and collagen production through production of TGF-f (274).
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1.6.1.5 Chemokines in SSc

More recently, it has become apparent that chemokines may be essential contributors to tissue
damage in SSc. Chemokines are a group of cytokines that share sequence homology and
similar tertiary structures. Chemokines are classified on the basis of the first two cysteine
residues as CC (in which the first two cysteine residues are immediately adjacent in the
primary structure), CXC (the first two cysteine residues are separated by an amino acid), and
CX3C (the separation involves three amino acids) and C chemokines (one cysteine residue is
missing). In addition to chemoattraction of T cells and nonspecific inflammatory cells into
tissues, chemokines have other functions. Among these are the regulation of angiogenesis,
vascular proliferation, and fibrosis: functions that may contribute to manifestations of SSc
(70).

a) Monocyte chemoattractant protein-1

One of the best studied of the CC chemokines in SSc is monocyte chemoattractant protein-1
(MCP-1). MCP-1 is predominantly a monocyte chemoattractant, however, it also stimulates
collagen production by fibroblasts in part by promoting the autocrine synthesis of TGF-
B (163). MCP-1 mRNA and protein are increased in the skin and BAL fluid of dcSSc
patients, with expression by fibroblasts, keratinocytes, perivascular inflammatory
mononuclear cell infiltrates and vascular endothelial cells throughout the skin (113;181). SSc
fibroblasts also display increased expression of MCP-1 mRNA and protein, compared with
normal fibroblasts (158) and exogenously administered MCP-1 stimulates autocrine synthesis
of MCP-1 mRNA by SSc, but not normal dermal fibroblasts (158). Increased MCP-1
production by scleroderma dermal fibroblast lines promotes recruitment of monocytic cells
(158), suggesting that MCP-1 may directly contribute to dermal fibrosis by stimulating
collagen production and indirectly by promoting the synthesis of more MCP-1 and the

recruitment of monocytes to the skin.

b) Interleukin-8

Interleukin-8 (IL-8), a CXC chemokine, is primarily a neutrophil chemoattractant factor.
Levels of IL-8 protein are elevated in SSc skin and more commonly in skin from patients
with disease of less than one year’s duration (251). Cultured SSc dermal fibroblasts express
more IL-8 than normal fibroblasts (225). Interleukin-8 is also increased in BAL fluids from

patients with SSc (36) and is produced by macrophages and fibroblasts in patients with lung

38



fibrosis (337). Interestingly two SNPs in the CXCR-2 (an IL-8 receptor) gene have been
associated with scleroderma (356). Reduction of IL-8 levels by neutralising antibodies
resulted in a significant decrease in angiogenesis, suggesting that IL-8 may also contribute to

new vessel formation (238).

c¢) Pulmonary and activation regulated chemokine

Recent data has shown that Pulmonary and activation-regulated chemokine (PARC)
stimulates collagen mRNA and protein synthesis by skin and lung fibroblasts (21). In SSc
patients with lung inflammation, PARC protein levels are elevated in the BAL fluids in
comparison with patients without lung inflammation and normal BAL fluid (285).
Alternatively activated macrophages that are prevalent in SSc lung (22), synthesise PARC

protein (169), which may be a significant activating ligand for resident fibroblasts.

d) Other chemokines

Regulated upon activation, normal T cell expressed and secreted (RANTES) and macrophage
inflammatory protein-1a (MIP-1a) are increased in the BAL fluid from scleroderma patients
(36). T-cells derived from SSc sera also produce elevated amounts of these chemokines
(385). Increased expression of RANTES and MIP-1a is an early phenomenon precedes the
development of dermal and pulmonary fibrosis in a murine model of scleroderma (509).
While the levels of these chemokines are clearly elevated in SSc, their precise contributions

to the disease phenotype are currently unknown.

1.6.2 SSc Pathophysiology II-Microvascular abnormalities

A unifying feature across the disease spectrum, microvascular disease is believed to be a
significant pathogenic factor in SSc. Amongst the first clinical manifestations of vessel
abnormalities are the failure to re-warm after cold challenge and an abnormal peripheral
nailfold capillary pattern, with enlarged loops and capillary dropout (292). RP associated with
SSc results in irreversible structural damage to the digital microvasculature while in primary
RP, the associated digital ischaemia is reversible, without apparent tissue damage (197). It is
thought that the pattern of microvascular damage as detected by nailfold capillaroscopy may
change with disease progression (92). Early and advanced patterns of microvasculopathy are
characterised by the appearance of giant capillaries and hemorrhages and are more frequent in

the active phase of the disease. Loss of capillaries, architectural disorganisation and the
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presence of ramified/bushy capillaries represent the late pattern of SSc microvascular damage
and are associated with atrophic disease (92). It has been suggested that these patterns of
microvascular damage show a degree of correlation with autoantibodies. The presence of
ATA appears to be related to earlier expression of the active and late patterns of SSc
microvascular damage while the presence of ACA seems to be related to delayed expression
of the late nailfold capillary pattern (91). Interestingly, patterns of capillary damage do not
appear to correlate with skin score and disease duration (353). Despite the reduced capillary
density, there is paradoxically no counteracting angiogenic response in the skin of patients
with SSc (268). Recently the pro-angiogenic factor vascular endothelial growth factor
(VEGF) together with its receptors VEGF-R1 and VEGF-R were demonstrated to be
markedly upregulated in SSc skin samples (112). This was paradoxically accompanied by
reduced expression of hypoxia-induced HIF-1a despite reduced oxygen pressure (PO,) levels
in SSc skin (112). Further studies are required to clarify whether VEGF over-expression can

lead to the vascular abnormalities that characterise SSc.

Microvascular damage appears to be systemic as affected internal organs can display
significantly perturbed blood flow (237). At the ultrastructural level, the most prevalent
microvascular abnormality in SSc patients is broadening and splitting of the basement lamina
accompanied by perivascular edema, fibroblast activation and an increased number of mast
cells (474). Basement membrane changes may underlie increased vascular permeability,
which is well described in SSc (172). Changes in vessel function and/or endothelium integrity
are amongst the earliest features of SSc pathogenesis (350). The first discernable changes that
occur in the endothelium include concentric proliferation of the intimae and perivascular
oedema (61). The described ultrastructural alterations in early SSc adversely affect
endothelial cell vacuolisation, leading to necrosis and increased inter-endothelial cell
permeability (143). Increased permeability allows increased passage of plasma and

mononuclear cells with the consequent formation of oedema and perivascular infiltrates.

Serum and plasma levels of markers indicating endothelial activation such as von Willebrand
factor, adhesion molecules and endothelin-1 (ET-1) are all increased in SSc patients
(12;257;290;435). Furthermore, in situ analyses of SSc skin and other affected organs have

demonstrated increased expression of ET-1, adhesion molecules, PDGF-B, TGF-B and

chemokines and their receptors by endothelial cells (156;160;180;463).
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There is also evidence for impaired vasodilatation in SSc, which in the presence of potent
vasoconstrictors such as ET-1 results in sustained vasoconstriction and reduced
microcirculatory flow (13;227). Therefore, one of the initial stimuli mediating endothelial
cell activation in SSc is likely to be ischaemia associated hypoxia. The synthesis of adhesion
molecules and key mediators such as ET-1, PDGF-B and VEGF by cultured endothelial cells
is rapidly induced by hypoxia (168;253;254;307;314). Cycles of ischaemia and reperfusion
lead to the formation and accumulation of ROS, which can result in oxidative stress, inducing
endothelial cell injury and death by apoptosis and necrosis (213). ROS also promote the
synthesis of vasoactive mediators such as ET-1, which can in turn lead to further
vasoconstriction and oxidative stress (44). Establishment of these feedbacks may be an
important factor in the perpetuation of the vasomotor instability. There is circumstantial
evidence that oxidative stress is a complication of SSc. Low density lipoproteins from SSc
patients have been shown to be susceptible to oxidation (51). In addition, monocytes from
SSc patients release increased amounts of the superoxide anion when cultured irn vitro (375)
while increased nitric oxide (NO) synthesis in SSc patients is thought to derive from activated
endothelium (12).

Other putative mediators of endothelial cell activation are AECA, which are detectable in the
sera of SSc patients with a prevalence up to 50% (208;345;345). The antigens they bind to
are heterogeneous within and between sera of different patients (208). While AECA can
induce pathogenic changes in endothelial cells in vitro (section 1.6.1.3) the pathogenicity of
AECA in vivo has yet to be demonstrated. Observations in an animal model of SSc,
University of California at Davies Line (UCD) 200 chickens (see 1.7.1) have linked
endothelial cell apoptosis and AECA. These chickens spontaneously develop an inherited
scleroderma-like disease, with immune, vascular and fibrotic characteristics similar to the
human symptoms. Histochemical analysis of UCD 200 chicken showed that apoptosis of
endothelial cells is an early event in the pathogenesis preceding the mononuclear perivascular
infiltration observed in the skin and internal organs (319;396). The UCD chicken have
circulating AECA, which induce endothelial cell apoptosis when transferred to control
animals (483). Further analysis of SSc tissue is necessary to clarify whether this is also an

active mechanism of the human disease.
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1.6.2.1 Structure and formation of microvessels

Microvessels consist of an endothelial cell lined lumen surrounded by extramural cells;
pericytes in medium-sized and smooth muscle cells (SMC) in large vessels (Figure 1) (146).
Vascular formation in the embryo consists of two phases, vasculogenesis and angiogenesis.
Vasculogenesis refers to the formation of large blood vessels by endothelial progenitors
termed angioblasts while angiogenesis refers to the sprouting and subsequent stabilisation of
these vessels by extramural cells (146). At the onset of angiogenesis, pericytes dissociate
from the endothelial cell layer and migrate into the surrounding interstitial space where they
attain a fibroblastic phenotype (106). The balance between adhesion and dissociation of
endothelial cells and pericytes is regulated by the soluble mediators angiopoeitin-1 and 2,
which bind the tie2 receptor tyrosine kinase (287). After maturation of new vessels,
perivascular fibroblast-like cells are recruited by endothelial-derived PDGF-BB and attach to
the endothelium (194).
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Figure 1.1.

Structure of large blood vessels and microvessels.

Large blood vessels are characterised by an endothelial cell lumen surrounded by concentric
layers of vascular smooth muscle cells. By contrast, microvessels consist of an endothelial
cell lumen enveloped by pericytes. Both endothelial cells and pericytes are embedded within

a mutually synthesised basement membrane.



The pericyte coverage of new vessels arises from a combination of resident pericyte
proliferation and recruitment and differentiation of circulating bone marrow-derived
progenitor cells into pericytes (420). De novo synthesis of basement membrane components
by both endothelial cells and pericytes then cements the cells together to complete vascular
assembly (106). Once formed, microvessels remain in a state of dynamic equilibrium that is
homeostatically maintained by physical and molecular interactions between endothelial cells
and pericytes. During tissue repair and the development of human diseases such as cancer
and SSc, there is a reprogramming of microvascular cells resulting in new vessel formation
and growth. Alterations in the relationship between endothelial cells and pericytes are at the
heart of microvascular activation and angiogenesis in the adult. As discussed in section 1.6.2,
endothelial cells have been extensively studied in SSc, however, comparatively little is

known about pericytes.

1.6.2.2 Microvascular pericytes

The word ‘pericyte’ was first used to describe cells found adjacent to capillaries in a variety
of tissues (516). Developmentally derived from the mesenchyme, pericytes are located
outside the vascular endothelium in continuous and fenestrated capillaries, venules and
arterioles of less that 30um in diameter (359) (Figure 1.2). They surround the endothelium
and are embedded within a basement membrane, that is mutually synthesised by endothelial
cells and pericytes (Figure 1) (85). Pericytes usually exhibit an elongated cell body from
which arises a system of primarily longitudinal branches enveloping the endothelial tube
(107). Both pericytes and endothelial cells are associated with each other through
interruptions in the basement membrane. These contacts can be classified into three types;
peg and socket arrangements, in which pericyte processes interdigitate into endothelial cell
membranes; adherence plaques that are ultrastructurally similar to desmesomes and gap
junctions (107). The number of pericytes varies between different tissues and among blood
vessels of different sizes. In the retina, the pericyte:endothelial cell is ratio is almost 1:1, in
the skin it is 1:3 (359). Pericytes and smooth muscle cells are structurally and functionally
similar and share the expression of a number of cytoskeletal proteins such as a-smooth
muscle actin (a-SMA) and desmin (401). However, there are a number of proteins that
distinguish both cell types. For instance, the high-molecular weight-melanoma associated
antigen (HMW-MAA) identifies pericytes in activated tissues such as wound healing and

tumours (389). Furthermore, the mouse homologue of HMW-MAA, NG2 is elevated by
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pericytes but not smooth muscle cells in pathological tissue (333). The GTPase-activating
protein RGS5 has also been shown to be selectively expressed by pericytes in developing
mouse embryo (79), while the expression of annexin A5 was recently reported to be specific

to microvascular pericytes in vivo (46).

1.6.2.3 Pericyte Function

Pericytes have been implicated in a broad range of functions. Their phenotypic similarity to
smooth muscle cells has led to the hypothesis that pericytes have a contractile role analogous
to that of smooth muscle cells in larger vessels (317). It has also been suggested that the
contraction of pericytes plays a role in regulating microvascular permeability by modulating
the size of inter-endothelial cell junctions (360). Pericytes express receptors for the
vasoconstrictor ET-1 (445) and contractile proteins such as a-SMA (316). While the
contractile ability of pericytes has been demonstrated in vitro (239), there is no evidence that

pericytes regulate microvascular contraction in vivo.

Developmental studies in mice have demonstrated a critical role for pericytes in maintaining
vascular integrity. During vessel formation in the embryo, the bi-directional release of soluble
mediators between endothelial cells and smooth muscle cell/pericyte precursor cells results in
the recruitment of pericytes to nascent capillaries (146). PDGF and the angiopoietins play a
major role in this process (146). Studies of knockout mice that lack the B receptor for PDGF
(PDGFRp) (422), the PDGF-B chain (273) or angiopoetin-1 (441) have demonstrated that
failure to recruit pericytes to the developing vasculature results in impaired vascular

morphogenesis and embryonic lethality as a result of severe hemorrhaging.
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Figure 1.2.
Scanning electro micrograph of microvascular pericytes.
Pericytes (white arrows) envelope the underlying endothelial cells lining a microvessel (black

arrowhead) with long cytoplasmic processes (black arrows). Image courtesy of Dr. Michael

Pepper.



In contrast to systemic knockout models, endothelium-specific PDGF-B chain knockout mice
(PDGF-B -/-) are viable and have been particularly useful in elucidating the role of pericytes
in the maintenance of vascular integrity (33). In these animals, gene inactivation is
incomplete, resulting in a chimeric situation where stretches of vessels with normal pericyte
coverage adjoin stretches of vessels without associated pericytes. Whereas pericyte-covered
stretches have normal diameter and lack signs of leakage or hemorrhage, neighbouring
pericyte-deficient stretches display microaneurysms, leakage and micro-hemorrhage (33),
implying that pericytes exert a local effect on vessel diameter and function. A key component
of this regulatory function is the ability of pericytes to control endothelial cell number. Lack
of pericytes in vivo leads to endothelial hyperplasia (193), while in vitro studies have shown
that pericytes inhibit endothelial cell proliferation via the actions of TGF-f§ (14;202). An
absence of pericytes also leads to a number of ultra-structural changes in the endothelial cells.
These include changes in inter-endothelial junctions and signs of increased trans-cellular
transport, suggesting that pericytes are essential for the control of endothelial cell
differentiation and function (193). The capillary luminal surface, which is normally flat and
smooth, displays numerous membrane folds in PDGF-B-/- mice (193). This may in turn
affect the curvature of the endothelial cell, and hence the diameter of the microvessel.
Morphometric analyses of pericyte-deficient microvessels have shown that their diameters
are abnormally variable, with focal sites of abnormal distension or narrowing. Thus, one of
the most essential roles of pericytes may be to provide necessary cues for the formation of
endothelial tubes with uniform diameter (193). Taken together, these studies clearly
demonstrate that pericytes provide essential physical and molecular cues that maintain

endothelial and microvascular integrity.

Another key function of pericytes is that of mesenchymal progenitor cells. In vitro studies
have demonstrated that pericytes undergo a phenotypic transition to other mesenchymal cell
types (201). The transition of pericytes to osteoblasts has been particularly well documented
both in vivo and in vitro (115). Several key genes are involved in this differentiation process,
including the matrix Gla protein, osteopontin and osteonectin (116). Similarly, the transition
of pericytes to adipocytes and chondrocytes has been demonstrated in vitro and in vivo (135).
The local microenvironment is key in influencing the ultimate cellular phenotype of
differentiating pericytes (135). In a number of fibrotic conditions pericytes have also been

shown to differentiate into fibroblasts and myofibroblasts. During excessive dermal scarring,
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microvascular pericytes leave the microvascular wall and differentiate into collagen-
synthesising fibroblasts (439) while in the placenta, fibroblasts have been shown to be
derived from microvascular pericytes (214). In dcSSc skin and fibrotic liver, it has been
shown that pericytes are precursors for myofibroblasts (353;391). Annexin A5 was recently
identified as a generic marker of pericytes with progenitor capacity, however, it is not yet

clear whether it has a functional role in the differentiation process (46).

1.6.2.4 Pericytes and platelet-derived growth factor

Over the last few years it has become apparent that the PDGF family and particularly the
PDGF-B isoform are central to pericyte biology and function. Since its first description 30
years ago (365;478), members of the PDGF family have been established as potent mitogens
and motogens for connective tissue cells such as fibroblasts and smooth muscle cells (191).
The PDGF family consists of five different dimeric isoforms, PDGF-AA, AB, BB and the
two recently discovered isoforms PDGF-CC and DD. All five dimers exert their functional
effects via activation of two structurally similar receptors, PDGF-a receptors (PDGFRa) and
PDGFRB. The five PDGF dimers exhibit distinct binding affinities for the PDGF receptors
(PDGFRs). PDGF-AA, AB, BB and CC bind to and activate PDGFRa., while PDGF-BB and
DD bind to and activate PDGFRP (Figure 1.3). Heterodimers of PDGFRof3 have also been
described, which can be stimulated by PDGF-AB, BB and CC (150). Ligand-binding leads to
receptor dimerisation, resulting in autophosphorylation of specific tyrosine residues. These
phosphorylated sites create docking sites for a number of downstream signalling molecules
that contain SH2 domains, leading to the initiation of signalling cascades such as the
phosphatidylinositol 3 kinase (PI;-kinase), the P38 mitogen activated protein kinase (MAPK)
or the phospholipase C-y (PLC-y) pathway (Figure 1.4) (447).
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Figure 1.3.

Binding affinities of the five PDGF dimeric isoforms.

Different PDGF isoforms bind to and dimerise a and 3 receptors with different specificities.
Receptors are drawn to illustrate that extracellular parts consist of 5 Ig-like domains.
Intracellular parts of receptors contain tyrosine residues which become phosphorylated upon

ligand binding. Modified from Heldin and Westermark, 1999.



In vitro systems have revealed that the signal transduction pathways evoked by PDGFRa
and B are similar but differ subtly with respect to interactions with specific SH2 domain
proteins, which may explain their differential effects on target cells (128). Studies have
suggested a distinct requirement for specific pathways to initiate certain PDGFRB-mediated
cellular functions. For example, the Pl3-kinase and phospholipase C-y (PLCy) pathways are
necessary for mitosis and migration, while RasGAP activity inhibits migration (256;461).
Activation of both o and P receptors stimulate cell proliferation, while PDGF-induced
chemotaxis in vitro is mediated exclusively through the PDGFRB (191). In contrast,
stimulation of PDGFRa inhibits chemotaxis of fibroblasts and smooth muscle cells (410).
There are also differences between the receptors and their influence on the actin filament
system. Both receptors stimulate edge ruffling and the loss of stress fibres, however, only the
B-receptor mediates the formation of circular actin structures on the cell surface (128). Whilst
PDGF ligands are constitutively expressed by many different cell types, expression of
PDGFRs is more restricted, particularly the PDGFRP. In normal connective tissue,
expression of PDGFRp is extremely low, but during tissue activation, receptor expression

increases dramatically (367).

Genetic analyses in mice have demonstrated that PDGF isoforms play critical roles in key
aspects of mammalian embryogenesis (30;204). Studies using PDGFRa, PDGF-A and
PDGF-C null mutants have demonstrated that PDGFRa signalling is essential for
palatogenesis and patterning of somites and mesodermal tissue (109;421). PDGF-B and
PDGFRp null mutants die in utero from widespread haemorrhaging due to impaired

recruitment of mural pericytes and smooth muscle cells to nascent blood vessels (194).

Both in vitro and in vivo analyses have revealed a particular importance of PDGF-BB to
pericyte biology (31;204). Genetic disruption in mice of either the PDGF-B chain or
PDGFRp results in extensive haemorrhaging caused by a failure to recruit pericytes to

developing blood vessels (273;422).
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Figure 1.4.

Binding of different signalling molecules to the PDGFRf.

Ligand induced receptor activation leads to the binding of signalling molecules such as Src
and Grb2 to phosphorylated tyrosine residues in the intracellular domain of the PDGF
receptor (blue boxes). In vitro studies suggest that specific signalling cascades mediate
different functions. For example, activation of the P38 MAPK pathway leads to a

proliferative response while PI3-K and PLC-y activate chemotaxis.



The primary role of PDGFRpB-mediated signalling during embryogenesis appears to be the
induction of chemotaxis and proliferation of PDGFRB-expressing smooth muscle cells and
pericytes in response to endothelial-derived PDGF-B chain ligands (194).

PDGFRp-mediated signalling also appears to play an important role in pericyte activation
during adult pathologies. The over-expression of PDGFRP by microvascular pericytes has
been reported in a number of diverse conditions, including wound healing, tumours, dcSSc
and dermal scarring (354;439;440). This is supported by autoradiographic studies identifying
pericytes as one of the first cell types to undergo mitosis during tumour development and
wound healing (24;106). Furthermore, the blockade of PDGFR[ signalling by imatinib
mesylate results in pericyte loss around microvessels and a subsequent reduction in tumour
growth (29). In hypoxia-induced angiogenesis, pericyte proliferation was shown to be
activated by VEGF in both an autocrine and paracrine manner (325;486;499). The same
group also demonstrated that the differentiation of pericytes from circulating precursors
during tumour formation is PDGFRB dependent (420). The loss of retinal pericytes that
characterises diabetic retinopathy is recapitulated identically in the endothelial cell specific
PDGF-B-/- mouse (126;414). Pericytes have also been implicated in the progression of

hypertension, liver cirrhosis and atherosclerosis (108;183;196).

1.6.2.5 Pericytes and Fibrosis

It has been proposed that pericytes contribute directly to the development of fibrosis by
acting as progenitor cells to collagen-synthesising fibroblasts and myofibroblasts (391;439).
Morphological analysis of tissue actively undergoing angiogenesis has revealed that pericytes
migrate from the microvascular wall into the interstitium and acquire a fibroblast-like
morphology (90;106). In hypertrophic scars and SSc skin, collagen-synthesising cells are
located predominantly in the perivascular area (245;386;386). The differentiation of pericytes
into collagen-synthesising fibroblasts has been demonstrated in dermal scarring tissue and
human placenta (214;439). Similar findings have been reported in fibrotic liver and kidney, in
which pericytes have been shown to express PDGFRP and synthesise extracellular matrix
components during experimentally induced fibrosis (27;145;248;299). The differentiation of
pericytes into myofibroblasts has also been demonstrated in fibrotic kidney (186), liver (391)
and dcSSc skin (353).
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1.6.3 SSc Pathophysiology III-Connective tissue fibrosis

The pathological hallmark of SSc is increased synthesis of ECM macromolecules, resulting
in connective tissue fibrosis. Histological examination of affected SSc tissue has revealed that
the normal interstitium is gradually replaced with a dense ECM. In patients with early dcSSc,
collagen type III is predominant, particularly in the lower reticular dermis (140).
Interestingly, increased expression of total fibronectin and the ED-A splice variant of
fibronectin (ED-A FN) has also been demonstrated in the reticular dermis (139;353). The
significance of this is unknown. As the disease progresses, collagen type I levels increase
until it becomes the dominant ECM constituent, however, the final relative proportion of type
I: type III is similar to that of normal skin (140;282). Elevated expression of collagens type
VI and XVTI have also been reported in affected SSc skin (8;369).

The regulated turnover of ECM macromolecules is essential to a variety of biological
processes. Matrix metalloproteinases (MMPs), of which 23 have been identified, are
responsible for ECM degradation (473). They are regulated by specific tissue inhibitors of
metalloproteinases (TIMPs) (49). Evidence for the dysregulated expression of several
members of the MMP and TIMP family has been reported in SSc. Elevated expression of
TIMP-1 and TIMP-3 has been demonstrated in cultured SSc fibroblasts (43;300), while
increasing concentrations of TIMP-1 in SSc serum have been associated with adverse disease
severity (458;501). Increased Serum levels of TIMP-2 have been detected in SSc sera and
associated with an increased risk of cardiac fibrosis (123;497). In addition, reduced
expression of MMP-3 has been reported in SSc fibroblasts and MMP-3 autoantibodies have
also been reported in SSc sera (43;323).

While the majority of SSc related studies have focussed on the relationship between
increased collagen biosynthesis and fibrosis, the levels of several other matrix components
are also elevated in affected SSc tissue. For example, increased expression of total fibronectin
and the ED-A splice variant have been demonstrated in SSc skin, notably in the deep reticular
layers (87;353). Interestingly, SNPs in the fibronectin gene have been associated with an
increased risk of developing FASSc (25), however, it is unknown whether these
polymorphisms underlie the elevated expression of the protein. The case for elastin is more
contentious. Expression of elastin in SSc has been reported as both elevated (351) and normal
(141) in SSc skin. Circumstantial evidence indicates increased cross-linking and degradation

of elastin in SSc, however, to date there is a lack of corroborative in situ data (97;433).

53



Increased expression of glycosaminoglycans has also been reported in SSc skin and cultured
SSc fibroblasts (54;142).

1.6.3.1 Fibroblasts

Fibroblasts are mesenchymally derived cells that form the major cell type within soft
connective tissue. These cells are responsible for the synthesis of ECM macromolecules and
the assembly and maintenance of connective tissues. During tissue repair following injury,
fibroblasts adopt a central role in the remodelling process culminating in the synthesis,
deposition and assembly of new ECM. While the development of SSc is dependent upon a
complex cascade of events and cell types, fibroblasts are considered the key effector cell of
SSc pathology as they are directly responsible for its ultimate phenotype. A number of
studies have examined the role of the fibroblast in SSc. The early studies of note were carried
out by LeRoy et al., who demonstrated that skin fibroblasts from SSc patients, when cultured
in vitro, produce increased amounts of type I collagen compared with fibroblasts from normal
controls (269). Subsequent studies have revealed that the production of several ECM
components, including collagens type III, VI, VII, fibronectin, decorin and
glycosaminoglycans is elevated in cultured SSc fibroblasts (436). The increased production
of matrix components is maintained for several passages in vitro in the absence of exogenous
stimuli, suggesting that fundamental alterations in the regulatory pathways controlling ECM

synthesis have occurred in these cells.

1.6.3.2 The origins and heterogeneity of fibroblasts

It has been proposed that connective tissue fibrosis arises due to the expansion of a particular
sub-population or clone of fibroblasts with a pro-fibrotic phenotype (218;224). Fibroblasts
are quite diverse with respect to proliferation, cell surface receptors and production of ECM
macromolecules (103;224;457). Heterogeneity of fibroblasts has been demonstrated in SSc,
in vivo and in vitro (87;218;229;353). It has been suggested that fibroblast heterogeneity is a
result of the differentiation of fibroblasts from diverse cellular sources (Figure 1.5). During
the development of scarring and fibrosis, circulating blood cells, epithelial cells and resident
non-fibroblastic cells can differentiate into matrix synthesising fibroblasts and

myofibroblasts. These are summarised below.

a) Fibrocytes

Fibrocytes are bone marrow-derived, circulating fibroblastic cells that are recruited to sites of
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injury (73). They express collagen type I, CD11b, CD13, CD34, CD45 RO and CD86 but are
negative for a-SMA (74,75). It has been reported that TGF-f can induce fibrocytes to assume
a myofibroblast phenotype, expressing a-SMA and mediating collagen gel contraction (3). In
vitro, fibrocytes and fibroblasts appear to be responsive to separate repertoires of cytokines.

However, whether this translates into functional differences during tissue repair in vivo is
unknown (75;348).

b) Bone marrow-derived fibroblasts

Hashimoto et al. identified a population of bone marrow-derived cells in fibrotic lung (183).
Preliminary analysis indicated that they are collagen-synthesising cells phenotypically
distinct to fibrocytes (183). They were shown to constitute the overwhelming majority
(>80%) of collagen-synthesising cells in bleomycin-induced lung fibrosis. However, these
collagen-synthesising cells did not express a-SMA and treatment of these fibroblasts in vitro
with TGF-B failed to induce myofibroblast differentiation. A significant proportion of
myofibroblasts in fibrotic liver (147) and collagen rich tumour stroma (111) are also derived
from the bone marrow and express both collagen and a-SMA. These studies indicate that the
identity of cells responsible for collagen biosynthesis and tissue contraction may vary

between tissue beds and reveals an unexpected degree of tissue specificity.
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Figure 1.5.

Cell lineages that are involved in connective tissue fibrosis.

In the development of fibrosis, fibroblasts are derived from a number of diverse sources. In
addition to the activation and differentiation of resident fibroblasts into myofibroblasts, an
epithelial-mesenchymal transition (EMT) of epithelial cells and the differentiation of
pericytes add to the fibroblastic pool. Circulating cells such as fibrocytes and bone marrow-
derived fibroblasts (BMDF) extravasate into interstitial tissue and synthesise collagen during

wound healing and may play a key role in the development of pathological fibrosis.



c¢) Epithelial-Mesenchymal Transition

Epithelial-mesenchymal transition (EMT) has been relatively well studied with regards to
tumour metastases (177) and been particularly well studied as a mechanism by which
collagen-synthesising fibroblasts are generated during renal fibrosis (215). Using bone
marrow chimeras and transgenic reporter mice, interstitial kidney fibroblasts were shown to
be derived from two sources. A small number of fibroblasts migrate to normal interstitial
spaces from the bone marrow, while the majority of fibroblasts were found to arise by EMT.
Both populations of fibroblasts were found to express collagen type I, though in agreement
with the study of Hashimoto et al, the majority of these cells did not express a-SMA
(183;215). In vitro data have established TGF-B as a key factor in EMT and many studies
have focused on the signalling pathways involved in TGF-B induced EMT. TGF-f induces
Smad?2 phosphorylation in a tubular epithelial cell line, which markedly promotes EMT and
collagen synthesis. This can be inhibited by overexpression of the inhibitory Smad protein,
Smad7 (276) suggesting that Smad signalling can positively and negatively regulate EMT.
Bone morphogenic protein-7 (BMP7) also inhibits TGF-B-induced EMT and the systemic
administration of recombinant human BMP7 leads to the repair of severely damaged renal
tubular epithelial cells and reversed renal fibrosis (506). An evaluation of the clinical effects

of recombinant human BMP7 on chronic renal injury in humans is warranted.

d) Pericyte differentiation

Fibroblasts can also derive from microvascular pericytes. As described in section 1.6.2.5,
during the progression of fibrosis both collagen-synthesising fibroblasts and myofibroblasts
in a variety of organs are believed to be derived from local tissue pericytes
(186;353;391;439). These studies raise interesting questions. For example, do different
modes of fibroblast differentiation predominate in different tissues and different diseases?
Equally important is the question of whether fibroblasts derived from different anatomical

sites perform different functions in fibrotic tissue.
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1.6.3.3 Fibroblast progenitors and SSc

The involvement of fibroblast progenitors in SSc has not been extensively studied, however,
there is increasing interest as to their potential association with the disease. While the
presence of fibrocytes has yet to be demonstrated in SSc tissue, sera from patients with SSc
were less able to inhibit fibrocyte differentiation in vitro than control sera, possibly as a result
of decreased serum amyloid protein levels (346). Peripheral blood monocytes from patients
with SSc when cultured on type I collagen generate more fibroblast-like cells than control
monocytes (349). The activation and phenotypic convergence of pericytes into a

myofibroblast phenotype has been reported in SSc skin (353).

1.6.3.4 Myofibroblasts

Essential in the development of fibrosis, myofibroblasts were initially described in
granulation tissue of healing wounds as modified fibroblasts, exhibiting features of smooth
muscle cells, including bundles of microfilaments and gap junctions (155). Myofibroblasts
generate the force required to contract tissues and have been identified in many fibrotic
conditions (455). Morphologically, myofibroblasts are characterised by a contractile
apparatus that contains bundles of actin microfilaments which are analogous to stress fibres
and are associated with contractile proteins such as non-muscle myosin (255). In vivo
connective tissue fibroblasts lack the contractile microfilamentous apparatus or stress fibres
that are observed in myofibroblasts; rather, actin microfilaments are organised predominantly
into a cortical meshwork. Thus, in connective tissues in vivo, myofibroblasts are both
morphologically and functionally different from fibroblasts. Myofibroblasts, in addition to
expressing the B- and y-cytoplasmic actins that are found in fibroblasts, express a-SMA
(96;417). There are, however, several locations in vivo, in which cells show the
morphological characteristics of myofibroblasts, such as stress fibres, but do not express a-
SMA, for example, in the lung alveolar septa and the early phases of granulation-tissue
formation (200;232). This has led to the hypothesis that there are two types of
myofibroblasts, those that do not express a-SMA, termed ‘proto-myofibroblasts’ and those
that do express a-SMA, termed ‘differentiated myofibroblasts’ (455). Differentiated
myofibroblasts can be distinguished from normal fibroblasts by the expression of a-SMA and

the ED-A splice variant of fibronectin, ED-A FN.
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The ontogeny of myofibroblasts is an area of controversy. The established hypothesis that
myofibroblasts are solely derived from resident fibroblasts has been superseded with the
finding that in certain conditions, myofibroblasts can also be derived from pericytes (186)
and bone marrow-derived stem cells (111;147). Therefore, the origin of myofibroblasts is
highly tissue-specific. A factor implicated in the differentiation of myofibroblasts is Thy-1, a
cell surface glycoprotein, that is differentially expressed by fibroblasts (41). Thy-1*"¢ and
Thy-1" populations of fibroblasts are known to be functionally distinct with regards to the
production of cytokines and extracellular matrix (103;413). In a study of myometrial
fibroblasts, only Thy-1"" fibroblasts were found to be capable of differentiating into
myofibroblasts after treatment with TGF- (252), suggesting that Thy-1 is a marker of cells
with myofibroblastic potential in the myometrium. However, another study of lung
fibroblasts demonstrated that myofibroblasts were derived from Thy-17"° fibroblasts (514).
Further studies are necessary to clarify the role of Thy-1 in myofibroblast differentiation and

whether these differences can be attributed tissue-specificity.

It is now accepted that the transition from fibroblast to myofibroblast begins with the
appearance of the proto-myofibroblast. The formation of myofibroblasts from proto-
myofibroblasts is not well understood, however, mechanical tension, TGF-B and ED-A FN
are thought to play key roles. Inhibiting the interaction between ED-A FN and the cell surface
blocks TGF-B induced myofibroblast differentiation and a-SMA expression (394). Thus, the
de novo synthesis of ED-A FN is a pre-requisite to a-SMA expression and the differentiation
of myofibroblasts. This was recently supported by in vivo wound healing studies showing that
ED-A FN expression precedes the appearance of a-SMA positive myofibroblasts (200).
Increased expression of ED-A FN has been reported in fibrotic conditions such as liver
fibrosis and graft versus host disease (GVHD) (328;462), however, not in dcSSc. In the
presence of both factors, the myofibroblast phenotype is lost when mechanical tension is
removed, however, increased mechanical tension in splinted wounds increases ED-A FN and

a-SMA expression without changing the expression levels of TGF-$ (200).
Little is known about the signalling pathways that govern myofibroblast differentiation. In

bleomycin induced lung fibrosis, FIZZ1 has been identified using microarray analysis as

promoting myofibroblast differentiation (280). In a separate study, again utilising cDNA
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microarrays, the inhibitor of differentiation (ID) family members, ID1 and ID3, were

identified as potential mediators of myofibroblast differentiation during lung fibrosis (67).

Myofibroblasts appear in granulation tissue at the time of wound contraction and disappear
during the transition towards scar tissue (96), as a result of apoptosis (105). This observation
has led to the hypothesis that the development of pathological fibrosis may be a consequence
of failed myofibroblast apoptosis. Myofibroblasts have been identified dcSSc tissue
(219;353;377), however, little is known about their role in the disease. Moreover, it is unclear
whether myofibroblasts also contribute to the excessive deposition of ECM during fibrosis.
While it is known that myofibroblasts produce ED-A FN, the question of whether they are the
principal collagen-synthesising cell in fibrotic tissue is more controversial. Collagen
biosynthesis by myofibroblasts has been demonstrated predominantly by in vitro analysis
(244). In vivo data suggest that the production of collagen by myofibroblasts is tissue
specific. In fibrotic liver, for example, a significant correlation between myofibroblasts and
collagen type I mRNA has been observed (134). However, during dermal tissue repair the
synthesis of collagen type I continues after the apoptotic removal of myofibroblasts (200).
Analyses of renal (215) and lung fibrosis (183) has revealed that the majority of collagen-
synthesising cells do not express markers of myofibroblasts. While increased collagen
biosynthesis by myofibroblasts derived from SSc skin has been reported in vitro, analyses of
affected dcSSc skin has shown no correlation between the presence of myofibroblasts and

collagen biosynthesis (219;353).

1.6.3.5 Cytokines and growth factors

Biosynthesis of ECM macromolecules by fibroblasts is the culmination of a coordinated
sequence of events requiring the collaborative efforts of different cell types. The
orchestration of these events is regulated by a large number of soluble mediators. A variety of
cytokines, chemokines and growth factors have been associated with the pathophysiology of
SSec.

a) Transforming growth factor-f
Due to its multi-functional role in tissue repair and scarring, TGF-B is one of the most
extensively studied fibrogenic growth factors. In mammals, the age of onset of scarring

correlates with an inflammatory response and increased expression of TGF-B (479). In the
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embryo, characterised by scarless tissue repair, TGF-B is only expressed transiently and at
low levels after injury (298). Conversely in the adult wound site it is present at high levels for
the duration of healing and beyond (149). TGF-p has been implicated in a number of fibrotic
conditions in kidney, liver, and lung (264). Neutralisation of TGF-B in experimental models
almost universally results in reduced collagen biosynthesis and fibrosis (379;496). As
previously discussed, TGF-B also plays a central role in promoting the formation of
myofibroblasts from fibroblasts (394). To date three TGF-p isoforms have been identified,
TGF-B1, 2 and 3. Their distinct functions have yet to be clearly delineated, however, TGF-B1
and 2 promote fibrosis while TGF-B3 reduces fibrosis (326). Delivery of neutralising
antibodies against TGF-1 and -B2 at the time of wounding reduces scarring (397), as does
exogenous application of TGF-B3. The anti-fibrotic effects of TGF-B3 are thought to be a
result of its down-regulation of TGF-B1 (326;398). These findings suggest that a balance
among the TGF-P isoforms is critical for the regulation of efficient tissue repair. The critical
role for TGF-B in the fibrotic process has led to its being widely studied in SSc. Increased
expression of TGF-B1 and -B2 has been reported in the affected skin of SSc patients (352).
Increased expression of TGF-B type I and II receptors stimulates collagen synthesis in
cultured SSc fibroblasts in an autocrine pathway (236). Recent studies suggest that
expression of type I receptors is increased on SSc fibroblasts whilst type II receptor levels are
slightly decreased (335). Blockade of endogenous TGF-f signalling via neutralising
antibodies or antisense TGF-f oligonucleotides prevents increased collagen synthesis by SSc
fibroblasts (209). The forced expression of TGF-B type I receptor but not type II in normal
fibroblasts results in elevated collagen synthesis suggesting that upregulation of collagen
synthesis by SSc fibroblasts may primarily depend on the signalling downstream from the
TGF-pB type I receptor (335). Dermal and pulmonary fibrosis develops in transgenic mice
with fibroblast-specific expression of a kinase-deficient TGF-B type II receptor. Therefore,
perturbations of specific aspects of the TGF-B signalling pathway in fibroblasts can induce
fibrosis in vivo (102). Of note is a study demonstrating increased expression of the TGF-f co-
receptor, endoglin on SSc fibroblasts (265). Expression increased with disease severity and
forced over-expression of endoglin into normal fibroblasts was found to inhibit the TGF-p

mediated increase in CTGF promoter activity, suggesting that it acts as a negative regulator

of CTGF expression. The authors concluded that lesional SSc fibroblasts may overexpress
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endoglin as a negative feedback mechanism in an attempt to block further induction of

profibrotic genes by TGF-p (265).

Smads are the primary transducers of TGF-f signalling. Three families of Smad proteins
have been identified; the receptor-regulated Smad (Smad 2 and Smad 3); common partner
Smad (Smad 4); and inhibitory Smad (Smad 7) (403). Increased phosphorylation of Smad 2
and increased nuclear localisation of Smad 2 and 3 has been reported in SSc fibroblasts (310).
Interestingly, the nuclear localisation of Smads in SSc fibroblasts is insensitive to the
blockade of TGF-B signalling using neutralising TGF-B antibodies or overexpression of
kinase-deficient TGF-p type II receptor (309). However, other groups have reported
increased levels of phosphorylated Smad2 and Smad3 in cultured SSc fibroblasts coupled
with decreased expression of the inhibitory Smad 7 (19), suggesting a combination of these
factors gives rise to increased TGF-B signalling in SSc fibroblasts. Interestingly, Smad 7
deficiency has also been reported in lesional dcSSc skin (117). A recent study showed that
treatment with a pharmacologic inhibitor of PI-3 kinase abrogated constitutive Smad3
phosphorylation in SSc fibroblasts (18). Inhibitors of the PI-3 kinase pathway also reduce the
expression of TGF-f type II receptor in SSc fibroblasts (492) suggesting that interactions
between diverse signalling networks regulate the TGF-B response in SSc. Evidence that
inhibition of MMP-1 by TGF-B is mediated through Smad 3 and Smad 4 suggests that
stimulation of the TGF-B pathway in fibroblast results in collagen synthesis whilst

simultaneously inhibiting matrix degradation (502).

b) Platelet-derived growth factor

As a potent mitogen and chemoattractant for fibroblasts, PDGF has been implicated in the
pathophysiology of SSc. Expression of both PDGFRa and B is increased in SSc tissue,
specifically on fibroblasts and pericytes (246;354;487). Endothelial cells and macrophages
appear to be the primary sources of PDGF ligand in SSc skin (160;354). PDGF induces the
expression of monocyte chemoattractant protein 1 (MCP-1) by cultured SSc fibroblasts (113).
MCP-1 has been shown to stimulate collagen biosynthesis in cultured fibroblasts (489),
suggesting that some of the pro-fibrotic effects of PDGF may be regulated by secondary

mediators.

¢) Connective tissue growth factor
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Connective tissue growth factor (CTGF) is a heparin-binding growth factor that is secreted by
fibroblasts after activation by TGF-B. Also known as CCN2, CTGF belongs to an early gene
response family known as CCN, that includes CTGF, Cyr61 and Nov (339). Since its initial
identification in endothelial cells (47), several other cell types, including fibroblast, smooth
muscle cells, tumour cells and chondrocytes have also been shown to express the protein
(266). In fibroblasts, CTGF is robustly induced by TGF-B and based on a number of studies,
it has been suggested that the pro-fibrotic properties of TGF-8 can be attributed to CTGF
(407). The overexpression of CTGF in normal fibroblasts leads to an increase in the synthesis
of collagen and fibronectin (406), whilst the inhibitory effect of prostacyclin derivates on
collagen biosynthesis is thought to be mediated by a downregulation of CTGF production
(434). Moreover, the injection of both TGF-f and CTGF into murine skin results in persistent
fibrosis while addition of either factor alone results in an acute granuloma formation but not
fibrosis (308). Therefore, TGF-B/CTGF synergy may be critical in the development of
fibrosis. In SSc, elevated CTGF serum levels have been detected (382), while increased
CTGF tissue expression appears to correlate with the degree of fibrosis in SSc skin (207).
Increased autocrine CTGF production has been argued to be responsible for the maintained
fibrotic phenotype of SSc fibroblasts in culture (406). N-terminal cleavage products of CTGF
are elevated in the plasma and dermal interstitial fluid of scleroderma patients, compared to
healthy controls. Their levels correlate positively with the severity of skin disease and

negatively with disease duration, suggesting the utility of N-terminal CTGF as a marker of
fibrosis (122).

d) Endothelin-1

ET-1 is a member of the endothelin family of which there are 3 isoforms, ET-1, -2 and -3.
Originally identified as a potent vasoconstrictor, a growing body of evidence has implicated
ET-1 as a mediator of organ-based fibrosis. ET-1 exhibits a wide range of biological
properties on normal cells, including mitosis (4) and inducing the biosynthesis of extracellular
matrix macromolecules (275;405). Exogenous ET-1 enhances the synthesis of collagen types
I and III and inhibits the production of MMP-1 in normal fibroblast culture (484). ET-1 is
also able to induce matrix contraction of normal fibroblasts within three-dimensional
collagen lattices and to promote the formation of myofibroblasts (404). In SSc, elevated
levels of circulating ET-1 have been detected in patients with skin and lung fibrosis, which

correlated with disease severity (493;494). The increase in circulating ET-1 is paralleled by
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an increase in ET-1 expression in vivo (5). In the skin, ET-1 is predominantly located in the
superficial papillary microvessels and to a lesser extent in the deeper dermal vessels.
Increased staining of ET-1 has also been identified on fibroblasts, endothelial and smooth
muscle cells (463). In addition, dermal fibroblasts cultured from SSc patients showed
increased cytoplasmic ET-1 expression and increased secretion into the supernatant when

compared to normal fibroblasts (235).

The biological effects of ET-1 are mediated by at least two different receptors; the endothelin
receptor type A (ETAR) and the endothelin receptor type B (ETBR). The presence of both
receptor types has been demonstrated in normal and SSc fibroblasts, however, ETAR
expression is reduced on SSc fibroblasts when compared to normal fibroblasts (484).
Immunohistochemical analyses from lung biopsies of patients have demonstrated increased
expression of total ET-1 receptors mainly in the sclerotic tissue localised in the alveolar
epithelium and the pulmonary interstitium (5). Endothelin-1 has also been associated with the
development of SSc-associated PAH. Endothelin plasma levels are raised in the
bronchoalveolar lavage (BAL) fluid of patients with SSc-associated PAH. (167;493). To date
the endothelin receptor antagonist bosentan is the only licensed drug available for the
treatment of PAH (368).
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1.7 Animal models of Scleroderma

There are several models of SSc that have been used to study the basic mechanisms of the
disease process. Each model exhibits a specific aspect of scleroderma pathogenesis,
however, none of the available animal models presents a full range of the human SSc
characteristics (vascular injury, inflammation, immunologic changes and tissue fibrosis).
Nonetheless, these models constitute a valuable resource for the investigation of the SSc
pathogenesis and testing potential treatments. Table 1.7 summarises the major characteristics

of SSc animal models.

1.7.1 Naturally occurring animal models
Two natural occurring animal models have been described; the tight skin mouse (Tsk/+

mouse) models and the UCD 200 chicken (162;173).

Tight skin mice (Tsk/+) harbour a duplication in exon 17 of the fibrillin gene. Mice
homozygous for this duplication die in utero, however, heterozygote mice spontaneously
develop a marked and progressive skin fibrosis from 2 weeks of age. Whilst the mechanisms
underlying this fibrosis are unknown, IL-4 and TGF-8 have both been implicated (304).
There are several differences to the human disease. In particular, there is no evidence for
vascular damage in the murine model. Moreover, the pulmonary presentation resembles
more an emphysema-type process rather than fibrosing alveolitis and there are no

inflammatory infiltrates in the affected tissues (6).

The UCD 200 chicken share many features of human SSc, including skin and visceral
fibrosis, vascular occlusion, lymphocyte infiltration in involved organs, elevated rheumatoid
factor, antinuclear antibodies and polyarthritis. Unlike Tsk/+ mice, there is pronounced
vascular damage in UCD chicken with accompanying endothelial apoptosis and AECA. This
model differs from the human counterpart in the acute onset. In addition, smooth muscle
proliferation is seen during the vascular disease in UCD chicken, which is absent in the

human disease (395).

1.7.2 Induced animal models
Bleomycin is an antibiotic derived from Streptomyces verticullus that is used for the

treatment of cancer. Pulmonary fibrosis is an adverse side effect of the treatment and
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consequently bleomycin can be used to induce lung fibrosis in mouse. The fibrogenic effects
of this drug may be secondary to a free radical injury. Unlike FASSc, bleomycin-induced
pulmonary fibrosis is reversible, however there, are common features such as immune
dysregulation, including positive antinuclear antibodies and the development of both dermal

and pulmonary fibrosis (7;490).

Patients that undergo an heterologous bone marrow transplantation sometimes develop a
chronic graft versus host disease (GvHD) with skin and visceral fibrosis resembling
scleroderma. Bone marrow transplantation into irradiated recipients can lead to a similar
GvHD response in specific strains of mice and rats (508). The phenotype is characterised by
the presence of infiltrating immune cells, upregulation of TGF-B and increased synthesis of

collagen type I in the skin.

Table 1.7: Animal models of SSc

Parameters Human Tsk/+1 Murine Murine UCD
SSc mouse Bleomycin- SSc 200
induced GvHD chicken

Skin fibrosis + + + +
Visceral fibrosis + + + +
Pulmonary + - + + +
Renal + - - - +
Cardiac + + - - +
Inflammation + - + + +
Vascular injury + - + - +
Autoantibodies + + + - +

SSc GvHD (Sclerodermatous graft vs. host disease). Modified from (508).
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1.8 Work presented in this thesis

Microvessels are comprised of two intimately associated cell types; endothelial cells and
pericytes and interactions between these two cell types govern the phenotype of microvessels
in health and disease. PDGFRf-expressing pericytes have been demonstrated to contribute to
the development of several fibrotic disorders such as liver fibrosis and excessive dermal
scarring. Yet although microvascular damage is regarded as a key component of SSc
pathogenesis and is known to result in a fundamental reprogramming of endothelial cell
phenotype, the potential role of pericytes in SSc has yet to be investigated. The work
presented in this thesis examines the phenotype of pericytes in SSc tissue with the aim of
determining whether they play a role in SSc disease development. In chapter 3, the
expression levels of PDGFRp by pericytes in SSc tissue is examined. In chapters 4 and 5 the
potential of pericytes to act as precursors for myofibroblasts in vivo and in vitro is
investigated. Lastly in chapter 6, the effects of PDGFRp inhibition on pericyte function
during dermal wound repair is presented. The findings presented in chapters 3 and 4 have

been published and the papers are presented in Appendix 1.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Clinical samples

2.1.1 Patient samples

Clinical details of patients are provided in tables 3.1 and 4.1. Dermal punch biopsies were
taken from primary and autoimmune Raynaud's patients, fibrotic and atrophic dcSSc patients.
Fibrotic dcSSc patients were biopsied within 18 months of disease onset which was defined
as the first non-Raynaud's symptom. In the case of fibrotic patients, paired biopsies were
taken. Lesional skin was taken from areas of progressive fibrosis while non-lesional skin,
which was clinically defined as having a modified rodnan skin score of zero, was taken from
the lower back region. Patients with atrophic disease had at least a three year history of
disease. All patients in the study met the American College of Rheumatology’s classification
for SSc (1) and were diagnosed as having dcSSc using the classification established by
LeRoy (270). Primary Raynaud's patients were diagnosed on the basis of the
biphasic/triphasic digital colour changes characteristic of Raynaud's phenomenon (271).
Autoimmune Raynaud's patients were identified as having Raynaud's phenomenon plus a
positive titre of circulating antinuclear autoantibodies detected by indirect
immunofluorescence on Hep2 cells (303) and abnormal nailfold capillaries determined by
nailfold capillary microscopy. They do not have any other features of a connective tissue
disease. Site-matched normal skin samples were obtained from sex and age matched

volunteers.

The biopsies were embedded in OCT and immediately snap frozen in isopentane cooled by

liquid nitrogen and subsequently stored at -709C prior to cryosectioning. Disease severity and
internal organ involvement was assessed according to the recently published consensus for
SSc studies (38). Skin involvement was assessed using the modified Rodnan skin score,
gastrointestinal involvement was defined symptomatically. A restrictive pattern of pulmonary
function abnormalities with reduction in forced vital capacity (FVC) and carbon monoxide
diffusion capacity (DLCO) below 80% of predicted value (based on age, sex, height and
ethnic origin) was used to assess interstitial lung involvement. This was confirmed by high
resolution computed tomography of the chest. Pulmonary arterial hypertension was assessed
by right heart catheterisation diagnosed if pulmonary arterial pressure (PAP) was >25mmHg
at rest and 30mmHg after exertion with pulmonary capillary wedge pressure <15mmHg.

Cardiac involvement was considered present if any significant conduction defects were found
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on electrocardiogram or impaired left or right ventricular (systolic and diastolic) function or
haemodynamically significant pericardial effusion were detected by echocardiography. A
greater than four-fold elevation of creatinine kinase accompanied by the clinical finding of
proximal weakness defined muscular involvement, whilst renal involvement was determined
by history of scleroderma renal crisis or significant impairment in creatinine clearance

(<65ml/minute) without alternative explanation.

2.1.2 Nailfold capillaroscopy

Nailfold capillaroscopy was performed using a Nikon optical system illuminated by a fibre
optic light source. Images were analysed and recorded with a Hitachi CCD digital camera.
Microvascular damage was analysed and quantified using the criteria recently established by
Cutolo et al (92), which involves the grading of dcSSc patients as having an early (E), active

(A) or late (L) pattern of capillary damage.

2.2 Cell culture

2.2.1 Explant culture of fibroblasts in a monolayer

Tissue samples from placenta and skin were cut into 1-2mm® pieces and placed in sterile
10cm dishes or tissue culture flasks (25cm?) (Invitrogen, UK). After 15 minutes drying at
room temperature, the adherent tissue samples were bathed with growth medium (GM)
consisting of Dulbecco’s modified Eagle’s medium (DMEM) containing 10% foetal calf
serum (FCS), 2mM L-glutamine, ImM sodium pyruvate, 100 units per m! penicillin and
100mg per ml streptomycin (Invitrogen, UK). After 2 weeks of incubation in a humidified
atmosphere of 5% CO; in air, fibroblast outgrowths were detached by brief trypsin treatment
and sub-cultured. For serum starvation and to study the effects of growth factors in serum-
free medium, cells were incubated in medium containing sodium pyruvate, glutamine and
serum replacement factor (SRF) (Sigma, UK). All fibroblasts were used between passages 2

to 8.

2.2.2 Culture of pericytes in a monolayer

Human full term placenta, which is a highly vascularised organ, was used as a source of
microvascular pericytes in accordance with the protocol established by Ivarsson et al. (214).
In order to obtain highly purified microvessels, perivascular connective tissue was removed.
Approximately 20grams of placental tissue was incubated with a mixture of collagenase

(Img/ml in serum-free DMEM) with strong agitation in a Wheaton flask (Invitrogen, UK) at
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37°C. Resulting tissue fragments were passed through a 125 pm nylon mesh to further select
for microvessels. The filtrate was then centrifuged in a 10% Percoll solution (Amersham
Biosciences, UK) for 10 minutes at 200g. The pellet was resuspended in 4mls of supernatant
and incubated with 25mls/20grams tissue of 0.25% pronase with strong agitation in a
Wheaton flask for 15 minutes at 37°C. Single cells and tissue debris were then removed using
a Percoll discontinuous gradient (60%, 10% and 0%). After centrifugation for 30 minutes at
x1400g, single cells including red blood cells were pelleted. Residual tissue debris and dead
cells were retained at the top of the pellet while small microvascular fragments were
recovered from the middle portion of the gradient. These fragments were resuspended in
sterile phosphate buffered saline (PBS) and pelleted by centrifugation. After centrifugation,
pellets were washed 3 times in serum-free DMEM, resuspended in 50mls of ice cold serum-
free DMEM and allowed to stand for 30 minutes at 4°C. After 30 minutes, the heavier
microvascular fragments settled to the bottom of the tube while single cells remained in
suspension in the supernatant. The supernatant was gently discarded and the procedure was
repeated two further times. After the final wash, microvascular fragments were resuspended
in 20mls of DMEM containing 10%FCS.

For primary culture of microvascular fragments flasks were coated with a mixture of
fibronectin and collagen. Collagen (Vitrogen 100, Invitrogen, UK) was used at 3.2mgs/ml
and fibronectin (Sigma, UK) was used at 1mg/ml. After 5 to 7 days of culture, cell that
migrated from the microvascular fragments were lifted from the surface with ice cold 0.05M
ethylene-diamine-tetra-acetic acid (EDTA) in PBS, leaving the larger microvascular
fragments attached to the growth surface. The cell suspension was centrifuged and
resuspended in growth medium and plated onto tissue culture plastic favouring the growth of

pericytes over endothelial cells (214).

2.2.3 Characterisation of pericytes
Microvascular pericytes were characterised by their expression of a-SMA and 3GS5 in
accordance with previous studies (214;316;416). Immunofluorescence staining was carried

out as described in section 2.3.9.
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2.2.4 Culture of cells in free-floating collagen lattices

In order to allow uniform contraction of collagen gels, 24-well tissue culture plates were pre-
coated with sterile 2% (w/v) bovine serum albumin (BSA) in PBS (2ml/well) and incubated
at 37°C overnight. The plates were then washed 3 times with sterile PBS. A collagen gel
solution was then made, consisting of 1 part 0.2 M N-2-hydroxyethylpiperazine-N’-
2ethanesulphonic acid (HEPES), pH 8.0, 4 parts collagen (Vitrogen-100, 3mgs/ml) and 5
parts DMEM. A cell/collagen suspension was made, yielding a final concentration of 80,000
cells per ml and 1.2mg/ml collagen. 1ml of the cell/collagen suspension was added to each
well, after which the plates were immediately incubated at 37°C to allow the collagen to
polymerise. After 1 hour, 1ml of DMEM was gently added to each well resulting in
detachment of the collagen gels from the tissue culture plastic.

2.2.5 Force measurement during tethered collagen gel contraction

In cell-populated tethered collagen lattices, the gels are tethered to the underlying plastic
tissue culture dish. During the first phase of gel contraction fibroblasts reorganise the
collagen fibrils through tractional forces that are parallel to the underlying plastic dish
(Figure 2.1). In the second phase, mechanical stress begins to develop and the cells align
along the lines of stress. The mechanical stress induces fibroblasts to become proto-
myofibroblasts and acquire their characteristic features, including stress fibres, fibronexus
adhesion complexes and fibronectin fibres (455). As mechanical tension increases, this leads
to the formation of differentiated myofibroblasts (455). The addition of TGF-f3 accelerates the
differentiation of proto-myofibroblasts to differentiated myofibroblasts (455).

Measurements of tension across a three-dimensional, cell-populated collagen lattice were
performed as described previously (124). 1 x 10° cells/ml were seeded into a collagen gel
(made as described in section 2.2.4), which was then floated in DMEM. The collagen gel was
tethered to two flotation bars at either end with one bar attached to an anchor point and the
other bar connected to a force transducer. Cell-generated tensional forces in the collagen gel
were detected by the force transducer and logged into a computer. Graphical readings were
produced every 10 minutes, averaged from 600 readings (1/s), providing a continuous output

of the force (Dynes) generated.
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Figure 2.1.

Measurement of force generation in uniaxially tethered collagen lattices.
The culture force monitor allows force measurement of cell populations in uniaxially tethered
collagen lattices. The force-time plot indicates how force increases linearly as fibroblasts

exert tractional forces on the collagen matrix.



2.2.6 In vitro scratch wound assay

In vitro wound closure assays were performed by creating clear lines in a confluent cell
monolayer with a sterile plastic pipette tip. The migration of the cells into the cleared spaces
was monitored over time and photographed. PDGF-BB (R and D Systems, UK) was used at a
concentration of 10ng/ml for in vitro closure assays. For PDGFR{ inhibition, cells were
preincubated with imatinib mesylate (2um) for 30 minutes before initiation of the assay.
Comparison was performed by using Student's t-test with a p-value of <0.05 considered as

statistically significant.

2.2.7 In vitro formation of myofibroblasts

AGO01518 foreskin fibroblasts (Coriell Institute for Medical Research, USA) were cultured in
DMEM containing 10%FCS. Cells were then washed and incubated overnight in DMEM
supplemented with SRF. To promote the differentiation of fibroblasts into myofibroblasts,
TGF-B (R and D Systems, UK) was added daily to the cells at a concentration of 2ng/ml for 4
days according to the protocol of Hinz et al. (199).

2.2.8 Cell proliferation assay

Cell proliferation was assessed using a methylene blue assay (331). Cells were counted and
seeded at 1000 cells/well in a 96 well tissue culture plate (Invitrogen, UK). Cells were serum
starved for 48 hours and then treated with increasing concentrations of PDGF-BB (1-
100ng/ml) for 48 hours in order to determine the optimal concentration. For PDGFRB
inhibition, cells were preincubated with imatinib at a concentration of 2uM for 30 minutes
prior to addition of PDGF-BB in accordance with the protocol established by Daniels er al
(94). At the end of the incubation period, cells were washed in PBS and fixed with 4% (w/v)
formaldehyde in PBS for 30 minutes at room temperature. Plates were incubated with 100p1
of methylene blue solution for 30 minutes at room temperature and then washed in 4 changes
of 0.01M sodium borate. 100pu] of ethanol:0.1M HCI (1:1) was pipetted into each well and
the absorbance was measured at 650nm on a Mithras LB 940 plate reader (Berthold
Technologies, UK). Comparison was performed by using Student's t-test with a p-value of

<0.05 considered as statistically significant.
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2.2.9 Assessment of apoptosis in vitro

The effect of imatinib on apoptosis was assessed in cultured fibroblasts and pericytes. Cells
were seeded at equal densities in DMEM containing 10% FCS and grown to 70% confluence.
To induce apoptosis, cells were treated with the DNA topoisomerase inhibitor, etoposide at a
concentration of 100uM for 48 hours as previously described (302). Etoposide was freshly
prepared as a 100 fold stock solution in dimethyl sulphoxide. Cells were also treated with
imatinib (2uM) for 48 hours. Apoptosis was then assessed by TUNEL staining as described

in section 2.3.10.

2.3 Histological staining techniques

2.3.1 Haematoxylin and eosin

Specimens for haematoxylin and eosin were fixed for at least 24 hours in 10% neutral
buffered formalin (38% formaldehyde in PBS) after which they were embedded in paraffin.
Paraffin-embedded sections were cut (3um) on a Leica RM 2135 microtome. Sections were
dewaxed by immersion in xylene for 10 minutes and then rehydrated through a series of
ethanol solutions from 100%, to 90%, 70% and finally in tap water. Sections were stained in
haematoxylin for 1 minute and blued in 0.5M sodium tetraborate for 15 seconds. Sections
were stained in eosin for 1 minute, washed in water and dehydrated through the ethanol
solutions, cleared in xylene and mounted using DPX mounting medium. The magnification of

figures has been expressed as the objective magnification.

2.3.2 Massons trichrome

Paraffin-embedded sections were dewaxed and taken to water as described above. Sections
were stained with celestine blue for 2 minutes, washed in running water and stained with
Lillie-Mayer’s haematoxylin for 2 minutes and then blued in running tap-water for 5 minutes.
Sections were then stained with 0.5% (v/v) Ponceau-acid fuchsin for 3 minutes, washed in
water and differentiated in 1% (v/v) phosphomolybdic acid for 15 minutes. Sections were
checked microscopically to ensure that interstitial tissue was colourless and muscle was
stained red. Sections were washed with distilled water and counterstained with 0.1% (v/v)
aqueous light green solution for 1 minute. Sections were then washed in distilled water,

dehydrated through ethanol and xylene and mounted with DPX mounting medium.
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2.3.3 Antibodies
The antibodies used for immunostaining are summarised in table 2.1. Optimal concentrations

were determined after serial titration of antibodies.

2.3.4 Immunohistochemical staining of cryosections

Serial frozen sections (5um) were cut on a Bright cryostat at -25°C and air-dried for at least 1
hour. Sections were fixed in ice cold acetone for 10 minutes at 4°C and then washed in PBS.
Endogenous peroxidase was then quenched by incubation with 0.3% (v/v) hydrogen peroxide
in methanol at room temperature for 15 minutes in the dark. Sections were then washed in
PBS and non-specific binding of immunoglobulins was blocked by treatment with 2.5% (v/v)
normal serum (Vector Laboratories, UK) for 30 minutes after which sections were incubated
with primary antibodies for 1 hour at room temperature or overnight at 4°C. After washing in
PBS, sections were incubated with a species-specific biotinylated secondary antibody (Vector
Laboratories, UK) for 30 minutes, rinsed in PBS and incubated with Vectastain ABC reagent
(Vector Laboratories, UK) for 30 minutes. After washing in PBS, sections were visualised
using 3-amino-9-ethylcarbazole (AEC) (Vector Laboratories, UK). Sections were then
washed in tap water, counterstained with haematoxylin and mounted with aqueous media
(Crystalmount, Biomeda, UK). Sections were viewed and photographed on a Zeiss Axioskop
2 mot plus microscope. All incubations were carried out at room temperature. Controls
included an exchange of primary antibodies with irrelevant isotype matched antibodies and

primary antibodies omission.
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Table 2.1: Antibodies and dilutions used for immunostaining

Antibody Antigen/Cell Dilution Origin Reference

PDGFR-B2 PDGFRp (Human) 1/1000 Donated by K. Rubin, (190;364)
Sweden

Anti- PDGFRP (Murine) 1/200 Santa Cruz (UK) 94)

PDGFRp

225.28 HMW-MAA 1/16 Donated by S. Ferrone, (515)
NY

PDGF007 PDGF-B chain 1/100 Mochida (Japan) (279;408)

PAL-E Endothelium 1/100 Monosan, Holland (388)

EBMI11 CD68 1/50 Dakocytomation, UK (306)

1A4 a-SMA 1/400 Sigma, UK (96;416)

AS02 Thy-1 1/400 Oncogene, UK (370)

3E2 ED-A FN 1/400 Sigma, UK (340)

Anti-LOX Lysyl Oxidase 1/100 Donated by K. Csiszar, (187)
USA

Anti-PCNA PCNA 1/100 Abcam, UK (240)

BU 1/75 BRDU 1/250 Abcam, UK (464)

MECI13.3 CD31 1/200 BD Pharmingen (470)

Anti-NG2 NG2 1/100 Chemicon (333)

Anti-Collagen Collagen type 1 1/200 Chemicon (281)

Phalloidin F-Actin 1/50 Molecular probes (200)

3GS5 O-acetylated Neat Donated by Dr. Anne (315)

disialoganglioside

Canfield, UK
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2.3.5 Immunohistochemical staining of paraffin sections

Paraffin-embedded sections were dewaxed and taken to water as described in section 2.3.1.
Where appropriate, antigen retrieval was performed by microwaving sections in pre-heated
0.01M citric acid, pH 6.0 for 10 minutes, allowed to cool and washed in PBS. Endogenous
peroxidase was quenched by incubation with 3% (v/v) hydrogen peroxide in PBS at room
temperature for 15 minutes in the dark. Immunostaining was carried out as described in
section 2.3.4. Sections were washed in PBS, dehydrated through ethanol and xylene and

mounted with DPX mounting medium.

2.3.6 Single immunofluorescence staining of cryosections

Serial frozen sections (5um) were cut on a Bright cryostat at -25°C and air-dried for 1 hour.
Sections were fixed in ice cold acetone after which non-specific binding of immunoglobulins
was blocked by treatment with 2.5% (v/v) normal serum for 30 minutes. Sections were
incubated with primary antibodies for 1 hour at room temperature. For the three-layer
procedure, sections were incubated with the appropriate biotinylated secondary antibody for
30 minutes and then avidin conjugated to either Alexa Fluor**® (Molecular Probes, UK) or
Texas Red (Vector Laboratories, UK) for 30 minutes. For the two-layer procedure, sections
were incubated with Texas Red/Alexa Fluor*®® species specific secondary antibodies for 30
minutes at room temperature. Sections were counterstained with 4,6-diamidino-2-
phenylindole (DAPI) (Molecular Probes, UK) to visualise cell nuclei. The sections were then

mounted using Gel-Mount anti-fade medium (Biomeda, UK).

2.3.7 Double immunofluorescence staining of cryosections

To investigate colocalisation between cell specific antigens, double immunofluorescence
labelling was carried out as previously described (354;438-440). Briefly, cryosections were
blocked with 2,5% (v/v) normal species-specific serum for 30 minutes and incubated with the
first primary antibody for 1 hour, rinsed in PBS and incubated with the appropriate
biotinylated secondary antibody for 30 minutes. Sections were rinsed in PBS and incubated
with avidin-Texas Red for 30 minutes. After blocking with 2.5% (v/v) normal goat serum for
30 minutes, the sections were then incubated with the second primary antibody for 1 hour,
rinsed and incubated an Alexa Fluor488-conjugated species specific for 30 minutes. Sections
were finally counterstained with DAPI and mounted using Gel-Mount anti-fade medium as

described above. All incubations were carried out at room temperature. Controls included
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single labelling experiments, primary and secondary antibody omission and exchange of
primary antibody with irrelevant isotype-matched control. All sections were viewed on an
Axioskop Mot Plus microscope with an Axiocam digital camera in combination with
Axiovision software and KS300 (Carl Zeiss, UK).

2.3.8 TUNEL staining of tissue sections

Paraffin-embedded sections were dewaxed and taken to water as described in section 2.3.1.
Sections were then treated with freshly prepared Proteinase K (20pg/ml) (Sigma, UK) for 15
minutes at room temperature. After 3 x 5 minute washes in PBS, the sections were incubated
with a mixture of terminal deoxynucleotidyl transferase (TdT) and digoxigenin-labelled
nucleotide triphosphates (Chemicon, UK) for 1 hour at 37°C according to the manufacturer’s
instructions. The sections were then washed in PBS and incubated with a Texas-Red
conjugated anti-digoxigenin antibody for 30 minutes at room temperature. The sections were

washed in PBS and counterstained with DAPI and mounted as above.

2.3.9 Immunofluorescence staining of cells in a monolayer

Cells were sub-cultured onto 8-chamber well slides (Invitrogen, UK) and grown to 70%
confluence. Cells were initially fixed and permeabilised with a solution containing 4% (w/v)
formaldehyde, 0.1% (v/v) Triton in PBS for 5 minutes at room temperature. Cells were
washed 3 times in PBS and refixed in 4% (w/v) formaldehyde in PBS for 10 minutes at room
temperature. After 3 washes in PBS, non-specific binding was blocked with 1% (w/v) BSA.
Cells were incubated with the primary antibody for 1 hour at room temperature. For the three-
layer procedure, sections were incubated with the appropriate biotinylated secondary
antibody for 30 minutes and then avidin-conjugated to either fluorescein isothiocyanate
(FITC) or Texas Red for 30 minutes (Vector Laboratories, UK). For the two-layer procedure,
sections were incubated with Texas Red/Alexa Fluor*®-conjugated species specific
secondary antibodies (Molecular Probes, UK) for 30 minutes at room temperature. Cells were
counterstained with DAPI and mounted as previously described. All incubations were carried
out at room temperature. Controls included an exchange of primary antibodies with irrelevant
isotype matched antibodies and omission of primary antibodies. For double
immunofluorescence labelling, cells were permeablised and fixed in the same way and

immunofluorescence labelling was carried out as described in section 2.3.7.
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2.3.10 TUNEL staining of cells in a monolayer

Cells were sub-cultured onto 8-chamber well slides (Invitrogen, UK), grown to 70%
confluence and fixed in 1% (w/v) formaldehyde in PBS for 10 minutes at room temperature
after which they were permeabilised in a mixture of ethanol:acetic acid (2:1) for 5 minutes at
-20°C. The slides were then washed in PBS and incubated with TdT and digoxigenin-labelled
nucleotide triphosphates (Chemicon, UK) for 1 hour at 37°C. Following another wash in
PBS, the slides were incubated with a Texas-Red conjugated anti-digoxigenin antibody for 30

minutes at room temperature, washed again and counterstained with DAPI.

2.4 Quantification and image analysis

2.4.1 Determination of PDGFRB, HMW-MAA and PCNA positive microvessels

In order to determine the proportion of microvessels expressing PDGFRp, HMW-MAA and
PCNA, mirror image cryostat sections were used. Briefly, cryostat sections were treated as
previously described except that serial sections were cut with subsequent sections being
juxtaposed so as only to be separated by a blade width. Serial sections were then stained with
the following combinations;1. PAL-E/PDGFR, 2. PAL-E/HMW-MAA, 3. PAL-E/PCNA.
Stained sections were analysed using the x40 objective lens on a Zeiss Axioskop 2 mot plus
microscope. From each clinical subset, 40 to 48 fields of vision were analysed to determine
the percentage of PAL-E positive microvessels expressing PDGFRp, HMW-MAA and
PCNA, respectively. The Mann-Whitney test was used to determine significance with p-
values <0.05 representing significant differences. All comparisons were made using control

skin.

2.4.2 Quantification of immunohistochemistry

Stained slides were analysed using a Zeiss Axioskop microscope. All images were viewed
with a x40 objective lens (Carl Zeiss, UK) and captured using a medium resolution Axiocam
digital colour camera and KS300 software (Carl Zeiss, UK). For each image, contrast levels
were optimised to allow for correct colour segmentation. For each field of view, both the total
number of cells present and the number of immunopositive cells was quantified by computer-
aided analysis. False positive and negative results were corrected manually. The number of
immunopositive cells was then expressed as a percentage of the total number of cells per field

of view.
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2.4.3 Quantification of immunofluorescence

Stained slides were analysed using a Zeiss Axiovert 35 microscope. Images were collected
with a DAGE CCD 72 camera with a DAGE GenllIsys light amplifier and analysed with the
IC 300 system (Inovision, UK). For combinations of monoclonal antibodies 7 fields were
assessed from each patient. Images were digitised in 512 x 512 pixels of 8 bits (256 grey
levels) and stored for further analysis. Reduction in resolution due to the Genllsys light
amplifier gives a net resolution of 350 x 350 pixels, which corresponds to a pixel size of
0.9um x 0.9um. Areas displaying obvious autofluorescence and structures not fully displayed
at the periphery of the image were excluded from further analysis as were areas located
outside areas of interest. A threshold level slightly higher than the grey value of the negative
controls was introduced and all pixels with grey values below this threshold were excluded
from analysis. The Texas Red image was aligned with the FITC image using the IC 300
system and digitised images were subjected to numerical analysis using previously described
procedures (440). All pixels having FITC or Texas Red fluorescence exceeding background
were assigned the value 1 and pixels having no fluorescence above background were
assigned the value 0. The percentage of FITC-positive pixels that were also positive for
Texas Red and vice versa were calculated. This percentage is a measurement of the degree of
colocalisation between two different antigens recognised by the respective monoclonal
antibodies on the same tissue section. The number of positive pixels does not depict the
number of cells expressing a certain antigen nor do they depict the absolute quantity of an
antigen. A background colocalisation varying between 20-30% between markers for cells not
expected to colocalise was recorded in agreement with earlier studies using this technology
(439;440). This background colocalisation is due to limitations in camera resolution, out of
focus fluorescence and to close proximity of the investigated c&ll types in relation to each

other.

2.4.4 Confocal Microscopy

Samples were examined with the Multiprobe confocal laser scanning microscope with a
Nikon inverted microscope (Optics: Nikon fluor 40x/1.3 oil) and an argon/krypton laser.
Texas Red and FITC images were registered separately in sections stained by double
immunofluorescence digitised in 512 x 512 pixels and stored for further analysis. The 3D

reconstructions were created using the volume workbench and the ray modelling program.
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The 3D reconstructions were rotated 700 in order to depict the Z-axis in 3D. As confocal

microscopy excludes out of focus fluorescence, background colocalisation was minimised.

2.5 Protein biochemistry techniques

2.5.1 Preparation of protein extracts

For all cell-associated proteins, cell monolayers were washed twice in ice cold PBS and
lysed in the appropriate volume of cell lysis buffer (10mM Tris pH 7.2, 0.1% (w/v) SDS,
1% (v/v) Triton X-100, 1% (w/v) deoxycholate and SmM ethylene-diamine-tetra-acetic
acid (EDTA)) containing the protease inhibitors phenylmethylsulphonylfluoride (PMSF)
(ImM) and 2pg/ml leupeptin) (Sigma, UK). Each cell lysate was collected with a cell
scraper and DNA sheared by passing the sample repeatedly through a 23-gauge needle.
The samples were centrifuged x 1,200g for 5 minutes and the supernatants stored at -
80°C.

2.5.2 Cytosolic and cytoskeletal fractionation

Adherent cells were overlaid with ice-cold low-salt buffer (60 mM Pipes, 25 mM Hepes,
10 mM ethylene-glycol bis(2-aminoethyl ether)-N,N,N'N'-tetra-acetic acid (EGTA), 2
mM MgCly, 0.5% (v/v) Triton X-100 and 1 mM sodium orthovanadate, pH 6.9),
supplemented with the cocktail of protease inhibitors Complete-EDTA (Boehringer
Mannheim, UK) and extracted for 5 minutes. The supernatant was recovered as the
cytosolic TritonX-100-soluble fraction. This operation was repeated twice and both
fractions were pooled. The material remaining tightly bound to the surface corresponded
to the cytoskeletal TritonX-100-insoluble fraction and was scraped and dissolved in 4x
Laemmli buffer (0.2M Tris-HCI, pH 6.8, 8% (w/v) SDS, 40% (v!v) glycerol and 0.004%
(w/v) bromophenol blue).

2.5.3 Measurement of protein concentration

The total protein content of cell lysates was determined using a bicinchoninic acid (BCA)
protein assay (Pierce, UK). Standard concentrations of BSA diluted in lysis buffer were
used to calibrate the assay and to confirm reliability in the concentration range being
measured. The assay was performed according to the manufacturer’s instructions (Pierce,
UK). Briefly, protein standard was prepared by serial dilutions ranging from 1 to
25pg/ml BSA. 200 pl of standards and diluted samples were added to replicate wells of a
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96 well flat bottomed plate. Then, 50ul of dye reagent concentrate was added to each
well. After mixing, the test plate was incubated for 30 minutes at room temperature.
Absorbance was measured at 595nm on a Mithras LB 940 plate reader (Berthold
Technologies, UK). The absorbance for standards was plotted against protein
concentration to give a standard curve and linear regression analysis was used to

determine the protein concentration of the test samples.

2.5.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed
using the discontinuous buffer system. Mini gels (10 x8cms) with 10 or 12 wells and 1mm
thick were used. Resolving and stacking gels were composed of 10% and 5% acrylamide
respectively with 0.1% (w/v) SDS and an acrylamide:bisacrylamide ratio of 37.5:1 (Flowgen,
UK). Gels were polymerised with 0.1% (w/v) ammonium persulphate and 0.1% (v/v)
N,N,N’,N’-tetramethyl-ethylenediamine (TEMED). Cell lysates were diluted in an
appropriate volume of 4x Laemmli sample buffer (0.2M Tris-HCI, pH 6.8, 8% (w/v) SDS,
10% (v/v) glycerol, 0.004% (w/v) bromophenol blue) and 5% (v/v) B-mercaptoethanol. For
molecular weight calibration, a 5-240Kd molecular weight marker was used (New England
Biolabs, UK). The samples were then denatured at 90°C for 5 minutes. Gels were run for
approximately 2 hours at 120 Volts in SDS-PAGE running buffer (25mM Tris-Cl pH8.3,
192mM glycine, 0.1% (w/v) SDS). Coomassie blue staining was used to visualise proteins.
Gels were fixed and stained for 30 minutes in fixation buffer (30% (v/v) methanol, 10% (v/v)
acetic acid) containing 0.25% (w/v) Coomassie brilliant blue R250. Gels were de-stained by
extensive washing in fixation buffer and then dried onto 3M chromatography paper

(Whatman) on a gel dryer for 1 hour at 80°C under vacuum.

2.5.5 Western blotting

Western blotting was performed using standard techniques. Proteins separated by SDS-
PAGE were transferred onto Hybond-C membrane (Amersham Biosciences, UK) for 90
minutes at 30 Volts in transfer buffer (25mM Tris, 192mM glycine, 20% (v/v) methanol).
Following transfer, membranes were stained for 1 minute with wash buffer (PBS/0.1%
(v/v) Tween (PBST)) containing 0.1% (w/v) Ponceau S solution and 5% (v/v) acetic acid
to confirm transfer of proteins and then washed in PBST. All antibodies were diluted in

PBST containing 5% (w/v) non-fat milk powder. Primary antibodies were added at the
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appropriate concentration (Table 2.2) for 2 hours at room temperature followed by 3
washes for 15 minutes with PBST. Horseradish-peroxidase (HRP) conjugated secondary
antibodies (Pierce, UK) were diluted 1:5000 and incubated with membranes for 1 hour at
room temperature, followed by 3x15 minute washes in PBST. HRP-conjugated
antibodies were visualised using enhanced chemiluminescence (ECL) reagent
(Amersham Biosciences, UK) on exposure to ECL Hyperfilm (Amersham Biosciences,
UK).

2.5.6 Densitometry

Western blots were quantified by densitometry. X-ray films of Western blots were digitised
using a UVP v1.0 digital camera and UVP Grab software (Synoptics, UK). Protein signal
intensities were measured using Gelplate software (Synoptics, UK) and normalised against
GAPDH levels.

Table 2.2: Antibodies and dilutions used for Western blotting

Antibody Antigen/Cell Dilution Origin Reference
Anti a-SMA  a-smooth muscle actin  1/5000  Sigma, UK (72)
Anti-vinculin ~ Vinculin 1/1000  Sigma, UK (170)
3E2 ED-A Fibronectin 171000  Sigma, UK (340)
Thy-1 AS02 171000  Oncogene, UK (370)
Anti-GAPDH  Glyseraldehyde-3- 1/10000 Abcam, UK (72)
phosphate
dehydrogenase

2.6 Animal studies

A transgenic mouse was used that harbours a construct of the mouse collagen 1a2 promoter
containing 17 kb 5' of transcription start site, including the far upstream enhancer region
fused to the minimal promoter and luciferase and B-galactosidase (LacZ) reporter genes (42).
Previous studies have established that this transgene is activated during wound healing and

that its expression and distribution recapitulates that of the endogenous gene (243;347).

2.6.1 Preparation of imatinib mesylate
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For PDGFRJ blockade, imatinib was prepared as previously described (94). Briefly, imatinib
was obtained from the Royal Free Hospital pharmacy in 100mgs capsules and solubilised in
deionised H,O. The particulate matter was removed by centrifugation at 2,500g and the
supernatant recovered. Imatinib was administered intraperitoneally (i.p.) at 75mgs/kg per day
as previously described (94;476). For in vitro experiments, imatinib was used at a

concentration of 2uM as previously described (53;302).

2.6.2 Wound healing experiments

All animal protocols were approved by the local animal ethics committee at the Royal Free
and University College Medical School. Female mice aged between 6 to 8 weeks were
anesthetised with Avertin (500mgs/kg). A stock solution of Avertin (1 gram tribromoethanol
in 1ml 2-methylbutan-2-ol) was made immediately prior to use. The dorsum was shaved and
cleaned with alcohol. Four equidistant 4mm® full-thickness excisional wounds were made on
either side of the midline of the mouse. For PDGFRp inhibition, mice were injected
intraperitoneally (i.p.) just after wounding. Mice were sacrificed after 3, 7, 10 and 14 days.
Immediately after sacrifice the wound diameter was measured and wounds were
photographed before samples were collected for histology, immunohistochemistry and

protein extraction.

2.6.3 Assessment of in vivo proliferation using bromodeoxyuridine labelling

Mice were injected i.p. with 2 ml bromodeoxyuridine (BRDU) labelling reagent per 100
grams mouse weight (Amersham Biosciences, UK) 2 hours prior to sacrifice. Upon sacrifice,
wound samples were collected and fixed, paraffin-embedded and sectioned as previously
described (see section 2.3.5). After dewaxing the sections were microwaved in 0.01 M citric
acid, pH 6.0 for 10 minutes and then denatured in 4N HCI for 30 minutes at 37°C. Sections

were stained with an anti-BRDU antibody as described in section 2.3.5.
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2.6.4 B-galactosidase expression and distribution

Levels of the B-galactosidase transgene expression were assayed using a B-galactosidase
chemiluminescent reporter gene assay system according to the manufacturer’s instructions
(Applied Biosystems, UK). Wound tissue was weighed and homogenised in lysis buffer. An
aliquot was removed and measured for protein content using the BCA protein assay as
described in section 2.5.3.To assess the spatial distribution of the B-galactosidase transgene,
wound tissue sections were stained histochemically. One sample of wound tissue from each
animal was fixed with 0.2% (w/v) glutaraldehyde, 0.8% (w/v) formaldehyde in 0.1M sodium
phosphate buffer pH 7.3 containing 2 mM MgCl, and EGTA for 45 minutes. Samples were
then washed three times for 30 minutes each in the phosphate buffer with 0.1% (w/v) sodium
deoxycholate and 0.2% (v/v) Nonidet P-40 and stained overnight at room temperature in the
dark with 1 mg/ml 5-bromo-4-chloro-3-indolyo-B-D-galactoside solution (X-gal) containing
5 mM potassium ferrocyanide and 5 mM potassium ferricyanide. For histological analysis,
wound samples were then embedded in paraffin and 4um sections were cut and

counterstained with eosin.

2.7 Statistical analysis

2.7.1 Analysis of PDGFRp expression in dcSSc skin

To test the overall hypothesis that activated pericytes expressing PDGFRp are involved in the
pathophysiology of dcSSc, the expression and colocalisation of PDGF AB/BB ligand and 8
receptors was examined within the microvasculature. The results of the colocalisation studies
were compared and the Student’s t-test was used to evaluate significance between values of
colocalisation and p-values <0.05 considered significant. The following comparisons were
made to answer the following questions.

1) Do PDGFR colocalise with activated pericytes to a significantly higher degree than
background colocalisation? Comparison 1: PDGFRB/HMW  colocalisation against
HMW/PAL-E colocalisation.

2) Do PDGFRp colocalise with activated pericytes to a significantly higher degree than
with endothelial cells? Comparison 2: PDGFRB/HMW colocalisation against
PDGFRB/PAL-E colocalisation.

3) Do PDGFRp colocalise with endothelial cells to a significantly higher degree than
background colocalisation? Comparison 3: PDGFRB/PAL-E colocalisation against

HMW/PAL-E colocalisation.
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In order to delineate the pattern of PDGF AB/BB ligand expression, similar comparisons
were made with the colocalisation data derived from using the anti-PDGF AB/BB antibody.
1) Does PDGF AB/BB colocalise with activated pericytes to a significantly higher degree
than background colocalisation? Comparison 1: PDGF AB/BB/HMW colocalisation
against HMW/PAL-E.

2) Does PDGF AB/BB colocalise with activated pericytes to a significantly higher degree
than with endothelial cells? Comparison 2: PDGF AB/BB/HMW colocalisation against
PDGF AB/BB/PAL-E.

3) Does PDGF AB/BB colocalise with endothelial cells to a significantly higher degree
than background colocalisation? Comparison 3: PDGF AB/BB/PAL-E colocalisation
against HMW/PAL-E.

2.7.2 Correlation between myofibroblasts and clinical parameters in dcSSc

To correlate the presence of myofibroblasts with clinical features, immunohistochemical
findings were assessed and grouped according to the following criteria:

1. Evidence of myofibroblasts/ED-A FN only; 2. Evidence of collagen synthesis only

3. Evidence of myofibroblasts/ED-A FN and collagen synthesis; 4. No evidence of either
myofibroblasts/ED-A FN or collagen synthesis.

Patients from each of these groups were then assessed for disease duration, skin score and
capillary damage (see Table 4.3). An ANOVA analysis was used to detect any association

between defined immunohistochemical groups and clinical findings.

2.7.3 Patient samples and statistical limitations

Due to the difficulties in obtaining skin biopsy samples for purely research purposes and the
generally low prevalence of the SSc in the general population, the overall numbers of patient
samples while reasonable for the nature of the study and in keeping with previous analyses
are not sufficient for powerful statistical analysis. For example, the frequency of PDGFRf
expression and pericyte activation (see section 3.3.3) was analysed in 29 different biopsies.
The number of positive vessels in representative sections counted and p-values obtained
using the Mann-Whitney test showed a significant increase in PDGFRpB and HMW-MAA
expression in ARP and dcSSc. Therefore, while these findings are in agreement with analyses
of PDGFRp expression in colon cancer and wound healing (440), the differences shown

between patient groups require careful follow up investigation with larger cohorts of patients.
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CHAPTER 3: EXPRESSION OF PDGFRB BY ACTIVATED
PERICYTES IN SYSTEMIC SCLEROSIS

3.1 INTRODUCTION

There is a considerable body of evidence to suggest that microvascular abnormalities are an
aetiological factor in the pathogenesis of SSc, however, the cellular and molecular
mechanisms linking microvascular damage and fibrosis remain unknown. While a number of
studies have documented endothelial cell abnormalities in SSc biopsy tissue (described in
1.6.2), by comparison almost nothing is known regarding the role of pericytes in SSc. This is
surprising, given that it is now accepted that microvascular physiology is primarily governed
by the relationship between endothelial cells and the surrounding pericyte and that alterations
in endothelial phenotype and function affect pericyte phenotype and function and vice versa
(146). Pericyte activation, identified by the dual expression of PDGFRB and the high
molecular weight melanoma associated antigen (HMW-MAA) is a key step in the process of
tissue repair, remodelling and scarring and is believed to precede a phenotypic transition of
pericyte to fibroblast (439;440). The expression of PDGFR by pericytes is in fact a key
feature of several human diseases characterised by replacement fibrosis, including liver
cirrhosis (40) and kidney fibrosis (145;355). Therefore, a substantial body of evidence exists
that pericyte expression of PDGFRp is a key pathogenic characteristic of fibrotic tissue.
Although PDGFRf and PDGF-B chain expression have been reported in dcSSc, the cellular
origin and the precise role of the PDGF-B/PDGFRf axis in SSc pathophysiology remain
unknown (160;246). The objective of the current study was to determine whether pericytes

become activated and express PDGFRJ in SSc tissue.

3.2 EXPERIMENTAL DESIGN

To determine whether pericytes are activated in SSc tissue, an immunohistochemical study
was carried out to analyse the distribution of activated pericytes and PDGFRJ in frozen tissue
sections derived from different SSc clinical disease subsets. Patient details are provided in
Table 3.1. Initial studies focused upon the distribution of PDGFRB, HMW-MAA and PDGF-
B chain across the disease spectrum. Subsequent analyses using double immunofluorescence
labelling coupled with confocal microscopy and computer aided image analysis were carried
out to determine whether the expression of PDGFRP and PDGF-B chain localised to

microvascular pericytes in dcSSc and autoimmune Raynaud's tissue. Details of antibody

R7



concentrations are provided in Table 2.1 and staining procedures are described in Section
2.3.4.

3.3 RESULTS

3.3.1 PDGFRp and PDGF AB/BB ligand expression in autoimmune Raynaud's and
fibrotic dcSSc

In agreement with previous studies, little or no expression of PDGFRP was detected in
normal human skin (Figure 3.1a) (367). Similarly, in PRP skin, PDGFR expression was
detectable, but at only low levels (Figure 3.1b). In contrast, in ARP skin, PDGFRP was
detected in association with the dermal vasculature, notably at the epidermal/dermal junction
(Figure 3.1c). In both lesional and non-lesional dcSSc skin the expression of PDGFRp was
detected in vascular cells of dermal vessels and on isolated fibroblastic cells within the
dermis (Figure 3.1d and 3.1e). PDGFRP expressing cells were clearly detected on the
abluminal side of microvessels, suggesting that the expression was not localised to
endothelial cells (Figure 3.1e). In atrophic dcSSc skin, little or no expression of PDGFRp
could be detected (Figure 3.1f).
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Figure 3.1.

Expression of PDGFRS in autoimmune Raynaud’s and fibrotic deSSc.

Little or no expression of PDGFRP was observed in normal (a) and primary
Raynaud’s skin (b). A granular pattern of immunostaining for PDGFRp was observed
around capillaries at the epidermal/dermal junction in autoimmune Raynaud’s skin
(arrow, ¢) and in interstitial dermal microvessels in fibrotic lesional (arrow, d) and
non-lesional deSSc skin (arrow, e). Staining in autoimmune Raynaud’s and early
scleroderma was restricted to the dermal microvasculature and isolated dermal cells
(arrowhead, e). In atrophic disease, no expression of PDGFRp was seen (f). Original

magnification a,b,f x10, d,e x20 and ¢ x40.
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The expression of PDGF AB/BB was investigated using the monoclonal antibody
PDGF 007. Using this antibody, PDGF AB/BB was readily detected in normal skin
(Figure 3.2a) and PRP skin (Figure 3.2b). Staining was primarily found in cells within
the epidermis and at the epidermal/dermal junction, but was also present in structures
morphologically identified as peripheral nerve fibres. PDGF AB/BB immunostaining
was also detected in ARP skin in microvessels (Figure 3.2¢) and lesional dcSSc skin,
notably in infiltrating mononuclear cells (Figure 3.2d). By staining mirror image
sections with antibodies against PDGF-B and CD68, the mononuclear cells expressing

PDGF AB/BB were characterised as dermal macrophages (Figure 3.2e and 3.2f).

3.3.2 Pericyte activation in autoimmune Raynaud’s phenomenon and dc¢SSc

The monoclonal antibody 225.28 was used to analyse the distribution of HMW-MAA
in the microvasculature of skin from ARP and lesional and non-lesional dcSSc. Little
or no expression of HMW-MAA was observed in skin from normal adults, PRP
patients (Figure 3.3a and 3.3b) or atrophic SSc skin (Figure 3.3¢). In ARP and dcSSc
skin, HMW-MAA expression was detected predominantly in microvessels throughout
the dermis (Figures 3.3c and 3.3d). In order to confirm the presence of pericytes in
normal, PRP and atrophic skin, sections were stained with the anti-a-SMA antibody.
In normal, PRP and atrophic skin, microvascular expression of a-smooth muscle actin
was clearly detected, confirming that pericytes are present around the microvessels.
Therefore, while pericytes are present in normal, PRP and atrophic dcSSc skin they

appear not to be activated.
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Figure 3.2.

Expression of PDGF AB/BB ligand in normal, RP and deSSc skin.
Immunohistochemical staining using the PDGF 007 antibody showed that in normal and
PRP skin, peripheral nerve fibres stained positively for the PDGF AB/BB ligand (arrow,
a). PDGF AB/BB expression was also detected in cells within the epidermal layer (arrow,
b). PDGF AB/BB was detected in autoimmune RP skin in microvessels (arrow, ¢) and in
dcSSc skin, PDGF AB/BB expression was also observed in infiltrating mononuclear cells
(arrows, d). Serial section analysis demonstrated that PDGF AB/BB expression (arrow, e)
colocalised with CD68 positive macrophages (arrow, f). Original magnification a-d x20
and e,f x40.
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Figure 3.3.

Pericyte activation in normal, RP and dcSSc skin.

No expression of HMW-MAA was seen in normal or primary Raynaud’s skin,
respectively (a,b). However, immunostaining for HMW-MAA was observed in the
microvasculature of autoimmune RP and dcSSc samples respectively (arrows, ¢ and d).
By contrast, little or no expression of HMW-MAA was observed in the dermis of
atrophic disease (). a-SMA expression was detected around capillaries in normal, PRP
and atrophic skin, indicating the presence of pericytes (arrows, f,g and h). Original
magnification a,b,e,f,g,h x10 and ¢ and d x20.
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expression and the number of activated pericytes in ARP and in fibrotic lesional or
non-lesional dcSSc skin (p<0.01). In normal, PRP and atrophic dcSSc skin, less than

20% of microvessels expressed PDGFRp or the activated pericyte marker.

3.3.4 Spatial relationship between PDGFRp and activated pericytes in ARP and
dcSSc

Initially, mirror image serial sections were used to analyse the spatial relationship
between PDGFRP and activated pericytes. As shown in Figure 3.5, markers for
PDGFRp and activated pericytes exhibited a very similar distribution in dcSSc tissue,
colocalising predominantly to microvessels. Double immunofluorescence labelling
was carried out to determine the spatial relationship between the markers. Figure 3.6
shows representative images from ARP skin of the expression of PDGFRJ and PDGF
AB/BB between endothelial cells and activated pericytes. The optical images shown

are from autoimmune Raynaud's analysed using confocal microscopy as described in

the methods. The images have been rotated 709 through two axes in order to provide a
3D representation. The PDGFRf was found to be expressed on activated pericytes as
shown by the yellow staining (Figure 3.6a-c). In contrast, the absence of
colocalisation observed between PDGFRP (green) and endothelial cells (red)
indicated that PDGFRP are not expressed by endothelial cells (Figure 3.6d-f).
Similarly, the staining pattern for activated pericytes and endothelial cells was also
found to be mutually exclusive (Figure 3.6g-i). Similar colocalisation patterns
between PDGFRp, endothelial cells and activated pericytes were observed in fibrotic
lesional or non-lesional dcSSc skin. PDGF AB/BB ligand expression colocalised
significantly to activated pericytes in ARP skin, but not in any of the other disease
subsets (Figure 3.6j-1). In addition, there was no colocalisation between PDGF

AB/BB and endothelial cells in any of the samples studied (Figure 3.6m-0).
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Figure 3.4.

Percentage of microvessels expressing PDGFR3 and HMW-MAA in dcSSc subsets.
Mirror image serial sections from 5 samples of each clinical subset were analysed, except
for atrophic stage disease, for which 4 samples were analysed (n=29). Less than 20% of
microvessels were positive in normal, primary RP and atrophic deSSc compared with
approximately two thirds of microvessels in ARP and lesional dcSSc skin. Bars show

mean values +s.d. *=p<0.01.
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Figure 3.5.

Spatial correlation of PDGFRJ expression and activated pericytes.

Mirror image serial sections from fibrotic dcSSc skin stained with antibodies against
PDGFRp (arrows, a) and activated pericytes (arrows, b). The distribution of
immunostaining of PDGFRJ around microvessels is mirrored by the expression of
HMW-MAA demonstrating a strong co-localisation between activated pericyte and
PDGFRp expression. Original magnification x5.



Figure 3.6.
Cellular localisation of PDGFRp using double immunofluorescence labelling.

Representative optical sections from ARP tissue (a,d,g,j,m) and 3D reconstructions rotated
70° clockwise along the long axis of the red rectangle (b,e,h,k,n) and 3D reconstructions
rotated 70° clockwise along the short axis of the red rectangle (¢,f,i,1,0); Figures a-¢ shows
PDGFRp (red colour), HMW-MAA (green colour) and colocalisation (arrows, yellow
colour). Figures d-f showing PDGFRP (arrow, red colour), PAL-E (arrowhead, green
colour) and co-localisation (yellow colour) showing no co-localisation between PDGFRJ
and endothelium; Figures g-i showing HMW-MAA (arrow, red colour), PAL-E (arrowhead,
green colour) and colocalisation (yellow colour) demonstrating no co-localisation between
pericytes and endothelium; Figures j-1 shows PDGF-B chain (red colour), HMW-MAA
(green colour) and co-localisation (arrow, yellow colour), showing co-localisation between
PDGF-B chain and pericytes in some microvessels but not others. Figures m-o shows
PDGF-B chain (arrow, red colour), PAL-E (arrowhead, green colour) and co-localisation
(yellow colour) demonstrating no co-localisation between PDGF-B chain and endothelium.
Original magnification x20.
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In order to quantify the degree of colocalisation between markers,
labelled cryosections from dcSSc and ARP skin were analysed using computer-aided
image analysis. The results of the colocalisation studies are presented in Table 3.2 and
summarised in Figure 3.7. In all cases of fibrotic dcSSc, both lesional and non-
lesional skin and ARP skin, PDGFRP colocalised with activated pericytes
significantly higher than background levels (p<0.01). Furthermore, the degree of
colocalisation between PDGFRp and activated pericytes was significantly higher than
that observed between PDGFRp, PDGF AB/BB and endothelial cells. (Figure 3.7a
and 3.7b). However, in ARP, the degree of colocalisation of PDGF AB/BB with
activated pericytes was significantly higher than background levels (Figure 3.7b). In
contrast, no colocalisation above background levels was seen between PDGF AB/BB
and activated pericytes in any of the fibrotic lesional dcSSc skin. In non-lesional
dcSSc, colocalisation between PDGF AB/BB and activated pericytes was increased
(37%), but this was not statistically significant (Figure 3.7b). In Table 3.3, the mean
and median values of the number of pixels per field of vision for each marker are
given for all cases studied. Table 3.3 also shows the variations in the size of the total
area per field of vision that stained positively. Standard deviation values for all
markers are high, however, the median values were close to the mean values,
indicating a large but homogenous spread of recorded values compared to mean

values.
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Figure 3.7.

Quantification of colocalisation in double immunofluorescence labelling.

Significant co-localisation between PDGFRf3 and HMW-MAA was seen all clinical
subsets (a). Co-localisation between PDGFRp and PAL-E was similar to background
levels as determined by HMW-MAA and PAL-E (a). Significant co-localisation
between PDGF AB/BB and HMW-MAA was observed in ARP (b). In lesional and
non-lesional dcSSc, no significant co-localisation between PDGF AB/BB and HMW-
MAA was observed. No significant co-localisation was observed between PDGF

AB/BB and PAL-E in any of the clinical subsets (b). *=p<0.01

100



Table 3.3: Average and median number of pixels (1 Pixel=0.9 pm x 0.9 um)

Number of Pixels/Field of Vision ( 103)

Lesional deSSc

HMW-MAA
PDGF-B RECEPTOR
PAL-E

PDGF AB/BB

Non-lesional deSSc
HMW-MAA
PDGF-B RECEPTOR
PAL-E

PDGF AB/BB

AUTOIMMUNE
RAYNAUD’S
HMW-MAA
PDGF-B RECEPTOR
PAL-E

PDGF AB/BB

Mean + SD

114+9
11.1+11.6
54+3.7
11.7+11.7

827
921+6.1
33+2
78+5

109+7.9
9+63
45+28
79+6.1

Median

8.8
8.8
4.6
8.6

52
8.2
2.6
6.9

9.6
6.9
3.5
5.5

Range

1.2-46.8
0.6-59.9
0.9-20

2.5-60.3

1.5-23.1
3.1-22.9
0.4-8.1

2.6-21.1

1.1-36.4
1.5-29.6
1.1-17.6
1.1-27.1

Fields of
Vision.
55

48

54

25

18
12
18
12

73
48
68
43

Average and median number of pixels present in each field of vision (300 um x 300

um) from biopsies of three lesional and one non-lesional dcSSc samples and four

ARP samples for the different Mabs used in this study (n=8).

101



3.4 KEY FINDINGS AND CONCLUSIONS

Pericyte activation and PDGFRp expression are increased in dcSSc skin

The data presented demonstrated a significant increase in the expression of PDGFRf
within the dermal microvasculature of patients with ARP and fibrotic dcSSc
compared with control skin. Increased PDGFRp expression was not detected in PRP
or atrophic dcSSc skin. A concomitant increase in the expression of HMW-MAA,
indicating pericyte activation, was also detected in the dermis from ARP and fibrotic
dcSSc patients. In agreement with previous studies, in normal skin, little or no
expression of PDGFRf (358;367;439) or HMW-MAA (389;440) was detected. In
PRP and atrophic skin, increased HMW-MAA expression was not seen, however, the
presence of pericytes surrounding microvessels was confirmed using an antibody
against a-SMA. Therefore, the absence of HMW-MAA staining in PRP and atrophic
skin is likely to be due to a loss of HMW-MAA expression rather than the absence of

pericytes.

Pericytes express PDGFRp in dcSSc and ARP skin

A previous immunohistochemical study has reported increased microvascular
expression of PDGFRp in cryosections of dcSSc skin. In these experiments, single
label immunostaining was carried out and the authors concluded that PDGFRf
expression localised to endothelial cells (246). However, due to the reduced resolution
afforded by cryosections, localising the cellular source of receptor expression using
single label immunostaining is difficult. To overcome this problem, I have applied
double immunofluorescence labelling coupled with image analysis and confocal
microscopy. Using this combined approach, I was able to show that in ARP and both
lesional and non-lesional dcSSc skin, the microvascular expression of PDGFR[ was

localised to HMW-MAA expressing pericytes rather than endothelial cells.

Pericytes express PDGF AB/BB ligand in ARP but not in dcSSc skin

Using the same approach, PDGF AB/BB ligand was found to colocalise to activated
pericytes in ARP but not in dcSSc skin. The PDGF007 antibody used in these
experiments does not bind to either receptor bound ligand or the PDGF pro-peptide
(408). Therefore, the detected immunoreactivity is due to the binding of the antibody

to active PDGF-B chain located in the cytosol rather than internalised receptor-ligand
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complexes. The data also shows that in ARP, pericytes express both the PDGFRp and
PDGF AB/BB ligand while in dcSSc, pericytes express the PDGFRp but not the
PDGF AB/BB ligand. It is noteworthy that this is the first report of PDGF AB/BB
expression by pericytes in vivo. PDGF-B expression by immature capillary
endothelial cells and the endothelium of growing arteries is a key signal in the
recruitment of pericytes to nascent vessels (278) and the expression of PDGF AB/BB
by dermal macrophages is thought to be a critical source of PDGF AB/BB during
tissue repair (358). Further studies are required to elucidate the functional

consequences of autocrine PDGF AB/BB expression by pericytes in ARP tissue.

In summary, the data presented in this chapter demonstrate that in ARP and dcSSc,
microvascular pericytes are activated and express elevated levels of PDGFRS.
Furthermore, the activating ligand PDGF AB/BB is expressed by pericytes in ARP,
whilst macrophages are the main source of PDGF AB/BB in dcSSc. Thus,

microvascular pericytes may be mediators of the fibrotic response in dcSSc.
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CHAPTER 4: THE SPATIAL RELATIONSHIP BETWEEN

PERICYTES, FIBROBLASTS AND MYOFIBROBLASTS IN dcSSc
4.1 INTRODUCTION

The capacity of pericytes to differentiate into other mesenchymal cell types, including
osteoblasts (114), adipocytes and chondrocytes (135) has led to the suggestion that
they may play a significant role in a variety of human diseases (485). In the previous
chapter, it was demonstrated that microvascular pericytes become activated and
express PDGFR in dcSSc. A number of studies have demonstrated that activation of
pericytes often precedes their differentiation to another mesenchymal cell type. For
example, in dermal scarring tissue, expression of PDGFRP by pericytes is associated
with a differentiation to collagen-synthesising fibroblasts (439), while in the liver,
pericytes expressing PDGFRp become activated and undergo a phenotypic transition

to myofibroblasts during liver fibrosis (66).

Like pericytes, myofibroblasts express a-SMA and share phenotypic traits of both
fibroblasts and smooth muscle cells. Under normal conditions, myofibroblasts are
only found in highly specialised tissues such as alveolar septa and the bone marrow
stroma (455), however, they are strongly associated with fibrotic tissue (104). While
myofibroblasts have been reported as being present in dcSSc skin (219;377), key
questions remain unanswered, particularly with regards to their ontogeny and precise
role in the disease pathology. The finding that pericytes express PDGFRP in dcSSc
skin (354) supports the hypothesis that the differentiation of pericytes into fibroblasts
and/or myofibroblasts may play a role in SSc disease pathogenesis. Such a
differentiation process would provide a cellular mechanism by which microvascular
damage gives rise to chronic fibrosis in dcSSc. Therefore, the focus in this chapter
was to determine the spatial relationship between pericytes, myofibroblasts and

fibroblasts in dcSSc tissue.

4.2 EXPERIMENTAL DESIGN

An immunohistochemical analysis was carried out to determine the spatial correlation
between pericytes, myofibroblasts and collagen-synthesising fibroblasts in dcSSc
skin. The clinical details of the patients are provided in Table 4.1. Double
immunofluorescence labelling using combinations of cell-specific markers was

carried out. The immunofluorescent labelling was analysed using con-focal
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microscopy. Immunohistochemical findings were then correlated with specific disease
parameters including skin score and disease duration. Pericytes were identified by
means of a-SMA expression (416;439). Myofibroblasts were identified by using
antibodies against a-SMA and ED-A FN as previously described (121;200). Collagen
synthesis was determined by expression of lysyl oxidase (LOX). Due to a lack of
suitable antibodies, identification of active collagen biosynthesis in fixed tissues was
achieved by indirect measurement of enzymes that are needed for post-translational
processing of collagen. LOX plays a central role in catalysing collagen cross-linking
within the extracellular matrix (418) and has been established as a surrogate marker
for collagen-synthesising cells (81;187;242). The expression of Thy-1 was also
investigated to determine whether Thy-1 expression identified cells with
myofibroblastic potential as reported for myometrial fibroblasts (252). Details of the
antibody concentrations used are provided in Table 2.1 and staining procedures are

described in Section 2.3.4.

4.3 RESULTS

4.3.1 Immunohistochemical analysis of myofibroblasts in dcSSc skin

In accordance with previous studies, myofibroblasts were identified as interstitial
fibroblastic cells expressing a-SMA (121;200;341). In normal skin, a-SMA
immunostaining was restricted to microvascular pericytes, sweat glands and smooth
muscle cells of the erector pili muscles (Figure 4.1a). No a-SMA immunoreactivity
was detected in interstitial fibroblasts (Figure 4.1a). The analysis of dcSSc samples
revealed that six out of ten dcSSc cases were characterised by the presence of
myofibroblasts (Figure 4.1b). In five of these cases, myofibroblasts were located
almost exclusively in the lower reticular dermis. In these cases, a-SMA
immunoreactivity in the upper papillary dermis, a-SMA was localised to microvessels
(Figure 4.1c), while in the lower reticular dermis was localised to myofibroblasts
(Figure 4.1c). In the remaining dcSSc case, myofibroblasts were detected in both the
reticular and papillary dermis. The pattern of a-SMA expression in microvessels
differed between the papillary and reticular dermis. In the papillary dermis, a-SMA
expression was closely associated with the microvascular wall (Figure 4.1a), while in
reticular dermal layers, a-SMA expressing cells appeared to be dissociated from the

microvascular wall (Figure 4.1c and 4.1d). Myofibroblasts were not detected in any of
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the non-lesional and atrophic dcSSc samples in which a-SMA expression was

restricted to the vessel wall (Figure 4.1e and 4.1f).
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Table 4.1: Clinical and serological characteristics of dcSSc patients

Characteristics Fibrotic (n=10)  Atrophic (#=6)
Mean age (range) 54 (39-72) 58 (37-69)
Mean disease duration, months (range) 11 (4-18) 96 (36-168)
Male/female 2/8 0/6

Organ involvement

Mean skin score (range) 33 (19-41) 17 (11-24)
Oesophageal 7/10 3/6
Other gastrointestinal 4/10 1/6
Lung 4/10 2/6
Muscle 3/10 0/6
Renal 2/10 1/6
Cardiac 0/10 1/6
Pulmonary hypertension 2/10 0/6
Serology

Antinuclear 10/10 6/6
Anti-topoisomerase 1 4/10 3/6
Anti-RNA polymerase I/III 2/10 1/6
Anti-nuclear RNP 1/10 1/6

* Microvascular damage

Structural capillary damage 10/10 6/6

* Assessed by nailfold capillaroscopy
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Figure 4.1.

Presence of myofibroblasts in deSSc skin.

Cryosections from normal (a) and dcSSc (b-f) were stained with an antibody against
a-SMA. In normal skin a-SMA staining was restricted primarily to microvascular
pericytes enveloping capillaries (arrows, a), sweat glands (black arrowhead, a) and
smooth muscle cells of erector pili muscles (white arrowhead, a). In dcSSc samples,
o-SMA expressing myofibroblasts were detected in the dermis (arrows, b, ¢ and d).
In reticular dermal layers, a-SMA expressing cells appeared to be disassociated from
the vessel wall (black arrowheads, ¢ and d) while in the papillary dermal layers o-
SMA expressing cells were closely associated with the vessel (white arrowhead, ¢). In
non-lesional (e) and atrophic dcSSc (f), the expression of a-SMA was restricted to the
microvascular wall. Original magnification a,b,e,f x10 and ¢,d x20.
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4.3.2 Immunohistochemical analysis of ED-A FN and collagen in dcSSc skin

The expression of ED-A FN plays a key role in the differentiation and contractile
function of myofibroblasts(455) and can be used to identify them in tissues in
combination with a-SMA expression (200). Little or no immunostaining for ED-A
FN was detected in normal skin (Figure 4.2b). However, in six dcSSc cases, there was
a marked increase in ED-A FN staining, predominantly in fibroblastic cells and in
small capillaries (Figure 4.2d and 4.2f). Significantly, increased ED-A FN expression
was only observed in those dcSSc samples that contained myofibroblasts. The
analysis of serial cryosections demonstrated that expression of ED-A FN and a-SMA
colocalised to the same cellular structures. Increased immunostaining for ED-A FN
was located predominantly in the reticular dermis and localised to areas of the dermis
containing a-SMA expressing myofibroblasts (Figure 4.3a and 4.3b). Papillary
dermal layers, which were negative for myofibroblasts, contained little or no ED-A
FN expression (Figure 4.3a and 4.3b). In the lower reticular dermis in dcSSec,
immunostaining for ED-A FN was also frequently observed associated with

microvessels surrounded by a-SMA positive pericytes (Figure 4.3c and 4.3d).

Collagen-synthesising fibroblasts were identified using an antibody against the
enzyme lysyl oxidase (LOX) as previously reported (189;249). Little or no expression
of LOX was observed in the dermis of normal skin, atrophic and non-lesional dcSSc
skin, indicating low levels of new collagen synthesis (Figure 4.2a). In four dcSSc
cases, an increase in LOX immunostaining was observed when compared to normal
skin. This elevated expression was found to be associated with fibroblastic cells
throughout the dermis (Figure 4.2c) and with microvascular cells (Figure 4.2e).
However, LOX expression in six out of ten dcSSc samples was similar to that seen in
normal skin. Of all the dcSSc samples investigated, LOX-expressing cells and

myofibroblasts were both present in two out of ten samples (Table 4.3).
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Figure 4.2.

Increased expression of Lysyl Oxidase (LOX) and the ED-A splice variant of
fibronectin in deSSe skin.

Cryosections of normal skin (a and b) were compared with dcSSc skin (e-f). Little or
no immunostaining for LOX was detected in normal skin (arrow, a). In dcSSc skin,
immunostaining for LOX was detected in fibroblast like cells throughout the dermis
(arrows, ¢ and e) and in cells of the microvascular wall (arrowhead, e). Little or no
expression of ED-A FN was seen in normal skin (b), however, ED-A FN
immunostaining was markedly increased in dcSSc skin (arrows, d and f).
Immunostaining for ED-A FN was also detected in cells of the microvascular wall

(arrowhead, f). Original magnification a-d x10 and e,f x20.
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Figure 4.3.

The expression of ED-A FN correlates with myofibroblasts in deSSe skin.

Serial cryosections were stained with antibodies against ED-A FN (a and ¢) and a-
SMA (b and d). Both ED-A FN (arrows a,c) and a-SMA ™ myofibroblasts (arrow,
b,d) were predominant in the lower reticular dermis of dcSSc skin. Note the absence
of ED-A FN (white arrow, a) and a-SMA ™ myofibroblasts (white arrow, b) in the
papillary dermis. In addition, immunostaining for ED-A FN was detected in the wall
of microvessels (arrowheads, inset ¢) surrounded by a-SMA expressing pericytes

(arrowheads, inset d). Original magnification a,b x10 and ¢,d x20, inset ¢, d, x40.
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4.3.3 Analysis of Thy-1 expression in dcSSc skin

It was recently reported that myofibroblasts differentiate from Thy-1""° fibroblasts
(252). Therefore, to identify putative sources of myofibroblasts, Thy-1 expression was
evaluated in normal and dcSSc skin. In normal skin, Thy-1 immunostaining was
located mainly in the microvascular wall and the immediate perivascular region
(Figure 4.4a and 4.4b). Occasional cells within the dermis were also stained in both
the papillary and reticular dermal layers (Figure 4.4b). In agreement with previous
studies, Thy-1 immunostaining was not detected in keratinocytes (370). In all samples
of dcSSc skin, there was a marked increase in Thy-1 staining throughout the dermis
(Figure 4.4¢). In perivascular regions, Thy-1 immunostaining was frequently less
pronounced than in normal skin (Figure 4.4d). In atrophic dcSSc and non-lesional
dcSSc skin, Thy-1 expression was less pronounced than that seen in lesional dcSSc
skin. Expression was detected predominantly in microvascular cells (Figure 4.4e and
4.4f). In order to determine whether Thy-1 expression is increased on dcSSc
fibroblasts, cultured cell lysates were analysed by Western blot analysis. These
experiments revealed no significant differences in Thy-1 expression levels between
control and dcSSc fibroblast cell lysates (p=0.48) (Figure 4.5), suggesting that
increased interstitial Thy-1 staining in dcSSc skin was due to an altered distribution of
Thy-1""¢ cells.
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Figure 4.4.

The expression of Thy-1is increased in deSSc skin.

Cryosections from normal (a and b) and dcSSc (¢ and d) were stained for Thy-1
expression. In normal skin, immunostaining for Thy-1 was predominantly located
within the microvascular wall and immediate perivascular region (arrows, a and b).
Thy-1 staining of interstitial fibroblasts was also detected (arrowhead, b). In dcSSc
skin, immunostaining of fibroblastic cells was considerably more pronounced
throughout the interstitial dermis (arrows, ¢) while perivascular immunostaining in
dcSSc skin (arrow, d) was less pronounced than that observed in normal skin (arrow,
b). In atrophic (arrow, e) and non-lesional skin (arrow, f), Thy-1 expression was

located primarily in microvessels. Original magnification a,¢ x10 and b,d x20.
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Figure 4.5.

Expression of Thy-1 by fibroblasts derived from normal and de¢SSc skin.
Comparison of Thy-1 expression between normal and dcSSc fibroblasts reveals no
significant differences in expression levels (p=0.48). Samples were normalised
against GAPDH expression and quantified by Gelplate™ image analysis. The
significance was determined using the Student’s t-test. The bars show the means +/-
s.d.
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4.3.4 Spatial correlation of cellular markers with matrix biosynthesis in dcSSc
skin

Multiple labelling experiments using markers of specific cell lineages and matrix
biosynthesis were performed on normal and dcSSc skin sections. The results are

summarised in Table 4.2.

Double immunofluorescence labelling using the anti-endothelial cell antibody PAL-E
and anti-Thy-1 antibodies revealed no colocalisation in either normal or dcSSc skin
(Figure 4.6a and 4.6b). However, Thy-1 immunofluorescence did colocalise with a-
SMA expression within the vessel wall in normal (Figure 4.6¢) and dcSSc skin
samples (Figure 4.6d), suggesting that the perivascular expression of Thy-1 can be
attributed to pericytes. In normal skin, Thy-1 immunofluorescence that did not
colocalised with a-SMA could also be detected adjacent to small microvessels
(Figure 4.6¢).

In further experiments, double immunofluorescence labelling of Thy-1, ED-A FN, a-
SMA and PAL-E was carried out in dcSSc skin. In addition to microvessels,
colocalisation between Thy-1 and a-SMA immunofluorescence was also detected in
interstitial myofibroblasts (Figure 4.7a). Immunofluorescence for Thy-1 was also
found to colocalise with the expression of ED-A FN in the microvascular wall (Figure
4.7b), suggesting that Thy-1""° pericytes are a source of ED-A FN expression in
dcSSc skin. Colocalisation between ED-A FN and Thy-1 was also detected in
interstitial myofibroblasts (Figure 4.7c). ED-A FN expression was found to colocalise
with a-SMA expression in the vessel wall (Figure 4.7d), supporting the idea that
pericytes express ED-A FN in dcSSc. Immunofluorescence for ED-A FN also
colocalised with a-SMA™ cells in the dermis, confirming that myofibroblasts are a
source of ED-A FN in dcSSc skin (Figure 4.7¢). Immunofluorescence for ED-A FN
did not colocalise with endothelial cells (Figure 4.7f).
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Figure 4.6.

Cellular localisation of Thy-1 using double immunofluorescence labelling.
Cryosections from normal (a and ¢) and dcSSc (b and d) were double-stained for
endothelial cells using the PAL-E antibody (red colour) and Thy-1 (green colour) (a
and b) and for a-SMA (red colour) and Thy-1 (green colour) (¢ and d). In normal (a)
and dcSSc (b), immunofluorescence for Thy-1 (arrow, green colour, a and b) and
PAL-E (arrowhead, red colour, a and b) showed no colocalisation. In normal (¢) and
dcSSc (d), colocalisation between Thy-1 and a-SMA was evident (arrows, yellow
colour, ¢ and d). In normal skin, Thy-1 immunofluorescence that did not colocalise
with a-SMA was detected immediately adjacent to microvessels (arrowhead, green

colour, ¢). Original magnification a-d x20.
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Figure 4.7.

Cellular localisation of ED-A FN using double immunofluorescence labelling.
Cryosections from dcSSc skin were labelled with antibodies against a-SMA, Thy-1,
ED-A FN and PAL-E. Immunofluorescence for Thy-1 (green colour) colocalised with
a-SMA (red colour) in the vessel wall (arrow, yellow colour, a) and in interstitial
cells (arrowhead, yellow colour, a). Immunofluorescence for ED-A FN (red colour)
colocalised with Thy-1 (green colour) in the microvascular wall (arrow, yellow
colour, b) and in interstitial cells (arrows, yellow colour, ¢). Colocalisation between
ED-A FN (red colour) and a-SMA (green colour) was detected in the vessel wall
(arrow, yellow colour, d) and in interstitial cells (arrow, yellow colour, e).
Immunofluorescence for ED-A FN (arrowhead, red colour, f) did not colocalise with
PAL-E expressing endothelial cells (arrow, green colour, f). Original magnification a,
b x20, c-f x40.
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To identify collagen-synthesising cells in dcSSc skin, multiple labelling analyses were
carried out with antibodies against LOX, a-SMA, ED-A FN and Thy-1. Within the
microvascular wall, LOX and a-SMA immunofluorescence did not appear to
colocalise (Figure 4.8a). Colocalisation between LOX and PAL-E expressing
endothelial cells was detected in a proportion of microvessels (Figure 4.8b).
Examination of dcSSc samples positive for both myofibroblasts and LOX expressing
cells, revealed little colocalisation between a-SMA expressing myofibroblasts and
collagen-synthesising cells (Figure 4.8c), suggesting that myofibroblasts and
collagen-synthesising cells were distinct populations. However, colocalisation
between LOX and Thy-1 immunofluorescence was observed in dcSSc skin indicating

that LOX expressing cells express the Thy-1 antigen (Figure 4.8d).

Table 4.2: Expression of markers in specific cell types in dcSSc tissue

Pericytes Endothelial Cells Myofibroblasts
a-SMA + - +
ED-A FN + -
Thy-1 + - +
LOX - + -

+ denotes positive immunostaining and - denotes negative immunostaining.

4.3.5 Identification of proliferating cells in dcSSc

To determine whether the appearance of myofibroblasts was accompanied by cell
proliferation, the expression of proliferating cell nuclear antigen (PCNA) was
analysed. In normal skin, PCNA immunostaining was detected in epidermal cells, hair
follicles and sweat glands (Figure 4.9a). Little or no immunostaining for PCNA was
seen in interstitial fibroblast-like cells or microvessels. In two dcSSc samples, PCNA
immunostaining was detected in dermal fibroblast-like cells (Figure 4.9b) and in
microvessels (Figure 4.9¢). These two dcSSc samples also contained myofibroblasts
and increased ED-A FN expression. Double immunofluorescence labelling
demonstrated colocalisation between PCNA and o-SMA immunofluorescence
indicating pericyte proliferation (Figure 4.9d and 4.9¢). Colocalisation between PAL-
E and PCNA was also seen (Figure 4.9f). Serial dcSSc sections stained with PCNA
and PAL-E revealed that PCNA immunostaining was present in 14% of PAL-E

positive microvessels compared with 3% of normal sections (p<0.05).
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Figure 4.8.

Cellular localisation of LOX using double immunofluorescence labelling.
Cryosections from dcSSc skin were labelled with antibodies against LOX, a-SMA,
PAL-E and Thy-1. Immunofluorescence for a-SMA (arrowhead, green colour, a) did
not colocalise with immunofluorescence for LOX within microvessels (arrow, red
colour, a). However, immunofluorescence for LOX (green colour) and PAL-E (red
colour) did show some colocalisation within the vessel wall (arrows, yellow colour,
b). In the interstitium, LOX immunofluorescence (arrow, red colour, ¢) did not
colocalise with a-SMA immunofluorescence (arrowhead, green colour, ).
Colocalisation between LOX and Thy-1 was observed in interstitial cells (arrow,

yellow colour, d). Original magnification a,b x40, ¢,d x20.
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Figure 4.9.

Distribution of proliferating cells in normal and dcSSc skin.

Cryosections from normal (a) and dcSSc (b and ¢) were stained with an anti-PCNA
antibody. In normal skin, PCNA immunostaining was restricted to cells within the
epidermis and sweat glands (arrows, a). In two out of ten dcSSc samples, PCNA was
detected in fibroblastic cells (arrows, b) and in microvessels (arrows, ¢). Cryosections
were double-stained with combination of antibodies against PCNA and a-SMA (d
and e) or PCNA and PAL-E (f). PCNA is labelled with Texas Red (red colour) while
a-SMA and PAL-E are labelled with FITC (green colour). Colocalisation was
detected with PCNA and a-SMA antibodies within the microvasculature (arrows,
yellow colour, d and e). When used in combination with PAL-E, PCNA-labelled cells
(arrows, f) were predominantly located adjacent and abluminal to endothelial cells

(arrowheads, f). Original magnification x20.
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4.3.6 Correlation of immunohistochemistry with clinical findings

After assessment of the immunohistochemical findings (Table 4.3), dcSSc patient
samples could be divided in the following way:

(i) Evidence of myofibroblasts and ED-A FN

(i1) Evidence of collagen synthesis only

(iii) Evidence of myofibroblasts/ED-A FN and collagen synthesis

(iv) No evidence of either myofibroblasts/ED-A FN or collagen synthesis.

The mean disease duration and skin score of each group was then compared using an
ANOVA analysis in order to determine whether these parameters could be associated
with the immunohistochemical findings. No significant association was found
between either mean disease duration (p=0.11) or skin score (p=0.97) and any of the
immunohistochemical groups. The pattern of capillary damage in eight of ten dcSSc
patients was assessed according to the criteria established by Cutolo et al (92). Of
these eight patients, three had an active pattern of capillary damage while five
displayed a late pattern of damage (Figure 4.10). However, no significant association
could be found between patterns of capillary damage and our immunohistochemical

groups (p=0.33).
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(c)
Figure 4.10.
Nailfold capillaroscopy of normal and dcSSc patients.
In normal tissue, nailfold capillaries are numerous (arrow, a). In dcSSc, the active
pattern of capillary damage is characterised by the presence of frequent giant
capillaries (arrow, b) accompanied by moderate capillary loss and disorganisation of
capillary architecture. Late disease pattern was characterised by severe capillary

disorganisation (arrow, ¢) with loss of capillaries. Magnification x150.
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Table 4.3: Correlation of immunohistochemical and clinical data

Duration Skin Capillary Collagen Myofibroblasts

(months) score pattern synthesis /ED-A FN
Patient 1 4 19 L - +++
Patient 2 6 24 A +++ +
Patient 3 7 41 A - +++
Patient 4 9 38 N/D - 4+
Patient 5 9 39 N/D -+ -+
Patient 6 10 34 A - +++
Patient 7 11 40 L +++ -
Patient 8 14 36 L - -
Patient 9 18 32 L - -
Patient 10 18 32 L +++ bt

Immunohistochemistry is quantified as; -, absent, +, weak, +++, strong. Patterns of

capillary damage are graded as A, active, L, late or N/D, not determined.
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4.4 KEY FINDINGS AND CONCLUSIONS

Myofibroblasts and pericytes express ED-A FN in dcSSc

The data presented in this chapter confirms that ED-A FN expressing myofibroblasts
are present in dcSSc but not in normal skin. Six of ten dcSSc samples contained both
myofibroblasts and ED-A FN and in five of these samples, expression of both markers
was detected exclusively in the lower reticular dermis. This finding is discussed in
further detail in chapter 7. Increased expression of ED-A FN was detected only in
those dcSSc samples containing myofibroblasts. This is the first report of ED-A FN
expression by myofibroblasts in dcSSc skin. Double immunofluorescence labelling
experiments confirmed the expression of ED-A FN by interstitial myofibroblasts and
microvascular pericytes. ED-A FN is essential for myofibroblast formation (200),
therefore, the expression of ED-A FN by pericytes may be significant in the
differentiation of perivascular fibroblasts and pericytes into myofibroblasts. No
colocalisation between ED-A FN and endothelial cells was observed. Myofibroblasts
and ED-A FN were not detected in skin taken from patients with atrophic dcSSc,
indicating that as the disease progresses from the fibrotic to atrophic stage,

myofibroblasts do not persist in the dermis.

Myofibroblasts are not the principle collagen-synthesising cell in dcSSc

Increased collagen synthesis as determined by LOX immunostaining was detected in
four dcSSc samples where it was restricted to interstitial fibroblasts. Although some
LOX expression was detected within the microvascular wall, double-labelling
analysis demonstrated that LOX immunoreactivity did not colocalise with a-SMA,
suggesting that pericytes do not express LOX in dcSSc skin. LOX expression
colocalised with endothelial cells in agreement with previous findings (249) although
its endothelial-specific function is unclear. In the two dcSSc samples that were
positive for both LOX expression and the presence of myofibroblasts, little or no
colocalisation between either marker was detected, indicating that in these two

samples, myofibroblasts were not the predominant collagen-synthesising cells.

Pericytes and myofibroblasts express Thy-1 in dcSSc

ve cell

The analysis of Thy-1 immunostaining revealed the presence of two Thy-1
populations in normal skin. One population was identified as a-SMA expressing

pericytes within the microvascular wall, the second population, which was a-SMA™
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and located interstitially, was identified as perivascular fibroblasts. In all dcSSc
samples, interstitial expression of Thy-1 was increased as determined by
immunohistochemistry. Western blot analysis of cultured fibroblasts showed that
Thy-1 expression was not increased on dcSSc fibroblasts when compared to normal
fibroblasts, suggesting that apparent interstitial increase in vivo is attributable to a
redistribution of Thy-1 expressing cells. Using double immunofluorescence labelling
with a-SMA and ED-A FN antibodies, a proportion of interstitial Thy-1"" cells was

identified as myofibroblasts within the reticular dermis. LOX expression was also

+ve 1 +ve

found to localise to Thy-1""" cells indicating that a proportion of Thy- population

l +ve

are collagen-synthesising fibroblasts. This is supported by the finding that Thy-
fibroblasts produce 2- to 3-fold more collagen than Thy-17"° fibroblasts (103).

Increased pericyte proliferation in dcSSc

Evidence of pericyte proliferation was detected in two dcSSc samples that contained
myofibroblasts. Increased pericyte proliferation and an increased pericyte to
endothelial cell ratio have been recently reported in dcSSc (195) and keloid skin
(443).

Correlation of the immunohistochemical findings and clinical data revealed that the
presence of myofibroblasts showed no significant association with either disease
duration (p=0.11) or skin score (p=0.97). Additionally, no association was observed
between the presence of myofibroblasts and either late or active capillary damage
(p=0.33). While these preliminary findings are based on a relatively small cohort of
patients, they suggest that further studies with a larger cohort, specifically designed to
correlate immunohistochemical findings with clinical data on a patient by patient

basis, may be highly informative.

In conclusion, these findings confirm that both microvascular pericytes and
myofibroblasts express ED-A FN and Thy-1 in dcSSc skin. Moreover, there is
evidence to suggest that myofibroblasts are not the principal collagen-synthesising
cell in dcSSc skin. The data also shows that in dcSSc skin there is a significant re-
distribution of Thy-1"™° and a-SMA™® cells from the perivascular region to the

interstitium possibly as a result of microvascular activation.
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CHAPTER 5: THE DIFFERENTIATION OF PERICYTES TO
MYOFIBROBLASTS IN VITRO

5.1 INTRODUCTION

Evidence from a number of studies supports the hypothesis that the differentiation of
pericytes into other mesenchymal cell types is a significant pathological mechanism in
a number of human disorders (485). For example, the differentiation of pericytes into
osteoblasts is thought to be a key mechanism in the initiation of vascular calcification,
a common complication of many diseases including atherosclerosis, diabetes, end
stage renal disease and calciphylaxis (62;86). Similarly, the differentiation of pericytes
is believed to play a key role during the progression of fibrosis. In excessive dermal
scarring, the differentiation of pericytes to fibroblasts occurs (439), while pericyte to
myofibroblast differentiation has been reported in fibrotic liver (66;391) and kidney
(186). It is unclear whether this type of cellular plasticity can be considered as
transdifferentiation between completely different cell types or whether a common
mesenchymal cell may function in different roles with small yet significant
phenotypic modulation. It has been shown that pericytes express the cell surface
protein STRO-1, a marker of bone marrow-derived stem cells with pluripotent
capacity. This has led to the hypothesis that the microvasculature represents an adult
stem cell niche (114;402).

The majority of studies investigating pericyte differentiation are based upon
immunohistochemical analyses of changing phenotypic markers in tissue
(66;186;391;439). Due to the technical difficulties associated with culturing pericytes,
in vitro analyses of pericyte differentiation are limited. The majority of these studies
have used bovine retinal pericytes (BRP) (135). It has been shown that under varying
culturing conditions, BRP can differentiate into adipocytes, (135), chondrocytes (135)
or smooth muscle cells (107). However, the use BRP as an in vitro model to study
human pericyte behaviour is controversial. Moreover, the range of recombinant
proteins and antibodies that cross-react with bovine material is limited. Ivarrson et al.
successfully isolated human pericytes from highly vascularised placental tissue (214)
and subsequently showed that these cells acquire a fibroblast-like morphology and
synthesise collagen mRNA (214;439). However, little is known regarding these
fibroblast-like cells with regards to their phenotype and function.
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Data from the previous chapters show that pericytes in dcSSc skin share the same
phenotype as pericytes in wound repair tissue and excessive scarring (439;440).
Furthermore, pericytes and myofibroblasts express a-SMA, Thy-1 and ED-A FN in
dcSSc skin, supporting the hypothesis that pericytes are progenitors for
myofibroblasts in dcSSc. The aim of the experiments discussed in this chapter was to
further characterise the phenotype and function of differentiated placental pericytes in

vitro.

5.2 EXPERIMENTAL DESIGN

In order to investigate the differentiation of pericytes in vitro, cultured pericytes were
grown in vitro and phenotypically assessed for evidence of myofibroblast
differentiation. Furthermore, functional assays were carried out to compare the ability
of pericytes and myofibroblasts to contract uniaxially tethered collagen lattices.
Finally, the role of PDGFRp signalling in the differentiation of pericytes was

assessed.

5.3 RESULTS

5.3.1 Characterisation of microvascular pericytes

Microvascular fragments were isolated from human placenta and cultured in DMEM
containing 10% FCS as described in section 2.2.2. After 5 to 7 days, significant
numbers of pericytes had emerged from the microvascular fragments (Figure 5.1a and
5.1b). Pericytes appeared as large stellate-shaped cells and after a further period of 4
to 6 days, these cells had reached near confluence (Figure 5.1c). These cells are
referred to as early passage pericytes. Cells were then trypsinised and sub-cultured.
After a further 5 to 7 days, the cells appeared more elongated and spindle-like in
appearance (Figure 5.1d), closely resembling cultured fibroblasts (Figure 5.le).
These cells are referred to as late passage pericytes. The cells were investigated
further by immunofluorescence analysis. Cells were initially stained with the 3G5
antibody which has been previously used to identify cultured pericytes (135;315).
Characteristic punctuate immunostaining for 3G5 was detected in early passage
pericytes (Figure 5.2a), whilst no 3G5 immunostaining was seen in late passage

pericytes or fibroblasts (Figure 5.2b and 5.2¢).

Expression of a-SMA was also used to identify pericytes (416). a-SMA

immunostaining revealed that 50% of early and late passage pericytes contained
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prominent a-SMA-containing stress fibres (Figures 5.3a, 5.3b and 5.3e). By
comparison, a-SMA stress fibres were detected in less than 10% of cultured
fibroblasts (Figure 5.3c and 5.3e). Treatment of cultured fibroblasts with 2ng/ml TGF-
B for 4 consecutive days to generate myofibroblasts (199) resulted in a substantial
increase in a-SMA expression (Figure 5.3d and 5.3¢). Analysis of whole cell lysates
by Western blotting confirmed that a-SMA expression remained constant in pericyte

cultures from early to late passage as they acquired a myofibroblastic phenotype
(Figure 5.4).
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Figure 5.1.

Isolation of cultured pericytes from microvascular fragments.

Microvascular fragments (arrows, a and b) were isolated and cultured in DMEM
containing 10% FCS. After 5-7 days, stellate shaped pericytes were detected growing
from the fragments (arrows, ¢). After sub-culturing the pericytes appeared more
elongated and spindle-like (arrows, d) morphologically similar to fibroblasts (arrow,

e). Original magnification a-e x10.
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Figure 5.2.

Expression of 3GS by cultured pericytes.

Cells growing from microvascular fragments stained positively for the pericyte
marker 3GS5 (arrows, a). After sub-culturing, 3G5 staining was not detectable in late
passage pericytes (b). 3GS5 staining was not detected in fibroblasts (¢). Control

staining with mouse IgG (d). Original magnification a-d x40.
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Figure 5.3.

Persistence of o-SMA expression by immunofluorescence in sub-cultured
pericytes.

Cultured pericytes and fibroblasts were stained with an anti-a-SMA antibody. o-
SMA+ve stress fibres were prominent in both early passage pericytes (arrows, a) and
late passage pericytes that had acquired a fibroblastic morphology (arrows, b). The
majority of cultured fibroblasts did not express a-SMA+ve stress fibres (arrows, ¢).
Treatment of fibroblasts with 2ng/ml TGF- for 4 days resulted in the formation of o.-
SMA expressing myofibroblasts, (arrows, d). Quantification of cell numbers revealed
that over 50% of early and late passage pericytes and myofibroblasts express a-SMA
compared with <10% of fibroblasts (e). *= p<0.05. Original magnification a-d x10.
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Figure 5.4.

Persistence of a-SMA expression by Western blotting in sub-cultured pericytes.
Western blot analysis confirmed that a-SMA is expressed in early pericytes and late
passage pericytes with a fibroblastic morphology. By comparison, cultured fibroblasts
express reduced a-SMA, however, addition of TGF-f (2ng/ml) to cultured fibroblasts
results in the formation of myofibroblasts and an increase in a-SMA expression.
Equal protein loading was confirmed by probing the blots with an antibody against
GAPDH.
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5.3.2 Expression of ED-A FN and vinculin by cultured pericytes

Based upon the fibroblastic morphology of late passage pericytes, the expression of
o-SMA and the loss of 3GS5 staining it was hypothesised that pericytes had undergone
a phenotypic transition to myofibroblasts. To investigate this further, the expression of
ED-A FN and vinculin was assessed. Elevated expression of ED-A FN and vinculin
has previously been used to distinguish myofibroblasts from fibroblasts in vitro
(121;455). ED-A FN expression was detected in both early and late passage pericytes.
Expression was localised both within the cell cytoplasm and in the intracellular space
(Figure 5.5a and 5.5b). In agreement with previous studies, cultured fibroblasts
displayed low baseline levels of ED-A FN expression (Figure 5.5¢) (199). To promote
myofibroblast differentiation, fibroblasts were treated with 2ng/ml TGF- for 4 days
as previously described (199). After TGF-P treatment, a marked elevation in ED-A
FN expression by myofibroblasts was detected by immunofluorescence (Figure 5.5d).
Analysis of whole cell lysates by Western blot analysis confirmed that early and late
passage pericytes and myofibroblasts express elevated levels of ED-A FN compared
to fibroblasts (Figure 5.4e). a-SMA+ve stress fibres terminate at a specialised
adhesion complex called the fibronexus in myofibroblasts. Fibronexus junctions can
be identified by increased incorporation of vinculin into adhesion complexes
(121;455). In cultured fibroblasts, vinculin expression was confined to small adhesion
complexes located at the cell periphery (Figure 5.6¢c). After treatment with TGF-f,
fibronexus adhesion complexes in myofibroblasts were found to be considerably
larger and more extensive (Figure 5.6d). In early and late passage pericytes, large
adhesion complexes similar to those observed in myofibroblasts were detected (Figure
5.6a and 5.6b).
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Figure 5.5.

Cultured pericytes express ED-A FN.

Cultured pericytes were stained with a monoclonal antibody against ED-A FN.
Cytoplasmic ED-A FN staining was detected in both early and late passage pericytes
(arrows, a and b). ED-A FN was also detected in the intracellular space (arrowhead,
b). Fibroblasts expressed low levels of ED-A FN (¢), however, a significant increase
in ED-A FN expression was observed in fibroblasts after 4 days of treatment with
TGF-B (2ng/ml) (arrow, d). Western blot analysis of cell lysates confirmed that ED-A
FN was expressed by early and late passage pericytes and myofibroblasts only at lo
levels in fibroblasts (e). Equal protein loading was confirmed by probing the blots
with an antibody against GAPDH.
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Figure 5.6.

Cultured pericytes exhibit fibronexus adhesion complexes.

To examine the distribution of fibronexus cell-adhesion complexes, pericytes and
fibroblasts were stained with an anti-vinculin antibody. Cells with fibronexus
complexes were detected in early (arrows, a) and late passage pericytes (arrow, b). By
comparison, fibroblasts contained small adhesion complexes (arrow, ¢). Addition of
TGF-B (2ng/ml) to fibroblasts for 4 days resulted in the formation of myofibroblasts
and the presence of fibronexus complexes similar to those observed in pericytes
(arrow, d). Quantification of the number of cells containing fibronexus complexes
confirmed that early and late passage pericytes and myofibroblasts contained an
increased number of cells with fibronexus complexes when compared with fibroblasts

(e). Original magnification a-d x20.
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Quantification of cell numbers demonstrated that 30% of early and late passage
pericytes and myofibroblasts contained fibronexus adhesion complexes compared to
10% of fibroblasts (p<0.05) (Figure 5.6e). Increased vinculin in the fibronexus
complex in myofibroblasts is thought to be due to increased incorporation of cytosolic
vinculin into the cytoskeleton (199). To analyse this in pericytes, Western blotting of
fractionated cell lysates was carried out. In control fibroblasts, vinculin expression
was predominantly restricted to the cytosolic fraction with little expression in the
cytoskeletal fraction. In agreement with previous findings, TGF-f treatment promoted
the incorporation of vinculin into the cytoskeleton (Figure 5.7) (199). In both early
and late passage pericytes and similarly in myofibroblasts, vinculin was detected in

both the cytosolic and cytoskeletal fractions (Figure 5.7).

5.3.3 Collagen gel contraction by cultured pericytes

To determine whether pericytes and myofibroblasts were functionally homologous,
the ability of early and late passage pericytes to contract uniaxially tethered collagen
lattices was compared with that of fibroblasts and myofibroblasts. This is a well
characterised functional assay for myofibroblast contractile activity (455) and the use
of a culture force monitor (CFM) allows the force generated by contractile cells to be
monitored over time and quantified (124). Fibroblasts contracted collagen lattices
with a maximum force of 200 dynes (Figure 5.8). To promote myofibroblast
formation, fibroblasts were pre-treated with 2ng/ml TGF-f for 4 days. Myofibroblasts
were seeded into collagen gels and produced a robust contraction, exerting 750 dynes
of contractile force after 24 hours (Figure 5.8). Early passage pericytes were found to
potently contract collagen lattices, generating 500 dynes of contractile force after 24
hours (Figure 5.9). Late passage pericytes contracted collagen gels with a contractile
force of 650 dynes (p<0.05). TGF-B did not increase the contractile force of early or
late passage pericytes (Figure 5.9).
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Figure 5.7.

Expression of vinculin in the cytoskeletal fraction of cultured pericytes.

Western blot analysis showed that following treatment with TGF-f (2ng/ml), that
vinculin is incorporated into the cytoskeleton of fibroblasts. In early and late
passage pericytes, vinculin expression in the cytoskeleton is maintained at elevated
levels within fibronexus complexes. Equal protein loading was confirmed by

probing the blots with an antibody against GAPDH.
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Figure 5.8.

TGF- promotes collagen gel contraction by fibroblasts.

In order to compare the contractile ability of myofibroblasts and fibroblasts, the
force generated by both cell types when contracting uniaxially tethered collagen
gels was measured using a culture force monitor (CFM). Fibroblasts contracted
collagen gels with a contractile force of approximately 200 dynes. Myofibroblasts,
which were generated by addition of TGF-B (2ng/ml) to fibroblast, contracted

collagen gels with a contractile force exceeding 700 dynes.
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Figure 5.9.

Cultured pericytes display similar contractile properties to myofibroblasts.

Early and late passage pericytes were seeded into uniaxially tethered collagen lattices.
Early passage pericytes generated 500 dynes of contractile force while late passage
pericytes generated 650 dynes of contractile force. The addition of TGF-B (2ng/ml) to
early and late passage pericytes did not significantly alter their ability to contract

collagen gels.
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5.3.4 PDGFRp blockade inhibits collagen gel contraction

Previous studies have established that PDGF-BB is a potent stimulator of tethered
collagen contraction by proto-myofibroblasts (2). Moreover, PDGFRf signalling is
thought to play a key role in pericyte differentiation in vivo (439) and PDGF-BB
stimulates the contraction of free-floating collagen lattices by pericytes (426) or
smooth muscle cells (71). Therefore, I hypothesised that PDGFRf signalling
contributed to uniaxially tethered collagen gel contraction by pericytes. Early passage
pericytes contracted collagen gels with a contractile force of 500 dynes (Figure 5.10).
The addition of 10ng/ml PDGF-BB to pericytes resulted in gel contraction with a
force of over 650 dynes (p<0.05) (Figure 5.10). In contrast, treatment with the
PDGFRp inhibitor imatinib mesylate inhibited both baseline and PDGF-BB induced
collagen gel contraction (Figure 5.10), confirming that PDGFRP signalling mediates

the ability of pericytes to contract collagen gels.

5.3.5 PDGFR{ blockade does not inhibit phenotypic transition of pericytes

The inhibition of pericyte-mediated collagen gel contraction by PDGFRB blockade
suggested that PDGFRp signalling may contribute to the phenotypic transition of
early passage pericytes to myofibroblasts. To examine this, the effect of PDGFR
inhibition on this transition was determined. Imatinib mesylate was added to early
pericyte cultures immediately after isolation and prior to the acquisition of a
fibroblastic morphology after which the expression of a-SMA, ED-A FN and vinculin
was assessed by immunofluorescence and Western blotting. PDGFR( inhibition did
not prevent early pericytes from acquiring a fibroblastic morphology after 5 days of
sub-culturing. Furthermore, the expression of a-SMA stress fibres (Figure 5.11), ED-
A FN (Figure 5.12) or vinculin within fibronexus junctions was not impaired (Figure
5.13). These results suggest that the phenotypic transition of pericytes to
myofibroblasts is not dependent on PDGFR signalling.
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Figure 5.10.

The contractile ability of pericytes is impaired by PDGFRS inhibition.

Early passage pericytes were seeded into uniaxially tethered collagen lattices.
Addition of PDGF-BB (10ng/ml) significantly increased gel contraction by pericytes.
However, both baseline and PDGF-BB stimulated gel contraction was inhibited by

addition of imatinib mesylate (2um).
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Figure 5.11.

a-SMA expression by pericytes is not affected by PDGFRp inhibition.
Immunofluorescence staining showing that a-SMA expression does not change in
response to PDGF-BB (b), imatinib alone (¢) and imatinib and PDGF-BB together
(d) when compared to control cells (a). Western blot analysis confirming that ED-A
FN expression is unaffected by imatinib treatment (e). Original magnification a-d
x20. Equal protein loading was confirmed by probing the blots with an antibody
against GAPDH.

142



unewy + g4-45dd

A
>
2

Figure 5.12.

ED-A FN expression by pericytes is not affected by PDGFRp inhibition.
Immunofluorescence staining showing that ED-A FN expression does not change in
response to PDGF-BB (b), imatinib alone (¢) and imatinib and PDGF-BB together
(d) when compared to control cells (a). Western blot analysis confirming that ED-A
FN expression is unaffected by imatinib treatment (e). Original magnification a-d
x20. Equal protein loading was confirmed by probing the blots with an antibody
against GAPDH.
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Figure 5.13.

Vinculin expression by pericytes is not affected by PDGFRf inhibition.
Immunofluorescence staining showing that vinculin expression does not change in
response to PDGF-BB (b), imatinib alone (¢) and imatinib and PDGF-BB together
(d) when compared to control cells (a). Western blot analysis confirming that
vinculin expression is unaffected by imatinib treatment in both cytosolic and
cytoskeletal fractions (e). Original magnification a-d x20. Equal protein loading was

confirmed by probing the blots with an antibody against GAPDH.
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5.4 KEY FINDINGS AND CONCLUSIONS

Pericytes differentiate into myofibroblasts in vitro

The data presented in this chapter demonstrate that cultured pericytes undergo a
phenotypic transition to myofibroblasts in vitro. Moreover, cultured pericytes clearly
demonstrated the capacity to contract tethered collagen lattices generating a
contractile force comparable to myofibroblasts. Cultured pericytes acquired a
fibroblast-like morphology and lost expression of the pericyte marker 3G5. Moreover,
they were found to maintain the expression of a-SMA, ED-A FN and fibronexus
adhesion junctions, which are considered to be typical myofibroblast characteristics.
This is the first time that pericytes have been shown to exhibit elevated ED-A FN and
fibronexus adhesion junctions in vitro, which supports the findings in the previous
chapter that pericytes were found to express ED-A FN in vivo. It is noteworthy that
unlike fibroblasts, early passage pericytes express known markers of myofibroblasts
without stimulation by TGF-B. There are no reports of ED-A FN expression by
pericytes in normal placenta, suggesting that culturing pericytes in vitro triggers a

differentiation process that results in a myofibroblastic cell phenotype.

Pericytes contract collagen lattices with a contractile force similar to that of
myofibroblasts

Both early and late passage pericytes were able to contract uniaxially tethered
collagen lattices with a similar degree of contractile force to that of myofibroblasts
and a force greater than that of fibroblasts. The ability of pericytes to contract free-
floating collagen lattices has previously been demonstrated (239), however, this is the
first time that the contractile force has been measured in tethered gels and shown to be
similar to that of specialised contractile cells such as myofibroblasts. In the current
study, the addition of TGF-f did not significantly augment the contraction of collagen
lattices by pericytes. In vivo, the differentiation of myofibroblasts from fibroblasts is
thought to be primarily stimulated by the actions of TGF-p (154;455). 1t is also known
that the addition of TGF-B to myofibroblasts in vitro increases their ability to contract
tethered collagen lattices (466) in a SMAD-dependent mechanism (250). The reasons
for the difference in responsiveness to TGF-p between myofibroblasts derived from
fibroblasts and pericytes is unclear, however, it may represent functional

heterogeneity between myofibroblasts derived from different cell types.
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PDGF-BB promotes pericyte-mediated gel contraction but not their
differentiation to myofibroblasts

The addition of PDGF-BB to pericytes significantly promoted collagen gel
contraction. PDGF-BB stimulates contraction of tethered collagen lattices by
myofibroblasts (175) and promotes the contraction of untethered collagen gels by
kidney pericytes (226), however, untethered gels are not considered to be appropriate
models for myofibroblast function as they lack inherent mechanical tension. PDGF-
BB is thought to stimulate cell contraction by activating the RhoA GTPase to
phosphorylate the myosin light chain kinase (178). This in turn directly
phosphorylates myosin light chain resulting in fibre contraction (11;80). Although
PDGF-BB did increase the contractile ability of pericytes it did not enhance the
synthesis of ED-A FN and fibronexus adhesion complexes. Addition of the PDGFRf
inhibitor imatinib mesylate inhibited both baseline and PDGF-BB induced contraction
by pericytes yet did not effect the expression of a-SMA, ED-A FN and fibronexus
complexes. These data indicate that the mechanism of PDGF-BB induced gel
contraction by pericytes is not related to an increase in the a-SMA or ED-A FN

expression.

In summary, these findings suggest that pericytes spontaneously undergo a transition
to a myofibroblast-like cell in vitro. These cells display all the characteristics of
myofibroblasts, namely, elevated a-SMA, ED-A FN expression and the presence of
fibronexus like adhesion complexes. Moreover, early and late passage pericytes can
contract tethered collagen lattices with a contractile force comparable to that of

myofibroblasts and significantly greater than fibroblasts.
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CHAPTER 6: THE EFFECTS OF PDGFRB BLOCKADE ON
TISSUE REPAIR: IN VIVO AND IN VITRO ANALYSIS.

6.1 INTRODUCTION

The expression of PDGFRP by pericytes has been demonstrated in a number of
conditions associated with increased matrix biosynthesis, including dcSSc (354),
excessive dermal scarring (439) and wound healing (440). The data presented in the
previous chapters demonstrates that pericytes show a strong phenotypic convergence
with myofibroblasts in fibrotic tissue and that expression of PDGFRf by pericytes is a
key feature of fibrotic dcSSc lesions. Therefore, there is evidence to suggest that
pericytes play a pivotal role during tissue fibrosis and scarring. Moreover, PDGFR( is
likely to be an important mediator in this process. However, due to the embryonic
lethality of PDGFRf knockout mice, little is currently known about the mechanism(s)

by which PDGFRp signalling modulates tissue repair and fibrosis in vivo (422).

Predominantly, in vitro studies have highlighted the potential role of PDGFRp
signalling in functions that are important for tissue repair and fibrosis (191). PDGF-
BB is a potent mitogen and motogen for fibroblasts and pericytes (93;192) while
cultured dermal fibroblasts lacking PDGFRf show impaired mitosis and complete
inhibition of migration (159). Addition of exogenous PDGF-BB in vivo increases both
fibroblast proliferation and migration into excisional wounds, leading to both
increased ECM production and enhanced wound tensile strength (342;343). Wound
healing in mice (174) and humans (247) and granulation tissue formation in
subcutaneous implants (267) are accelerated by the addition of PDGF-BB. Although
these studies demonstrated that exogenous PDGF can enhance tissue repair, they shed
no light on the mechanism(s) by which increased expression of endogenous PDGFRf
may contribute to tissue repair and fibrosis. Therefore, much is yet to be appreciated

about the role of PDGFR during adult tissue repair.

To gain an insight into the contribution of PDGFR signalling to tissue repair and
scarring in vivo, the impact of selective PDGFRp inhibition on excisional wound
healing was assessed. Particular emphasis was placed on how PDGFRp signalling

contributes to pericyte function in tissue repair and matrix remodelling.

6.2 EXPERIMENTAL DESIGN
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The PDGFR inhibitor, imatinib mesylate was used to selectively inhibit PDGFRp-
mediated signalling. Imatinib binds to the ATP binding site of the PDGFRP and
completely abrogates PDGFR[ derived signalling in vitro and in vivo (52;313).
Excisional wound repair in mice was chosen as a model system in which to assess the
contribution of PDGFRf signalling in tissue repair and fibrosis. Excisional wound
healing is a tissue repair process that is characterised by the formation of highly
vascularised granulation tissue followed by the increased synthesis of ECM
components including fibrillar collagens and ED-A FN (296). Imatinib was
administered at the onset of wound healing (75mgs/kg/day, described in 2.6.1) and the
effects on wound closure, cell proliferation and migration, angiogenesis, pericyte

recruitment and ECM biosynthesis was assessed.

6.3 RESULTS

6.3.1 The effect of imatinib treatment on wound repair in vivo

Excisional wounds (4mm®) were made on the back of 6 to 8 week old collagen 102
transgenic reporter mice (Figure 6.1a). After 3 days, the wound diameter of control
mice was reduced by 40% of the original size and by 70% after 7 days (Figure 6.1b
and 6.1c¢). In contrast, imatinib-treated wounds were reduced by 20% after 3 days and
50 % after 7 days (Figure 6.1d and 6.le). These differences were statistically
significant between 3 and 7 days post-wounding (p<0.01) (Figure 6.1h). By day 10,
the differences in wound diameters were no longer significant and by day 14, the
wounds were completely closed and no longer visible. Histological analysis of
sections stained with haematoxylin and eosin 7 days post-wounding confirmed
impaired wound closure following imatinib treatment compared to control wounds

(Figure 6.1f and 6.1g).

Overall wound morphology was assessed by massons trichrome staining. After 3 days
a provisional granulation tissue had formed in control mice, which was highly cellular
and punctuated with microvessels, indicating areas of angiogenesis (Figure 6.2a). In
contrast, the granulation tissue in treated mice was poorly defined, comparatively
hypocellular and characterised by the presence of large dilated microvessels (Figure
6.2b). At day 7 post-wounding, control wounds showed extensive cellular infiltration
of monocytes and recruitment of fibroblasts, and evidence of ECM biosynthesis
(Figure 6.2¢). In contrast, imatinib-treated wounds were characterised by reduced cell

density, dilated microvessels and little or no evidence of ECM deposition (Figure
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6.2d). After 14 days, control wounds were characterised by scar tissue rich in ECM
(Figure 6.2¢). Scar tissue had also formed in treated wounds, however, with reduced
ECM content (Figure 6.2f).
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Figure 6.1.

Wound closure is impaired in mice treated with imatinib.

Four mm’ punch wounds were made on the back of anaesthetized mice (arrows, a).
After 3 days, wound diameters were noticeably smaller in control animals (arrows, b)
in comparison to imatinib-treated animals (arrows, d). After 7 days, wound diameters
in control wounds (arrows, ¢) were clearly reduced compared to imatinib-treated
wounds (arrows, e). Analysis of sections stained with haematoxylin and eosin
confirmed that after 7 days wound size were reduced in control animals (f) compared
with imatinib-treated animals (g). Quantification of wound diameter over 10 days
after injury. Results represent the mean + s.e.m (h). Between 3 and 7 days post-
wounding, the difference in wound diameter was significant (p<0.05). Original

magnification f,g x10.
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Figure 6.2.

Imatinib treatment results in impaired wound healing.

Massons trichrome staining after 3 days reveals granulation tissue forming in control
mice (arrow, a). By contrast, imatinib-treated wounds are relatively hypocellular with
large dilated microvessels (arrows, b). At 7 days post-wounding, newly deposited
ECM is evident in control wounds (green colour, arrow, ¢) while imatinib-treated
wounds show diminished matrix synthesis and abnormally distended microvessels
(arrow, d). After 14 days, control wounds were characterised by extensive matrix
throughout the resolving scar tissue (green colour, arrows, e). By comparison, ECM
synthesis in imatinib-treated wounds is less extensive (arrow, f). Original

magnification a-f x10.
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6.3.2 The effect of imatinib treatment on fibroblasts and pericyte proliferation in
vitro and during wound repair in vivo

The effect of imatinib treatment on cell proliferation during wound healing was
assessed by BRDU incorporation. Immunohistochemical analysis of BRDU
incorporation was carried out to identify proliferating cells. In control animals, 3 days
post-wounding, BRDU immunostaining was evident in specific areas of the
granulation tissue. The majority of BRDU-labelled cells were located at the wound
margins, in the basal keratinocyte layer and in microvascular cells (Figure 6.3a).
BRDU immunostaining was detected in both luminal endothelial cells and pericytes
(Figure 6.3c). The addition of imatinib resulted in a substantial decrease in BRDU
incorporation at the wound margins and basal keratinocyte layer after 3 days (Figure
6.3b). BRDU immunostaining of microvessels was also reduced as a result of imatinib
treatment (Figure 6.3d). After 7 days, in control animals, BRDU-labelled cells were
more uniformly distributed throughout the granulation tissue (Figure 6.3¢). Seven
days post-wounding, BRDU-labelled cells were more evident than after 3 days and
were located throughout the wound tissue, however, overall numbers were still
reduced in comparison to control tissue (Figure 6.3f). Quantification of the number of
positively stained cells using image analysis confirmed that the reduction in BRDU
incorporation after 3 and 7 days in treated tissues was statistically significant

(p<0.005), (Figure 6.3g).

The principal PDGF-BB responsive cells in the dermis are fibroblasts and pericytes
(191). Therefore, an in vitro approach was used to confirm that fibroblast and pericyte
proliferation was inhibited by imatinib treatment. Increasing concentrations (1-
100ng/ml) of PDGF-BB produced a marked increase in pericyte and fibroblast
proliferation after a 48 hour incubation period in a dose-dependent manner up to
10ng/ml (Figure 6.4a). PDGF-BB at a concentration of 10ng/ml induced a robust
mitogenic response in both cultured pericytes and fibroblasts after 48 hours treatment
(Figure 6.4b and 6.4c). This response was significantly reduced by imatinib treatment
(p<0.005), (Figure 6.4b and 6.4c). Serum-induced mitogenesis of pericytes and
fibroblasts was also reduced by imatinib treatment (Figure 6.4b and 6.4c).
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Figure 6.3.

Cell proliferation is inhibited in imatinib-treated mice.

Three days after injury, BRDU immunostaining, which was predominant at the wound
margins in control animals (arrows, a) was significantly reduced in imatinib-treated
animals (arrows, b). In control animals, BRDU immunostaining present in abluminal
(arrows, ¢) and luminal microvascular cells (arrowhead, ¢) was reduced in imatinib-
treated anmimals (d). After 7 days, BRDU immunostaining was present in the
granulation tissue of both control and imatinib-treated animals (arrows, e and f).
Quantification of BRDU stained cells confirmed that imatinib treatment produced a
significant reduction in cell proliferation after 3 and 7 days (g). Results represent the

mean + s.d. *= p<0.005. Original magnification a,b,e,f x10 and ¢,d x40.

153



(a) 0.4

-—e— Fibiroblasts
—o— Pericytes

O3 A

bsorbance (650nm)

0.2 -

.1 -

O

s ' 10 50 100

PDGF-BB (ng/ml)

(b) 0.600 -
0.500 -

0.400
ssorbance (650nm)
0.300 -

0.200 -
0.100 -
0.000
&
Q&
<>

o

(€)0.600 -

0.500 -

0.400 -
ssorbance (650nm)

0.300 ——
0.200 A

0.000 —

Figure 6.4.

Inhibition of pericyte and fibroblast proliferation by imatinib in vitro.

PDGF-BB produced a marked elevation of pericyte and fibroblast proliferation in a
dose dependent manner up to 10ng/ml (a). Both 10% FCS and PDGF-BB (10ng/ml)
induced stimulation of pericyte (b) and fibroblast (¢) proliferation, was inhibited by

treatment with imatinib. Results represent the mean + s.d.;*= p<0.05.
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6.3.3 Imatinib treatment does not affect apoptosis in vivo and in vitro

Imatinib treatment resulted in reduced cellularity in the granulation tissue. Therefore,
the role of imatinib on apoptotic cell death was investigated in order to establish
whether increased apoptotic cell death was responsible for the hypocellularity of
imatinib-treated wounds. Analysis of day 7 wound sections by TUNEL staining
demonstrated that apoptotic nuclei were evenly distributed throughout control and
imatinib-treated wounds (Figure 6.5). Counting of apoptotic cell nuclei revealed no
significant difference between control and imatinib-treated wounds (Figure 6.5¢). The
effect of imatinib on apoptosis on cultured fibroblasts and pericytes was also assessed
in vitro. To induce apoptosis, fibroblasts and pericytes were treated with 100uM
etoposide as previously described (302). TUNEL staining revealed extensive
apoptosis in fibroblast (Figure 6.6b) and pericyte cultures (Figure 6.6d) with over
60% of cells showing evidence of apoptosis (Figure 6.6i). In comparison, little or no
evidence of apoptosis was detected after the cells were treated with imatinib for 48
hours (Figure 6.6f and 6.6h).
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Figure 6.5.

Imatinib treatment does not affect apoptotic cell death in vivo.

Apoptotic cell death in day 7 wounds was assessed by TUNEL staining. Apoptotic
nuclei (arrows, red colour) were detected in both control (a) and imatinib-treated
wounds (¢). Cell nuclei were counterstained with DAPI (b, d). Analysis of the
percentage of apoptotic cell nuclei in control and imatinib-treated sections revealed no
significant difference (e) (p=0.8). Data shown is mean + s.d. Original magnification

a-d x10.
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Figure 6.6.

Imatinib does not induce apoptosis in fibroblasts and pericytes in vitro.

Apoptotic cells were detected by TUNEL staining in both fibroblasts (red colour,
arrow, b) and pericytes (red colour, arrow, d) after treatment with 100uM etoposide
for 48 hours. Treatment with imatinib (2uM) for 48 hours did not induce apoptosis in
either fibroblasts (f) or pericytes (h). DAPI counterstaining is shown a,c,e,g. The
number of viable cells was counted in x20 field of view (n=5). No significant
difference was recorded in the number of viable cells between imatinib treatment and

control treatment (10% FCS) (i). Original magnification a-h x10.
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6.3.4 The effect of imatinib on fibroblast and pericyte migration in vitro
PDGF-BB is known to promote the motility of fibroblasts (410) and pericytes (93) in
vitro. Therefore, it was hypothesised that the hypocellularity of imatinib-treated
wounds could in part be caused by an inhibition of PDGF-BB mediated migration of
fibroblasts and pericytes. To confirm this, a series of in vitro analyses investigating
fibroblast and pericyte migration using scratch wound assays and relaxed collagen
gels was carried out. The cell-mediated contraction of relaxed collagen gels is
dependent on the small tractional forces exerted by cells as they spread and migrate
on collagen fibres (455). In the presence of DMEM containing 10% FCS, both
fibroblasts and pericytes had completely closed in vitro scratch wounds after 72 hours
(Figure 6.7b and 6.8b). In the absence of serum, cell migration was reduced (Figure
6.7a and 6.8a). Addition of imatinib resulted in the inhibition of serum stimulated
pericyte and fibroblast migration (Figure 6.7e and 6.8e). Fibroblast and pericytes
migration was stimulated by the PDGF-BB (Figure 6.7c and 6.8c) and inhibited by
imatinib treatment (Figure 6.7f and 6.8f).

The ability of PDGF-BB to stimulate pericytes and fibroblasts to contract a relaxed
collagen gel, a process dependent on the tractional forces of migrating cells was also
assessed. Both fibroblasts and pericytes contracted collagen gels when incubated with
DMEM containing 10% FCS compared with serum-free DMEM (Figure 6.9a,c and
6.10a,c). Addition of imatinib resulted in reduced gel contraction by fibroblasts and
pericytes (Figure 6.9b,d and 6.10b,d). Similarly, fibroblasts and pericytes were
incubated for 24h in the presence or absence of PDGF-BB (10ng/ml). Both cell types,
when incubated with PDGF-BB contracted collagen gels significantly more than cells
incubated with vehicle alone (Figure 6.9a,e and 6.10a,e). PDGF-BB induced gel
contraction by both cell types was significantly inhibited by imatinib treatment
(Figure 6.9f and 6.10f). Recording the gel weight before and after treatment
confirmed that the addition of imatinib provoked a significant inhibition of
contraction by both fibroblasts and pericytes in response to 10% FCS and PDGF-BB
(Figure 6.9g and 6.10g).
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Figure 6.7.

Imatinib treatment impairs migration of fibroblasts in scratch wounds.

Scratch wounds were made in confluent fibroblast monolayers. Both 10% FCS (b) or
10ng/ml PDGF-BB (¢), induced fibroblasts to fill the scratch wound after 72 hours in
comparison to serum-free DMEM (a). Addition of imatinib (2um) abrogated
migration induced by both 10% FCS (e) and PDGF-BB in fibroblasts (f). Treatment

with imatinib in serum-free medium had no effect (d).
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Figure 6.8.

Imatinib treatment impairs migration of pericytes in scratch wounds.

Scratch wounds were made in confluent pericyte monolayers. In response to both 10%
FCS (b) or10ng/ml PDGF-BB (¢), pericytes filled a scratch wound after 72 hours in
comparison to serum-free DMEM (a). Addition of imatinib (2um) inhibited pericyte
migration induced by both 10% FCS (e) and PDGF-BB (f). Treatment with imatinib

in serum-free medium had no effect (d).
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Figure 6.9.

Impairment of fibroblast migration in free-floating collagen matrices

Fibroblasts were seeded into a collagen gel matrix, and allowed to contract over a 24
hour period. Treatment with DMEM containing 10% FCS and PDGF-BB (10ng/ml)
stimulated gel contraction in contrast to serum-free DMEM. Serum and PDGF-BB
induced contraction was inhibited by treatment with 2 pm imatinib. Treatment with
imatinib alone had no effect on contraction. Measurement of gel weight confirmed
that imatinib treatment produced a significant reduction of fibroblast mediated gel
contraction induced by serum and PDGF-BB. Results represent the mean + s.d;

*=p<0.05.
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Figure 6.10.

Impairment of pericyte migration in free-floating collagen matrices

Treatment with DMEM containing 10% FCS and PDGF-BB (10ng/ml) induced
pronounced gel contraction in contrast to DMEM alone. Contraction that was induced
by serum or PDGF-BB was inhibited following treatment with 2pm imatinib.
Treatment with imatinib alone had no significant effect on contraction. Measurement
of gel weight confirmed that imatinib treatment produced a significant impairment of

pericyte mediated gel contraction induced by serum and PDGF-BB. Results represent

the mean + s.d. *=p<0.05.
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6.3.5 The effect of imatinib on myofibroblast formation in vivo and in vitro

The recruitment of mesenchymal cells to granulation tissue is essential for the
generation of myofibroblasts (296). As imatinib treatment appeared to impair the
recruitment and proliferation of fibroblasts and pericytes, it was hypothesised that this
would lead to reduced numbers of myofibroblasts. Therefore, the effect of imatinib
treatment on myofibroblast formation was assessed in vivo and in vitro. Three days
post-wounding, a-SMA-+ve myofibroblasts were evident at the wound margins in
control wounds (Figure 6.11a). By comparison, a-SMA immunostaining in treated
wounds was predominantly restricted to microvessels with little or no evidence of
myofibroblasts within the granulation tissue (Figure 6.11b). By 7 days post-
wounding, myofibroblasts were present throughout the granulation tissue in control
wounds (Figure 6.11c). Myofibroblasts were also present in treated wounds, primarily
at the epidermal-dermal junction (Figure 6.11d). By 14 days, a-SMA+ve
myofibroblasts were not detected in either control or imatinib-treated wounds (Figure
6.11e and 6.11f). Using image analysis to count the number of positively stained cells,
confirmed that after 3 days, the reduction in myofibroblast numbers was significant
(p<0.01), while after 7 days the reduction in myofibroblast numbers did not reach
significance (p=0.13) (Figure 6.12a). The effect of imatinib on the synthesis of ED-A
FN was also assessed. Using an antibody against ED-A FN, the distribution of ED-A
FN was analysed in 7 day old wounds, the period during which myofibroblast
numbers are maximal in the granulation tissue (200). Imatinib treatment also resulted
in decreased expression and distribution of ED-A FN throughout the granulation
tissue of treated wounds. In treated wounds, ED-A FN was confined to the papillary
dermal layer adjacent to the epidermis (Figure 6.12c). In contrast, ED-A FN was

distributed throughout the granulation tissue in control wounds (Figure 6.12b).

In order to investigate the potential mechanism by which imatinib treatment resulted
in reduced numbers of myofibroblasts, dermal fibroblasts were treated in vitro with 2
ng/ml TGF-B for 4 days to promote myofibroblast differentiation. After 4 days
treatment with TGF-B, 72% of the fibroblasts contained a-SMA+ve stress fibres
(Figure 6.13c and 6.13e), compared with 4% of fibroblasts treated with vehicle alone
(Figure 6.13a and 6.13e). After the addition of imatinib in combination with TGF-8,
64% of fibroblasts were a-SMA+ve (Figure 6.13d and 6.13e). This difference was not
statistically significant (p=0.14). Imatinib treatment alone resulted in 3% of
fibroblasts  displaying a-SMA+ve fibres (Figure 6.13b and 6.13¢).
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Figure 6.11.

Imatinib treatment reduces the number of myofibroblasts in wound tissue.

Three days after injury, a-SMA expressing myofibroblasts are present in the wound
margins of control animals (arrow, a, arrowhead, inset, a), however, not in the
granulation tissue of imatinib-treated animals where a-SMA immunostaining was
restricted to microvessels (arrow, b, arrowhead inset, b). After 7 days, myofibroblasts
were present throughout the granulation tissue of control wounds (arrows, ¢) and in
imatinib-treated wounds, particularly at the epidermal/dermal Junction (arrow, d).
After 14 days, myofibroblasts were absent from both control (e) and treated wounds
(). Original magnification a-f x10, inset a,b x40
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Figure 6.12.

Imatinib treatment reduces myofibroblast numbers and ED-A FN expression in
wound tissue.

Quantification of the number o-SMA+ve cells by image analysis confirmed a
significant reduction in myofibroblasts in imatinib-treated animals 3 days after injury.
After 7 days, myofibroblast numbers were still lower in imatinib-treated animals,
however, the difference was not statistically significant (a). Results represent the
mean + s.d.; *= p<0.01. Expression of ED-A FN was also reduced as a result of
imatinib treatment (arrow, ¢) compared to control tissue (arrows, b). Original

magnification b,c x10
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Figure 6.13.

Imatinib treatment does not inhibit myofibroblast formation in vitro.

Treatment with either serum-free DMEM (a) or imatinib alone (b) had no effect on a-
SMA fibre formation. Addition of TGF-f3 (2ng/ml) to cultured fibroblasts produced
prominent a-SMA stress fibres (arrowhead, ¢), which was not inhibited by imatinib
treatment (arrowhead, d). Quantification of myofibroblast numbers after TGF-$ and
imatinib treatment demonstrated that imatinib treatment did not inhibit myofibroblast

formation in vitro (e). Results represent the mean + s.d. Original magnification a-d
x20.
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6.3.6 The effect of imatinib on collagen biosynthesis during wound repair

To determine whether collagen type I biosynthesis was affected by blockade of
PDGFR{ signalling, a transgenic mouse harbouring a 17kb fragment of the collagen
la2 upstream enhancer and minimal promoter fused to a P-galactosidase (Lac-Z)
reporter gene was used. Initial experiments were carried out to confirm the expression
of the transgene in excisional wound healing. Analysis of transgene activity over a 28
day period post wounding revealed that the B-galactosidase activity remained at
baseline until 5 days post wounding, at which point the expression of the transgene
was significantly increased (p<0.001). Increased transgene expression was maintained
until 14 days post wounding after which expression returned to baseline levels (Figure
6.14a and 6.14b). The effect of imatinib on collagen transgene expression was then
assessed. After 3 days, transgene expression in both control and imatinib-treated
wounds remained at baseline levels (Figure 6.14c). After 7 days however, transgene
expression, while significantly elevated in control wounds, remained at baseline levels
in treated wounds (p<0.01). Fourteen days post wounding, increased transgene
expression had been maintained in control wounds, however, it was still significantly

diminished in treated wounds (p<0.01), (Figure 6.14c).

Transgene expression in whole wounds was assessed macroscopically. Figure 6.15
demonstrates that after 7 and 14 days respectively, imatinib treatment resulted in
significantly reduced transgene expression as depicted by the distribution of blue X-
gal staining. Immunohistochemical analysis of transgene distribution days revealed
that transgene-expressing cells in control samples were located throughout the
granulation tissue 7 and 14 days post-wounding (Figure 6.16a and 6.16c). By contrast,
in imatinib-treated wounds, transgene expression was noticeably less pronounced and
was restricted to a small number of cells in the wound margins (Figure 6.16b and
6.16d). To confirm the reduction in collagen protein, day 14 wound sections were
probed with an antibody against collagen type 1. After 14 days, the expression of
collagen type I protein was reduced in imatinib-treated wounds (Figure 6.16f)
compared to control wounds (Figure 6.16¢), mirroring the reduced expression of the

collagen transgene.
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Collagen type I gene promoter activity is reduced in imatinib-treated wounds.

Wounds were excised from mice at specific time points and collagen type I gene

promoter activity was assessed by measuring [3-galactosidase activity. Over a 28 day

period, transgene activity was maximal between days 7 and 14 (a) with activity rising

from baseline levels at day 5 (b). Treatment with imatinib resulted in a significant

decrease in transgene activity at days 7 and 14 (¢). Results represent the mean + s.d.;

*=p<0.01.
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Figure 6.15.

The distribution of collagen-synthesising cells in control and imatinib-treated
whole wounds.

Wounds were excised from mice at day 7 and 14 and stained with 1 mg/ml 5-bromo-
4-chloro-3-indolyo-B-D-galactoside solution (X-gal). After 7 and 14 days, control
wounds showed uniformly intense X-gal staining (arrow, a,c) while staining in tissue
from imatinib-treated mice was significantly weaker and confined to the wound

margins (arrow, b,d).
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Figure 6.16.

The distribution of collagen-synthesising cells in tissue sections of control and
imatinib-treated wounds.

Wounds were stained with 1 mg/ml X-gal. After 7 and 14 days in control tissue, X-gal
staining could be observed in fibroblastic cells in the granulation tissue (arrowheads,
a,c). By comparison, sections from imatinib-treated animals revealed reduced X-gal
staining with blue cells being confined to the wound margins (arrowhead, b,d).
Immunofluorescence staining of 14 day old wounds with an anti-collagen type I
antibody confirmed that expression of collagen protein was concordantly reduced in
imatinib-treated wounds (arrow, f) relative to control tissue (arrow, e). Original

magnification, a-f x10.
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6.3.7 The effect of imatinib treatment on microvessel formation during wound
repair in vivo

The effect of imatinib treatment on neovascularisation was assessed. Massons
trichrome staining of 3 and 7 day post-wound sections demonstrated abnormal
microvascular morphology as a result of imatinib treatment. In control tissue after 3
and 7 days, areas of granulation tissue rich in microvessels were readily detected
(Figure 6.17a and 6.17c). In contrast, microvessels in imatinib-treated wounds were
abnormally distended in appearance and fewer in number (Figure 6.17b and 6.17d).
Microvascular density was quantified by immunostaining for CD31. Control tissue 7
and 14 days post-wounding displayed extensive immunostaining for CD31 throughout
the granulation tissue (Figure 6.18a and 6.18c). By comparison, CD31
immunostaining was less extensive in imatinib-treated wounds after 7 and 14 days
respectively (Figure 6.18b and 6.18d). Quantification of the number of CD31+ve
microvessels demonstrated that imatinib treatment resulted in a significant reduction
in the number of microvessels 7 days post-wounding (p<0.05) (Figure 6.18¢). After
14 days, while fewer vessels were detected in imatinib-treated tissue compared with
controls, the difference was not statistically significant (p=0.06) (Figure 6.18e).
Pericyte coverage as determined by NG2 immunostaining (333) was readily detected
in day 7 control tissue (Figure 6.19a), however, was significantly reduced in treated
tissue (p<0.05) (Figure 6.19b). After 14 days pericyte coverage was still reduced in
treated tissue (Figure 6.19c) compared to controls (Figure 6.19d), however, the

difference was no longer significant (p=0.08).
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Figure 6.17.

Imatinib treatment results in impaired microvascular formation in wound tissue.
Massons trichrome staining demonstrates microvessel formation in control wounds
after 3 (arroWs, a) and 7 days respectively (arrows, ¢). In imatinib-treated wounds,
however, microvascular formation is severely impaired with vessels appearing

abnormally large distended after 3 (arrows, b) and 7 days (arrows, d). Original
magnification a-d x20.
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Figure 6.18.

Imatinib treatment results in reduced CD31 expression in wound tissue.

Control and imatinib-treated tissue were stained with antibodies recognising
endothelial cells (CD31). In control wounds, 7 and 14 days after injury, CD31
immunostaining was prominent in the granulation tissue (arrows, a,c) while in
imatinib-treated wounds, CD31 staining was reduced (arrows, b,d). Quantification of
CD31 stained cells confirmed that imatinib treatment produced a significant reduction
in microvascular density after 7 days (e). Results represent the mean + s.d.; *=

p<0.05. Original magnification, a-d x10.
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Figure 6.19.

Imatinib treatment results in reduced NG2 expression in wound tissue.
Cryosections from control and imatinib-treated wounds were stained with antibodies
against the pericyte marker NG2. In control wounds, 7 and 14 days after injury,
immunostaining for NG2 was prominent throughout the granulation tissue (arrows,
a,c) while in imatinib-treated wounds, NG2 staining was comparatively reduced
(arrows, b,d). Original magnification, a-d x10. Quantification of NG2 stained cells
confirming that imatinib treatment produced a significant reduction in pericyte

coverage after 7 days (e). Results represent the mean + s.d.; *= p<0.05.
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6.4 KEY FINDINGS AND CONCLUSIONS

Inhibition of PDGFRp impairs dermal wound healing

The data presented in this chapter demonstrate that blockade of PDGFRp in vivo
impairs the progression of cutaneous wound healing. Blockade of PDGFR signalling
by imatinib appears to inhibit mesenchymal (specifically fibroblast and pericyte)
recruitment by inhibiting cell proliferation and migration. Cell proliferation as
assessed by BRDU incorporation was significantly reduced in the granulation tissue
of imatinib-treated wounds compared to control tissue. In vitro, serum and PDGF-BB
induced fibroblast and pericyte proliferation was blocked by imatinib treatment.
Imatinib-treated wounds had the same number of apoptotic nuclei as control wounds
and imatinib did not induce apoptosis in vitro, therefore, the hypocellularity of
imatinib-treated wounds cannot be attributed to increased apoptosis. A study of
synovial fibroblasts similarly showed that while imatinib inhibited proliferation, it had
no discernable effect on apoptosis (376). Imatinib treatment resulted in reduced
wound closure after 7 days. Early wound closure is a result of tractional forces
generated by cells migrating into the wound (455). Taken together, these findings
indicate that PDGFRJ blockade resulted in diminished cell migration into the wound.
This was supported by two independent in vitro assays; using scratch wounds and
relaxed collagen gels, PDGF-BB and serum induced migration in fibroblasts and

pericytes was inhibited by imatinib.

PDGFR inhibition results in reduced myofibroblast numbers

Three days post-wounding, imatinib treatment resulted in significantly reduced
numbers of myofibroblasts in the granulation tissue. After seven days, the reduction in
myofibroblast numbers was no longer significant. Interestingly, imatinib treatment
had no effect on the TGF-B mediated differentiation of myofibroblasts in vitro,
suggesting that PDGFRB signalling does not directly stimulate the formation of
myofibroblasts but rather promotes the recruitment of cells that become
myofibroblasts in response to TGF-B and mechanical tension. The difference in
myofibroblast numbers was less pronounced at 7 days than at 3 days, suggesting that
alternative mechanisms of myofibroblast generation such as recruitment from the
bone marrow may compensate for a reduced pool of fibroblasts and pericytes

resulting from PDGFR inhibition (111;147).
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PDGFRP inhibition results in abnormal microvascular formation

Microvascular density was reduced in imatinib-treated wounds with microvessels that
appeared abnormally dilated and distended in appearance. These microaneurysms
have been observed in PDGFRB and PDGF-B chain knockout embryos (277;422).
Subsequent studies showed that they were caused primarily by a failure to adequately
recruit pericytes during angiogenesis (194). Using an antibody against NG2, a marker
for pericytes (333), it was confirmed that imatinib treatment resulted in reduced
numbers of microvessels containing NG2-expressing pericytes. Furthermore, using an
in vitro approach, imatinib treatment was shown to significantly impair the migration
and proliferation of cultured pericytes in response to both PDGF-BB and serum.
These findings indicate that PDGFRp signalling plays a critical role in recruiting

pericytes to nascent capillaries during embryonic and post-natal angiogenesis.

PDGFRS inhibition results in diminished ECM biosynthesis and deposition
Histological analysis revealed that PDGFRp inhibition resulted in reduced ECM
deposition during wound healing. The principal fibrillar collagen laid down during
dermal tissue repair is collagen type I (296). Using a collagen 1a2 transgenic reporter
mouse, collagen gene activity was significantly reduced as a result of imatinib
treatment. Furthermore, expression of collagen type I protein was also reduced as
assessed by immunofluorescence. In vitro, PDGF-BB does not stimulate collagen
biosynthesis in fibroblasts (82), therefore, the effects on collagen expression induced
by imatinib treatment may be an indirect result of reduced fibroblast and pericyte
recruitment into the wound. Similarly, the expression of ED-A FN was also reduced
as a result of imatinib treatment yet PDGF-BB had no effect on ED-A FN expression
by fibroblasts (455). Again, this is likely to reflect the impaired recruitment of
fibroblasts and pericytes to the wound tissue.

In summary, the data presented in this chapter confirm that in vivo, PDGFRp
activation is an essential component in promoting fibroblast and pericyte activation
and recruitment during tissue repair. The subsequent reduction in myofibroblast
numbers, diminished collagen and ED-A FN expression suggest that targeting the
PDGFRp should be considered as a therapeutic strategy in the treatment of fibrotic

disorders.
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‘CHAPTER 7: DISCUSSION

The overall aim of this study was to determine the potential contribution of
microvascular pericytes to the pathogenesis of dcSSc and fibrosis. In this chapter, the
results presented are discussed and a rationale for the role of pericytes in

fibroproliferative disorders is proposed.

7.1 Expression of PDGFRS by activated pericytes in systemic sclerosis

7.1.1 Microvascular pericytes express PDGFRf across the SSc disease spectrum

Activated pericytes expressing PDGFRP play a key role in the pathogenesis and
progression of a number of fibrotic disorders, including dermal scarring (439) and
renal fibrosis (332). However, the phenotype and contribution of pericytes to the
pathogenesis of SSc is unknown. Therefore, the focus of my initial studies was to

establish whether pericytes were activated and whether they expressed PDGFRp in

dcSSc. Using an immunohistochemical approach, I was able to show for the first time
that pericytes express the activation marker HMW-MAA and PDGFRp in both ARP
and dcSSc skin. A key consideration of these experiments was the specificity of the
monoclonal anti-HMW-MAA antibody used to detect activated pericytes.
Immunohistochemical analyses using this antibody have revealed that HMW-MAA is

. expressed at very low levels in microvessels of normal tissue (389;390;440).

However, in diverse conditions associated with an activation of the microvasculature
such as tumours, inflammatory synovitis and the granulation tissue of healing
wounds, HMW-MAA expression is significantly increased (389;390;440).
Transmission and double immunofluorescence labelling studies confirmed that

HMW-MAA expression localised to pericytes (389;440). In agreement with previous

‘studies, HMW-MAA expression did not localise to endothelial cells or fibroblasts

(363;390), confirming the specificity of the antibody. Therefore, the evidence that
HMW-MAA is expressed by pericytes in activated tissue is compelling.

Elevated PDGFRP expression has been previously reported in dcSSc tissue (246),
however, the cell types expressing PDGFRp were not identified and the pattern of

receptor expression across disease subsets remained unknown.

In the current study, increased PDGFRp expression was found not only in fibrotic
dcSSc tissue but also in non-fibrotic ARP tissue. ARP often represents a ‘pre-
scleroderma’ state (34) and the finding that pericytes are activated and express
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PDGFRP in ARP is of potential significance in linking early microvascular
abnormalities with subsequent fibrosis. As discussed in section 1.3.1, 10-15% of
patients with ARP will develop a connective tissue disorder (425). Autoimmune
Raynaud's is characterised by circulating autoantibodies and is associated with
irreversible tissue damage with ulceration, scarring and structural change within the
microvasculature (350). By contrast, in PRP, episodic ischaemia in response to stimuli
is reversible and the absence of tissue damage is a defining feature (230). The
expression of HMW-MAA and PDGFR in ARP, but not in PRP, is the first report of
differences at the molecular level between these two conditions. The elevated
expression of PDGFRp by perivascular cells is a key component of pathological
remodelling following vascular injury and damage (56) and in experimental models of
PAH, vascular remodelling and hypertension can be reversed by PDGFRp blockade
(324,387). A recently published case report describes an impressive improvement in
PAH in response to PDGFR inhibition (164). Therefore, anti-PDGFR therapy in
SSc patients with early or pre-clinical disease in which PDGFRf-driven vascular

remodelling may play a major pathogenic role merits further investigation.

Pericyte activation and PDGFRp expression were not detected in atrophic dcSSc skin.
During the atrophic phase of SSc, the disease is no longer progressive and cutaneous
involvement in diffuse patients has by this stage begun to regress (34). The MRSS of

‘patients in the atrophic phase of the disease often shows a significant reduction which
may be partially explained by the finding that fibroblasts isolated from atrophic deSSc
skin no longer display elevated collagen biosynthesis (517).

178



7.1.2 The significance of pericyte activation in fibrotic tissue

The expression of HMW-MAA by microvascular pericytes has been reported in
tissues with an associated fibrotic component such as tumour stroma, wound healing
and excessive dermal scarring (214;389;439). The expression of HMW-MAA and
PDGFRB by pericytes in SSc and ARP confirms that in this respect, the
microvasculature in SSc and ARP is similar to that of wound healing and tumour
stroma (440). Recent studies in dermal scarring have shown that in vivo,
microvascular pericytes, which express both HMW-MAA and PDGFR, can migrate
from the microvasculature and differentiate into collagen-synthesising fibroblasts, a
phenomenon also seen in microvascular fragments isolated in vitro (439). The
synthesis of fibrillar collagens by pericytes has also been observed in fibrotic liver
(248) and kidney (145). Interestingly, targeted PDGF-B depletion using specific
aptamers prevents renal scarring in vivo by blocking kidney pericyte proliferation and
synthesis of collagen (332). Therefore, in SSc it is plausible to hypothesise that the
activation of PDGFRP may stimulate a similar differentiation of pericytes into
collagen-synthesising cells. This model would provide a mechanism by which initial
microvascular damage gives rise to fibrosis in dcSSc. While direct evidence of a
pericyte to fibroblast transition is currently lacking in SSc, the theory is partially
supported by data showing that high collagen-producing fibroblasts are located in

. predominantly perivascular regions in SSc tissue (386).

7.1.3 Expression of the PDGF AB/BB ligand across the SSc disease spectrum

The staining for PDGFR in both dcSSc and ARP skin was granular in appearance,
which has previously been shown in cultured fibroblasts to be a characteristic of
ligand activation. It has been suggested that these granules represent receptor-ligand
complexes (423;453). Therefore, the distribution of the activating ligand PDGF
AB/BB was investigated. In ARP, PDGF-B ligand localised to pericytes, however,
this was not the case in dcSSc skin, in which dermal macrophages were the primary
source of the ligand. This suggests that autocrine and paracrine PDGF pathways are
active in ARP and dcSSc skin respectively. The localisation of the PDGF-B ligand to
pericytes in ARP may reflect the predominantly vascular nature of the condition. The
lack of PDGF AB/BB expression by pericytes in dcSSc may reflect transition of the
disease from the vascular to fibrotic phase. The expression of PDGF AB/BB by

dermal macrophages at sites of ECM biosynthesis has been previously reported in
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vivo (279;358;366). However, it was recently shown that macrophage-derived PDGF-
B is not necessary for the formation of granulation tissue and that its absence during
wound healing increases angiogenesis (55). PDGF-AB/BB expression was not

detected in endothelial cells corroborating similar findings in dermal wound healing
tissue (440).

In summary, I have shown that increased expression of PDGFRB by activated
pericytes is a characteristic of ARP and early dcSSc skin. Moreover, the distribution
of the activating PDGF-B ligand shifts from pericytes to macrophages as the disease

moves from its vascular to fibrotic phase.

7.2 The spatial relationship between pericytes, fibroblasts and myofibroblasts in
dcSSc

7.2.1 The distribution of myofibroblasts and ED-A FN in dcSSc

A key function of pericytes is their role as progenitor cells for other mesenchymal cell
types, including osteoblasts (115), chondrocytes and adipocytes (135). On the basis of
immunohistochemical data, it has also been argued that pericytes differentiate into
fibroblasts during the development of fibrosis (106;115;361;439). The data presented
in chapter 3 confirm that pericytes express an activated phenotype that has previously
been associated with their differentiation during fibrosis (439). Therefore, in SSc,
which consists of a microvascular and fibrotic component, the potential differentiation

of pericytes merits investigation.

Pericytes have also been shown to differentiate into myofibroblasts during fibrosis
(186;391). The myofibroblast plays a central role in connective tissue remodelling
during wound healing and fibrosis. Myofibroblasts are known to be present in dcSSc
skin (219;377), however, their ontogeny and role in the disease pathophysiology
remains unknown. The results presented in chapter 4 confirm that myofibroblasts are
present in dcSSc skin. They also show for the first time show that that ED-A FN is
synthesised by myofibroblasts and pericytes in dcSSc skin.

Fibronectins play key roles in the adhesive and migratory behaviour of cells related to
fundamental processes such as embryogenesis, malignancy, hemostasis, wound

healing, host defense and maintenance of tissue integrity (137). Fibronectins are a
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mixture of several protein types that differ in both their primary structure and post-
translational modifications. The amino acid sequence variations are the consequence
of the alternative processing of a single primary transcript at three sites: extra domain
B (ED-B), extra domain A (ED-A) and type III homologies connecting segment
(ITICS) (137). The ED-A splice variant of fibronectin is singularly essential in the
differentiation of myofibroblasts from fibroblasts (455). The expression of the ED-A
FN splice variant of fibronectin is high in embryonic tissue and thereafter declines and
is hardly present in normal tissue (340). However, as previously discussed in section
1.6.3.4, ED-A FN expression increases dramatically during tissue repair and fibrosis
(200;217), where it is essential for myofibroblast formation (394). Hence, the
expression of ED-A FN by pericytes in dcSSc may play a major role in the
differentiation of perivascular fibroblasts and pericytes into myofibroblasts. This may
represent a critical step in the transition from the vascular to fibrotic phase in SSc¢

pathophysiology.

An interesting observation was the localisation of ED-A FN and myofibroblasts to the
lower reticular dermal layers. A similar distribution of total fibronectin has also been
observed in dcSSc skin (87). The significance of the predominantly reticular
distribution is unclear, however, it may reflect microenvironmental differences
between the papillary and reticular dermis. It has been previously reported that
reticular dermal fibroblasts are more contractile in collagen matrices when compared
to papillary dermal fibroblasts (424). The absence of myofibroblasts from dermal
layers lacking ED-A FN confirms the critical nature of ED-A FN for myofibroblast

formation.

It is perhaps noteworthy that myofibroblasts were not present in atrophic dcSSc skin.
As previously discussed, the atrophic phase of the disease is often accompanied by
improvement in dermal fibrosis and skin tightness (34) and I and others have shown
that vascular activation does not persist into atrophic tissue (63;354). It plausible to
hypothesise that the improvement in MRSS reported in atrophic skin (100) is
associated with the loss of myofibroblasts from lesional skin. In the current study, no
association between the presence of myofibroblasts and disease parameters, including
skin score, disease duration and capillary damage was detected. However, given the
relatively small sample size, the relationship between skin fibrosis and tightening in

dcSSc and myofibroblasts merits further study.
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7.2.2 Myofibroblasts and collagen biosynthesis in dcSSc skin

The expression of LOX was used to identify collagen-synthesising fibroblasts. LOX is
responsible for catalysing lysine-associated crosslinks in collagen and has been
previously shown to be significantly increased in fibrotic tissue and coordinately
expressed by collagen-synthesising cells (99;242). Increased LOX immunostaining
was detected in four of the ten dcSSc samples analysed. While this may appear low it
is in close agreement with a previous study in which 50% of dcSSc samples showed
evidence of elevated collagen biosynthesis (219). Only two samples contained both
myofibroblasts and collagen-synthesising cells, indicating that these two cell
populations may appear in distinct phases of the disease. Double-labelling analysis of
samples that contained both myofibroblasts and LOX immunoreactivity revealed no
spatial colocalisation, suggesting that myofibroblasts are not the principle collagen-
synthesising cell in dcSSc. The relationship between myofibroblasts and excessive
collagen deposition during fibrosis remains unclear. Previous studies using double-
labelling analysis of collagen type | mRNA and a-SMA protein appeared to indicate
that myofibroblasts are major producers of collagen in fibrotic tissue (134;507).
However, more recent studies using transgenic technology have demonstrated that in
certain circumstances collagen-producing cells are not myofibroblasts (183;215).
Moreover, during murine wound healing, myofibroblasts are no longer present in the
granulation tissue after 12 days (200), yet collagen biosynthesis continues well after
this point (415). Interestingly, previous analyses of dcSSc skin also demonstrated that
there was no correlation between the presence of myofibroblasts and al(l)
procollagen mRNA (219). Other studies have identified fibrocytes (75), bone marrow-
derived fibroblasts (183;263) and pericytes (439) as sources of collagen biosynthesis.
Therefore, further studies aimed at identifying collagen-synthesising cells and their

origins are essential.

7.2.3 Myofibroblasts and pericytes converge phenotypically in dcSSc

Double-labelling studies confirmed the expression of Thy-1 by myofibroblasts and
pericytes, providing further support for the differentiation of pericytes into
myofibroblasts. It had previously been suggested that Thy-1 expression was specific
to fibroblasts (371) and more recently, Koumas and colleagues reported that only
fibroblasts expressing Thy-1 have the potential to become myofibroblasts (252).

Moreover, Thy-1-expressing fibroblasts have been shown to synthesise and bind
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higher levels of CTGF (176), which is now considered a key autocrine mediator in the
activation of fibroblasts during fibrosis (406). Interestingly a marked increase in
interstitial Thy-1 immunostaining was detected in dcSSc skin compared to normal
tissue. The reasons for this are unclear as Western blot analysis demonstrated that
cultured dcSSc fibroblasts do not express increased levels of Thy-1 compared to
control fibroblasts. Therefore, the apparent increase in Thy-1 immunostaining may be

V¢ cells from the microvascular wall to the

caused by a migration of Thy-1
interstitium. This is supported by the finding of reduced perivascular staining of Thy-
1 in dcSSc skin in comparison to normal skin and supports the hypothesis that Thy-
1"*¢ pericytes undergo a phenotypic transition to interstitial myofibroblasts in dcSSc.
Thy-1 immunostaining was elevated throughout all layers of the dermis, however,
myofibroblasts were only detected in the reticular dermal layers where ED-A FN was
expressed. Therefore, while Thy-1 may play a role in myofibroblast differentiation, in
areas of the skin lacking ED-A FN, Thy-1""® cells do not appear to acquire a

myofibroblastic phenotype.

7.2.4 Increased proliferation of pericytes in dcSSc skin

The finding of increased pericyte proliferation corroborates similar data from a
recently published study of dcSSc skin, in which increased pericyte proliferation was
observed without a corresponding rise in microvascular density (195). Pericyte
proliferation is normally associated with angiogenesis and increased microvascular
density (161), however, SSc is characterised by a failed angiogenic response and
reduced microvascular density (112). Increased pericyte proliferation without an
increase in capillary density has also been demonstrated in an in vivo model of tumour
formation and was found to be mediated by PDGFRp (153). This data supports the
idea that in dcSSc skin, the proliferation of pericytes, which may be mediated by
increased signalling through elevated levels of PDGFRp, creates a pool of
myofibroblast progenitor cells. These Thy-1""° cells then migrate from the
microvascular wall and differentiate into myofibroblasts through the actions of ED-A

FN and other factors (Figure 7.1).

183



Resident Fibroblast Activated Fibroblast
Thy-1 /o SMA™ Thy-1 "o SMA LOX*

" \ PDGE
Mioovsoulr - s

\& Damage/Insult TGF B
Zg /p,... .,.sm»mt Difrentiated Myo-fibroblast
Thy-1
Pericyte wSMA"' ED-4 FN*=
Thy-1*= PDGF-pR™ o-SMA™
a-SMA™ LOX ™
PDGF-$R*™

Figure 7.1.

Convergence of microvascular pericytes and resident fibroblasts to a
myofibroblast lineage in SSc.

Two pathways potentially contribute to the fibrogenic response in dcSSc. In this
model, microvascular pericytes (Thy-1"/a-SMA ™) become activated as a result of
microvascular damage and produce the ED-A splice variant of fibronectin, a protein
known to induce the myofibroblast phenotype. The microvascular-derived ED-A FN
in concert with the actions of TGF-B may also act upon resident perivascular
fibroblasts (Thy-1""/a-SMA™°) stimulating their differentiation into myofibroblasts.
Proliferation of both pericytes and fibroblasts may help to create a pool of potential
myofibroblasts.
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7.3 The differentiation of pericytes into myofibroblasts in vitro

7.3.1 Pericytes undergo a phenotypic transition to myofibroblasts in vitro

The data presented in chapter 4 suggested that pericytes differentiate into
myofibroblasts in dcSSc skin. To test this hypothesis further, in vitro studies were
carried out. It has not yet been possible to isolate pericytes from mammalian skin,
therefore, pericytes were established from placental tissue following the protocol
established by Ivarrson ef al. (214;439). The placenta is a highly vascularised organ
and highly suitable for the isolation of vascular cells. Isolated pericytes were
identified by their expression of a-SMA and 3G5 as previously described
(214;315;439). In agreement with the findings of Ivarrson ef al., cultured pericytes
were found to acquire a spindle-like fibroblastic appearance after sub-culturing
(214;439). However, these late passage pericytes still maintained high levels of a-
SMA incorporated into stress fibres, suggesting that they were not fibroblasts as
previously reported, but myofibroblasts (214;439). In support of this, early and late
passage pericytes were also found to express ED-A FN and increased levels of
vinculin within fibronexus type adhesion junctions, two key markers of
myofibroblasts (121;455). The fibronexus is a specialised adhesion complex that uses
transmembrane integrins to link intracellular actin with extracellular fibronectin.
Functionally, this provides a bi-directional mechano-transduction system that allows
force that is generated by stress fibres to be transmitted to the surrounding ECM and
' extracellular mechanical signals to be transmitted to the cell (59). In agreement with
previous findings, fibroblasts did not express ED-A FN and did not possess
fibronexus adhesion complexes (120;121;199). However, treatment of fibroblasts with
TGF-B to generate myofibroblasts resulted in the synthesis of a-SMA, ED-A FN and

the presence of fibronexus complexes, confirming earlier findings (121;199).

Previous studies investigating the differentiation of pericytes in vitro had used bovine
retinal pericytes (BRP). The earliest studies described their differentiation into
osteoblasts, capable of synthesising a calcified matrix in vitro and in vivo (115;392).
Subsequent analysis revealed that BRP can also differentiate into chondrocytes,
adipocytes when grown with specific growth media (135). The differentiation of BRP
into myofibroblasts or fibroblasts has not been previously reported. Recently,
pericytes isolated from the central nervous system (CNS) were shown to selectively
differentiate into glial cells in vitro (118), while in vivo, CNS pericytes are known to

migrate from the microvascular wall after injury, possibly as a prelude to
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differentiation (119). Therefore, the ultimate phenotype of pericytes appears to be
largely dependent on their tissue of origin and to a lesser extent the conditions under
which they are cultured. Interestingly, pericytes also express STRO-1, a marker of
bone marrow-derived mesenchymal stem cells (32), which has led to the hypothesis

that the pericytes represent an adult stem-cell niche within the microvasculature (32).

7.3.2 Pericytes are highly contractile cells

Pericytes were investigated for their ability to contract tethered collagen lattices,
which is a well characterised assay for myofibroblast function (455). Both early and
late passage pericytes were found to be highly contractile, generating a force similar
to that of myofibroblasts and significantly greater than that of fibroblasts. Pericyte
contractility has been previously demonstrated in free-floating collagen matrices
(426). However, the reduction in diameter of these lattices is caused by small
tractional forces generated by non-directional migration of cultured cells (125) and
therefore, unrestrained gels are poor models for mechanically regulated processes
such as tissue contraction. In a living organism, almost all tissues are tethered in such
a way that cell contraction will inevitably increase stress in the surrounding matrix.

This feedback mechanical signal is missing in floating collagen lattices (175).

The finding that pericytes are almost as contractile as myofibroblasts is potentially
significant. It has been suggested that pericyte contractility is the basis for controlling
vessel diameter and blood flow in small capillaries (426). However, in an earlier
study using inert silicone matrices as a model for contraction, retinal pericytes were
found to be significantly more contractile than aortic vSMCs (239). The contractile
forces required to regulate capillary diameter are considerably less than that to
contract large vessels, suggesting that pericytes carry out additional functions for

which an enhanced contractile ability is required.
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7.3.3 Pericyte contraction is induced by PDGF

The addition of TGF-B did not promote gel contraction by pericytes. The contractile
properties of TGF-PB with regard to fibroblasts and myofibroblasts are well established
(455), however, the effects of TGF-B on cultured pericytes are less clear. D’ Amore et
al. have shown that TGF-B can induce migration, albeit weakly in cultured retinal
pericytes (93). TGF-B induces the expression of contractile proteins such as a-SMA
in undifferentiated 10T1/2 mesenchymal cells (202) and in brain pericytes that lack a-
SMA (472). However, in pericytes expressing a-SMA, TGF-B induces growth arrest
(409). The repertoire of TGF-p receptors and TGF- isoforms is highly heterogeneous
between pericytes from different tissue beds. Therefore, the effects of TGF-B on
pericytes can be variable (15;295).

In my experiments, the addition of PDGF-BB increased the contractile force exerted
by pericytes, while serum induced contraction by pericytes was partially blocked by
PDGFR inhibition. It has previously been shown that PDGF-BB and TGF-B do not
stimulate the contraction of free-floating matrices by liver pericytes (362), however,
the effect of PDGF-BB on pericytes in tethered gels was previously unknown. PDGF-
BB promotes fibroblast contractility in collagen lattices in a Rho-kinase dependent
mechanism (2). Interestingly, neither PDGF-BB treatment nor PDGFRB blockade
affected the expression of contractile proteins such as a-SMA and ED-A FN in
pericytes, suggesting that PDGF-induced contraction is not dependent on the
increased synthesis of contractile proteins. Rather PDGF-BB is thought to induce
contraction in cells expressing a-SMA by promoting an increase in the intracellular
Ca’* concentration, leading to the subsequent phosphorylation of the myosin light
chain (MLC) catalysed by Ca2+/calmodulin-dependent MLC kinase (MLCK), which
induces contraction (231;372). The finding that PDGF-BB induces pericyte
contraction of tethered collagen gels further supports the hypothesis that PDGF-BB is
central to pericyte function during fibrosis. However, PDGFRp blockade did not
inhibit pericyte to myofibroblast differentiation. Further studies are required to

unravel the molecular mechanisms underlying pericyte differentiation.
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7.4 The effects of PDGFR{ blockade on tissue repair: In vivo and in vitro analysis
7.4.1 PDGFP receptor activation promotes fibroblast and pericyte recruitment
during cutaneous wound healing

In the previous chapters, I have established that pericytes become activated and
express PDGFRP in dcSSc tissue. Additionally, in vivo and in vitro data supports the
hypothesis that pericytes can differentiate into myofibroblasts in fibrotic tissue and
that PDGF-BB may play an important role in the function of these differentiated
myofibroblasts. In the final chapter I focus on the function of PDGFRp signalling

during extracellular matrix deposition in vivo.

Due to the embryonic lethality of PDGFRB knockout mice, our understanding of the
role of PDGFR in tissue repair and fibrosis has predominantly stemmed from in vitro
studies and immunohistochemical analyses (191). Comparatively little is known about
how PDGFR] signalling contributes to fibrosis and scarring in vivo. To address this, I
have employed the selective PDGFRf inhibitor imatinib mesylate and assessed its
affects on cutaneous wound healing in vivo. Besides the PDGFRp, imatinib is also
known to inhibit the c-abl and c-kit tyrosine kinases (52). Therefore, the possibility
that inhibition of these kinases contribute to the impairment of wound healing and
collagen biosynthesis cannot be ruled out. However, while c-abl was recently
identified as a potential mediator of TGF-p activity (94), in the current study, imatinib
was found to have no effect on the TGF-B induced formation of myofibroblasts in
vitro, nor were any previously reported characteristics of impaired TGF-B signalling
during wound healing such as accelerated re-epithelialisation detected (20).
Furthermore, there is no published evidence that c-kit is involved in wound healing or
directly mediates fibroblast and pericyte proliferation and migration, which taken
together support the hypothesis that the effect of imatinib on these cells is attributable
to PDGFRJ blockade.

The data suggest that in vivo, PDGFRp is a key mitogen and motogen for both
fibroblasts and pericytes during tissue repair in vivo. Between 3 and 7 days post-
wounding, cell proliferation was significantly reduced in the granulation tissue of
imatinib-treated wounds. In control tissue after 3 days, proliferating cells were located
predominantly in the wound margins and in the basal epidermis. Reduced cell

proliferation in imatinib-treated wounds was also associated with interstitial
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fibroblasts and microvascular cells. Using an in vitro approach, imatinib treatment
was shown to significantly impair the migration and proliferation of cultured
fibroblasts and pericytes in response to both PDGF-BB and serum. In agreement with
a recently published study, imatinib did not induce apoptosis in vivo or in vitro (376),
suggesting that inhibition of proliferation and migration are the principle mechanisms
by which imatinib impairs wound healing. A further aspect of imatinib treatment was
a significant reduction in wound closure. Wound closure is thought to be initiated by
tractional forces generated by fibroblasts migrating into newly forming granulation
tissue (455). As the wound closes, mechanical tension develops, which combined with
the actions of TGF-B and ED-A FN induces the formation of myofibroblasts, which
then contract the wound (200). As the granulation tissue of imatinib-treated wounds
was generally hypocellular compared to controls, it is plausible that the failure to
initiate wound closure stems from the inhibition of PDGFBR-mediated recruitment of
fibroblasts into the wound. The subsequent reduction in tractional force generation

could conceivably result in reduced wound closure.

7.4.2 PDGFR inhibition results in reduced myofibroblast numbers

The impairment of fibroblast recruitment would also account for the delay in the
appearance of myofibroblasts in imatinib-treated wounds. Imatinib treatment resulted
in a reduction in the number of a-SMA expressing myofibroblasts and reduced
expression of ED-A FN, which is crucial for myofibroblast formation (394). After 3
days, a-SMA immunostaining, denoting the presence of myofibroblasts, was present
in control tissue but absent in treated tissue. By 7 days, the number of myofibroblasts
in treated wounds was still reduced, however, the difference was no longer
statistically significant. During wound healing the differentiation of myofibroblasts
from fibroblasts is stimulated by mechanical tension generated as wound margins are
re-approximated (200;455). Therefore, a reduction in cell migration and recruitment
would result in a smaller pool of cells from which myofibroblasts could be formed
and loss of tractional forces would delay the generation of mechanical tension which
is an essential requirement for myofibroblast formation. Imatinib treatment had no
effect on the TGF-B-mediated differentiation of myofibroblasts in vifro, supporting
the idea that the reduction in myofibroblasts seen in treated animals is a secondary
repercussion of impaired fibroblast migration and proliferation. Interestingly, it has
been proposed that imatinib attenuates the fibrotic response by inhibiting TGF-8
mediated signalling via a novel non-Smad dependent pathway (94;476). While further
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studies are required to confirm this, my data demonstrate that the induction of the

myofibroblast phenotype by TGF-B in vitro is not affected by imatinib treatment.

7.4.3 PDGFR{ signalling promotes collagen biosynthesis during tissue repair in
vivo

Distribution and quantification of collagen type I biosynthesis was analysed using a
collagen transgenic reporter mouse harbouring 17kb of the far upstream collagen
enhancer fused to luciferase and B-galactosidase reporter genes (42). The transgene
has been previously shown to be activated during tissue repair and mirror endogenous
collagen mRNA expression and distribution (347). PDGFRP blockade resulted in a
significant reduction in collagen gene activation and protein expression. Addition of
exogenous PDGF-BB has been shown to increase the synthesis of matrix components
such as fibronectin and collagen during excisional wound healing (344). Moreover,
the forced over-expression of PDGF-B chain in the lung produces a pronounced
fibrotic response and increased collagen biosynthesis (498). However, PDGF-B has
been shown to have no direct stimulatory affect on type I collagen gene transcription
in cultured fibroblasts (82). Therefore, the observed pro-fibrotic effects of PDGF-B
are likely to stem from its capacity to promote fibroblast proliferation and recruitment
rather than a direct activation of ECM gene transcription. Thus, the reduction in
collagen biosynthesis brought about by imatinib treatment is a consequence of

reduced fibroblast and pericyte proliferation and recruitment.

7.4.4 PDGFR] signalling is required for microvascular formation during tissue
repair

The data demonstrate that during tissue repair endogenous PDGFRp plays a key role
in mediating fibroblast and pericyte proliferation in vivo. A prominent characteristic
of imatinib-treated granulation tissue in my experiments was the appearance of
abnormally distended microvessels. These so-called micro-aneurysms have been well
documented in the tissue of PDGFRP and PDGF-B chain knockout embryos.
Subsequent studies demonstrated that during development, endothelial-derived
PDGF-B acts as a potent chemotactic and mitogenic agent for PDGFRp expressing
pericytes as they migrate along nascent capillaries (194). Therefore, disruption to the
PDGFR] signalling pathway leads to a failure to recruit pericytes during new vessel

development and results in micro-aneurysm formation. Using an in vitro approach,
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imatinib treatment was shown to impair the migration and proliferation of cultured
pericytes in response to both PDGF-BB and serum. These findings are in agreement
with studies showing impaired microvascular formation in response to PDGFRp
inhibition in the vasculature of tumours (29;399). It was recently demonstrated that
during tumour formation, the differentiation of pericytes from bone marrow-derived
progenitor cells is PDGFRB-dependent (420). While this mechanism of pericyte
recruitment has yet to be demonstrated in wound healing, it is clear that PDGFRp
signalling is central to the expansion and recruitment of resident pericytes in the adult.
PDGFRp was found to have no effect on fibroblast and pericytes apoptosis in vivo

and in vitro in agreement with previous findings (376).

7.5 OVERALL CONCLUSIONS

These studies have demonstrated that pericytes become activated and express
PDGFR@ in SSc tissue. /n vivo and in vitro evidence suggesting that pericytes are
precursor cells for myofibroblasts in fibrotic tissue is proposed. Finally, in vivo
analyses suggest that PDGFRB is a critical factor in mediating fibroblast and pericyte
recruitment in tissue repair and scarring. These findings suggest that PDGFRf
signalling plays a key role in the pathogenesis of SSc by driving pericyte activation
identifying the PDGFR as a therapeutic target.

7.6 FUTURE STUDIES

A multi-centre phase I clinical trial of imatinib in SSc is currently ongoing and the
initial results are keenly awaited. PDGFRp blockade has also been successful in
treating experimental PAH (387). Further studies should be carried out in SSc,
exploring the capacity of PDGFR[ blockade to act as a dual therapeutic agent,
simultaneously targeting fibrosis and PAH.

It has become apparent that the view of the fibroblast as the principal ‘fibrotic’ cell is
out-dated. The discovery of fibrocytes and bone marrow-derived fibroblasts has added
extra dimensions of complexity and discovering how these cells are recruited, become
activated and interact in fibrotic tissue will be essential in our understanding of

fibrotic conditions such as SSc.
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Gene array studies of pericytes are beginning to yield information on the molecular
cues that drive pericyte differentiation. Further studies incorporating in vivo analyses
of gene expression using laser dissection techniques will clarify our understanding of

the mechanisms that regulate pericyte differentiation.

Due to the lethality of the PDGFRp knockout mice, there is still much to appreciate
about the in vivo roles of PDGFRp signalling. The generation of a conditional
‘floxed’ PDGFRp knockout mouse (159) will go some way to address this shortfall in

our knowledge and will potentially clarify the role of PDGFRJ signalling in many
adult pathologies.
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