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Abstract

Scleroderma (systemic sclerosis; SSc) is a connective tissue disease of unknown aetiology and 

uncertain pathogenesis. Pathologically it is characterised by immune cell activation, vascular 

damage and fibroblast dysfunction leading to excessive deposition of extracellular matrix in 

lesional tissues. Considerable indirect evidence suggests that there is functional interplay 

between the different cell types implicated in scleroderma pathogenesis. Work described in 

this thesis explores paracrine interactions between endothelial cells and fibroblasts in tissue 

culture, and investigates altered endothelial cell-fibroblast interactions in scleroderma, 

addressing the hypothesis that cytokine mediated cross-talk between endothelial cells and 

fibroblasts may initiate or maintain phenotypic abnormalities observed in both cell types in this 

disease.

To study modulation of fibroblast properties by endothelial cells a co-culture system was 

developed in which human umbilical vein endothelial cells were grown in proximity to, but 

separately from, dermal fibroblasts. Modulation of fibroblast confluent cell density, thymidine 

incorporation and collagen biosynthesis was demonstrated. In general scleroderma fibroblasts 

showed greater responsiveness to endothelial cell-derived factors than matched control 

fibroblast strains. Having demonstrated modulation of fibroblast properties in co-culture, a 

series of conditioned-medium transfer experiments were performed confirming similar 

patterns of endothelial cell-induced modulation. Using neutralising antibodies, or 

pharmacological antagonists, three candidate endothelial cell-derived mediators were 

investigated; basic fibroblast growth factor (bFGF), interleukin-1 and endothelin-1. These 

mediators appear to act independently in modulating DNA or protein synthesis, ICAM-1 

expression and 3-dimensional collagen gel retraction by dermal fibroblasts. Later experiments 

examined the effect of fibroblast products on endothelial cell properties using similar 

methodologies. Fibroblast-derived soluble factors upregulated endothelial cell surface 

adhesion molecule expression, and scleroderma fibroblasts promoted leucocyte migration 

across endothelial cell monolayers, including peripheral blood mononuclear cells obtained 

from scleroderma patients.



Taken together, these results suggest an altered pattern of endothelial cell-fibroblast 

interactions in scleroderma and, for the first time, provide direct laboratory evidence for a link 

between endothelial cell and fibroblast dysfunction in this disease.
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CHAPTER 1: INTRODUCTION

1.1 Preface

Scleroderma is the generic term applied to a group of human diseases which are characterised 

by the development of thickened sclerotic skin. The term scleroderma is often used as a 

synonym for systemic sclerosis (SSc) but it is probably more appropriate to consider a 

scleroderma-spectrum of disorders which includes a number of diseases with similar clinical 

and pathological features. These similarities lend support to the view that there are likely to 

be common aetiological factors and pathogenic processes operating in this group of 

conditions despite their clinical diversity. The range of disorders encompassed by the 

scleroderma-spectrum, shown in Table 1.1, includes the various subsets of systemic sclerosis, 

in which internal organ pathology and systemic vascular abnormahties occur, as well as those 

forms of scleroderma confined to the skin, such as localised scleroderma and linear or 

generalised morphoea. Another important group of patients are those with overlap 

connective tissue diseases who show features not only of one of the variants of scleroderma 

but also of one or more other autoimmune rheumatic disorders such as rheumatoid arthritis, 

systemic lupus erythematosus or dermatomyositis. These overlap syndromes are important 

clinically, because of the implications for their management compared to the "pure" disorders, 

but also serve to illustrate that the scleroderma spectrum probably has close links with these 

other conditions (LeRoy et a l 1988).

Scleroderma aetiology and pathogenesis are currently poorly understood. Lesional pathology 

appears to involve at least three components. In established cases the predominant lesion is 

fibrotic, with excessive deposition of extracellular connective tissue matrix, but vascular and 

immunological dysfunction are also evident and may be involved in initiating tissue fibrosis 

(Black, 1995a). The work described in this thesis focuses on the potential functional 

interactions between two cell types which are likely to be central to scleroderma pathogenesis, 

the endothelial cell and the fibroblast. Most of these studies were performed using fibroblasts 

from patients with systemic sclerosis but the findings may well also apply to the localised 

scleroderma disorders. Similarly, although focusing on skin fibroblasts, the results obtained 

are also likely to reflect visceral events in systemic sclerosis.
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16
Tablel.l Classification of the scleroderma spectrum of disorders 

CONDITION CLINICAL FEATURES

Localised forms

Localised morphoea

Generalised morphoea 

Linear scleroderma

En coup de sabre 

Systemic forms

Limited cutaneous systemic sclerosis 

Diffuse cutaneous systemic sclerosis 

Environmentally induced scleroderma 

Overlap syndromes

Systemic sclerosis sine scleroderma

One or more circumscribed patches of sclerotic skin. Indurated inflammatory 
margin indicative of on going circumferential enlargement.

Multiple areas of indurated sclerotic skin, often on trunk and limbs with similar 
clinical and histological features as above, but more extensive

One or more elongated sclerotic areas of skin typically asymmetric and orientated 
along the affected limb. Commonest form of childhood onset scleroderma and 
associated with growth impairment of the involved extremity.

Linear sclerotic lesion, usually childhood onset, involves skin and underlying 
tissues. Often lesions involve the scalp or face.

Skin sclerosis restricted to extremities, face and neck. Prominent vascular 
features.

Extensive skin sclerosis and greater risk of significant renal, lung and cardiac 
complications than in the limited cutaneous subset.

Generally diffuse distribution of skin sclerosis and relevant history of exposure to a 
environmental agent known to precipitate scleroderma.

Features of systemic sclerosis coexist with those of another autoimmune rheumatic 
disease such as systemic lupus erythematosus, rheumatoid arthritis, 
dermatomyositis, vasculitis or Sjogren's syndrome

Typical visceral features of systemic sclerosis (especially gut and lung fibrosis) and 
Raynaud's phenomenon. Skin sclerosis absent.

[adapted from Black and Denton in Oxford Textbook of Rheumatology 1997]



This chapter will outline the background to the project, describing some of the properties and 

functions of endothelial cells and fibroblasts in vivo and in vitro, and consider current 

concepts regarding aetiology and pathogenesis of systemic sclerosis. Evidence supporting a 

role for endothelial cell-fibroblast interaction in the development of scleroderma will be 

reviewed. The clinical features, diagnosis and classification of the conditions within the 

scleroderma-spectrum conditions will also be reviewed since accurate diagnosis and staging of 

these disorders is a prerequisite to reliable laboratory investigation, to ensure that equivalent 

samples and patient groups are compared, and because the clinical features of these disorders 

may provide important clues to the underlying disease mechanisms.

1.2 Endothelial cell function in health and disease

The vascular endothelium forms a continuous monolayer lining the vasculature, in continuity 

with the endocardium of the heart (Miller and Burnett, 1990). It is of considerable 

importance with respect to homoeostasis and this is reflected by the constitutive products and 

resting phenotype of endothelial cells. These cells produce factors which regulate normal 

vascular resistance (e.g. nitric oxide and endothelin), modulate coagulation and platelet 

adhesion (e.g. prostacyclin), influence normal leucocyte trafficking between the intravascular 

and extravascular compartments (e.g. intercellular adhesion molecule-1, ICAM-1) and 

regulate the exchange of many substances between the blood and interstitial fluid by virtue of 

the junctions between adjacent endothelial cells, and the specialised transport pathways which 

the cells exhibit (Kaiser and Sparks, 1987; Meyrick et a l 1987). In addition to these 

important functions the endothelium is believed to have a central pathophysiological role in 

many responses such as inflammation, thrombosis and wound healing (Kaul et a l 1991). The 

phenotype of endothelial cells changes in response to a range of stimuli, particularly with 

respect to their soluble products released and the molecules expressed on the cell surface. 

Some of these changes are reflected by the release of endothelial products into the soluble 

phase, and these may form useful surrogate markers of endothelial cell perturbation (Pearson,

1993). The patterns of response appear to depend on the nature of the initiating stimulus. 

Endothelial cells at different sites within the vascular bed appear to exhibit different properties 

and this may reflect the different functions and responses occurring at these sites (Swerlick et 

al 1992a). Some of the soluble products of endothelial cells are listed in Table 1.2.
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Table 1.2 Soluble products of endothelial cells

Growth Factors and Cytokines
Platelet-derived growth factor 
Transforming growth factor-P*
Connective tissue growth factor 
Insulin like growth factor (s)
Basic fibroblast growth factor 
Interleukin-la and p*
Interleukin-6
Colony stimulating factor(s)
Platelet activating factor

Extracellular matrix proteins, adhesion molecules and matricellular proteins
Collagens: types III, IV and V
Sulphated proteoglycans
Fibronectin
Thrombospondin
E-selectin
P-selectin
Intercellular adhesion molecule-1 (ICAM-1) 
vascular cell adhesion molecule-1 (VCAM-1)

Coagulation pathway factors and cofactors
von Willebrand factor 
Antithrombin III 
Thrombomodulin 
Protein S

Vasoactive mediators
Nitric oxide (endothelial dependent relaxation factor) 
Endothelin (endothelial dependent vasoconstriction factor) 
Prostanoids (prostacyclin (PGI2 ) and prostaglandin species)

*precursor molecule produced by endothelial cells may require activation by 
other cell types to generate the active cytokine.

[adapted from Black and Denton in Oxford Textbook of Rheumatology 1997]
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1.2.1 In vitro culture of endothelial cells

Endothelial cells have proven more difficult to sustain in tissue culture than many other cell 

types. This is particularly the case for human endothelial cells, and the difficulties in 

maintaining these cells in vitro hampered early study of the vascular endothelium, and 

propagated the notion that the endothelium had little active role in vivo other than as a barrier 

separating the intravascular and extravascular compartments. It proved easier to culture 

animal endothelial cells and the properties of such cells implied more complex functions than 

had originally been proposed. However, the demonstration (Jaffe et al. 1973) that human 

umbilical vein endothelial cells could be isolated and maintained in vitro with a differentiated 

endothelial phenotype allowed detailed characterisation of human endothelial cells, and led to 

the development of many important areas of research. These cells are foetal in origin and can 

readily be obtained by collagenase digestion of fresh umbilical cord veins. They grow readily 

in serum and growth factor supplemented culture media to form monolayers with a 

characteristic cobblestone morphology. Studies of these cells have demonstrated the diverse 

range of endothelial cell products expressed on the cell surface or released from endothelial 

cells in response to a variety of stimuli. These responses are central to the role of 

endothelium in homeostasis in health, and to the pathological processes of acute or chronic 

inflammation, blood coagulation, thrombosis and wound healing. Improvements in tissue 

culture techniques and the availability of improved culture media and better methods for 

sorting mixed cell populations has permitted the culture of other human endothelial cell types, 

including those derived from large blood vessels and from the microvasculature of several 

different human tissues, as discussed further below.

Although human umbilical vein and dermal microvascular endothelial cells may be readily 

isolated and propagated in tissue culture there are still considerable difficulties in using these 

cells for some experiments based on the limited numbers of cells obtained, the variation in 

properties of cells obtained from different individuals, and the relatively short period over 

which these cells retain their differentiated phenotype in culture. The generation of a number 

of different human endothelial cell lines has helped to overcome some of these difficulties. 

These have been developed by culturing spontaneously immortal cells (such as the cell line 

ECV304 (Takahashi et al. 1990)) or through the introduction of a number of different viral 

oncogenes. Cell lines have been derived from human umbilical vein endothelial cells (Pickling 

et al. 1992; Lassalle et al. 1992; Vicart et al. 1993) and more recently from human dermal
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microvascular endothelial cells (Ades et a l 1992). A fiirther approach to generate stable cell 

lines with a differentiated endothelial cell phenotype has been the fusion of endothelial cells 

with stable epithelial cell lines such as A549 (Thornhill et a l 1993). These cell lines have 

some advantages in that they can be used as a stable source of endothelial cells for 

experimental studies. Also, they can generally be grown more readily in less elaborate culture 

media which may be useful. However, practical and theoretical disadvantages must be 

considered, including the fact that these cells are clearly different in important ways from 

native endothelial cells, and may be a particularly poor model of resting endothelium since 

many of the cell lines show altered constitutive expression of a number of endothelial cell 

markers. Also several of these lines have been shown to dedifferentiate on long term culture 

and properties may vary according to specific culture conditions (Vicart et a l 1993; Xu et a l 

1994).

There is a considerable body of evidence that endothelial cells in vivo show a polar 

phenotype, expressing different proteins on the luminal surface compared with their lateral 

borders and basal surface (Sepp et a l 1995). In this respect there are many parallels with 

epithelial cells and this polarity may be important to endothelial cell properties in vivo 

(Wagner et a l 1992). There have been attempts to establish and investigate the functional 

and structural polarity of endothelial cells by culturing them on semi-permeable membranes. 

Whether such cells are more representative of their in vivo properties is not yet known, but 

these systems do at least allow differences between apical and basal endothelial cell surfaces 

to be investigated (Shasby and Roberts, 1987).

Another factor which may confound studies of cultured endothelial cells is the absence of the 

surface shear stress which is induced by luminal blood flow in vivo. Shear-responsive gene 

promoter elements have been identified in endothelial cells (Resnick and Gimbrone, 1995) and 

again some attempts have been made to study these phenomena using flow-chambers in vitro 

or by performing experiments under conditions of flow in vivo.

1.2.2 Endothelial cell heterogeneity in vivo and in vitro

As has been mentioned above, there appear to be phenotypic differences amongst endothelial 

cells derived from different vascular beds. Some of the evidence for this comes from in vivo 

analysis of endothelial cell properties and some from in vitro studies. Histological differences
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were noticed by early investigators, the most notable differences being in the high vascular 

endothelial cells of the post-capillary venules (Kraal et al. 1987). These cells are believed to 

be important in lymphocyte emigration from the vasculature. Recent electron microscopic 

studies and immunohistochemical investigation has found other differences such as the 

presence of increased numbers of tight intercellular junctions in the brain capillary 

endothelium, a structural correlate of the blood-brain barrier (Betz and Goldstein, 1986), and 

the expression of E-selectin on high endothelial venules in the lymph nodes (Kraal et a l 

1987).

Of particular relevance to this thesis are the potential differences between adult dermal 

microvascular endothelial cells and cells derived from macrovascular endothelium. It is 

possible that umbilical vein endothelial cell phenotype may differ in important ways from that 

in other sites (Risau, 1995). This has led to comparative studies with a number of other 

human endothelial cell types, including examination of cells derived from large vessels and the 

endocardium (Mebazaa et a l 1995). These cultures are useful in vitro models for studying 

macrovascular endothelium, but many disease processes in which endothelial cell changes are 

implicated in pathogenesis, such as inflammatory disorders including scleroderma, may be 

initiated within the microvascular bed. There are now well established techniques for 

cultivating microvascular endothelial cells. Sources for such cells include the synovium 

(Abbot et a l 1992), mammary tissue (Hewett et a l 1993) and the dermis (Normand and 

Karasek, 1995), including recently cells derived from lesional scleroderma skin biopsies 

(Kraling et a l 1994). Studies of these cells have identified some differences between different 

vascular beds and comparing macrovascular and microvascular endothelial cells (Xu et a l

1994). The properties of human umbilical vein and dermal microvascular endothelial cells, the 

two best characterised human endothelial cell types are compared in Table 1.3.

1.2.3 Endothelial changes in inflammation

Inflammation represents an initial, and relatively non-specific, tissue response to injury 

(Kupper and Groves, 1995). It can be classified broadly into acute inflammation which 

occurs after a transient noxious stimulus, and chronic inflammation which develops in 

circumstances where there is continuing tissue injury and repair. In practice, these two 

patterns of inflammation represent extreme examples of a process which exists in intermediate
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Table 1.3 Comparative properties of macrovascular and microvascular human endothelial cells in tissue culture

PROPERTY MACROVASCULAR MICROVASCULAR

Source for tissue culture human umbilical vein foreskin; placenta;

morphology subconfluent epithelioid

mammary tissue

spindle-shape, form microtubules

confluent monolayer cobblestone cobblestone

surface markers constitutively expressed 

ICAM-1 yes yes
CD31 yes yes
CD34 yes yes
CD36 no yes
von Willebrand factor yes yes

cytokine inducible/up-regulated 

E-selectin yes yes
P-selectin yes yes
VCAM-1 yes (TNFa and IL-1 a) yes (TNFa, not IL-1 a)

Uptake of acetylated low density lipoprotein yes yes

Compiled from: Ades et al 1992, Swerlick et al 1993, Mebazaa et al 1995



forms. Although leucocytes are often considered to be the most important cell types in the 

development of an inflammatory response there is good evidence that tissue blood vessels are 

also crucial (Swerlick and Lawley, 1993). In general endothelial responses to inflammatory 

stimuli occur early and, through recruitment of leucocytes, can amplify the process. Altered 

expression of endothelial cell surface adhesion molecules is central to the leucocyte 

recruitment, and extravasation, at sites of inflammation. Some of the mechanisms by which 

endothelial cells are involved in inflammatory processes are summarised in Table 1.4.

1.2.4 Endothelial cells and coagulation

Another important role for endothelial cells relates to the processes of coagulation and 

thrombosis (Pearson, 1994). These are vital fiinctions which are vital to haemostasis after 

tissue injury, but are also implicated in many pathological processes such as thrombosis and 

atherosclerosis (Meade, 1994). Endothelial cells form a continuous barrier between the blood 

containing soluble clotting factors and platelets, and the basement membrane and intima 

which promote both platelet adhesion and activation of the extrinsic clotting cascade. 

However, in addition to its physical role in preventing thrombosis, the endothelium also 

releases factors such as prostacyclin (Gryglewski and Moncada, 1987) which inhibit platelet 

aggregation and activation. Endothelial cells can also inhibit haemostasis by the action of 

thrombomodulin (Dittman and Majerus, 1990), which reduces the activity of thrombin, or 

stimulate coagulation pathways by releasing von Willebrand factor (Reinders et a l 1988) and 

tissue factor (Prydz and Pettersen, 1988; Brozna, 1990). The balance between these 

opposing effects is central to vascular homeostasis and these processes are tightly regulated in 

vivo. There is evidence for disturbance of these mechanisms in a number of disease states, 

including an alteration in thrombotic tendency in scleroderma (Falanga et a l 1991; Marasini 

et a l 1991). However the extent to which these alterations in haemostasis are primary events 

is unclear, some of them are probably a secondary consequence of endothelial cell 

dysfunction.

1.2.5 Role of endothelial cells in regulation of vascular tone

The maintenance of vascular tone is essential in order to balance efficient and adequate tissue 

perfusion with the potentially injurious effects of inappropriate systemic or pulmonary blood 

pressure. A range of factors is produced by the endothelium which can modulate vascular 

smooth muscle tone. Some of these appear to exert a predominantly vasoconstrictor effect.
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Table 1.4 The role of endothelial cells in inflammatory pathologies 

Process Mechanism References

Endothelial cell-dependent regulation 
of vessel tone

Secretion of pro-inflammatory cytokines

Release of mitogenic factors

Recruitment of leucocytes 
rolling

Tethering 

transmigration 

chemokines 

Regulation of extracellular matrix turnover

Release of endothelin-1 (ET-1) (vasoconstrictor) 
Release of nitric oxide (vasodilatation)

Synthesis and secretion/release of IL-l(a+p)
IL-1 induced release of IL-6

bFGF, CTGF, ET-1 mitogenic for smooth 
muscle cells and fibroblasts

Expression of selectins in response 
to EPS, IL-1 or TNFa (E-selectin) and 
thrombin or histamine (P-selectin).
Modulation of integrinexpression and ICAM-1,2 
expression by pro-inflammatory cytokines 
Expression and modulation of CD31 and other 
adhesion molecules 
IL-8 secretion

Release of precursor forms of TGF-P (increase extra 
cellular matrix deposition by fibroblasts). Release of activated 
MMP-2 and other metalloproteinases and inhibitors (TEMPs)

Levin, 1995

Miossec et al, 1986 
Dejana et al, 1989

Swerlick et al, 1993; 
Guarda et al, 1993 
Eguchi et al, 1992

Springer, 1990

Antonelli-Orlidge et al, 1989 
Cornélius et al, 1995



whereas others are vasodilators. For many years endothelium-dependent vasodilatation had 

been observed both in vivo and in vitro, and it was suggested that this was mediated via a 

diffusible soluble factor. The identification of nitric oxide as this mediator was a major 

advance (Palmer et a l  1988). Other studies have demonstrated that the peptide endothelin 

(ET-1) is a potent vasoconstrictor released by endothelial cells (Levin, 1995) and the balance 

between the pressor and vasodilatory products in vivo is clearly important in regulating 

vascular tone, blood pressure, and tissue perfusion (Vane et a l 1990). Endothelial cell- 

induced modulation of coagulation, inflammation and vascular tone all share the common 

feature that these processes may be both inhibited or augmented by endothelial cell products. 

This repertoire of responses makes the endothelial cell well placed functionally, as well as 

anatomically, to regulate these processes and also emphasises that the balance between 

opposing endothelial cell-induced effects is likely to be an important mechanism for vascular 

homeostatis in vivo.

Regulation of vascular tone is especially relevant to scleroderma because of the vasospasm 

which is an almost universal clinical feature of scleroderma-spectrum disorders. It has also 

been suggested that endothelial changes may be important in influencing whether there is 

clinical progression from isolated Raynaud's phenomenon (episodic peripheral vasospasm 

induced by cold or emotion) to a defined connective tissue disease, and certainly 

microcirculatory abnormalities appear to occur during the progression from primary to 

secondary Raynaud’s phenomenon (Masek and Sweetenham, 1994; Kabasakal et a l 1996). 

It is also possible that endothelial cell function is involved in determining the nature of the 

connective tissue disease which such patients develop (i.e. undifferentiated, scleroderma, 

systemic lupus erythematosus or dermatomyositis), or at least that different endothelial cell 

events occur in these different conditions (Kallenberg, 1990).

1.2.6 Endothelial cell dysfunction in scleroderma

Vascular abnormalities form one of the three central features to the pathology of systemic 

sclerosis along with immunological activation and extracellular matrix deposition (Black, 

1995 a). Endothelial cell perturbation is a consequence of the vascular injury occurring in 

scleroderma and other endothelial cell changes may influence disease manifestations through 

their effects on inflammation, vascular tone and haemostasis via the mechanisms outlined 

above.
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There is considerable evidence for endothelial cell dysfunction in scleroderma (Pearson, 1991; 

Blann et a l 1993; Herrick et a l 1996). Markers of endothelial cell damage and activation are 

present at altered levels in the blood of patients with scleroderma spectrum disorders, 

including von Willebrand factor (Marasini et a l 1991), thrombomodulin (Soma et a l 1993), 

endothelin-1 (ET-1, Kahaleh, 1991b; Vancheeswaran et a l 1994b; Morelli et a l 1995b) and 

the soluble forms of endothelial cell surface adhesion molecules ICAM-1, VCAM-1 and E- 

selectin (Sfikakis et a l  1993; Blann et a l 1995; Denton et a l 1995). Although initially 

thought to be derived mainly from endothelial cells, soluble levels of these markers are now 

recognised as also reflecting activation of other cell types, depending on the potential sources 

of these markers (Gearing and Newman, 1993). Thus, VCAM-1 is expressed on lymphoid 

cells, especially antigen presenting dendritic cells (Clark et a l 1992) and on epithelial cells 

including renal tubular epithelium (Seron et a l 1991). ICAM-1 is expressed and released by a 

wide range of cells including fibroblasts. Indeed ICAM-1 expression and shedding is 

increased by scleroderma fibroblasts in vitro (Shi-Wen et a l 1994). Endothelin-1 has been 

shown to be released by scleroderma fibroblasts in vitro (Kawaguchi et a l 1994), although 

levels secreted are very low and it is likely that endothelial cell derived ET-1 accounts for the 

majority of that in circulation. Not all markers of endothelial cell function are increased in 

scleroderma, several authors report reduced levels of angiotensin converting enzyme (ACE, 

Matucci-Cerinic et a l 1990) and possibly also thrombomodulin (Cacoub et a l 1996). The 

ACE results might be confounded by the fact that functional assays may be disturbed by the 

ACE inhibiting drugs which are in common clinical use in systemic sclerosis (Medsger, 1991). 

Some studies have suggested that levels of these markers of endothelial cell damage or 

activation are a reflection of clinical status, perhaps correlating with either disease activity or 

severity. Thus E-selectin and VCAM-1 levels have been correlated in individual patients with 

changes in the severity of lung, renal and skin disease and it has also been suggested that that 

E-selectin levels may be elevated prior to the development of renal scleroderma crisis (Denton 

et a l 1995). Some investigators have suggested that ET-1 levels may to reflect both the 

extent of skin sclerosis an the presence of vascular disease in scleroderma, although other 

series have not found such associations (Vancheeswaran et a l 1994b).

Another indirect indicator that endothelial cell damage occurs in scleroderma is the high 

prevalence of anti-endothelial cell autoantibodies in this disease (Rosenbaum et a l 1988). 

This is a common feature of a number of connective tissue disorders, particularly those with a
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prominent vascular component such an systemic lupus erythematosus and vasculitis. The 

significance of these antibodies remains uncertain, and the antigens to which they bind are 

heterogeneous both within and between sera. Functional effects in vitro have now been 

demonstrated for these antibodies present in systemic sclerosis sera and also in samples from 

patients with Wegener’s granulomatosis (Del Papa et a l 1996). These effects include 

upregulation of adhesion molecule expression, increased leucocyte adherence and induction of 

cytokine release by endothelial cells (Carvalho et a l 1996). Preliminary studies suggest that 

AECA activity varies longitudinally in individual cases with scleroderma, and that these 

autoantibodies may be undetectable at some stages of disease (Denton et a l 1996a). Thus 

cross-sectional studies of their prevalence may be misleading and, as with other potential 

markers, detailed longitudinal studies in well characterised groups of patients may be 

necessary to elucidate fully their pathogenic significance and potential usefulness in clinical 

practice.

Further support for early endothelial cell changes in scleroderma is provided by the studies of 

early lesional tissue from biopsy specimens. In both the skin (Prescott et a l 1992) and 

internal organs (Kovalchik et a l 1978) there is histological evidence of endothelial injury as 

an early event, and damage has also been shown at an ultrastructural level in early lesional 

tissue from the skin, kidney, lung and gut in systemic sclerosis (Harrison et a l 1991; Kaye et 

a l 1994). In the skin, and other tissues studied so far, endothelial cell surface adhesion 

molecules are expressed in biopsies from clinically uninvolved tissue, adding further weight to 

the view that endothelial activation is central to the initial pathogenic events (Claman et a l 

1991; Freemont et a l 1992). The early demonstration of microvascular injury and endothelial 

cell damage in scleroderma led to the proposition of a vascular hypothesis to explain disease, 

suggesting that vascular, and particularly endothelial cell events, may underlie the 

development of these disorders (Kahaleh, 1992).

1.3 Fibroblast properties in health and disease

Although it is perhaps rather neglected by biologists in comparison with more differentiated 

tissues and organs, connective tissue matrix subserves a vital function within eukaryotic 

organisms. It provides mechanical support, has an important protective role, and acts as a 

reservoir for cells involved in responses to injury and wound healing (Falanga et a l 1996). 

Some of these properties are discussed in more detail below. Fibroblasts are the predominant
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cell type in undifferentiated interstitial connective tissue. They are also present in most 

specialised connective tissues, with the exception of the parenchyma of the nervous system 

and the blood. Derived from mesoderm in embryogenesis they differentiate into cells which 

synthesize extracellular connective tissue matrix (Botstein et a l 1982). Differentiated 

fibroblasts are first seen at day 15 in mouse embryogenesis (de Crombrugghe et a l 1991). 

They often associate with other terminally difterentiated cell types and there is some evidence 

for phenotypic fluidity between fibroblasts and more specialised cell types such as pericytes 

and myofibroblasts (Grinnell, 1994; Sappino et a l 1996). It has been suggested that immature 

fibroblasts may be progenitor cells for other more differentiated mesenchymal cell types and 

that external factors such as cytokines may be important in activating the various genetic 

programmes within these cells which control differentiation (Choi et a l 1992). Within 

connective tissue fibroblasts assume a stellate morphology and remain surrounded by the 

extracellular matrix which they deposit. Matrix deposition is a dynamic affair and fibroblasts 

are central to both its elaboration and degradation (Weber et a l 1995). There is evidence for 

considerable phenotypic heterogeneity between different fibroblasts and this is discussed in 

detail below.

1.3.1 Fibroblast products - the extracellular matrix

One of the main functions of fibroblasts is the elaboration of extracellular connective tissue. 

This is a hydrated matrix consisting of a large number of structurally and biochemically 

diverse molecules. These can be classified into fibrillar structural proteins such as collagens 

and elastin; proteoglycan species such as heparan, chondroitin and dermatan sulphates 

(Hardingham and Fosang, 1992); and other specialised proteins including tenascin, decorin, 

thrombospondin and fibronectin (Bomstein and Sage, 1994). The range of extracellular 

matrix components synthesised by fibroblasts is summarised in Table 1.5. Collagen type I is 

the major protein product of mature fibroblasts, and this is also the main constituent of 

pathological fibrotic tissue such as that seen in scleroderma. There are many different types 

of collagen, distinguished by their primary, secondary and tertiary structures although there 

are common features between different members of the collagen family (Vuorio and de 

Crombrugghe, 1990). The main collagens in undifferentiated connective tissue are types I, III 

and VT. In contrast type IV is the major species in basement membranes (Yurchenco and 

Schittny, 1990) and collagen type II is the main form in osteoarticular tissues such as cartilage
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Table 1.5 Extracellular matrix components synthesised by dermal fibroblasts 

Component examples properties

Collagens

Proteoglycans

Matricellular proteins

Metalloproteinases

Metalloproteinase
inhibitors

types I, 
III,
VI,
VII.

dermatan sulphate 
heparan sulphate 
chondroitin sulphate 
keratan sulphate

thrombospondin
Fibronectin

MMP-1
MMP-2

TIMP-1
TIMP-2

secreted matrix proteins containing unique triple helix with gly-X-Y repeating 
motif and high frequency of proline and hydroxyproline.
Important biomechanical properties based on the fibrillar structure with stabilising 
cross-links. Type I collagen is the major collagen product of dermal fibroblasts with 
lesser amounts of type III. Other collagens are minor products.

These are members of the glycoaminoglycan family of molecules and are major 
components of the extracellular matrix. They also interact with cytokines such as 
bFGF or chemokines such as IL-8. Such interactions may facilitate binding of 
mediators to specific receptors, or stabilise them from proteolytic degradation.

Important molecules which interact between the cell surface and extracellular matrix. 
Diverse functions regulating cell shape, cytokine responsiveness and matrix synthesis 
component and secretion.

These enzymes are important for breakdown of extracellular matrix components for 
tissue remodeling.

Inhibitors of metalloproteinases show a broad activity against a range of MMPs 
and are often co-ordinately regulated with matrix encoding genes.

Derived from the following references; Hardingham and Fosang 1992, Matrisian 1992, Vuorio and de Crombrugghe 1990, Noel et al 1992



and bone (Sykes and Smith, 1985). Other types such as IX and X have more specialised and 

less well defined clear distributions and function. Some clues to the biological importance of 

the collagens in structure and development have been provided by studies of single gene 

defects. Thus defects of type I collagen genes underlie the different forms of osteogenesis 

imperfecta, collagen type III mutations lead to Ehlers-Danlos syndrome and type II collagen 

defects to various skeletal dysplasias (Cheah, 1985). Considerable progress in understanding 

the control of expression of collagen genes has been made over the last few years, and the 

results of these studies suggest a complex pattern of regulated expression determined in part 

by transcriptional activation of the various collagen genes by a combination of ubiquitous 

(e.g. NF-1, Sp-1, CBF) and cell-enriched (e.g. c-Krox (Galera et a l 1994)), or even cell- 

specific, transcription factors operating through different cz5-acting elements in different 

tissues (de Crombrugghe et a l 1991; Karsenty and Park, 1995). It is likely that similar 

factors to those regulating collagen gene expression are also involved in the control of the 

synthesis of other extracellular matrix components.

1.3.2 Other molecules released by fibroblasts

In addition to the structural proteins elaborated and released by fibroblasts these cells also 

produce a range of other molecules. One important group is the metalloproteinase family of 

enzymes (Birkedal-Hansen et a l 1993) and their regulatory inhibitors (TIMPs, Pardo et a l 

1997) which are involved in the degradation of extracellular matrix proteins (see section 

1.3.5). Another important group of fibroblast products includes a variety of cytokines and 

growth factors. These paracrine mediators are generally produced in response to activation, 

and may be important in allowing fibroblasts to regulate their own properties, and those of 

other cell types, through autocrine or paracrine pathways (Schroder, 1995). In common with 

other cell types, fibroblasts express a number of cell surface adhesion molecules such as 

ICAM-1 (Tessier et a l 1993). These can be shed from the surface after expression and the 

soluble forms of these molecules, which retain their ability to bind specific counter-receptors, 

may be important in modulating the interaction between fibroblasts and other cell types 

(Gorski, 1994).

1.3.3 Fibroblast heterogeneity

There is considerable heterogeneity between fibroblasts both within the same tissue and in 

different organs (Jelaska et a l 1996). Thus studies of fibroblasts grown from renal biopsies
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and from skin biopsies taken at different depths show differences in extracellular matrix 

biosynthesis and cytokine responsiveness (Falanga et a l 1995; Muller and Strutz, 1995). In 

the skin distinction is made between reticular and dermal fibroblasts and some of the 

properties of reticular fibroblasts appear to resemble those of cells grown from lesional skin 

biopsies of scleroderma patients (Feldman et a l 1993).

Even between fibroblasts within the same population there is diversity in cell properties. Thus 

flow cytometric analysis suggests a range of expression levels of surface proteins independent 

of the effect of the cell cycle (Xu et a l 1995). Levels of gene expression differ between cells 

and this has been studied by quantitative in situ hybridisation techniques and by clonal 

selection under hypoxic conditions (Falanga et a l 1995). Collagen mRNA levels also vary 

and it is possible that selection of clones of cells with particular characteristics is important in 

determining the properties of bulk populations in vitro and within tissues in various disease 

states in vivo (Jelaska et a l 1996). The heterogeneous nature of fibroblasts must be 

remembered when comparing cell properties. It is possible for marked differences are masked 

in bulk populations because the abnormal properties of one sub-population may be offset by 

another.

1.3.4 Regulation of fibroblast phenotype

Although fibroblasts may demonstrate diverse functional and phenotypic differences, as 

discussed above, there is evidence that fibroblast properties are readily modulated by their 

environment. Soluble factors are known to modulate fibroblast properties, including many 

cytokines and growth factors as well as molecules such as nitric oxide and prostanoids 

(Buchsbaum et a l 1992; Wang et a l 1996). Most growth factors are mitogenic for 

fibroblasts but many also affect the degree of differentiation, thereby altering matrix 

production, fibroblast cytokine synthesis and adhesion molecule expression. Modulation of 

fibroblast properties by the various regulatory factors which they may be exposed to in vivo is 

detailed in Table 1.6.

As well as being influenced by soluble factors acting through the engagement of cell surface 

receptors, the properties of fibroblasts are also influenced by direct contact at the cell surface. 

These interactions are also specific, and include interplay with cells such as leucocytes 

interacting via major histocompatibility complex (MHC) antigens, or other adhesion
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Table 1.6 Extrinsic modulation of fibroblast properties in vitro

32

property modulatory influences references

Fibroblast chemotaxis T TGFP, IL4, TNFa and P, PDGF, IFNy, ET-1 Salmon-Ehr et al, 1996; Takeda et al, 1993

Fibroblast proliferation T IL -la  and p, bFGF, aFGF, PDGF, 
IL-6, EGF,TGFP (via PDGF), 
CTGF 
ET-1

Feldman a/, 1994; Ishikawa e/a/, 1990 
Feghali et al, 1992; Kawaguchi et al, 1993; 
Frazier et al, 1996; Bettegay et al, 1994 
Cambrey et al, 1993

Collagen synthesis T TGFP, IL -la  and P, IL-4, IGF,
CTGF
ET-1

Lepisto et al, 1996; Feghali et al, 1992, 
Frazier et al, 1996, Varga et al, 1987, 
Guarda a/, 1993

Collagen synthesis \L bFGF, IFNy and a, relaxin, EGF, TNFa, PDGF 
collagen (I) matrix culture

Lepisto etal, 1996; Tane^a/, 1993.

Collagenase synthesis T EL-la and P, bFGF, TNFa and P, IFNy Westermarck et al, 1996; Tamura et al, 1996

Collagenase synthesis 'I TGFP, ET-I, IL-4 Prontera g/ a/, 1996

TEMP synthesis T IL -la  and p , PDGF Kurogi etal, 1996; Bigg and Cawston, 1996

TEMP synthesis TGFP, IL-6 Slaving/fl/, 1994

ICAM-1 expression T 
& shedding

IL -la  and P, TNFa, IFNy Cho etal, 1994, Shi-wen etal, 1994; 
Buchsbaum a/, 1992

Integrin expression T PDGF Ahlen and Rubin, 1994

Class II MHC expression T EFNy Branchet e/a/, 1992

EL-2 receptor Î IL-6 Kahaleh and Yin, 1992



molecules such as ICAM-1 (Buchsbaum et a l 1992; Piela-Smith and Korn, 1994). 

Interactions with the extracellular matrix components and fibroblasts occur, either through the 

matricellular family of proteins such as thrombospondin or fibronectin, and by interactions 

between cell surface receptors and structural proteins of the extracellular matrix (Bomstein,

1995). Of these interactions, that between p-chain integrins and collagen (I) has been studied 

in considerable detail (Tingstrom et al. 1992; Eckes et a l 1996; Gullberg et a l 1996; 

Kozlowska et a l 1996). It appears that cell-matrix interactions modulate a large number of 

fibroblast properties including cell shape, through effects on the cytoskeleton, the ability to 

cause contraction of a three dimensional lattice in vitro and the rate of transcription of a 

number of genes (Plopper et a l 1995). These effects include changes in collagen gene 

expression and it seems likely that fibroblast-matrix interactions are important in normal 

regulation of extracellular matrix synthesis and degradation. Studies have demonstrated 

induction of IL-6 gene expression in normal dermal fibroblasts cultured within three- 

dimensional collagen gel matrices (Eckes et a l 1992). Interactions between fibroblast surface 

integrins and their matrix ligands also appear to influence cytokine and growth factor 

responsiveness (Xu and Clark, 1996). This transmodulation of matrix and paracrine 

influences also results in altered cell-matrix interactions caused by growth factors such as 

PDGF (Tingstrom et a l 1992b; Ahlen and Rubin, 1994b) or bFGF (Fernandez-Boija et a l

1995). These interactions are likely to be important in vivo but also must be considered 

carefully when designing and interpreting in vitro analysis of fibroblast properties.

In common with other cell types it is also likely that cell shape has both direct and indirect 

influences on the cell properties (Fukamizu and Grinnell, 1990). Studies of fibroblast collagen 

synthesis support this notion. These effects are probably dependent on cytoskeletal changes 

and may be related to some of the effects discussed above concerning cell-matrix interaction 

(Plopper et a l 1995). The culture of fibroblasts in gel matrices and on different substrates 

has been useful for investigating the effects of cell-matrix interaction and shape change on 

fibroblast properties such as proliferation and matrix biosynthesis but these processes are, as 

yet, far from understood.
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1.3.4 Fibroblast properties in scleroderma

Seminal observations by LeRoy (1974) initiated studies of the abnormal laboratory properties 

of dermal fibroblasts in scleroderma, and many groups have now independently demonstrated 

abnormal in vitro properties of fibroblasts grown fi*om lesional skin in scleroderma (Jimenez 

et a l 1986; Sollberg et a l 1994). These abnormal properties appear to be sustained over a 

number of passages in tissue culture and cell lines with a persistent scleroderma-like 

phenotype have been generated by viral transfection (Xu et a l 1995). The overall phenotype 

is that of an activated fibroblast (Kahari, 1993), with over-production of extracellular matrix 

components, particularly collagen types I and III (Graves et a l 1983), but also other 

molecules including fibronectin (Eckes et a l 1996), proteoglycans (Buckingham et a l 1983; 

Westergren-Thorson et a l 1996) and phospholipids (Komleva et a l 1995). More recently 

interest has focused on other properties such as the increased expression of surface adhesion 

molecules (e.g. ICAM-1, Shi-Wen e ta l  1994) and the synthesis and release of cytokines such 

as IL-6 (Feghali et a l 1994), PDGF or altered expression of their receptors (Yamakage et a l 

1992). It has been suggested that scleroderma fibroblasts are more sensitive than controls to 

the secondary effects of transforming growth factor beta (TGFP), including induction of 

platelet-derived growth factor (PDGF) receptors (Ishikawa et a l 1990) and of connective- 

tissue growth factor (CTGF) ligand (Igarashi et a l 1995). These properties are likely to be 

particularly relevant to the interaction between fibroblasts and other cell types in 

pathogenesis. For most of these phenotypic characteristics there appears to be intercellular 

heterogeneity (Jelaska et a l 1996) and this raises the question as to whether different 

fibroblast sub-populations may contribute different features to populations in vitro or in vivo, 

as discussed above (Botstein et a l 1982). The abnormal properties of scleroderma fibroblasts 

are summarised in Table 1.7.

1.3.5 Metalloproteinases in scleroderma

The metalloproteinases are a heterogeneous group of enzymes which are characterised by 

their ability to digest protein at around neutral pH (Birkedal-Hansen et al. 1993). This means 

that they are functional interstitially in vivo, in contrast to digestive proteases, with an acidic 

optimum pH, released by exocrine secretion into the gastrointestinal tract for nutrient protein 

digestion. The first metalloproteinase to be identified was collagenase, or MMP-1. This is 

unique in its ability to digest native collagen fibres, which it cleaves consistently at a point 2/3
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of the way along the molecule (Matrisian, 1992). There are however a large number of 

related proteinases and the number identifed is growing as new members of the family are 

discovered. The classification and major properties of these enzymes are summarised in 

Table 1.8. Regulation of the activity of these enzymes in vivo is clearly important to allow 

appropriate connective tissue remodeling (Woessner, 1990), but also in view of the potentially 

injurious effects which their inappropriate activation might have. It has been demonstrated 

that in experimental models of tumour invasiveness the metastatic potential of cells appears to 

correspond to their levels of metalloproteinase secretion (Hoyhtya et a l 1994) and there is 

evidence from in vivo studies that these enzymes might play a similarly important role in 

tumour invasiveness (McDonnell and Fingleton, 1993).

There have been relatively few studies of metalloproteinase activity in scleroderma, early 

reports suggested that collagenase (MMP-1) levels were not altered in Scleroderma but this 

contrasts with more recent findings (Takeda et a l 1994). Some of this confiision may be 

resolved now that the importance of assessing biological activity of these enzymes is realised, 

since many also exist in immuno-reactive, but functionally inactive, latent forms. Also it is 

now clear that endogenous inhibitors of MMPs are secreted by many cell types, including 

fibroblasts, and that these are important both in vivo and in vitro. These inhibitors are termed 

tissue inhibitors of metalloproteinases (TIMPs). Serum levels of TIMP-1 have been found to 

be elevated in sera of scleroderma patients but not those with other autoimmune rheumatic 

diseases (Kikuchi et a l 1995b). Bou-Gharios (1994) reported further abnormalities of 

metalloproteinase metabolism using a novel flow-cytometric technique, showing discordant 

regulation of stromelysin and TIMP-1. This work is supported by the findings another group 

who have reported elevated TIMP-1 levels produced by scleroderma myofibroblasts (Kirk et 

a l 1995), which are probably synonymous with the activated fibroblasts described by other 

groups (Grinnell, 1994; Sappino e ta l  1996).

1.4. Endothelial cell-flbroblast interplay in health and disease

The in vitro properties of fibroblasts and endothelial cells strongly suggest that functional 

interactions, or cross talk, between these cells in vivo might be important. Such interactions 

could be mediated directly by soluble products of each cell type acting on the other, or 

indirectly though their effect on extracellular matrix, cell shape or through recruitment of 

other cellular elements such as platelets or leucocytes.
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Table 1.7 Scleroderma fibroblast phenotype in vitro 

property findings

36

references

Extracellular matrix turnover
Collagen synthesis

Fibronectin synthesis 
Proteoglycan synthesis 
Glycolipid secretion 
Collagenase 
TIM? levels 
a-actin expression

Adhesion molecule expression 
ICAM-1

ectopeptidase expression 
(31 integrins

Cytokine release and responsiveness 
IL-1

IL-6

PDGF

TGFP

ET-I
oncostatin
calmodulin

Interactions with other cell types
Lymphocytes

increased types 1, III and VI protein
elevated steady state mRNA for type I and III collagen
transcriptional activation C0LIA2 and COLIAI
elevated collagen pro-peptide secretion
impaired collagen (I) mRNA
down-regulation in 3-D collagen gel
increased
increased
increased
biological activity reduced 
TIMPI increased 
increased

increased surface expression 
increased up-regulation by cytokines 
greater shedding of sICAM-1 
increased
aberrant expression of collagen binding integrins

greater functional responses (ICAM-1 expression
and proliferation) increased expression receptor and ligand

increased secretion and mRNA levels

increased secretion and receptor upregulation by TGPp

increased proliferative response 
induces PDGF receptor upregulation 
increased secretion, reduced mitogenic response 
less induction of extracellular matrix synthesis 
increased intracellular levels

LeRoy, 1974;
Graves et al, 1983
Kikuchi et al, 1992; Hitreya and Jimenez, 1996
Kikuchi et ûf/, 1995
Ivarsson et al, 1993; Eckes et al, 1996

Eckes et ûf/, 1996
Komleva et al, 1995; Westergren-Thorson et al, 1996 
Komleva et a/, 1995 
Takeda et a/, 1994
Kirk et al, 1995; Bou-Gharios et al, 1994

Abraham et al, I99I
Cho et al, 1994
Shi-wen et ûf/, 1994
Bou-Gharios et al, 1995
Ivarsson et al, 1993; Kozlowska et al, 1996

Kawaguchi et al, 1992; 1994

Feghali et al, 1994

Yamakage et al, 1992

Kikuchi et al, 1995a 
Yamakage et al, 1992
Kawaguchi et al, 1994; Kikuhci et al, 1995b 
Duncan, et al, 1995 
Seishima et o/, 1992

increased binding of resting and activated lymphocytes, via ICAM-1 Abraham et al, 1991 
dependent mechanism



Table 1.8 Classification of the metalloproteinases
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Enzyme Abbreviation MMP# Mr Extracellular matrix substrates

Fibroblast-type
collagenase

FIB-CL MMP-1 57000/
52000

collagen I, II, III (III>I), VII, VIII, X 
gelatin; PG core protein

PMN-type
collagenase

PMN-CL MMP-8 75000 same as FIB-CL (I>III)

Stromelysin-1 SL-1 MMP-3 60000
55000

PG core protein; fibronectin; laminin 
collagen IV, V, IX, X, elastin; proCL

Stromelysin-2 SL-2 MMP-10 60000/
55000

same as SL-1

Stromelysin-3 SL-3 MMP-11 n.d. n.d.

Macrophage
metallo-elastase

MME ? 53000 elastin

Mr 72K gelatinase 
type IV collgenase

Mr 72K GL MMP-2 72000 gelatin; collagen IV, V, VII, X, XI; elastin 
fibronectin; PG core protein

Mr 92K gelatinase 
type IV collgenase

Mr92K GL MMP-9 92000 gelatin; collagen IV, V; elastin; PG core protein

Putative metallo
proteinase-1

PUMP-1 MMP-7 28000 fibronectin, laminin, collagen IV, gelatin, proCL 
PG core protein

[modified from Birkedal-Hansen et a l  1993]



The feasibility of such an interplay is supported by the close juxtaposition of endothelial cells 

and fibroblasts in most tissues, and by the range of soluble products of each cell type which 

might influence the other (Kahaleh, 1992). Some specific examples of pathological 

circumstances when altered endothelial-fibroblast cross talk may occur and the possible 

mechanisms involved are discussed below.

1.4.1 Molecular mechanisms for intercellular cross-talk

Endothelial cells have been reported to produce a large number of cytokines and growth 

factors. These include IL-1 (Cozzolini et al. 1990), IL-6 (Sironi et al. 1989), bFGF (Brooks 

et a l 1991), ET-1 (Wagner et a l 1992), EL-8, MCP-1, IGF-1, GM-CSF (Swerlick and 

Lawley, 1993), TGF-p (Antonelli-Orlidge et a l 1989) and CTGF (Bradham et a l 1991). 

Other cytokine products have also been suggested (e.g. PDGF, TNFa) but studies have 

produced conflicting results. All of these factors have been shown to modulate fibroblast 

properties (see Table 1.6) and so would be candidate mediators for endothelial cell -induced 

modulation of fibroblast properties. Most exert complex effects on fibroblasts and the precise 

effects will depend on other factors such as fibroblast-matrix interaction and cell shape as 

discussed above. The potent mitogenic effect of endothelial cell-conditioned medium is 

believed to arise through a combination of endothelial cell-derived mitogenic factors (McNeil 

et a l 1989; Eguchi et a l  1992). Certainly bFGF, ET-1 and CTGF have been demonstrated to 

have this effect and other factors appear to have a more specific effect on protein metabolism 

(Villanueva et a l 1991). It is possible that feedback inhibitory signals from connective tissue 

cells, such as fibroblasts or smooth muscle cells, act on endothelial cells to reduce the 

secretion of activating factors. It has been shown that ET-1 secretion is inhibited in co

culture with mesenchymal cells (Stewart et a l 1990).

Fibroblast products are also diverse and their production and release is modulated by extrinsic 

influences. However studies of mRNA levels by northern hybridisation, in situ hybridisation 

and RT-PCR suggest that several relevant factors may be synthesised including IL-1, IL-6, 

IGF-1 (Eckes et a l 1992; Kupper and Groves, 1995; Weber et a l 1995). It is less clear to 

what extent these mRNA transcripts are translated, and moreover, whether any proteins 

synthesised are released in an active form so that they can modulate endothelial cell 

properties. Theoretically, however, the case is strong since these factors are known to
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modulate endothelial cell properties. Other studies have obtained direct evidence for 

fimctional interactions between endothelial cells and fibroblasts (Eguchi et al. 1992; Guarda et 

al. 1993).

1.4.2 Wound healing

One circumstance in which fibroblasts and endothelial cells are likely to interact is in the 

process of wound healing, which represents a non-specific response to tissue injury, and is 

characterised by the formation of vascular connective tissue in its early stages (Falanga et al.

1996). Neo-vascularisation and scar formation with fibrosis proceed in a synchronous and 

apparently coordinated fashion, suggesting that there is regulated growth and differentiation 

of vascular and mesenchymal cells. One mechanism for this, which is supported by tissue 

culture models, is through the paracrine effects of soluble mediators produced by one or both 

cell types. These interactions were recently reviewed by Swerlick and Lawley, (1993). There 

are analogies between the fibrosis occurring in scleroderma and that seen in scar formation, 

especially in situations of pathological healing which result in keloid or hypertrophic scar 

formation. It is interesting therefore that studies of the cytokine responsiveness of 

hypertrophic scar fibroblasts have identified abnormal patterns of response, including to 

factors which may be released by endothelial cells (Gamer et al. 1993).

1.4.3 Post angioplasty re-stenosis

Another situation in which a close relationship exists between endothelial cells and fibroblasts 

is in the situation of vascular stenosis after angioplasty (Brady and Warren, 1991). This is an 

important clinical problem, and one into which there has been a large amount of experimental 

investigation, examining the responses of endothelial cells and other vascular components to 

injury (Madri et al. 1991) It is suggested that endothelial cell-derived growth factors both 

released from the cells and mobilised from the sub-endothelial cell basement membrane are 

responsible for initiating fibroblast and smooth muscle cell proliferation which leads to a 

fibrotic stenosis at the site of angioplasty (Vlodavsky et al. 1991). Studies have tried to 

modulate the effect of endothelial cell derived factors for example using heparin or 

neutralising antibodies or novel molecular strategies to try to reduce the severity of stenosis 

(McEwan a/. 1994).
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1.4.4 Atherogenesis

Atherosclerosis and its complications are a major cause for morbidity and mortality in many 

populations, and coronary artery disease is the single most frequent cause of death in Western 

Europe and the USA. The histology of advanced atheroma includes fibrosis as well as 

endothelial damage, which suggests functional links between endothelial cell and fibroblasts in 

the pathogenesis of atherosclerosis (Ross, 1993). Similar mechanisms to those discussed 

above could induce fibro-proliferative lesions following endothelial cell perturbation. 

However many other cell types have also been implicated in the development of atheroma and 

endothelial cell-fibroblast interactions are hkely to reflect only one aspect on the pathogenesis 

of this important condition.

1.5 Clinical features and pathogenesis of scleroderma

As outlined above, the term scleroderma encompasses a clinically heterogeneous group of 

disorders, and a widely used classification of scleroderma spectrum of disorders is given in 

Table 1.1 The clinical features of the systemic forms of the disease are discussed in greater 

detail below.

1.5.1 Epidemiology

The prevalence of the milder forms of scleroderma is difficult to determine, since patients may 

present to a variety of medical specialities, or not at all. Systemic sclerosis fulfilling the ACR 

criteria for classification of the disease can be determined more reliably (1980). There have 

been few population based studies of incidence and prevalence; most series are hospital based 

and these have yielded a range of different estimates of the disease frequency. Overall 

systemic sclerosis should be considered uncommon rather than rare, with a prevalence of 

around 1 in 100 000 in the UK (Silman, 1991a). The epidemiology of scleroderma has been 

well reviewed in several publications (Silman, 1991; Medsger, 1994; Silman, 1995). Recent 

epidemiological analysis of survival in systemic sclerosis suggests an overall fall in mortality 

compared with earlier studies, although the greater level of awareness of the milder forms of 

the disease may partly account for this. Limited cutaneous systemic sclerosis is approximately 

twice as common as the diffuse subtype (LeRoy e ta l  1988).
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1.5.2 Classification

The simplest division of the scleroderma-spectrum is into two groups comprising localised 

scleroderma and systemic forms of the disease. For the latter group, the term systemic 

sclerosis is probably more appropriate than systemic scleroderma since it emphasises that 

internal organ pathology often occurs and is generally the most important aspect of these 

systemic forms. Localised scleroderma disorders can be further divided; linear scleroderma, 

most commonly occurring in childhood, causes abnormalities of the skin and subcutaneous 

tissues which often follow a dermatomal distribution and are found predominantly on one side 

of the body (Black, 1995b). Sometimes linear scleroderma affecting the scalp is accompanied 

by marked abnormalities of underlying mesenchymally derived tissues including the skull, this 

subtype is often referred to descriptively as en coup de sabre. Morphoea describes patches of 

sclerotic skin which develop on the trunk and limbs at sites of previously normal texture 

(Falanga, 1989). Single plaques can occur, and are usually termed localised morphoea. In 

other cases skin changes are much more widespread, often symmetrically involving the trunk 

and limbs and leading to widespread skin sclerosis. It is particularly important to distinguish 

between severe generalised morphoea and difhise systemic sclerosis. In generalised 

morphoea there is typically relative sparing of the hands and face and an the absence of major 

vascular symptoms and visceral manifestations. Nevertheless widespread morphoea is 

certainly not a benign condition and powerful immunosuppressive and antifibrotic therapies 

may be necessary, along the lines of those employed to treat diffuse cutaneous systemic 

sclerosis.

Systemic sclerosis is generally subdivided into diffuse cutaneous and limited cutaneous 

subsets - usually abbreviated to dcSSc and IcSSc respectively (LeRoy et a l 1988). A third 

important, but much rarer group are those patients who develop the vascular features and 

visceral fibrosis typical of systemic sclerosis but who do not exhibit significant skin 

involvement. This group is sometimes described as systemic sclerosis sine scleroderma 

(Molina et a l 1995). Diffuse cutaneous scleroderma comprises approximately one third of 

individuals with systemic sclerosis but is the more severe form of the disease. Early active 

diffuse cutaneous scleroderma has a survival rate below that of many malignancies and is 

therefore usually regarded as the most important subset in which to establish an early 

definitive diagnosis (Silman, 1991b). The central criterion for diagnosis of this subset is the 

extension of skin sclerosis proximal to the wrists, particularly over the proximal limbs and
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trunk although usually sparing the upper back. In the commoner limited cutaneous subset 

patients exhibit features in which skin sclerosis is confined to the hands and to a lesser extent 

the face and neck. Skin sclerosis score (Black, 1995c) is a cornerstone for scleroderma 

classification and, particularly amongst the patients with diffuse cutaneous scleroderma the 

maximum skin score, and especially the rate of increase in skin score, reflected disease 

severity and mortality (Steen and Medsger, 1990).

Other groups of patients must also be considered when classifying scleroderma disorders. 

First there is a group of patients with overlap syndromes which demonstrate some of the 

clinical features of systemic sclerosis, or more unusually localised scleroderma, but also have 

manifestations of other autoimmune rheumatic diseases such as systemic lupus erythematosus 

(SLE), dermatomyositis or rheumatoid arthritis. This heterogeneous group poses an 

important management problem and also provides indirect evidence that similar aetiological 

factors and pathogenetic processes may be involved in these different conditions. It has been 

suggested that immunogenetic associations can be used to predict the ultimate clinical 

phenotype in patients in the early stages of an overlap syndrome which has features of more 

than one autoimmune rheumatic disease (Gendi et a l 1995). In classifying the scleroderma 

spectrum patients with Raynaud’s phenomenon (RP) must also be considered. Some cases 

can readily be determined to be primary RP and will not develop features of any other 

connective tissue disorder but some Raynaud’s patients will develop one of the autoimmune 

rheumatic disorders, especially systemic sclerosis. This group is sometimes designated 

“autoimmune Raynaud’s” and is characterised by abnormal nailfold capillaroscopic findings 

and the presence of positive anti-nuclear antibodies (Kallenberg, 1990; Kabasakal et a l

1996). Individuals with definite RP who also demonstrate one of the hallmark autoantibodies 

of Scleroderma such as anti-centromere, anti-topoisomerase 1 or anti-RNA polymerase 1 or 

111 antibodies are sometimes designated pre-scleroderma patients. A classification of the 

scleroderma spectrum of disorders is given in Table 1.1.

The heterogeneous nature of scleroderma, greater understanding of its pathogenesis, and the 

range of potential therapies available have necessitated disease sub-classification. 

Unfortunately some of the previous classification systems were not developed through 

international discussion and collaboration, so a number of different systems developed in 

different countries. The two subset model, based primarily on the extent and distribution of
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skin sclerosis has been most widely used in the U.K. and North America (LeRoy et a l 1988). 

Clinical correlations of extracutaneous manifestations of scleroderma with subset using this 

two subset classification, including the time course of the disease and the pattern and extent 

of complications provided validity to this classification, is still the most widely used system 

(Valentini, 1994). Some of these clinical correlations are summarised in Figure 1.1. It is 

likely that newer classification systems, taking account of the increasing number of genetic 

and serological predictors of end-organ involvement in scleroderma, will ultimately replace 

the present systems.

It is now realised that although the two subset classification system of systemic sclerosis is of 

value in disease classification, it is limited by the fact that clinical outcomes within each major 

subset are so varied. Thus, although overall survival is worse for diffuse cutaneous 

scleroderma than limited cutaneous, those patients with limited disease who develop isolated 

pulmonary hypertension (approximately 10-15% of cases) have a 60% mortality at 5 years 

(Stupi et a l 1986). Similarly, patients with limited cutaneous scleroderma who develop 

significant lung fibrosis or acute renal failure have a similarly poor prognosis to diffiise 

scleroderma cases with equivalent complications. Fortunately some predictors of these 

complications are now being recognised (see below), and these should ultimately be 

incorporated into newer more reliable approaches to classification (Altmann et a l 1990).

It may be that ultimately classification of systemic sclerosis and related disorders will be based 

on genetic and immunological markers such as the presence of particular autoantibodies 

which are associated with increased risk of specific complications. Although such a system is 

not yet possible it may be in the foreseeable future. One major limitation is the racial 

differences between the patterns of autoantibodies or the histocompatibility haplotyes. For 

example HLA-DR52a is associated with increased risk of lung fibrosis in a caucasoid 

population but not in other racial groups (Black et a l 1992). The association of particular 

autoantibodies with clinical features in particular populations is now becoming clearer. Early 

reports looking at Japanese patients (Kuwana et a l 1995a) suggested antibodies to 

topisomerase-I are associated with an increased risk of pulmonary fibrosis in both the diffuse 

and limited scleroderma subsets. Anti-centromere antibodies are almost always indicative of 

limited cutaneous scleroderma and are particularly seen in the classical CREST variants of this
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Figure 1.1 Subsets of systemic sclerosis and their clinical features

pre-scleroderma

limited cutaneous 
systemic sclerosis

Clinical features

pre-scleroderma
Raynaud's phenomenon 
abnormal nailfold capillaries

limited cutaneous systemic sclerosis
longstanding Raynaud's
skin sclerosis distal to wrists and on face
and neck
oesophagitis/oesophageal dysmotility 
midgut involvement with bactenal 
overgrowth
anorectal incontinence 
calcinosis
widespread telangiectasis 
isolated pulmonary hypertension 
lung fibrosis
increased macrovascular disease

Typical serological 
findings

ANA
ACA or anti-topoisomerase 1 
other specific antibodies (e.g. 
UlRNP, PM-Scl)

antinuclear antibodies (ANA) 
anti-centromere antibody 
(ACA )
anti-topoisomerase 1 
other specific antibodies (e.g. 
UlRNP, PM-Scl) 
anti-mitochondrial antibodies

diffuse cutaneous 
systemic sclerosis

diffuse cutaneous systemic sclerosis
short preceding history of Raynaud's phenomenon ANA 
skin sclerosis extending proximally to involve 
trunk
oesophagitis/oesophageal dysmotility 
hypertensive renal crisis 
interstitial lung fibrosis 
late increase in telangiectasis 
stabilisation of skin involvement at 3-5y 
secondary pulmonary hypertension 
myositis

anti-topoisomerase 1 
other specific antibodies 
(e.g. UlRNP, PM-Scl)

systemic sclerosis sine 
scleroderma

systemic sclerosis sine scleroderma
Raynaud's phenomenon
minimal skin sclerosis
internal organ fibrosis (esp. gut and lung)

ANA
other specific 
autoantibodies

modified from: Denton and Black. Scleroderma. In: ILAR Textbook of 
Clinical Rlieumatology. Eds. HS Howe and PH Feng (in press 1997]
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condition (Kuwana et a l 1995b). It has been shown with topoisomerase I that the ability to 

generate an immune response in vitro to this peptide can be predicted by class II haplotype. 

Thus patients with Scleroderma who carried the appropriate class II alleles invariably 

exhibited anti-topoisomerase (Kuwana et a l 1995a) and isolated lymphocyte cultures from 

healthy individuals of these same haplotypes also responded to recombinant topoisomerase-1, 

although they did so after a longer time in culture than lymphocytes from anti-topo positive 

patients. One of the striking features of the hallmark autoantibodies in scleroderma is their 

mutual exclusivity (Fanning et a l 1996). The significance of this remains unclear but it 

strengthens the view that the serologically defined subgroups are genuinely distinct rather 

than representing a continuous spectrum (Arnett, 1995). In the Afro-Caribbean North 

American population antibodies to U3-RNP have been associated with a particularly severe 

form of diffuse Scleroderma, and especially with an increased risk of developing pulmonary 

hypertension (Arnett et a l 1996).

Currently, although the studies of risk predictors and serologically based subsets of 

Scleroderma are promising they cannot yet replace the system based on skin sclerosis. A 

proportion of both limited and diffuse cutaneous scleroderma patients still do not appear to 

have any autoantibodies other than non-specific anti-nuclear antibodies. Nevertheless the 

advances in understanding of the clinical associations of serological or genetic markers do 

now allow then to augment the current classification system. The clinical and pathological 

associations of the various autoantibodies found in scleroderma are summarised in Table 1.9.

The clinical diversity of the scleroderma spectrum therefore necessitates reliable classification. 

Correct subsetting of patients, and staging within subsets is a vital prerequisite to accurate 

prognostication and treatment in scleroderma. At the moment a useful working classification 

is used but hopefully this will be increasingly augmented by serological and other information. 

In this way subgroups at particular risk of life-threatening complications such as renal crisis, 

lung fibrosis and possibly also pulmonary hypertension can be identified across the traditional 

subset boundaries and serial investigation and treatment of these patients tailored to their 

particular risk. A reliable and usable system of classification for scleroderma is an important 

milestone on the route to developing standardised assessments of disease severity (Medsger, 

e ta l  1994).
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1.5.3 Clinical features of the scleroderma spectrum disorders

The major clinical features of scleroderma arise through the effects of the pathological 

processes of vascular perturbation, inflammation and fibrosis occurring within lesional tissues. 

The extent and distribution of these changes varies between different conditions within the 

scleroderma spectrum. These different disorders have widely differing prognoses and clinical 

features and their grouping together may be somewhat inappropriate. The most important 

distinction is between the localised (skin-restricted) forms of scleroderma and the systemic 

forms of the condition. Within the systemic forms it is imperative to effective management 

that the differences between the two main subsets of diffuse and limited disease are 

appreciated.

1.5.3.1 Localised scleroderma disorders

Localised scleroderma may develop at any age although it comprises a greater proportion of 

childhood onset scleroderma cases than in adult disease. In adulthood morphoea is generally 

benign with one or a few patches of texturally abnormal skin. These lesions progress in a 

characteristic sequence of skin inflammation, indication accompanied by an inflammatory 

infiltrate and later skin fibrosis with accompanying hyper- or hypo-pigmentation. Lesions 

tend to progress circumferentially and all stages of the pathology are present in an active 

established lesion. Following a period of thickened fibrosis of the affected skin this usually 

evolves into atrophic scar tissue. Generalised morphoea is more significant with similar 

histological appearances but a more widespread distribution often involving the trunk and 

limbs. Lesions often appear to follow vascular or neural territories although the significance 

of this is unclear. Linear scleroderma is seen primarily in childhood onset disease and typically 

develops to involve one limb or one side of the body. A variant which involves deeper 

structures and may have a developmental basis is the 'en coup de sabre' lesion of the skull. In 

childhood these regional forms of localised scleroderma are far more significant due to their 

impact on growth of the affected tissues (Black, 1995b). Growth is generally impaired in the 

region of active lesions, resulting in severe skeletal asymmetry and growth defects.

1.5.3.2 Generalised scleroderma disorders

These conditions are those to which the term systemic sclerosis can be most appropriately 

applied. The clinical features of these conditions are summarised in Figure 1.1. Typically a 

patient with diffuse cutaneous systemic sclerosis presents with pain, stiffness and swelling of
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Table 1.9 Clinical associations of the SSc-associated auto-antibodies
47

antibody antigen prevalence clinical significance

Antinuclear

Rheumatoid factor 

Anticentromere

heterogeneous

Fc of immunoglobulin

kinetochore plate 
proteins

80-90%

30-40%

60-70% IcSSc 
5 % dcSSc

useful in early identification of 
secondary Raynaud’s phenomenon

may be associated with synovitis

associated with severe GIT 
and probably isolated PHT 
in IcSSc

Scl-70

RNA polymerase

U3-RNP

PM-Scl

AECA

anti-mitochondrial

topoiomerase-1

RNAP T III

frbrillarin

40% dcSSc 
10-15 %lcSSc

2 0 %

6 %

3%

heterogeneous endothelial 30-50 % 
cell surface antigens

M2 and M4 10-15%

associated with interstitial lung disease

increased incidence of renal and lung 
complications

identifies a subgroup of poor prognosis 
black male SSc patients with increased visceral 
disease

associated with scleroderma-myositis overlap 
syndrome

in vitro enhancement of leucocyte adhesion to 
endothelial cells

associated with increased incidence of primary 
biliary cirrhosis in IcSSc

[derived from Vazquez-Abad and Rothheld 1995, White 1991]



the extremities. This is followed by subjective tightness of the skin over the hands, often 

extending proximally and associated with pruritis. The vascular symptoms of Raynaud's 

phenomenon typically begin around the time of the skin sclerosis. Symptoms attributable to 

visceral complications are more varied in their onset. Oesophageal involvement leading to 

dysphagia and heartburn is the most frequent. Muscle involvement may cause weakness and 

respiratory involvement dyspnoea although this is a late feature. Renal scleroderma crisis 

often occurs in early diffuse scleroderma and can develop with little warning. Headache, 

vomiting and generalised seizures may be the only clues until blood pressure is checked.

The clinical presentation of limited cutaneous systemic sclerosis is usually much less dramatic 

than that of diffuse disease. Typically Raynaud's phenomenon precedes any other 

manifestation by several years. Sclerodactyly, sclerosis of skin around the face and neck and 

oesophageal problems are clues of progression to established scleroderma. Severity of the 

Raynaud's and presence of features such as pitting scars and ulcers also occur in limited 

scleroderma. Telangiectasia and calcinosis are less useful in early diagnosis since they point 

towards well established disease. Patients with florid telangiectasia may be at particular risk 

of other vascular manifestations such as pulmonary hypertension (Stupi et a l 1986). It has 

recently been reported that there is an increase in large vessel atherosclerosis in patients with 

limited cutaneous disease (Youssef e ta l  1993; Veale e ta l  1995).

Raynaud’s phenomenon is a condition characterised by episodic vasospasm of the extremities 

precipitated by cold or emotion (Dowd et a l 1995). It is common, affecting up to 10% of the 

population, especially young women in temperate climates (Belch, 1991). A distinction is 

made between those afflicted who are otherwise well (primary Raynaud's phenomenon) and 

those sufferers who have an underlying associated condition such as a connective tissue 

disease (Kallenberg et a l 1988). This latter group of secondary Raynaud's phenomenon also 

includes those individuals with drug induced Raynaud's, mechanical thoracic outlet syndromes 

and Raynaud's associated with general medical disorders such as cold agglutinin disease. 

Clinically Raynaud's can be graded according to severity as grade 1 (blanching only), grade 2 

blanching and cyanosis and grade 3 with reactive hyperaemia causing flushing of the 

extremities during each Raynaud's attack (Ansell et a l 1994).
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1.5.4 Current concepts of scleroderma pathogenesis

The pathological features of vascular damage, immune cell activation and fibrosis are believed 

to be closely linked in scleroderma (Black, 1995a). In both localised and generalised disease 

many histological features are often shared but the remainder of this discussion will focus on 

systemic sclerosis. Detailed studies suggest that in both the skin and internal organs one of 

the earliest features is endothelial cell injury, initially at the ultrastructural level (Pearson, 

1991), and that this is temporally and spatially associated with activation of perivascular 

fibroblasts and subsequent deposition of increased amounts of structurally normal 

extracellular matrix components (Kahaleh, 1992). Inflammation is associated with early 

lesions leading to tissue oedema and leucocytic infiltration. Mononuclear cells predominate 

with monocytes/macrophages amongst the earliest cells within lesional tissue (Kraling et a l 

1995) followed later by lymphocytes, mainly carrying phenotypic markers of activated T- 

lymphocytes and including a significant proportion of Ro+ 'memory' cells (Fleischmajer et a l 

1977; Prescott et a l 1992).

1.5.5 Immune system dysfunction in scleroderma

The precise role of the immune system in the pathogenesis of scleroderma is also subject to 

much debate. Some of the clearest evidence of immune perturbation comes from the frequent 

occurrence of auto-antibodies of defined specificity in the sera of scleroderma patients. These 

include a range of antibodies directed against nuclear antigens and some of these are 

apparently restricted to scleroderma such as anti-topoisomerase-1 antibody, or at least highly 

associated e.g. anti RNA polymerase I, or I I I , anti-centromere, anti-fibrillarin (U3-RNP) and 

anti-PM-Scl antibody (Bona and Rothfield, 1994). It is now realised that there are important 

clinical associations for these different antibodies and these are summarised, together with 

descriptions of the antibodies and antigens themselves, in Table 1.9. Some of the differences 

in auto-antibody profile may be explained in terms of Class IIMHC haplotype (Lee and Craft,

1995). This lends support to the view that they might be a reflection of host susceptibility to 

scleroderma or specific complications of the disease. Independent HLA associations were 

first identified in lung fibrosis, with a 16.7 times increased relative risk in Caucasian systemic 

sclerosis patients who carried the haplotype HLADR3/52A (Briggs et a l 1991). There is 

considerable current interest in other potential genetic susceptibility markers, and hopefially 

studies will identify new clinically useful associations which may be helpfiil both in 

understanding scleroderma pathogenesis and in identifying subgroups of patients at increased
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risk of certain disease complications who can then be closely followed prospectively. This 

approach is already being used in interstitial lung fibrosis. Further clarification of the 

molecular mechanisms underlying the Class II MHC associations seen in scleroderma has 

come from the use of modem molecular techniques to analyse these associations in greater 

detail. Several groups have now associated the ability of lymphocytes to recognise particular 

antigenic epitopes on topoisomerase and CENT (kinetochore) antigens with particular Class 

II haplotypes (Reveille et a l 1992). However similar studies have demonstrated that normal 

individuals with equivalent haplotypes are also able to respond to these antigens in vitro, 

albeit after a longer period of antigen exposure. These data suggest that the ability to respond 

to these antigens is not therefore restricted to those who develop scleroderma. Elegant 

studies of T-cell receptor heterogeneity in scleroderma peripheral blood and in lymphocytes 

isolated from brochoalveolar lavage fluid have also produced interesting data, although again 

without a definite conclusion. There is evidence of restricted clonality, especially amongst the 

yÔ T-cells which is suggestive of an antigen-driven process (White and Yurovsky, 1995). 

Evidence supporting a direct role for the immune system in scleroderma pathogenesis is 

summarised in Table 1.10. Overall, it may be concluded that although there is a considerable 

body of indirect evidence for immunological involvement in scleroderma pathogenesis, direct 

evidence is less persuasive (Piela-Smith and Kom, 1994b; Denton et a l 1996b).

1.5.6 Oncogenes in scleroderma pathogenesis

A number of studies have reported increased expression of proto-oncogenes in Scleroderma 

fibroblasts (Feghali et a l 1993; Trojanowska et al. 1996). Although in some circumstances 

these genes are capable of inducing malignant transformation they are now recognised to 

encode cellular proteins with signalling functions, generally involved in the regulation of cell 

differentiation or proliferation (Krontiris, 1996). Thus, over-expression of oncogene products 

may reflect aberrant intracellular signaling or altered cell cycle regulation. For example, 

altered sis expression may reflect abnormalities in the PDGF signaling pathways (Gay et a l 

1989). Gay et al (1994) have suggested a number of hypothetical links between oncogenes, 

growth factors and interactions with extracellular matrix. It seems unlikely that any one 

proto-oncogene will prove pivotal to the development of a complex multi-faceted disease 

such as scleroderma but abnormalities in proto-oncogene expression may yield important 

clues to the molecular pathology of these conditions.
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Table 1.10 Evidence of immunological dysfunction in scleroderma pathogenesis 

feature description references

Humoral immunity
SSc-associated autoantibodies

Other auto-antibodies

Cellular immunity
T-cell infiltrate in lesional tissues

Scl-70, AC A, ARA, pm-scl, U3-RNP occur with high frequency.
Often mutually exclusive and associated with particular clinical features

Anti-collagen, anti-endothelial cell binding antibodies (AECA) have high prevalence 
but may reflect novel antigen exposure. Functional effect of AECA have been 
demonstrated

Inflammatory infiltrate is prominent in lesional skin in diffuse SSc. Phenotypic 
studies confirm that cells are mainly of the T-lymphocyte lineage, carrying 
markers of activation including IL-2R, CD45, Class II MHC

Clonal restriction of T-cell receptors Studies of T-cell receptor diversity in peripheral blood and broncho-alveolar
lavage fluid lymphocytes have suggested restriction of heterogeneity especially for 
yô T-cells.

Immunogenetic associations
Clinical associations

Antibody associations

Circulating markers of 
immune activation

Bona and Rothfield, 
1994

Carvalho e ta l  1996

Prescott et al, 1992

White a/, 1995

Class II MHC haplotypes are increased in SSc, sometimes with particular clinical features Arnett, 1995 
such as DR52a with lung fibrosis

Certain class II MHC haplotypes are associated with the ability to react with Kuwana et al, 1995
relevant antigens such as topoisomerase-1.

Elevated levels of lymphocyte-derived cytokines, IL-2R, and soluble adhesion molecules Needleman, 1992 
are prevalent, though not universal, in SSc patients. Denton et al, 1995



1.5.7 Animal models of scleroderma

There are many different animal models which have been explored in scleroderma research in 

attempts to unravel pathogenic mechanisms and to evaluate experimental treatments (Jimenez 

and Christner, 1994). Although each of them has some features in common with scleroderma 

none represents a complete model and this limits their usefulness. Also, just as with the 

human disease assessment of activity or severity of experimental cases of scleroderma is 

difficult. Murine graff-versus-host disease represents an acquired model which is clearly 

immunologically driven and which shares many of the microvascular abnormalities of 

scleroderma (Charley and Deng, 1989). The congenitally tight skinned mice (TSKl and 2) 

(Kasturi et a l 1994) and chickens (Gershwin et a l 1981) are genetically determined. Early 

disease events in the tight skinned chicken have recently been examined using modem 

molecular techniques and these studies suggest that vascular events, including endothelial cell 

apoptosis, are amongst the first manifestations of the disease phenotype (Sgonc et al. 1996). 

The TSKl mouse may be a more relevant model for idiopathic scleroderma than the TSK2, 

which appears to have been initiated by chemical exposure (Jimenez and Christner, 1994). 

Chromosomal mapping has confirmed that, despite phenotypic similarities, the TSKl and 

TSK2 mutations are located on different chromosomes The genetic basis for the TSKl mouse 

has recently been determined as a tandem repeat mutation of the fibrillin gene (Siracusa et a l

1996). Interestingly tight-skinned chickens and mice frequently demonstrate immunological 

abnormalities in common with human scleroderma, including the development of anti- 

topoisomerase autoantibodies (Wilson et a l 1992; Bona and Rothfield, 1994) in some TSK 

mice. Experimentally induced fibrosis, such as the bleomycin-lung model have also been used 

to study scleroderma (Van de Water et a l 1995).

1.6 Cytokines in scleroderma pathogenesis

The potential involvement of at least three cell types (immune cells, endothelial cells and 

activated fibroblasts), which are capable of releasing a range of locally acting cytokines and 

other soluble mediators (e.g. prostanoids, nitric oxide), makes it likely that several such 

factors are involved in scleroderma pathogenesis. It is possible that autocrine or paracrine 

loops or networks of such factors operate in scleroderma, as outlined in Figure 1.2. 

Circulating levels of cytokines have also been measured in systemic sclerosis, and although 

the results have varied between studies there is often measurable IL-2, IL-2R, IL-4, IL-6 and
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blood vessel
endothelial cell derived mediators (e.g. IL-1, bFGF, IL-6) 
modulate fibroblast properties
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(e.g. IL-1) modulate 
EC properties

leucocyte- 
endothelial cell 
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immune cell and 
platelet derived 
cytokines modulate 
EC and fibroblast 
properties

autocrine or paracrine 
regulation o f  fibroblast 
properties

integrin mediated binding to 
collagen modulates 
fibroblast gene expression 
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potential reciprocal modulation of  
immune cell properties by 
fibroblast derived cytokines

Figure 1.2 Potential cellular interactions in scleroderma pathogenesis
The fibroblast represents the effector cell in established scleroderma, elaborating increased amounts o f extracellular matrix Fibroblast properties 
are likely to be modulated by factors derived from endothelial cells, extravasated leucocytes, mast cells, platelets and endothelial cells. Fibroblast 
properties, including cytokine-responsiveness, are modulated by interactions between the fibroblast and extracellular matrix components such as 
collagen type I. Cytokine products o f activated fibroblasts may modulate other cell properties in a series o f potential paracrine loops Interactions 
between fibroblasts and endothelial cells are investigated in this thesis.



IL-8 in scleroderma sera (Needleman et a l 1992; Cicuttini et a l 1995; Stuart et a l 1995). 

Interestingly, not only the ligand but also anti-cytokine autoantibodies have been reported 

although the significance of the latter is unknown (Reitamo et a l 1993; Suzuki et a l 1994). 

Communication between different cell types is likely to be central to scleroderma 

pathogenesis in view of the range of pathological features involving different cell types; 

consequently most hypotheses of aetiopathogenesis focus on the interplay between early 

immunological and inflammatory events and the later generation of a population of activated 

fibrogenic fibroblasts, which are generally regarded as the effector cells in the disease

Also important in regulating cell properties are their interactions with the extracellular matrix 

(ECM). It has been shown (Tingstrom et a l 1992b) that extracellular matrix interactions 

influence cytokine responsiveness and that in turn ECM interactions can be themselves 

modulated by exogenous cytokines and growth factors (Tingstrom et a l  1992a). Thus, it 

seems increasingly likely that a number of cytokines and growth factors are central to 

scleroderma pathogenesis. With these points in mind some aspects of cytokine biology 

relevant to scleroderma will now be considered, followed by a review of the current evidence 

implicating individual mediators in scleroderma pathogenesis.

1.6.1 Cellular sources for cytokines in scleroderma

The case for cytokines and other paracrine factors being important in scleroderma 

pathogenesis has been strengthened considerably in recent years by the realisation that most of 

the cell types implicated in disease development, including the endothelial cell (EC) and the 

fibroblast are, when appropriately activated, capable of producing a range of such factors. 

Previously it had been assumed that inflammatory cells and lymphocytes were the major 

source of paracrine factors in this disease. The ability of fibroblasts and endothelial cells to 

produce and release cytokines or to mobilise growth factors such as bFGF from the 

extracellular matrix (Vlodavsky et a l 1986) raises the possibUity of reciprocal paracrine 

interactions between these cell types which might be central to disease pathogenesis. It is 

hypothesised that autocrine or paracrine loops of cytokines may be responsible for the 

generation and/or persistence of the abnormal scleroderma fibroblast phenotype.
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1.6.2 Cytokine mediated modulation of cell-cell contact in scleroderma

Another potentially important role of cytokines in scleroderma, in addition to their direct 

cellular effects and influences on fibroblast-ECM interactions is through their abihty to 

modulate cell-cell interaction. The role of pro-inflammatory cytokines, such as IL-1 and 

TNFa in enhancing leucocyte adhesion to EC and subsequent extravasation has been clearly 

shown (Carlos and Harlan, 1994) and the presence of activated EC in scleroderma lesions 

(Claman et a l  1991; Koch et a l 1993) is indirect evidence of the relevance to such factors to 

the disease. Studies by Abraham and others (Needleman, 1990; Abraham et a l 1991) have 

demonstrated that scleroderma fibroblasts bind lymphocytes in vitro and have suggested that 

this system can be used as a model for cellular interaction. ICAM-1, a cytokine-inducible 

member of the immunoglobulin superfamily of adhesion molecules has been identified as the 

major ligand responsible for the enhanced lymphocyte binding by such fibroblasts through its 

interaction with the LFA-1 counter-receptor (Shi-Wen et a l 1994). Recently IL-1, TNFa 

and IFNy have been shown to modulate the expression of ICAM-1 by scleroderma fibroblasts, 

and it has been reported that scleroderma fibroblasts may show increased responses to these 

cytokine induced effects (Cho et a l 1994).

1.6.3 Role of cytokines in regulating the scleroderma fibroblast phenotype.

Many groups have investigated the possible paracrine factors which might initiate or maintain 

the typical scleroderma fibroblast phenotype. Early work focused on the inherent ability of 

scleroderma cells to grow well in low serum environments and their reduced responsiveness 

to exogenous PDGF. These findings were rationalised by the demonstration that scleroderma 

fibroblasts themselves secrete PDGF thereby rendering them less sensitive to the exogenous 

growth factors (LeRoy et a l 1982). Interestingly, this group has extended their work by 

showing that there is considerable enhancement of the mitogenic response of scleroderma 

fibroblasts to other mediators including TGFP, IL-6 and ET-1 by PDGF (Ishikawa et al 

1990; Yamakage et a l 1992). The marked matrix stimulatory properties of the transforming 

growth factors, particularly TGFp, have fueled interest in these factors as candidate cytokines 

in scleroderma. TGFp can be readily demonstrated immunohistochemically in involved skin in 

scleroderma in early but not late disease (Higley et a l 1994). However, attempts to induce 

long term enhancement of collagen I production by fibroblasts by regular pulsed exposure to 

TGFP have failed (McWhirter et a l 1994) as have attempts to demonstrate co-ordinate
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regulation of collagen I and TGFP by scleroderma fibroblasts. More recently, interest has 

been directed to the production and regulation of the cytokines IL-6 and IL-1 by scleroderma 

fibroblasts. Feghali et a l (1992a) have shown that scleroderma cells produce much more IL- 

6 than controls and that this constitutes one of the soluble mitogenic factors transferable in 

culture medium derived from such cells. This enhanced synthesis of IL-6 appears to be 

directed at least in part at a transcriptional level with IL-6 promoter activation by a number of 

transcription factors (Feghali et a l 1994), although the relationship between these 

transcription factors and those controlling other aspects of the scleroderma fibroblast 

phenotype has not yet been investigated. EL-la is also produced excessively by scleroderma 

fibroblasts at the mRNA and protein level (Kawaguchi et a l 1992; Kawaguchi, 1994) and it 

has been proposed that IL-1 a  may act as a autocrine or paracrine stimulus contributing to 

their abnormal properties in culture. Recent work (Kawaguchi and Wright, 1996) has also 

suggested the presence of intranuclear IL-1 a  within scleroderma fibroblasts and raised the 

possibility of an intracrine stimulatory pathway, involving EL-1, which may underlie the 

fibrogenic properties of these cells. However so far these studies are at an early stage and 

their results will require careful interpretation in view of other studies which suggest that 

intracellular EL-1 may be important in cell senescence (Cozzolini et a l 1990). It is possible 

that the reported differences in EL-1 expression in scleroderma fibroblasts are a secondary 

reflection of a more general abnormality in the biology of these cells rather than a primary 

event. It seems likely that interplay between a number of cytokines and growth factors will be 

found to underlie pathogenesis in scleroderma, perhaps acting sequentially at different stages 

of the disease (Fagundus and LeRoy, 1994).

1.6.4 Circulating cytokines and adhesion molecules in Scleroderma

Increased levels of circulating IL-1, EL-2, EL-2R, EL-4, IL-8, TNFa and interferon have been 

found in scleroderma and antibodies to EL-6 (Suzuki et a l 1994) and EL-8 (Reitamo et a l

1993) reported. Although it is now generally accepted that investigation of cytokine levels 

can provide useful additional information about the pathogenesis of disease, the presence of a 

cytokine at high level does not necessarily indicate a pathogenic role: in addition, it has 

become clear that interpretation of these studies is dependent upon the assay used (bio- or 

immunoassay) and a realisation of the many factors which interfere within each system, for 

example immunoassays are particularly limited, in that they give little information regarding
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levels of biologically active protein, whereas bioassays are not cytokine specific, cytokine 

inhibitors may interfere with cytokine bioactivity, the assays are labour intensive and lack 

reproducibility. Bearing in mind these reservations, the short half-lives of many of the 

cytokines and the discrepancies between some of the studies, the increased levels of 

lymphocyte-derived cytokines supports a cellular immune mechanism in scleroderma, and an 

ongoing expansion of T-cells and the secreted products, by their well-defined actions, may 

modulate fibrosis or promote vascular damage. The presence of antibodies to some of the 

cytokines may add a further dimension for not only may they inhibit the biological function of 

the molecule, but paradoxically they might enhance cytokine function, prolong its half-life and 

deliver the cytokine to its target cell (Suzuki et a l 1994). Again, it is pertinent to remember 

that because the effect of any given cytokine will be influenced by other cytokines present in 

the micro-environment, the pattern of cytokines may be more important than any individual 

member, and it must be borne in mind, the soluble cytokines are not exclusive to systemic 

sclerosis. However, their presence and known interactions may provide clues concerning 

which cell types and relevant tissues are involved in disease development.

Cell surface adhesion molecules including ICAM-1, VCAM-1 and E-selectin are upregulated 

by cytokines and are present in soluble forms in serum and biological fluids (Pigott et al. 

1992; Gearing and Newman, 1993). Elevated levels of circulating adhesins sICAM-1, 

sVCAM-1 and sE-selectin have been observed in scleroderma and other inflammatory 

conditions (Blann et a l 1995; Denton et a l 1995). Their precise significance is uncertain, as 

is any possible in vivo role (Gorski, 1994) but in vitro studies suggest that they might 

correlate with cytokine induced activation of cell types expressing these molecules. It is 

hoped that such adhesins may be useful surrogate markers of disease proceses in scleroderma 

and some preliminary studies are encouraging (Denton et a l 1995; Gruschwitz et a l 1995).

1.7 Roles of individual cytokines in scleroderma pathogenesis

1.7.1 TGFB

Transforming growth factor-g (TGF-p) was first described in 1978 (DeCarlo and Todaro, 

1978) as a soluble factor secreted by murine sarcoma cells which capable of inducing a 

transformed cell phenotype. The TGFs are now recognised as ubiquitous cytokines with 

diverse effects on many cell types. TGFP and TGFa are quite distinct, the latter recognising
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the EGF receptor (Kovacs, 1991). TGFP is dimeric and secreted as an inactive precursor 

molecule, the large latent complex, which requires activation into a functional ligand (Border 

and Noble, 1994). Of the cytokines capable of regulating the synthesis of the extracellular 

matrix and effecting endothelial cell function, TGFP has undoubtedly received the most 

attention in scleroderma (LeRoy et a l 1989). Its theoretical potential in this disease is 

considerable, based on the profound, if transient, stimulatory effect which it has on fibroblast 

extracellular matrix synthesis. However, examination of TGF ligands in scleroderma skin 

biopsies, bronchoalveolar lavage (BAL) and blood samples for measurement of TGFP mRNA 

and protein has yielded inconsistent and conflicting results. This may reflect technical 

differences between these studies, which have often mixed patients with diffuse and limited 

disease and different stages and sites. These several factors make exact comparison of results 

very difficult. It is possible that TGFP is important in the early stages of scleroderma but less 

so at later stages.

There are studies on both the circulating levels of TGFP and its tissue distribution. Falanga 

and Julian (1990) failed to find elevated circulating plasma TGFB in scleroderma samples 

compared to controls. In contrast, elevated TGFpi has been reported more recently in the 

serum of patients with both diffuse and limited scleroderma (Snowden et a l 1994), although 

no elevation of TGFP2 was observed. Several studies have reported TGFP immunoreactivity 

in lesional skin of scleroderma patients (Gruschwitz et a l 1990), with most reports suggesting 

that it is present in early inflammatory lesions before dense fibrosis had occurred (Pablos et a l 

1995). Indeed, maximal extracellular TGFBl immunoreactivity appears to be in the non- 

lesional skin taken from scleroderma patients with minimal staining in the established lesional 

areas (Higley et a l 1994). In situ hybridisation experiments have produced rather conflicting 

data. Peltonen et al (1990) found no elevation of TGFB mRNA in biopsy samples from 

scleroderma patients in contrast to patients with eosinophilic fasciitis and morphoea, where 

the TGFP probes were hybridized to regions with inflammatory infiltrates. In contrast, 

Gruschwitz et al (1990) found elevated TGFpi and TGFP2 message levels in perivascular 

inflammatory foci, as well as within dermal and epidermal kératinocytes. Patients with other 

connective tissue disorders such as SLE also showed this elevated signal and they considered 

the TGFp elevation to be more a reflection of inflammation rather than specific to the disease.
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Kulozik et al also found elevated TGFP2 and type I collagen mRNA levels in proximity to 

inflammatory infiltrates in scleroderma biopsy samples (Kulozik et a l 1990).

In vitro studies of TGFP production and responsivenenss in scleroderma have also proven 

inconclusive. Needleman et al (1990) found no evidence for increased secretion of TGFp by 

Scleroderma fibroblasts in tissue culture, compared to normal controls. McWhirter et al 

(1994) performed a series of experiments examining the responsiveness of scleroderma 

fibroblasts to TGFP and the ability of these cells to activate exogenous latent forms of this 

cytokine. Scleroderma fibroblasts were found to have an impaired ability to activate the small 

latent complex of TGFP but otherwise no differences between scleroderma and control 

fibroblast strains were observed. There was also no concordancy between TGFP and 

collagen (I) mRNA levels over passage number as the cells aged in culture. Taken together 

the authors concluded that collagen was not under autocrine control by TGFp in scleroderma 

fibroblasts. Furthermore, repeated pulses of TGFP did not significantly induce sustained 

procollagen a  1(1) mRNA synthesis in normal fibroblasts and this treatment did not abrogate 

collagen regulation by normal fibroblasts in a type (I) collagen gel matrix (Ivarsson et a l

1993). Collagen and TGFp-type II receptor mRNA were equally inducible by TGFP in both 

scleroderma and control cells and no differences in TGFP responsiveness were observed 

between lesional or non-lesional scleroderma fibroblasts. Although these experiments appear 

to refute the view that TGFp could induce a persistent sclerodermatous phenotype in dermal 

fibroblasts, it is possible that its effects in vivo depend upon interactions with other cytokines. 

In contrast to the paucity of evidence suggesting a direct role, these is considerable support 

for a role of TGFp interacting with the effects of other cytokines in scleroderma. Gay et al 

(1989) found TGFP immunoreactivity and elevated PDGF in lesional skin of scleroderma 

patients. Kikuchi et al (1992a) have shown that the mitogenic response of scleroderma 

fibroblasts to bFGF was impaired after pre-incubation with TGFp and scleroderma fibroblast 

strains, unlike controls, do not exhibit a normal augmented adhesion to ECM components in 

the presence of TGFp.

Studies from a number of groups have confirmed that TGFp induces changes in the 

expression of other cytokine receptors, and it has been suggested that scleroderma fibroblasts 

show greater effects than control strains. Yamakage et al demonstrated that fibroblasts from
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scleroderma patients, in contrast to normal adult and newborn foreskin fibroblasts, express 

increased numbers of PDGPP receptors on their surface, in response to TGFpi and that there

is a corresponding increase in PDGFP receptors protein and mRNA (Yamakage et a l 1992). 

TGFp was able to increase mitogenic responses to PDGF-AA which binds only to the a  

receptor, in contrast to PDGF-BB which binds to both the a  and p receptors for scleroderma 

cells. PDGF-AA has been demonstrated immunohistochemically in scleroderma dermis near 

blood vessels and hair follicles and, in the same study, was absent from normal dermis 

(Gabrielli et a l  1993). These results suggest a possible role for TGFp in fibroblast 

populations in scleroderma through the activation of the PDGF-AA ligand/a receptor 

pathway. Other cell types implicated in scleroderma pathogenesis could be sources for PDGF 

and so induce fibroblast proliferation.

Most studies of TGF have focused on dermal fibroblasts as this is the easiest tissue to obtain 

from an scleroderma patient, although some investigators have examined lung tissue and 

brochoalveolar lavage leucocytes. Duguchi (1992) performed in vitro transcription assays 

which demonstrated increased TGFp transcription in bronchoalveolar mononuclear cells from 

patients with scleroderma lung fibrosis in comparison with controls. However, the study by 

Moreland et al (1992) was contradictory, reporting similar amounts of mRNA in both 

scleroderma and control bronchoalveolar lavage (BAL) cells. Methodological differences 

may explain the variable results since it is now realised that steady state mRNA levels are a 

reflection not only of transcriptional activation but also of transcript stability, thus increased 

levels of mRNA in nuclear run-on assays are not necessarily reflected by elevated cytosolic 

mRNA levels. Immunohistochemical studies of open lung biopsy samples from patients with 

scleroderma have shown immunoreactivity with TGFp antibodies, although, as in the skin, 

this reactivity does not appear to be exclusive to scleroderma since it is also present in 

biopsies fi'om patients with cryptogenic fibrosing alveolitis or cystic fibrosis (Corrin et a l

1994). A major limitation for immunolocalisation studies of TGFp is the lack of specificity of 

many antibodies for the different TGFp isoforms and it is also often difficult reliably to 

distinguish active ligand from the latent complex. Hopefiilly future studies, with better 

reagents, generated by expression cloning techniques or monoclonal antibody technology, will 

allow the distribution of active TGFp in vivo to be examined more successfully.
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1.7.2 PDGF

Although PDGF induces proliferation rather than differentiation and has no direct collagen- 

stimulatory effect (Ross et a l 1986) it can promote synthesis of extracellular matrix through 

its mitogenic and chemoattractant properties. It also has the potential as discussed above to 

act in concert with other cytokines in the creation of the scleroderma fibroblast phenotype. 

Gay et al (1989) detected PDGF in the endothelial lining of early scleroderma lesions in 

mononuclear cell infiltrates and in the dermis of old lesions. This work was extended by 

Klareskog et al (1990) who, using immunohistochemical techniques, showed increased 

expression of PDGF type P receptors in lesional scleroderma skin. Receptor expression was 

specifically elevated in the smooth muscle cells of the dermal vessels and in adjacent 

fibroblasts and was often accompanied by an inflammatory infiltrate. Levels of expression 

appeared to correlate with disease duration, suggesting that, in contrast to TGFP, PDGF may 

be involved in the long-term maintenance of a fibrogenic population of fibroblasts (Fagundus 

and LeRoy, 1994).

The potential interplay of cytokines in scleroderma is exceedingly complex and PDGF may be 

important in the reduced epidermal growth factor (EGF) affinity seen in scleroderma 

fibroblasts as PDGF is known to decrease the affinity of EGF receptors (LeRoy et a l 1982). 

It is possible that an early transient expression of a cytokine such as TGFB initiates a cascade 

of chemotactic, proliferative and differentiated events mediated by PDGF, EGF or bFGF. 

PDGF is a mediator capable of increasing the rate of transcription of bFGF in normal 

fibroblasts, and in scleroderma bFGF is deposited close to PDGF in a perivascular distribution 

in the lower dermis of early lesions suggesting that these growth factors may be related to 

endothehal injury in scleroderma (Gay et a l 1992). PDGF has been shown to regulate 

expression of genes that are important in the mitogenic response and Gay et al (1989) found 

increased PDGF in early lesional skin in association with vascular endothelium and 

mononuclear cells. Further studies established that fibroblasts expressing the ras oncogene 

produce increased levels of bFGF suggesting that bFGF may play an autocrine role leading to 

growth stimulation (Gay et a l 1994).
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1.7 3 TNF

In some autoimmune rheumatic diseases TNFa has been shown to have a pivotal role in the 

regulation of the cytokine network mediating inflammation, with in vivo studies 

demonstrating beneficial effects of TNFa neutralising antibodies (Maini and Feldmann, 1996). 

Attributing a role to TNF in scleroderma is confounded by its diverse effects on fibroblasts in

vitro. It is a potent modulator of fibroblast properties, inducing both proliferation (Battegay

et al. 1994) and differentiation. It up-regulates cell surface adhesion molecules such as

ICAM-1 (Tessier et a l 1993). Its effects on extracellular matrix synthesis are more variable, 

but generally TNF reduces the secretion of types I and III collagen and increases collagenase 

synthesis. However despite these properties in vitro, its effects in vivo may be different. By 

promoting endothelial cell and fibroblast adhesion molecule expression TNF is likely to 

increase the recruitment of leucocytes and may indirectly facilitate scleroderma pathogenesis. 

Support for such a role is provided by studies showing that circulating levels of soluble TNF 

receptors (Heilig et a l 1993) are increased in scleroderma, and that more TNFa is produced 

by alveolar macrophages from patients with scleroderma-associated lung fibrosis compared 

with normal individuals or patient with sarcoidosis (Pantelidis et a l 1994). Lung TNFa 

mRNA levels also rise following bleomycin-induced pulmonary fibrosis in mice, an 

experimental model for scleroderma associated lung fibrosis, and TNF antiserum reduces 

collagen deposition (Piguet et a l 1989).

1.7.4 Interferon y

Reduced interferon-y production in scleroderma has been reported by several different groups 

(Needleman et a l 1992) despite the well-documented expression of class II MHC molecules 

on skin fibroblasts in scleroderma. Since interferon is the most potent inducer of class II MHC 

molecules, either a different peptide is responsible for in vivo HLA-DR expression, or there is 

a difference between the in vitro and in vivo environments.

Because interferons can suppress synthesis of collagen by fibroblasts in vitro, decreased 

production may enhance tissue fibrosis and be one of the mechanisms by which fibrosis 

develops in patients with scleroderma. These interactions yet again indicate the potentially 

complex nature of the cytokine pathways in scleroderma.
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1.7.5 IL-1

Interleukin-1 (IL-1) is a pleiotropic pro-inflammatory cytokine first identified an a product of 

cells of monocyte/macrophage lineage but now known to be produced by many cell types 

(Dinarello and WolfF, 1993). Of relevance to scleroderma is its production by endothelial 

cells (Cozzolini et al. 1990) and activated fibroblasts (Kawaguchi, 1994) as well as 

mononuclear cells of the immune system. Two distinct forms coded by separate genes have 

been characterised IL-1 a  and IL-1 p. Though distinct molecules, these appear to act via the 

same cell surface receptors and exert similar biological effects. The pattern of release of 

isoforms varies between different cell types, for example EL-la is the main fibroblast product 

whereas EL-ip predominates for endothelial cells (Kupper and Groves, 1995). The IL -la  

isoform is synthesised as a biologically active molecule, in contrast IL-lp is synthesised as a 

32kD pro-peptide and requires cleavage by a specific EL-1 converting enzyme to generate the 

active ligand. Cells of monocyte/macrophage lineage produce the converting enzyme but 

many other cell types which have been shown to release EL-ip do not. This suggests that 

biological effects of EL-ip may often be dependent upon extracellular activation of the 

propeptide. Several studies have demonstrated that presence of both mRNA species does not 

always correspond to production of the protein (Higgins et al. 1994). In common with some 

other cytokines, such as bFGF, EL-1 lacks a hydrophobic leader sequence which is believed to 

be important for secretion of peptides through an intact cell membrane. There is, however, 

good evidence suggesting that such secretion does occur and other mechanisms have been 

proposed (Kuchler and Thomer, 1992; Stevenson etal. 1992).

EL-1 has been shown to induce both proliferation and collagen production in normal 

fibroblasts (Polunovsky et al. 1993). It also induces fibroblasts to produce many GFs and 

cytokines including EL-1, EL-6, EL-8, TNFa, CSF, PDGF and prostenoids (Kupper and 

Groves, 1995). Scleroderma fibroblasts have elevated expression of IL-1 type I receptors at 

transcriptional, protein and cell surface levels (Kawaguchi et al. 1992a), spontaneously 

produce greater amounts of IL-1 inducible proteins (such as IL-6 and PDGF (Yamakage et 

al. 1992; Feghali et al. 1994)) than normal cells, and more recently it has been shown that 

they produce EL-la in much larger amounts than control fibroblasts (Kawaguchi, 1994). 

They also may respond differently to exogenous EL-1 compared to control fibroblasts
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although the pattern of response has been reported to be both increased or reduced 

(Kawaguchi ût/. 1993).

The ubiquitous presence of IL-1 in many pathological states makes a specific role in the 

pathogenesis of scleroderma is unlikely but it may be an important factor through its pro- 

inflammatory properties acting in concert with other factors and contributing to the 

endothelial cell, fibroblast and immune cell activation in the disease. IL-1 is produced by EC, 

fibroblasts and mononuclear cells, all of which are activated in scleroderma and it is therefore 

certainly present in the scleroderma micro-environment and its effects on fibroblasts may be 

relevant e.g. mitogenicity and enhancement of collagen production. The regulation of IL-1 

responsiveness is complex and appears to involve changes in cell surface receptor expression, 

both type I, which possesses a transmembrane signaling domain, and type II receptor which 

binds IL-1 ligand but does not signal. A soluble form of the IL-1 receptor type II which 

retains IL-1 binding capacity and can neutralise the activities of IL-1 in vitro is also produced 

by IL-1 responsive cells. The IL-1 receptor antagonist, a 17-25 IcDa molecular weight 

polypeptide is produced by many cell types which also inhibits the activity of endogenous IL- 

1 (Kupper and Groves, 1995).

1.7.6 IL-6

This cytokine, like EL-1, is produced by fibroblasts as well as many other cell types including 

endothelial cells and lymphocytes. Interest in this cytokine in scleroderma was stimulated by 

reports of elevated circulating levels in the disease by Needleman et al (1992) and by 

subsequent reports that scleroderma fibroblasts constitutively produce elevated levels of IL-6 

and that this is in part responsible for the mitogenic activity of scleroderma fibroblast 

conditioned media (1992a). It has been suggested that cytokines such as IL-1 are important 

through their induction of IL-6 synthesis. Interestingly EL-6 production by normal fibroblasts 

is increased 13-fold when grown in three dimensional collagen gels (Eckes et a l 1992), 

emphasising the importance of the extracellular matrix in modulation of fibroblast properties 

and perhaps relevant to the excessive matrix deposition in scleroderma. The elevated levels in 

scleroderma sera do not appear to be responsible for the proliferative properties of 

scleroderma sera.
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Recent studies have shown that production of IL-6 by scleroderma fibroblasts is thirty times 

greater than controls, and clarified some of the regulatory mechanisms involved in this 

overproduction (Feghali et a l  1992a), and demonstrated increased production via the binding 

of transcription factors to the IL-6 promoter thereby raising steady-state levels of IL-6 mRNA 

(Feghali et a l 1994). Mobility shift assays of sequence-specific DNA binding proteins 

suggested different factors are involved in constitutive compared with induced IL-6 

production. It is possible that some of the effects of EL-1 in Scleroderma are actually a 

consequence of secondary induction of IL-6, as has been proposed for other cell types such as 

endothelial cells. Immunologically active cytokine may be responsible for some of the 

constitutional features of scleroderma and lymphocyte activation. Induction of high affinity 

IL-2 receptors on lymphocytes is one property of EL-6 and may be responsible for the greater 

proliferative response of scleroderma lymphocytes to IL-2 (Kahaleh and Yin, 1992).

In addition to raised serum levels of circulating cytokine, anti-EL-6 antibodies have also been 

demonstrated in scleroderma. Their functional effects are complex both in vivo and within 

assay systems when different assays may produce conflicting results. The presence of such 

antibodies and antibody/EL-6 complexes may explain the differences in reported circulating 

levels of IL-6 in scleroderma sera when measured by bioassay compared with immunoassay 

(Crilly and Madhok, 1992). It has recently been shown that a significant part of the EL-6 

activity in scleroderma serum is associated with IL-6-antibody complexes, which retain 

approximately 60% of their biological activity and are able to bind to recombinant EL-6 

receptors (Suzuki et a l 1994). Interestingly the prevalence of anti-IL-6 antibodies was 

significantly greater in patients with limited compared with the difftise form, and it has been 

suggested that this may be related to disease duration at sampling (Takemara et a l 1991).

1.7.7 bFGF

The fibroblast growth factor family comprises a large group of diverse growth factors acting 

through a number of different cell surface receptors and down-stream signaling pathways 

(Mason, 1992). At least 9 members of the FGF family have been cloned, but the best 

characterised are types I and II, also termed acidic and basic FGF (aFGF, bFGF) respectively. 

Both have affinity for heparin and other proteoglycans which stabilise the growth factors from 

proteolytic degradation (Arakawa et a l 1994) and increase their activity (Roghani et a l
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1994). At the cell surface heparan sulphate appears to operate as a low affinity receptor for 

bFGF in addition to the specific high affinity receptors linked to tyrosine kinase.

FGF-I (bFGF) is an 18kDa cationic protein produced by many cell types including endothelial 

cells. Takehara et al (1991) reported reduced responsiveness to bFGF by Scleroderma 

fibroblasts in both the proliferating and confluent stages. The mechanism of release of this 

factor by cells is unclear since, as for IL-1, the polypeptide chain lacks the hydrophobic leader 

sequence generally required for active secretion. It has been suggested that FGF-1 is released 

by cells in response to mechanical damage or death, perhaps by apoptosis. It is apparently 

sequestered, bound to extracellular matrix proteoglycan (Vlodavsky et a l 1991) from which 

it can later be released, perhaps proteolytically.

In addition to its profound mitogenic activity for a variety of cell types including fibroblasts. 

Tan et al (1993) have shown that bFGF is a potent down-regulator of collagen (I) gene 

transcription. This makes a prime role as an effector cytokine in scleroderma unlikely but it 

may be important as a member of a cytokine network. It appears to be a potent stimulus to 

endothelial cells in the process of angiogenesis and current research is directed towards 

elucidating the importance of these growth factors in scleroderma pathogenesis. A potential 

interaction between TGF(3 and bFGF has been suggested, the former being able to restore 

bFGF responsiveness in scleroderma fibroblasts via the induction of high affinity bFGF 

receptor (Kikuchi e ta l  1992b).

1.7.8 IL-4

Interleukin 4 (IL-4) was first identified in 1982 as a soluble lymphocyte-derived factor capable 

of activating B-cells, and is produced by T-lymphocytes of the TH2 phenotype (Salmon-Ehr 

et a l 1994). As with many cytokines it is now recognised to be a product of a number of 

other cells including mast cells, basophils, kératinocytes and most recently fibroblasts 

(Salmon-Ehr et a l 1996). It is also now realised that its actions are considerably more 

pleiotropic than its effects on B lymphocytes. It has been shown to modulate the release of 

pro-inflammatory cytokines by lymphocytes including TNFa, IL-1, IL-6 and IL-8 (Miossec, 

1993). It may therefore have a potential immunomodulatory action. Its effects on fibroblasts 

in vitro include increased synthesis and secretion of a number of extracellular matrix
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components including collagen type I (Salmon-Ehr et al. 1996). A role for IL-4 in the 

pathogenesis of scleroderma has been suggested but there is little direct evidence to support 

this. Indirect support is provided by reports of elevated serum levels of IL-4 in scleroderma 

sera (Needleman et a l 1992) and more recently by demonstration of increased IL-4 protein 

and mRNA by immunostaining and in situ hybridisation (Salmon-Ehr et a l 1996). Moreover 

the same study suggested that IL-4 might be produced by scleroderma fibroblasts in tissue 

culture.

1.7.9 IL-2

Interleukin 2 (IL-2) was one of the first cytokine products of lymphocytes to be identified and 

plays a central role in lymphocyte growth and differentiation. Unlike other lymphokines it 

appears to be exclusively a product of activated T-cells, which acts primarily on lymphocytes. 

Soluble levels of IL-2, and its receptor which is readily shed from the surface of cells upon 

which it is expressed have been reported in scleroderma by several groups (Clements et a l 

1990; Famularo et a l 1990). Whilst this is supportive evidence for immune system activation 

in the disease it is certainly not a specific phenomenon and is seen in a large number of 

inflammatory or infective states. It is interesting that exacerbation of scleroderma occurred in 

a patient with scleroderma who was treated for advanced renal cell carcinoma using IL-2 

activated lymphocytes. IL-2R levels have been found to be particularly elevated in early 

diffuse scleroderma, substantiating the view that this disease involves immune system 

activation in its early stages (Kahaleh and LeRoy, 1989). Some correlations between IL-2R 

levels and markers of fibroblast activation such as type III collagen N-terminal propeptide 

levels have been reported (Clements et a l 1990). Reduction in IL-2R levels has been 

observed following therapeutic interventions such as photopheresis but these treatments have 

not yet been shown to be efficacious (Zachariae et a l 1993). Increased levels of IL-2 and 

expression of IL-2 receptors have been reported in several of the animal models of 

scleroderma including the UCD-200 tight skin chicken and the TSK-2 mouse (Wilson et a l 

1992).

1.7.10 lL-8

Interleukin-8 (IL-8) is a member of the chemokine family of peptide mediators . These 

molecules stimulate chemotaxis of leucocytes and, in common with other mediators such as 

bFGF demonstrate functional interactions with cell membrane and extracellular matrix
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proteoglycans. Elevated IL-8 levels have been reported in scleroderma and, as with IL-6, 

auto-antibodies binding to IL-8 have also been detected although their significance is 

uncertain. A role for IL-8 in the pathogenesis of scleroderma has been proposed, especially in 

association with lung fibrosis where it is suggested to be important in promoting neutrophil 

accumulation (Crestani et a l 1994). Macrophages in bronchoalveolar lavage fluid from 

patients with systemic sclerosis contain mRNA for IL-8 and EL-8 is also found in epithelial 

lining fluid from patients with systemic sclerosis (Southcott et a l 1995). Importantly, 

enhanced IL-8 expression is found mainly in patients with scleroderma-associated fibrosing 

alveolitis with much less being present in the lungs of patients without evidence of diffuse 

parenchymal disease identified by thin section computed tomography. IL-8 has potential 

importance in the dermal changes in scleroderma and increased levels of the cytokine and an 

autoantibody to EL-8 have been found in scleroderma sera (Reitamo et a l 1993). The 

biological significance of anticytokine autoantibodies is not clear but their presence, plus the 

evidence emerging from pulmonary studies implies EL-8 might be particularly important to the 

development of scleroderma lung disease (Southcott et a l 1995). In addition to being 

released by mononuclear cells, EL-8 has also been shown to be a product of endothelial cells 

and of scleroderma fibroblasts, and in vivo studies have reported increased expression in both 

cell types in early lesional scleroderma skin (Koch et a l 1993).

1.7.11 CTGF

Connective tissue growth factor is a relatively recently identified cytokine product of a 

number of cell types. Et was first characterised as an endothelial cell product distinct fi’om, 

but with some sequence homology to platelet-derived growth factor (Egarashi et a l 1996). A 

potential role in a number of fibrosing diseases has been suggested by increased expression of 

the peptide in scleroderma skin as well as skin from other conditions such as localised 

scleroderma or keloid scars (Egarashi et a l 1996). In vitro experiments have suggested that 

CTGF release by fibroblasts is readily induced by TGFP and that it may have an important 

role as a TGFP induced autocrine fibroblast growth factor (Igarashi et a l 1993). Recently 

reported experiments suggest that CTGF injected subcutaneously into the skin of newborn 

mice causes a marked fibroproliferative response which provides additional evidence for its 

fibrogenic potential (Frazier et a l 1996). The release of CTGF by endothelial cells and its 

potential to activate fibroblasts make it an attractive candidate mediator for endothelial cell-
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fibroblast interaction in vivo. However, as with other cytokines such as TGF(3 it is likely to 

be a complex task to elucidate the precise role of CTGF in pathological fibrosis.

1.7.12 Endothelin

The endothelins are a family of structurally similar peptides each comprising 21 amino acid 

residues (Levin, 1995). The prototypic member of the group ET-1 was first identified as a 

substance derived from endothelial cells which was a potent stimulator of smooth muscle cell 

contraction in vitro and of vasoconstriction in vivo. There is a close similarity between the 

structure of ET-1 and that of the venom of the Egyptian burrowing asp (a-bungarotoxin) 

(Rubanyi and Polokoff, 1994). The ET family includes the related molecules ET-2 and ET-3, 

whose properties and functions are less well characterised although their structure is known. 

Their biological properties are similar to those of ETl although they show some differences in 

affinity for the different endothelin receptors (Haynes and Webb, 1995). The first receptor 

identified was designated ETa (Arai et a l 1990); there was soon realised to be a second major 

subclass of ET receptors (ETb) (Sakurai et a l 1990) and more recently a third receptor sub- 

type has been suggested (ETc), although to date this has only been cloned in amphibian 

species (Madri et a l 1991). Different effects of ET appear to be mediated via different 

receptor classes, for example in vascular smooth muscle cells ETa specific ligands induce 

contraction in contrast to ETb specific ligands which induce relaxation, via the induction of 

nitric oxide release from endothelial cells.

Measurement of ET-1 levels in the circulation in a variety of disease states has suggested that 

this peptide might have a pathophysiological role. Thus elevated levels have been reported in 

hypertension, heart failure, pre-eclampsia, primary pulmonary hypertension and also in 

Raynaud's phenomenon and scleroderma (Haynes and Webb, 1995). Results are somewhat 

confusing. The first report of elevated levels was that of Kahaleh (1991). Subsequent studies 

have confirmed this although clinical associations have been less consistently demonstrated. 

Vancheeswaran et al (1994b) suggested that ET-1 levels were particularly elevated in patients 

with limited cutaneous scleroderma and pulmonary vascular disease or in those with extensive 

diffuse scleroderma. Others have reported contradictory data (Morelli et a l 1995b). The 

elevated levels of ET-1 might be a secondary phenomenon reflecting endothelial cell 

perturbation however it is also possible that ET-1 is a mediator of scleroderma pathology. It
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has now been demonstrated that ET-1 has marked effects on the growth and differentiation of 

a large number of cell types, including mesenchymal cells, and these effects include 

enhancement of fibroblast matrix biosynthesis and stimulation of fibroblast proliferation 

(Kahaleh, 1991). It has also been shown to modulate the properties of fibroblasts grown 

within three-dimensional collagen lattices (Guidry et a l 1990).

In addition to the elevated serum levels of ET-1 in scleroderma there are other more 

persuasive data which point to an involvement in scleroderma. These include the results of 

independent in vivo studies showing increased endothelin binding sites in the skin of patients 

with Raynaud's and scleroderma (Vancheeswaran et a l 1994a) and studies of bronchoalveolar 

lavage fluid from patients with scleroderma which show that ET-1 is present within the lavage 

fluid and that it is responsible for much of the mitogenic activity of this fluid in vitro 

(Cambrey et a l 1994). Furthermore ET-1 has been shown to promote fibroblast collagen 

synthesis (Guarda et a l 1993 a). In addition to being produced by vascular cells, it has 

recently been reported that scleroderma, but not normal dermal fibroblasts, secrete ET-1 

albeit at much lower concentrations than those produced by endothelial cells in culture 

(Kawaguchi et a l 1994). Nevertheless this raises the possibility of paracrine or autocrine 

networks mediated via ET-1 which might be involved in maintenance of the abnormal in vitro 

phenotype of scleroderma fibroblasts. A stronger case for a role of ET as a mediator of 

endothelial-cell fibroblast cross-talk can be made, since it has been shown in vitro that ET-1 

release is predominantly from the baso-lateral surface of the cell (Wagner et a l 1992) and that 

there appears to be constitutive release of low levels of ET-1 with augmented release in 

response to endothelial cell damage or activation. The modulatory effects of ET-1 on 

fibroblast properties are clearly of potential importance in the context of scleroderma, where 

endothelial cells are known to be damaged or activated early in the disease. Published reports 

suggest that there is an altered responsiveness of dermal scleroderma fibroblasts to the 

mitogenic effects of ET-1 (Kikuchi et a l 1995a) which provides further indirect evidence for 

altered biological effects of ET-1 in scleroderma. The biological properties of endothelin and 

its potential involvement in scleroderma pathogenesis are discussed fiirther in Chapter 5.

1.7.13 Other mediators of endothelial cell -fibroblast interaction in scleroderma

In addition to the potential mediators of endothelial cell-fibroblast cross-talk discussed above 

and explored experimentally in this thesis there are many other soluble products of both cell
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types which could be involved in the reciprocal modulation of cell properties. Many of these 

factors, such as prostanoids, have short biological half lives and so evaluation in vitro is 

difficult. There is evidence that some cytokines induce prostanoid synthesis by fibroblasts and 

that these may modulate cell properties such as proliferation (Varga et a l 1987) or collagen 

biosynthesis.

In addition to soluble mediators released from endothelial cells or fibroblasts, both cell types 

also elaborate and secrete insoluble matrix components or their precursors including 

fibronectin, proteoglycans and various types of collagens. The types of collagen secreted vary 

between the two cell types. Types I and III are mainly produced by fibroblasts, along with 

lesser amounts of types VI and VII (Uitto et a l 1986; Vuorio and de Crombrugghe, 1990). 

Endothelial cells mostly produce type IV collagen which is an important component of 

endothelial basement membranes. Matrix components modulate the effects of soluble 

mediators in a number of ways. They can alter the bioavailibilty of mediators e.g. by 

adsorbing growth factors which are then no longer available to engage their cell surface 

receptors (Vlodavsky et a l 1991). Alternatively they can enhance the effects of a ligand by 

stabilising it against proteolytic digestion or by acting as low affinity receptors which increase 

the concentration of cytokines in the proximity of their specific high affinity receptors 

(Arakawa et a l 1994). Insoluble extracellular matrix components may also interact with their 

own receptors at the cell surface which can exert direct effects on cells, such as the down- 

regulation of collagen type I gene transcription in response to collagen type I binding P 

integrins at the cell surface of fibroblasts (Ivarsson et a l 1993). Responses to paracrine 

factors are also transmodulated by collagen-integrin binding at the fibroblast cell surface such 

as the reduction in response to PDGF for cells in which the collagen binding integrins are 

occupied by their appropriate ligand (Gullberg et a l 1990).

A third, indirect way in which endothelial cells and fibroblasts might influence the properties 

of each other is through the effect of another cell type such as leucocytes or platelets. Thus 

endothelial cells may alter the biological properties of these other cell types and influence their 

own cytokine products.
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1.8 Hypothesis and aims

The experimental work described in this thesis addresses the hypothesis that there is 

functional cross-talk between endothelial cells and fibroblasts in vivo and that this cross-talk 

modulates important properties of both cell types. In disease states, such as scleroderma, in 

which both endothelial cell and fibroblast dysfunction occurs, it is therefore likely that 

fimctional interaction between these cell types is altered, and this may be highly relevant to 

the initiation or maintenance of an altered phenotype in one or both cell types. To investigate 

this hypothesis the following specific aims have been pursued;

1.8.1 Specific Aims:

1. To examine the modulation of scleroderma and control fibroblast properties in co-culture 

with endothelial cells.

2. Comparison of conditioned medium transfer experiments with co-culture-induced 

modulation of fibroblast properties, and determination of the effect of endothelial cell damage 

or activation on modulation of fibroblast properties.

3. Investigation of candidate mediators for endothelial cell-induced modulation of fibroblast 

properties, especially IL-1, bFGF and ET-1, using neutralising antibodies, pharmacological 

antagonists and recombinant cytokines.

4. Assessment of the effect of scleroderma and control fibroblasts on endothelial cell 

properties, and on the migration of leucocytes across endothelial cell monolayers in vitro.
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CHAPTER 2: GENERAL METHODS

2.1 Introduction

The overall aim of the experiments described in this thesis was to elucidate some of the 

fimctional interactions between fibroblasts and endothelial cells which may be relevant to the 

pathogenesis of scleroderma. This involved using a variety of cell biological techniques to 

investigate the properties of fibroblasts and endothelial cells in tissue culture, and in particular 

to investigate the modulation of one cell type by the other. This chapter describes the 

different cell types used for these studies and outlines some of the methods used for studies 

presented in chapters 3 , 4 , 5  and 6. More specialised methods, which relate specifically to 

experiments within individual chapters are detailed within the relevant section.

In designing experiments to evaluate endothelial cell-fibroblast interactions in scleroderma a 

number of aspects were considered. First, which properties of each cell type were to be 

evaluated as end-points. These end-points were initially selected as being aspects of 

endothelial or fibroblast phenotype which might be modulated by factors derived fi*om each 

cell type, and which were thought to be relevant to the pathogenesis of scleroderma. Thus, 

fibroblast properties which were investigated included collagen type I biosynthesis, reflected 

at the protein level by type I pro-collagen (I) secretion and at the transcriptional level by 

steady-state mRNA levels; cell surface ICAM-1 expression; cell number as determined using 

direct cell counting, radiolabelling of cells or using the MTT assay (Mossman, 1983), and 

DNA or protein synthesis by metabolic labelling techniques to determine tritiated thymidine or 

leucine incorporation respectively. In addition to conventional monolayer tissue culture, 

other approaches were used which aimed to provide fibroblasts or endothelial cells with a 

more physiological environment. Thus, fibroblasts were grown within 3-dimensional collagen 

type I gels and endothelial cells were cultured on semi-permeable tissue culture inserts. These 

approaches enabled particular properties of each cell type to be investigated which would not 

have been possible in conventional culture. Thus, the potential effects of endothelial cell- 

fibroblast interactions on migration of leucocytes across endothelial monolayers was studied 

using culture-inserts and the contraction of collagen gel matrices by fibroblasts in culture was 

also studied.

For two of the cell types investigated in these experiments (dermal fibroblasts and 

mononuclear leucocytes) it was possible to obtain cells from patients with scleroderma, and to
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compare their properties with those of appropriate control cells. Although it was not possible 

to study scleroderma-derived endothelial cells directly, the endothelial cell properties selected 

as end-points for evaluation are likely to be relevant to scleroderma pathogenesis, and 

included levels of surface expression of endothelial cell adhesion molecules and 

transendothelial migration of leucocytes.

Previous studies of cellular interactions in vitro have employed a wide variety of experimental 

techniques. These include the direct co-culture of cell types (Antonelli-Orlidge et a l 1989) 

either in monolayer culture or within a three dimensional matrix (Contard et a l 1993). A 

further development of this approach is the organotypic co-culture of dermal fibroblasts and 

kératinocytes which has helped to elucidate the interactions between these two cell types 

(Fleischmajer et a l 1993; Tuan et a l 1994). Such direct co-culture approaches have the 

advantage of allowing cells to interact both through the action of soluble mediators and by 

physical contact, either direct or through extracellular matrix components. The main 

disadvantage of these methods is that it is not possible to easily evaluate both cell types 

separately after co-culture, and identifying mediators of interaction or their cellular origin may 

be especially difficult. Co-culture does however represent a powerful technique for studying 

the modulation of one cell type by another. An alternative approach to direct co-culture is to 

grow different cell populations in proximity with each other but separated by a semi- 

permeable membrane. This is possible using various commercially available tissue culture 

inserts in which one cell type can be grown in the upper chamber and the other cell type 

cultured using underlying tissue culture well. Such methods are particularly applicable to 

experiments using epithelial or endothelial cells grown on the culture insert membrane 

because the system allows both upper and lower surface of these cells to be exposed to 

culture media and may thereby represent a more physiological system than conventional 

monolayer culture (Shasby and Roberts, 1987). There is some evidence that such culture 

methods allow greater functional polarity to develop, for example 80% of endothelin-1 

released by a confluent layer of endothelial cells has been shown to be released from the basal 

aspect of the cells (Wagner et a l 1992) and other studies have demonstrated different 

expression of cell adhesion molecules on the apical and basal aspects of cells cultured on 

semi-permeable membranes (Sepp et a l 1995).
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Advantages of the simultaneous presence of two ceil types is that they may both be important 

for the elaboration and activation of some potential mediators such as transforming growth 

factor-p (Gruschwitz et a l 1990). Also, labile mediators which might not survive in 

conditioned medium such as prostanoids are likely to be available in co-culture. Feed-back 

loops are more likely to be detected in co-culture experiments; for instance it has been shown 

that mesenchymal cells can inhibit release of ET-1 by endothelial cells (Stewart et a l 1990). 

If such feedback inhibition operates in endothelial cell-fibroblast co-culture and ET-1 were an 

important modulator of cell properties then the results of co-culture studies, in which ET-1 

release might be reduced, could be different fî om conditioned media studies. The 

disadvantages of co-culture, even with culture inserts, include the greater complexity of the 

system which often leads to less reproducibility of results between experiments and the 

difficulty of determining the cellular source of the modulating cell properties. Another 

potential problem in co-culture is that continued production of active mediators may make 

neutralisation experiments employing fixed concentrations of antagonists or blocking antibody 

problematic. These limitations are largely avoided with conditioned medium transfer 

experiments and the two approaches are therefore often complementary. This thesis describes 

results obtained using both co-culture methodology and conditioned medium transfer. Co

culture was used to demonstrate modulation of fibroblast phenotype by endothelial cells, and 

to compare scleroderma and control fibroblast responses, while conditioned medium transfer 

techniques were used to confirm the results in a simpler system and to characterise some of 

the mediators responsible. The following sections describe general methods and background 

information relevant to the experiments described in several of the subsequent chapters.

2.2 Details of patient and control subjects studied

For experiments described in this thesis, fibroblasts were grown fi-om skin biopsies taken fi-om 

scleroderma patients and from healthy volunteers or patients without scleroderma (see 

below). All scleroderma patients studies fulfilled the American College of Rheumatology 

Preliminary Criteria for Classification of the disease (1980). The methods used to determine 

the clinical and serological features of the scleroderma patients studies are discussed below 

together with the demographic features of the scleroderma and control subjects from whom 

the biopsies were taken. Organ involvement was assessed according to standard clinical
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practice at the Royal Free Hospital, and broadly followed the recently devised scleroderma 

Severity Score (Medsger, et a l 1994)

2.2.1. Skin involvement

The extent of skin involvement in scleroderma is a usefiil clinical assessment, and has been 

shown to reflect disease outcome and survival (Altmann et al. 1990). It can be estimated by 

the skin sclerosis score (Black, 1995c). The original modified-Rodnan score was used for 

patients in this study. This system uses a grading between "0" (normal) through 1 (possible 

involvement), 2 (definite involvement) to 3 (hidebound scoring 17 sites and giving a 

theoretical maximum score of 54. The various sites assessed are illustrated in Table 2.1

2.2.2 Skeletal muscle assessment

Involvement is determined by the presence of 2 or more of the following criteria: clinical 

muscle weakness; elevated serum creatine kinase level; characteristic EMG findings of 

myositis or histological confirmation by muscle biopsy.

2.2.3 Gastrointestinal tract involvement

This was determined by the presence of symptomatic oesophagitis or evidence of oesophageal 

dysmotility or amotility by oesophageal scintigraphy (Kaye et a l 1996). The occurrence of 

involvement lower in the gastrointestinal tract was not specifically recorded because although 

symptoms attributable to it were ofien prominent it was difficult to determine objectively.

2.2.4 Respiratory involvement

Interstitial lung disease was determined by evidence of a restictive defect on pulmonary 

function testing (forced vital capacity (FVC) and carbon monoxide diffusion factor (DLCO) 

less than 70% predicted value for body weight, age and sex) or by evidence of lung fibrosis on 

high resolution CT lung scan. The presence of pulmonary hypertension was suggested by an 

isolated reduction in CO difiusion coefficient in the presence of relatively preserved lung 

volumes (for example DLCO < 70% predicted and FVC/DLCO > 1.4) or by the presence of 

definite PHT on Doppler-echocardiogram (Denton et a l 1997).
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Table 2.1 Assessment sites for modified Rodnan skin score

site side maximum score

fingers R + L 6

hand R + L 6

forearm R + L 6

upper arm R + L 6

upper back 3

lower back 3

face 3

thigh R + L 6

lower leg R + L 6

foot R + L 6

maximum score M
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2.2.5 Cardiac involvement

Although difficult to assess reliably, evidence of electrocardographic features such as 

conduction defects or significant arrhythmias and/or the presence of a reduced (<60%) left 

ventricular ejection fraction in the absence of other explanation such as ischaemic heart 

disease was presumed to reflect cardiac involvement from scleroderma.

2.2.6 Renal involvement

Patients who had suffered from a scleroderma renal crisis, or who had evidence of persistent 

significant proteinuria or renal functional impairment in the absence of other causes were 

considered to have renal involvement from their scleroderma.

2.2.7 Autoantibody status

All patients underwent routine testing for the presence of scleroderma associated 

autoantibodies. These were performed in the Department of Clinical Immunology at the 

Royal Free Hospital. Counter-immunoelectrophoresis of serum samples with purified antigen 

was used to detect antibodies to topoisomerase 1 and other extractable nuclear antigens 

(Bunn and Kveder, 1993), staining pattern on dividing HeLa cells was used to define anti

centromere antibody positivity (Humbel, 1993) and immunoprécipitation with methionated 

Hela cell extract to identify antibodies to RNA polymerases I and III (Kuwana et al. 1993). 

All screening was carried out using a 1:100 dilution of test serum. Details of these 

methodologies are given in the relevent references cited above.

2.3 Cell culture

2.3.1 Fibroblasts

During the course of the experimental work described in this thesis fibroblasts were grown 

fi-om 41 different patients with scleroderma. The demographic and clinical features of this 

patient group are summarised in Tables 2.2A and 2.3 Skin biopsies were taken, with 

informed consent, from patients attending the Royal Free Hospital Rheumatology 

Department. Scleroderma skin biopsies were taken from involved skin. For diffuse 

scleroderma patients biopsies were usually obtained from forearm skin on the non-dominant 

limb, although in some cases other sites of clinical involvement such as the upper arm or thigh 

were used. For limited scleroderma, biopsies were from the dorsal surface of the non

dominant hand. Biopsies were taken either for confirmation of the diagnosis of scleroderma

78



Table 2.2 Features of SSc and control skin biopsy donors 

A. Scleroderma biopsy samples

% duration at biopsy
Subset number age female RP SSc

dcSSc 23 42±3.6 90 42±13 34+9

IcSSc 18 48±4.1 70 95±30 60+16

all SSc 41 47±4.0 80 70+22 53±14

B. Control biopsy samples

number age % female

19 42+8.0 70

Disease duration (months) defined by the time from onset of Raynaud's phenomenon (RP) 
or, for scleroderma (SSc), the time from development of first non-RP manifestation

Data refer to mean +/- SEM
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Table 2.3 Organ involvement and antibody profiles for scleroderma patients donating skin biopsies

Subset number skin score
% patients with organ involvement (see text) 

oesoph. lung-FA PHT renal muscle
Vo positive for SSc antibodies 

ACA scl-70 ARA

dcSSc 23 32+8 74 39 17 21 21 4 35 22

IcSSc 18 8+3 83 22 17 6 11 44 17 17

all SSc 41 26±4 81 29 18 14 18 22 27 20

oesoph. = oesophageal involvement ACA = anti-centromere antibody
lung-FA = interstitial lung fibrosis 
PHT = pulmonary hypertension

scl-70 = anti-topoisomerase 1 antibody 
ARA = anti-RNA polymerase antibody



as part of the normal clinical management of patients, or specifically for research. Ethical 

approval was obtained from the Royal Free Hospital Ethical Practices Subcommittee for these 

biopsies. Control biopsies were obtained from patients with non-inflammatory rheumatic 

diseases (n = 5) or from healthy volunteers (n = 14). These were taken from normal forearm 

skin using the same biopsy technique as for scleroderma patients. The age and sex distribution 

for the control subjects is given in Table 2.2B. As far as possible, control and scleroderma 

fibroblasts were matched for donor age, site of biopsy and passage number of the cell strain in 

individual experiments. For each set of experiments representative scleroderma and control 

fibroblast strains were included. It was not possible to use the same strains in all studies 

because of the limited life-span of non-transformed fibroblasts. Cells were not used after the 

5*̂  passage because it has been reported that some of the abnormal phenotypic properties of 

scleroderma fibroblasts do not persist in prolonged tissue culture (Xu et al 1995).

Fibroblasts were grown from 4 mm  ̂ punch skin biopsies by standard explant technique 

(LeRoy, 1974). In brief, subcutaneous fat was cut from the dermal aspect of the skin sample, 

each biopsy was finely chopped using a scalpel blade and then spread onto the culture surface 

of a 25cm^ culture flask. After 15 minutes of drying at room temperature the pieces of biopsy 

were adherent to the tissue culture plastic and 5ml of Dulbecco's Modified Eagles Medium 

(DMEM) supplemented with 10% foetal calf serum (FCS) was added. For primary culture 

antibiotics (penicillin, lOOpg/ml, gentamicin, 50pg/ml) and antifungal agents (amphotericin, 

2.5|Lig/ml) were included in the medium but these were omitted after the first passage. At 

confluence monolayers were trypsinised and subcultured at a ratio of 1:3. For all experiments 

cells were used between the 2nd and 5th passage.

2.3.1.1 Confirmation of fibroblast phenotype

Cells grown by explant culture from punch skin biopsies initially comprise a heterogeneous 

population including both fibroblasts and kératinocytes which are readily distinguished by 

morphology. After a period of time in culture, and especially after the first passage, 

fibroblasts overgrow other cell types to yield a homogeneous population of elongated spindle 

shaped cells. The fibroblast phenotype was confirmed by their typical morphology in 

monolayer and three-dimensional collagen gel culture (see below), by expression of typical 

fibroblast-associated surface antigens including ICAM-1 (Abraham et a l  1991) and also
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through their secretion of large amounts of type I collagen, as well as the absence of a-actin 

staining seen in smooth muscle cells (Sappino et al. 1996). Typical morphology of fibroblasts 

in monolayer culture is illustrated in Figure 2.1A.

2.3.1.2 Culture of fibroblasts in three-dimensional collagen gels

Fibroblasts can be seeded into collagen type I gel matrices. In these matrices they assume a 

strikingly different morphology which contrasts with their elongated bipolar shape observed in 

monolayer cultures, and the shape changes more dramatically as the gel contracts (Mayes et 

al 1988). These shape changes are shown in Figure 2.1B-C. They also cause the gel to 

contract, this being associated with the sprouting of cell processes into the gel matrix. This 

contraction is generally maximal after a period of 24h and can be quantified either by 

measuring the gel diameter or by determining the weight, and so indirectly the water content, 

of the gels (Cillery et a l 1991). The macroscopic appearance of a collagen gel lattice being 

contracted by dermal fibroblasts seeded within the gel is shown in Figure 2.ID.

The methods used for culture of fibroblasts in type I collagen gels is outlined below. Tissue 

culture plates (24 well) were pre-coated with sterile 2% bovine serum albumin (BSA) in 

phosphate buffered saline (PBS, 2ml/well), incubated at 37°C overnight, and then washed 

three times with sterile PBS. Trypsinised fibroblasts suspended in MCDB medium were 

mixed with collagen solution (one part 0.2M N-2-hydroxyethylpiperazine-N-2- 

ethanesulphonic acid (HEPES), pH 8.0; four parts collagen (Vitrogen-100, 3 mg/ml and five 

parts of MCDB X 2) yielding a final concentration of 80,000 cells per ml and 1.2 mg/ml 

collagen. Collagen/cell suspension (1 ml) was added to each well, after which plates were 

immediately incubated at 37°C to allow collagen gels to form. After 1 hour, 1 ml of MCDB 

medium or test medium was added to each well, causing detachment of the collagen gels from 

the tissue culture plastic. Contraction of the gel was quantified by loss of gel weight and 

decrease in gel diameter (using an ocular micrometer) over a 24 hour period. Initial 

experiments suggested that gel weight at 24 hours, corresponding to maximum contraction, 

correlated with the degree of contraction at earlier time points between 2 and 22 hours (data 

not shown). Maximal contraction was therefore selected as a reproducible end-point for
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Figure 2.1 Dermal fibroblast morphology in monolayer and three-dimensional 
collagen type 1 gel culture
The upper panel (A) shows the elongated bipolar morphology o f dermal fibroblasts in 
monolayer culture on tissue culture plastic. Panels B and C show the strikingly 
dififerent morphology assumed by the same fibroblasts when they are grown witliin a 
three-dimensional type I collagen gel. Over 24 hours in gel culture the fibroblasts 
cause the gel to contract, with an increased number o f elongated cell processes at early 
(6h) and late ( 16h) stages o f contraction, illustrated by panels (B) and (C) respectively 
The macroscopic appearance o f the gel at these two time-points is shown in the lower 
panel. The lower panel is shown actual size, the others with x300 magnification
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Figure 2.2 Human umbilical vein endothelial cells in tissue culture
The upper panel (A) shows the appearance o f early passage human umbilical 
vein endothelial cells at confluent density in monolayer culture on gelatin- 
coated tissue culture plastic The lower panel (B) shows confluent lE -7 cells, 
an extended life-span HUVEC-derived cell line. Magnification x300
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Figure 2.3 Properties of lE -7 in tissue culture
Uptake o f acetylated low density lipoproteins (LDL) is a specific property o f 
endothelial cells in tissue culture. The upper panel (A) demonstrates uptake o f 
fluorescently labelled acetylated LDL by a subconfluent monolayer o f lE -7 cells 
The transformed nature o f this cell line is demonstrated by positive staining o f 
fixed cells using antibody specific for the SV40 large-T antigen (panel B) which 
is absent from native HLA^EC cultures (panel C). Magnification x400.
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subsequent studies. To facilitate microscopic examination of morphological changes in the 

fibroblasts associated with gel contraction, fibroblasts suspended in serum fi'ee DMEM (0.05 

ml containing 5 x 10"̂  cells) were placed on the surface of a polymerised collagen gel, 

prepared as described above but without the inclusion of cells within the gel. These fibroblasts 

had previously been grown to confluence in DMEM/10% FCS, as described above. These 

gels were incubated for 30 minutes at 37°C, allowing the cells to adhere to the gel surface. 

The gel was then covered with 1 ml of medium containing the test substance. After 8 hours, 

fibroblasts were photographed using an inverted phase-contrast microscope to provide a 

permanent record of morphological characteristics. Representative results are shown in 

Figure 2.1B-C.

2.3.2 Endothelial cells

2.3.2.1 Umbilical vein endothelial cells

Human umbilical vein endothelial cells were cultured from fresh umbilical cords using a 

modification of the method of Jaffe et al (1973). Briefly, fresh human umbilical cords were 

trimmed to remove excess fat and the umbilical vein was identified and cannulated. The vein 

was washed using warmed PBS (37°C) and then 10ml/20cm of cord of pre-warmed 

collagenase solution was added. The cord was incubated for 30 minutes at 37°C. It was then 

massaged gently and the resultant endothelial cell suspension was aspirated. This suspension 

was centrifuged (150g) and resuspended in serum supplemented (20%) M l99. Primary 

isolates were seeded into 25cm  ̂gelatin-coated tissue culture flasks. Medium was changed at 

24h and cells trypsinised and plated into a 75cm  ̂ flask at confluence. Cells were cultured in 

standard culture medium (M l99/20% FCS supplemented with 7mg/ml heparin ECGS [Sigma, 

St Louis, MO] and 0.02mg/ml ECGS [Sigma, St Louis, MO]) and each cord generally yielded 

2 confluent 75cm  ̂culture flasks at the 2nd passage. Cells were subcultured in a ratio of 1:2, 

and used for experimental studies at the 2nd to 4th passage. The typical appearance of 

confluent umbilical vein endothelial cells is illustrated in Figure 2.2.

2.3.2.2 Endothelial cell lines

The extended lifespan SV40 transfected human umbilical vein (HUVEC) derived endothelial 

cell line lE-7 was used throughout. Cells were used between the 14th and 17th passage, 

when they have been shown to retain their differentiated endothelial properties (Tickling et a l
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1992). Cultures were maintained in standard endothelial cell growth medium 

(M199/ECGS/heparin/20%FCS), although they grow well in a range of media including 

DMEM/10% FCS. The appearance of confluent lE-7 cells is shown in Figure 2.2, and was 

indistinguishable from that of native HUVEC. For some experiments the virally transformed 

human dermal microvascular cell line HMEC-1 was employed. This line was generated by 

Ades et al (1992) and has been shown to maintain at least some of the phenotypic 

characteristics of native dermal microvascular endothelial cell cultures (Xu et a l  1994).

2.3.2.S Confirmation of endothelial cell phenotype.

Both native human umbilical vein endothelial cells and the HUVEC derived cell line lE-7 

assume a typical cobblestone morphology in monolayer culture. The endothelial cell 

phenotype was confirmed by the expression of a range of endothelial cell related antigens 

including vWF and by the uptake of acetylated LDL. A series of experiments were 

undertaken to confirm that the properties of the cell line lE-7 were similar to those of non

transformed endothelial cells. Apart from the typical morphology, which was 

indistinguishable from native HUVEC, lE-7 also demonstrated uptake of acetylated LDL. 

Their transformed nature was confirmed by expression of the SV40 large T-antigen, which 

was readily demonstrated by indirect immunofiuorecence (Figure 2.3). HUVEC express a 

number of cell surface adhesion molecules including ICAM-1, VCAM-1 and E-selectin, which 

are important in mediating adherence of leucocytes, particularly after stimulation with pro- 

inflammatory cytokines or bacterial lipopolysaccheride. The time-course and dose-response 

characteristics for expression of these adhesins by umbilical vein endothelial cells are well 

known (Haraldsen et a l 1996). Studies of their expression by lE-7 cells suggested higher 

constitutive expression of ICAM-1 but otherwise similar patterns of expression to those 

reported for HUVEC. Representative dose-response and time course data are shown in 

Figures 2.4 and 2.5. These results provided important additional evidence that the cell line 

lE-7 was likely to represent a good model for native endothelial cells in my experiments. 

However, wherever possible control studies were performed using HUVEC to validate the 

results obtained with lE-7.

The cobblestone morphology of endothelial cells at confluence was in marked contrast to the 

appearance of fibroblast cultures, and was also distinct from the appearance of two epithelial
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Figure 2.4 Dose-response curve for TNFa-induced expression of ICAM-1, 
VCAM-1 and E-selectin by lE-7
Dose-response curve for adhesion molecule expression by the human endothelial cell 
line lE-7. Data are for TNFa but equivalent results were obtained for IL-la. Time 
points at which expression was measured are indicated. Expression of adhesion 
molecules was determined in a cell bound ELISA by absorbance at 450nm and each 
data point represents mean ±sd for 3-6 replicate wells. See section 2.7 for assay 
details.
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Figure 2.5 Time course for cytokine induced expression of EC adhesion molecules 
by lE-7
Pro-inflammatory cytokines induced upregulation of the EC adhesion molecules ICAM- 
1, VCAM-1 and E-selectin. Representative data (mean ±sd for triplicate wells) for 0 
(cytokine added and immediately washed off) 4 and 24h time points incubation of TNFa 
at 100 U/ml are shown. Expression wasquantified in a cell bound ELISA by absorbance 
at 450nm in triplicate wells. Control wells had no cytokine added and reflect 
constitutive expression of the adhesion molecules. As with native HUVEC ICAM-1 is 
significantly expressed even without pro-inflammatory cytokines. Similar data were 
obtained using EL-la (lOOU/ml)
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cell lines A549 or A431 arising from lung or epidermoid carcinoma respectively which were 

employed in control experiments.

2.4 Metabolic labelling studies of protein and DNA synthesis

The amount of new protein synthesis can be determined by measuring the incorporation of 

radiolabelled amino acid substrate into cellular macromolecules during a defined labelling 

period (Everhart et a l 1973). Radiolabelled leucine is the most fi-equently used substrate for 

such studies. This branched chain essential amino acid is usually chosen by virtue of its ready 

uptake from tissue culture media by mammalian cells, the absence of de-novo synthesis by 

cells which might confuse results, and its almost ubiquitous presence in cellular proteins. 

Leucine typically constitutes between 6 and 12% of amino acid residues in most mammalian 

protein molecules. It is however only a minor component of some important cell proteins and 

this should be remembered when certain cell types are being studied. For example it 

comprises only about 2% of residues in collagen, the major extracellular structural protein in 

most tissues, and radiolabelled proline, comprising 10-15% residues, is more appropriate if 

collagen synthesis, rather than overall protein production is being investigated (Uitto et a l 

1986). Assessment of cell growth by leucine incorporation is most frequently undertaken in 

96 well plates which can be seeded at either confluent or subconfiuent density. Seeding 

density, duration of labelling, and the culture conditions will determine whether leucine 

incorporation is mainly reflecting protein synthesis associated with cell proliferation or simply 

that associated with protein turnover and metabolism in non-dividing cells (see section 4). 

The importance of this distinction depends on the experimental aims of the study, for example 

whether effects of test conditions on cell viability, cellular proliferation or differentiation are 

being investigated (Gerecke and Gross, 1996).

Radiolabelled thymidine is the most commonly used nucleoside for labelling studies of DNA 

synthesis. One reason for this is its specificity for DNA, so that results are not confused by 

alterations in RNA biosynthesis. Also most mammalian cells are readily able to take up and 

utilize exogenous thymidine from culture medium via a specific salvage pathway catalysed by 

the enzyme thymidine kinase. Although some discrepancies can occur in comparison with 

other techniques for assessing mitogenic response such as direct cell counting or BdrU 

labelling (Gratzner, 1996), the relationship between thymidine incorporation and cell division 

is sufficiently reliable to allow its use as an index of mitogenic effects for test substances
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particularly if non-transformed cells are seeded at low enough density to avoid the effects of 

contact inhibition at confluency, and when cells are deprived of serum and growth factors 

prior to addition of test mitogens.

2.4.1 Protocol for tritiated leucine or thymidine incorporation assay 

For these experiments dermal fibroblasts were seeded in 6, 24,24 or 96 well culture plates at a 

density of 2500 to 10000 cells per well. Preliminary experiments assessed the effect of 

different seeding densities on the incorporation of radiolabelled thymidine or leucine and are 

shown in Figure 2.6. These initial studies demonstrated the importance of having cells at 

subconfluent density throughout the labelling period, especially for thymidine incorporation 

assays, ensuring that the cells were in their logarithmic phase of growth. After culture for 48 

hours in DMEM/10% FCS the medium was replaced by serum free (0.5% BSA) DMEM for 

24 hours, at which time test media were added (100 pl/well). Experiments were performed 

over a 48 hour period in serum free conditions and 1 |iCi/well radiolabelled thymidine ([^H]- 

TdR) or leucine ([^H]-leu) was added during the final 16 hours of culture. Acid insoluble 

tritium incorporation was determined by precipitation of macromolecules as outlined below:

Radiolabelled leucine or thymidine (IpCi) is added to each well for a labelling period of 6 - 24 

hours. At the end of the labelling period labelled culture medium is aspirated from each well. 

Cell monolayers are washed three times using PBS at room temperature (200 pi per well). 

Cellular macromolecules were then precipitated using 5% trichloroacetic acid (200 pi per 

well), for 15 minutes. The trichloroacetic acid was aspirated from each well and the 

monolayer washed with absolute methanol (200 pi per well) for 5 minutes. Precipitated 

macromolecules of the cell layer were solubilised in 98% (25M) formic acid (200 pi per well) 

for 5 minutes. The contents of each well were carefully transferred to a P-vial, the well 

washed with 200 ml of distilled water which is transferred to the same beta vial, and 3.5 ml of 

scintillant fluid (OptiPhase safe, LKB Scintillation Products Ltd., UK) were added to each 

vial. Radioactivity was measured using a liquid scintillation counter, comparing each sample 

disintegrations per minute with background tubes containing formic acid, water and scintillant 

fliud only.
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Figure 2.6 Effect of seeding density o f fibroblasts on thym idine or leucine 
incorporation
In both serum free (SFM ) and serum supplemented (FCS) culture medium, the amount o f 
leucine incorporation over a 16h labelling period is dependent on fibroblast number seeded 
as shown in the lower panel. In contrast thymidine incorporation is less for cells after 
incubation in FCS supplemented medium for 48h when 5000 cells/well are seeded than for 
2500 cells/well (probably due to reduced DNA synthesis once cells attain confluence). 
Data are mean (+sd) for replicate wells and are representative o f a series o f 3 independent 
experiments using different fibroblast strains. Equivalent data were obtained for both 
scleroderma and control fibroblasts.
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2.4.2 Serum starvation

For some experiments it was preferable to use serum free conditions so that the effects of 

active mediators being studies were not confounded by the potent growth stimulatory effects 

of FCS. A series of initial control experiments assessed the effect of serum deprivation on 

thymidine or leucine incorporation by scleroderma and control fibroblasts. The results of 

these studies sre shown in Figure 2.7. Earlier control experiments suggested that it was best 

to allow the cells to adhere to the culture plastic in standard medium to ensure optimal cell 

viability, and then change to serum free medium once cells are adherent and growing well. 

Monolayers were washed twice (serum free medium or sterile PBS at 37° C) before changing 

to serum free medium.

2.4.5 Interpretation of Results

For both leucine and thymidine incorporation data, mean dpm for replicate wells treated with 

the test substance were compared with those for appropriate control wells. Within 

experiments it is preferable to compare raw dpm figures but the degree of inter-experiment 

variation in radiolabel incorporated, even under similar conditions, generally makes derived 

figures (e.g. % control dpm) more representative when independent experiments are being 

combined or compared. The absolute radioactivity for thymidine was generally less than 

leucine incorporation for equivalent cell numbers, and the degree of between well and inter

experiment variation greater for thymidine. Generally the total radioactivity should be per well 

at least 5000-6000 dpm per well for reliable results and culture conditions, and cell seeding 

density and labelling time was adjusted if counts were consistently below this level. 

Sometimes it is useful to express the thymidine incorporation per mg of protein, performing a 

protein assay on a parallel experimental plate, such as the BCA protein assay (Smith et a l 

1985). This is particularly useful if one or more treatments is toxic to cells so that changes in 

thymidine incorporation might simply reflect reduced viable cell number. The MTT assay 

(Mossman, 1983) can be used in the same way, and results of these assays confirm that 

thymidine incorporation, particularly with quiescent cells, may not simply reflect changes in 

viable cell number. Thus much of the increased thymidine incorporation probably 

accompanies the S phase of the cell cycle when DNA for daughter cells is being synthesised. 

In view of this it is best not to equate thymidine incorporation changes with effects on cell 

number without other supporting evidence.
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Figure 2.7 Effect o f serum deprivation on SSc fibroblast protein or DNA synthesis
Fibroblasts were seeded (5000 cells per well o f a 12mm diameter culture well). Tritiated 
thymidine or leucine incorporation over a 16h labelling period was measured by liquid 
scintillation counting o f acid insoluble cellular residue. Data are mean (+sem) for a 
series o f  3 independent experiments using SSc (n=6) or control (NDF, n=4) fibroblast 
stains. Fibroblast protein synthesis (leucine incorporation) is diminished by serum 
deprivation for both SSc and NDF strains. Thymidine incorporation, reflecting DNA 
synthesis, is little affected by serum deprivation in SSc strains, probably because cells 
have reached confluence early in the labelling period Control fibroblasts are still 
subconfluent during most o f the labelling period in SFM and so thymidine incorporation 
is greater than in FCS supplemented conditions when, as with SSc strains they rapidly 
attain confluency. These data provide indirect support for the phenomenon o f serum- 
independent proliferation which has previously been suggested for SSc fibroblasts. 
Total culture period for all o f  these experiments was 72 hours.
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2.5 Analysis of fibroblast RNA by Northern hybridisation

Steady-state mRNA levels for fibroblast collagen type I and GAPDH were determined by 

Northern hybridisation. For these experiments total RNA was extracted from the cell cultures 

and levels of specific mRNA were determined using a cDNA probe specific for a conserved 

region of the pro-al (I) collagen mRNA (Sandberg and Vuorio, 1987). A GAPDH specific 

probe was used as an internal standard to allow for differences in amounts of RNA blotted. 

Following probing, autoradiography of membranes was performed. Signal intensities on the 

resulting autoradiographs were determined by quantitation of digitised images using the 

Gelplate^^ personal computer programme. These data were used to determine a pro-al (I) 

mRNA:GAPDH mRNA signal ratio which was used as an index of collagen (I) steady state 

mRNA. The methods used for these experiments described in greater detail below.

2.5.1 RNA extraction

This followed the protocol of Chomczynski and Sacci (Chomczynski and Sacci, 1987) using 

the acid-guanidium-phenol-chlorofom method. RNA was extracted from fibroblast 

monolayers grown in 6 well culture plates. Duplicate wells were pooled to increase yield. 

Culture medium was aspirated and monolayers were gently washed with sterile PBS at 37°C. 

2 ml of solution D (see appendix II) were added to each well and incubated at -20 °C for 10 

minutes to lyse and solubilise the cells. The lysate was aspirated into a 5ml syringe through a 

23 G needle and then transferred to a sterile high-speed centrifuge tube. 300pl of 2M sodium 

acetate (pH 4.0) were added to each tube and the contents mixed thoroughly. Next 3 ml of 

water saturated phenol were added, the tube vortexed and then 600 pi of chloroform:isoamyl 

alcohol (50:1) added. The tube was incubated on ice for 15 minutes. Tubes were then 

balanced and centrifiaged at > lOOOOg for 20 minutes at 4 °C. The upper (aqueous) phase, 

containing RNA, was then carefully aspirated and transferred to a fresh tube, into which was 

added an equal volume of isopropanol. After 1 hour incubation at -20 °C, the tube was again 

centrifuged at > lOOOOg for 20 minutes. The supernatant was completely aspirated and the 

pellet resuspended in 600 pi of solution D. This solution is transferred to an eppendorf tube, 

600pl of isopropanol added, followed by a further incubation of 1 hour at -20 °C. The 

eppendorf tube was then centrifuged at maximum speed in an eppendorf centrifuge for 20 

minutes. The supernatant was discarded and the pellet washed with ice-cold 75% ethanol, 

spun again at maximum speed for 10 min and then, after aspiration of the supernatant, air

95



dried until no visible liquid remained. The pellet was resuspended in 10-20 \û of 

diethylpyrocarbonate (DEPC) treated water and the RNA concentration and purity 

determined spectrophotometrically as outlined below.

2.5.2 Estimating the yield of RNA

This was measured spectrophotometrically by determining the absorbance of a diluted aliquot 

(of 2 |xl RNA solution in 48 |il DEPC treated water) at 260 nm. The RNA concentration was 

determined based on the absorbance of a solution of known concentration (1 OD unit for 40 

|Lig/ml pure RNA). The absorbance of the solution at 280nm was also measured to estimate 

the concentration of contaminating protein in the RNA sample. A ratio of OD 260:280 was 

used as an index of purity. Samples with a ratio of less than 1.5 were subjected to repeat 

extraction as descibed above (section 2.5.1). Each confluent 35mm diameter tissue culture 

well (approximately 500000 fibroblasts) typically yielded 5 to 15 pg of cellular RNA.

2.5.3 Electrophoresis of RNA

RNA samples were electrophoretically separated using a denaturing formaldehyde-agarose 

gel. This was prepared by dissolving Ig of molecular biology grade agarose in DEPC treated 

water, adding 1/5 final gel volume of 5X gel running buffer (0.1 M MOPS, 40mM sodium 

acetate, 5mM EDTA, pH 7.0) and then formaldehyde to give a final gel concentration of 

2.2M. Samples were prepared as follows: The sample RNA solution volume containing 5 pg 

of RNA was calculated, this was added to a fresh eppendorf tube and for each 4.5 fil of 

sample volume formaldehyde (3.5 pi), formamide (10 pi) and 5X running buffer (2 pi) were 

added. This sample mixture was incubated at 65 ”C for 15 minutes, chilled on ice and briefly 

centrifuged. Prior to loading, 2 pi of gel loading buffer was added to each sample (50% 

glycerol, ImM EDTA, 0.25% BPB, 0.25% xylene cyanol FF) The gel was pre-run for 5 

minutes at 5V/cm then samples were loaded and electrophoresis performed for 60 to 120 

minutes at 3-4V/cm.

2.5.4 Transfer to Hybond membrane

The agarose gel was rinsed in DEPC treated water to remove the formaldehyde and soaked in 

20X SSC buffer (standard saline citrate, see appendix) for 45 minutes. The gel was placed on 

thick blotting pads, pre-soaked in 20X SSC, Hybond^™  ̂membrane placed on top of the gel
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and a piece of pre-soaked blotting paper placed over the membrane. Multiple (8-10) dry 

blotting papers were placed on top of the soaked layer, a glass plate was placed over the dry 

layers and transfer performed for 4-12h at room temperature. After transfer the RNA was 

fixed by applying the membrane to 3 filter papers soaked in 50 mM sodium hydroxide for 5 

minutes, washed in 20X SSC and was then ready for probing.

2.5.5 Labelling probe

The probes for collagen and GAPDH were cut from their plasmids using the appropriate 

restriction enzymes and purified by electrophoretic separation in low melting point agarose 

gel. Labelling was performed using a Megaprime^™^ labelling kit, according to the 

manufacturer’s instructions. In brief, approximately 25ng of template DNA (10 pi of the 

LMP agarose containing the DNA probe) was added to 5 pi of random primers and boiled for 

5 minutes to denature the DNA. The tube was placed on ice and lOpl labelling buffer, 5ul of 

dCT[^2p] 2 |j,l of DNA polymerase I was added. The mixture was incubated for 30 

minutes, the labelling reaction stopped by adding 50 pi of 4M ammonium sulphate (pH4.5). 

Prior to addition of the labelled probe mixture to the hybridisation buffer, cDNA was 

denatured by boiling for 5 minutes. Using this protocol, probes were labelled to a specific 

activity of at least 10  ̂dpm/mg.

2.5.6 Hybridisation and autoradiography

The hybridisation bottle was half-filled with 2X SSPE (standard saline phosphate EDTA, see 

appendix), the membrane was applied to the inside walls of the bottle. The SSPE was poured 

off and replaced with 5ml of Rapid-hyb^™^ buffer. The membrane was prehybridised in a 

Hybaid oven at 65° C for 15 minutes, the labelled probe was added and hybridisation 

performed at 65° C for 2h. The membrane was washed twice with 2X SSPE at room 

temperature, twice with IX SSPE at 65°C and then rinsed in 2XSSPE. It was blotted dry and 

wrapped in clingfilm The membrane was placed against X-Ray film, and left at -70 °C 

for 24 - 72h exposure. Initial experiments confirmed that the GAPDH transcript was, as 

predicted, much smaller (approximately 1.9 kb) than either of the two pro-al(I)collagen 

transcripts (around 4.8 and 5.8 kb) and so in subsequent experiments dual probing for both 

transcripts was undertaken in the same hybridisation reaction by adding equal quantities of 

both GAPDH and pro-al(I)collagen specific cDNA probes.
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2.5.7 Stripping of probe

In experiments requiring reprobing of the membrane, the radiolabelled probe was stripped by 

washing the membrane in 400 ml of 0.5% SDS for 5 minutes. It was then washed for 20 

minutes in 2X SSPE, blotted dry and stored wrapped in clingfilm^™  ̂until required.

2.5.8 Quantitation of the band intensity

Digital images of the autoradiographs were generated using a video camera and these images 

were analysed using the G e lp la te ^  personal computer programme to determine the relative 

density of the pro-al(I)collagen and GAPDH bands for individual RNA preparations. The 

collagen:GAPDH density ratio was used as an index of collagen mRNA steady state levels.

2.6 Collagen type I ELISA

The concentration of collagen type I secreted into supernatants overlying monolayer cultures 

on tissue culture plastic was measured using a competition ELISA. Assays were carried out 

after incubating the cells in the presence of ascorbate (50mg/ml) for 24 hours, using a 

modification of the method of Rennard et al (1980). In outline, 96 well microtitre plates were 

pre-coated overnight at 4°C with type I collagen (100 fig/ml; Southern Biotech. Assoc. Inc., 

Birmingham AL., USA). After careful washing of the plate, test samples and a 1:1000 dilution 

of goat anti-collagen IgG, highly specific for type I collagen (Southern Biotech. Assoc. Inc., 

Birmingham AL.,USA), were added for 2 hours at 37°C. The binding of primary antibody 

was quantified using alkaline phosphatase-conjugated murine anti-goat IgG (Sigma Chemical 

Co. Inc., St Louis, MO., USA). After addition of the substrate, the absorbance values were 

measured using an automatic plate-reader. All assays were performed with 3-6 replicates and 

appropriate controls. Collagen concentration was determined using a log linear plot of type I 

collagen concentration against absorbance, comparing the fibroblast supernatants with a 

standard curve for collagen type I. A representative standard curve is illustrated in Figure

2.8 The amount of soluble secreted collagen was expressed in ng/ml per 10  ̂fibroblasts.

It has been shown previously that collagen biosynthesis by scleroderma fibroblasts is markedly 

influenced by the presence of FCS in culture media (Bashey and Jimenez, 1977). Since some 

of the experimental protocols necessitated changes in the amount of serum supplementation.
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Figure 2.8 Representative standard curve for collagen type I ELISA
Standards of bovine type (I) collagen were diluted in serum free culture medium in 
a range of concentrations between 16 and 2000 ng/ml. Mean absorbance data for 
tripicate wells are shown, and indicate the inverse relationship between absorbance 
(450nm) and logio of collagen concentration within this range.

99



700

600

=  500

O)c
c0)
I
8

400

300

200

100

SFM 5% FCS 10% FCS

Figure 2.9 Effect of serum supplementation on SSc fibroblast collagen 
secretion
In control experiments the secretion o f collagen in replicate wells seeded with SSc 
fibroblasts was compared. The secretion o f collagen in serum free medium was 
compared with that in medium supplemented with either 5% or 10% FCS. Data 
are the mean + sd o f triplicate samples and are representative o f 3 independent 
experiments.
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additional control experiments were performed to determine the effect of these changes on 

fibroblast collagen secretion. The results of a representative experiment are given in Figure 

2.9, showing that changes from 10% to 5% supplementation were not likely to alter the levels 

of secretion of collagen significantly.

2.7 Adhesion molecule ELISA

Surface expression of the adhesion molecules ICAM-1, VCAM-1 and E-selectin was 

examined using a cell bound ELISA (Pober et a l 1986). Fibroblasts or endothelial cells were 

seeded at confluent density, and test media or cytokines were added for a defined incubation 

period. The cell layer was washed three times in PBS, fixed for 20 minutes at 4°C in 0.1% 

glutaraldehyde solution and then washed thoroughly with PBS. The ELISA was performed 

as follows: Non-specific protein binding was blocked using 10% fat free dried milk solution 

for 1 hour, murine anti-human ICAM-1 antibody was added (1:1000 dilution) for 1 hour, 

wells were washed for 30 minutes and anti-ICAMl antibody binding was quantified using 

horseradish peroxidase conjugated goat anti-mouse IgG (1:2000) added for 1 hour. The 

ELISA was developed by adding OPD/H2O2 solution with measurement of mean absorbance 

at 450nm using an automatic plate reader. For each test condition, 3-6 replicate wells were in 

at least three independent experiments using different fibroblast and endothelial cell strains.

2.8 Assessment of metalloproteinases and their tissue inhibitors.

2.8.1 Zymography and reverse-zymography

This was undertaken using a modification of the method of those techniques previously 

described (Heussen and Dowdle, 1980; Murphy and Crabbe, 1995). Briefly 20ug of cell 

lysate or 50 ul of culture supernatant from either fibroblast (control or scleroderma) or 

endothelial cell (IE-7) cultures were electrophoresed, without boiling or reduction, through a 

10% polyacrylamide gel impregnated with either gelatin (0.2 mg/ml) or casein. 

Electrophoresis was carried out at 4 ”C to avoid substrate degradation. After electrophoresis 

was complete the gel was incubated for 1 hour at 25 °C in a 2.5% Triton X-100 solution, 

washed two times in water (20 minutes each) then incubated for 24 hours at 37 °C in a 0.05M 

Tris-HCl buffer pH 8.0, containing 0.005M CaCL. Gels were fixed in 50% methanol and 

10% acetic acid and stained with 0.25% Coomassie blue R250. Gelatinase activity was 

indicated by the presence of clear bands in a blue background for gelatin zymograms and
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stromelysin activity as similar clear bands in the casein zymograms. Molecular weight 

markers were included in the gels to facilitate identification of different MMPs and in some 

experiments reverse zymography of the gel was also undertaken. For this, the gel was 

incubated in a solution of rabbit collagenase for 60 minutes after electrophoresis so that 

partial degradation of the gelatin occurred. This allowed TIMPs to be detected by the 

presence of darker bands at the appropriate molecular weight. Some samples were 

concentrated five-fold by centrifugation though a semi-permeable membrane prior to being 

electophoresed and analysed by gelatin zymography and reverse zymography. Samples 

obtained from single cultures of fibroblasts or endothelial cells were compared with those 

obtained from both cell types in co-culture, as described previously.

2.8.2 Functional TEMP assay

The level of TIMP activity in some of the culture supernatants was later examined using the 

quantitative technique of inhibition of digestion of [ '̂^C]-labelled gelatin. The reduction in 

activity of a crude rabbit collagenase solution following addition of each of the test fibroblast 

supernatants is known to correlate with the amount of TIMP present. Activity of collagenase 

is determined by the rate of release, one unit of TIMP activity is defined as the amount 

required to give 50% inhibition of 2 units (2 pg collagen degraded per minute) of collagenase. 

This assay is descibed further in detail in the review by Murphy and Willenbrock (1995). In 

brief, 30 pi of culture supernatant was added to a culture well containing 100 pi of labelled 

gelatin and 50pl of rabbit collagenase solution were added. After 60 minutes at 37°C the well 

contents were aspirated and transferred to a beta-vial. Radiactivity in triplicate wells was 

compared for each test supernatant.

2.9 BCA protein assay

Total protein content of tissue culture supernatants and cell lysates was used to determine that 

equal amounts of substrate were compared in various assays, including the analysis of 

metalloproteinase and their inhibitors by zymography and reverse zymography. The 

bicinchoninic acid (BCA) protein assay was selected for these measurements (Smith et a l 

1985). Standard concentrations of bovine serum albumin (BSA) diluted in culture medium or 

lysis buffer, depending on the nature of the samples being tested, were used to calibrate the 

assay and confirm its reliability in the concentration range being measured. The assay was
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peformed according to manufacturer’s instructions. Briefly, the assay working reagent was 

prepared by diluting 1 part of Reagent A into 50 parts of Reagent B (see appendix II). lOpI 

of each standard or test sample were added to replicate wells of a standard 96 well flat 

bottomed plate. Then, 200 pi of the working reagent solution were added to each well. After 

mixing, on a microplate shaker for 30 seconds, the test plate was covered and incubated for 

30 minutes at 37 °C. Absorbance was measured on an automatic plate reader at a wavelength 

of 540 nm. The absorbance for standards was plotted against protein concentration to give a 

standard curve. Linear regression analysis allows the protein concentration of the test 

samples to be calcuated. A representative standard curve for BSA is shown in Figure 2.10. 

In view of the potential for errors introduced by the increased levels of procollagen in 

scleroderma fibroblasts a test curve for samples containing known concentrations of bovine 

type I collagen is also shown, confirming the relative insensitivity of the BCA for detecting 

collagen type I.

2.10 Assessing cell number

2.10.1 Counting cells

To determine cell seeding density for cultures and metabolic labelling, and to assess the 

changes in fibroblast number occurring during experiments direct counting was performed 

using a haemocytometer. After centrifiigation, cells were resuspended in a known volume of 

medium, mixed with an equal volume of counting fluid dye, or trypan blue for viability 

assessment. Replicate squares were then counted directly. Slides were coded and counted 

blind to reduce bias and each count recorded represents mean number of cells for at least four 

replicate squares. Total cell number for each cell type was determined after correction for 

resuspension volume.

2.10.2 MTT assay

Viable cell number was determined using the MTT (3 -(4,5-dimethylthiazol-2-yl)-2,5 -diphenyl 

tétrazolium bromide) assay to measure mitochondrial dehydrogenase activity. Incubations 

with serum free endothelial cell conditioned medium (EC-CM) prepared as described above 

were performed on replicate wells of a 96 well culture plate which had been seeded at a 

density of 5000 cells/well. The MTT assay was performed using a modification of the method 

described by Mosmann et al (1983). In brief, lOp.1 of stock MTT (5mg/ml) solution was
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Figure 2.10 Representative standard curve for BCA protein assay 
Protein concentration in cell lysates and culture supernatants was measured using 
the bicinchoninic acid method. Absorbance at 540nm was measured in replicate 
samples using an automatic plate reader. This standard curve used known 
concentrations of bovine serum albumin and confirms the linear relationship 
between protein concentration and absorbance. The relative insensitivity of this 
assay for the detection of native type I collagen, a major fibroblast product, is 
indicated by the lower line.
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added per well in a 96 well plate. The plate was incubated at 37 °C for 4h and the resulting 

formazan crystals were dissolved by addition of 100 ul of DMSO per well, followed by 

mixing on an orbital shaker for 15 minutes. Formation of the formazan product was 

quantified by mean absorbance at 450nm of 3-6 replicate wells for each culture condition. 

Control data confirmed the linear relationship between absorbance and viable cell number in 

this assay. The principle of this assay is that mitochondrial dehydrogenase enzymes are able 

to synthesise insoluble formazan crystals from the MTT substrate. The insoluble formazan 

crystals were then dissolved into dimethyl sulphoxide (DMSO) and quantified using an 

automatic plate reader to measure absorbance in replicate wells. This assay has been shown 

to be a reliable index of cell number (Denizot and Lang, 1986).

2.11 Indirect immunofluorescence studies

A limited number of immunofluorescence staining experiments were performed, mainly to 

investigate the properties of endothelial cell lines, using standard methods. In brief, 

monolayer cell cultures were washed in PBS, fixed and incubated with a primary (murine) 

antibody specific for the cellular antigen of interest. After incubation the fixed cell layers 

were washed and the labelled secondary (generally goat anti-mouse IgG) antibody added to 

localise the primary. The second antibody was labelled with either rhodamine or fluorescein 

isothiocyanate and sections examined by immunofiuorescent UV microscopy after staining.
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CHAPTER 3: MODULATION OF FIBROBLAST PROPERTIES IN
ENDOTHELIAL CELL CO-CULTURE

3.1 Introduction

As discussed in Chapter 1, there is considerable indirect evidence suggesting important 

functional interactions between endothelial cells and other mesenchymal cell types in a variety 

of physiological and pathological situations. Of direct relevance to the aims of the work 

described in this thesis is the evidence implicating endothelial cell dysfuction in scleroderma 

and the potential for endothelial cell-derived soluble products to modulate fibroblast 

properties. An appropriate starting point for the experimental work described in this thesis 

was the demonstration that endothelial cells could modulate fibroblast properties in vitro. A 

number of different methodologies which have previously been used to study the modulation 

of the properties of one cell population by another. Experiments described in this chapter 

used a co-culture system in view of some of the advantages of this approach over other 

methods such as conditioned medium transfer. This system was used to investigate further 

the interactions between endothelial cells and fibroblasts, and in particular to examine whether 

scleroderma fibroblasts demonstrated a different pattern of EC-induced phenotypic 

modulation compared to control dermal fibroblasts.

Co-culture of two or more different cell types is an attractive approach to studying the 

modulation of one cell type by another because it allows cells to interact dynamically, with the 

products of one cell type influencing those of the other. Thus, both positive and negative 

feedback loops can operate. Experimentally it is simplest to consider one cell type as the 

target cell and the other cell type as the modulating cell. It is important to be aware that 

production of an active mediator by the modulating cells, which directly affects the target cell 

population, may be stimulated or inhibited by factors derived from the target cells. In this 

way the effects of co-culture of these cell types may be different from the pattern of 

modulation induced in other systems such as transfer of conditioned medium or use of 

recombinant cytokines. Other theoretical advantages of co-culture include the possibility that 

some active mediators may require both cell types to be present and that it is possible to study 

modulation over a prolonged time period more reliably since new products of the modulating 

cell types will continue to be released during the co-culture period.
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There are a number of different approaches to co-culture. One of these is to mix directly two 

cell populations. The main limitation of this approach is the problem of retrieving relatively 

pure cell populations for later phenotypic analysis. This problem is overcome by using 

systems in which the two cell types are physically separated. Some studies have used gel 

matrices to separate the different cell types and others have employed semi-permeable 

membranes. The latter approach is considerably benefited by the range of commercially 

available tissue culture inserts now available. These inserts are designed to fit into tissue 

culture plates and the membranes are available with different pore size to allow different 

patterns of interaction. Studies suggest that a pore size of 2 [xm allows cell-cell contact 

across the membrane, but that 5-8 |im pore size is required for cell migration from one culture 

compartment to the other. The use of small pore sizes (0.2 - 0.4 pm) ensures that only 

soluble mediators can pass across the membrane and so these inserts are particularly useful for 

studying paracrine interactions between different cell types (Saunders and D'Amore, 1992).

3.2 Description of the co-culture system

The culture methods for dermal fibroblasts, human umbilical vein endothelial cells and the 

endothelial cell line lE-7 are described in detail in Chapter 2. These methods are briefly 

discussed below, with particular reference to the procedures used for co-culture.

3.2.1 Fibroblast cultures

For these co-culture experiments, 4mm^ punch biopsies were taken, with full informed 

consent, from clinically involved forearm skin of patients with scleroderma as defined by 

the ACR Preliminary Criteria (1980), and from equivalent sites in control individuals 

matched for age and sex. Full details of the patient and control groups were summarised in 

Table 2.1. The fibroblasts evaluated in this chapter were fi*om a representative subgroup of 

these biopsies, and comprised 14 scleroderma and 8 control strains. For the fibroblasts used 

in experiments described in this chapter the mean age of the scleroderma patients was 46.1 

years (range 27-57) and of control subjects was 37.5 years (range 20-45). All but one of each 

group were female and the mean duration of Scleroderma, in the patient group, was 5.3 years, 

disease duration being defined as the time jfrom onset of the first (non-Raynaud's) symptom of 

scleroderma to the taking of the skin biopsy for culture. Ten of the patients were suffering
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from the diffuse cutaneous subset of scleroderma and 4 from the limited form of the disease. 

Fibroblasts were grown by explant culture as described in chapter 2.

3.2.2. Endothelial cultures

The extended life span SV40 transfected human umbilical vein (HUVEC) derived endothelial

cell line lE-7 was used for most experiments. Cells were used between the 14th and 17th

passage, when they have been shown to retain their differentiated endothelial properties 

(Pickling et al. 1992). Cultures were maintained in standard endothelial cell growth medium 

(M199/ECGS/heparin/20%FCS), but cultured in fibroblast medium (DMEM/10% FCS) after 

seeding for the co-culture period.

In a smaller number of control studies, early passage human umbilical vein endothelial cells 

were used, to confirm that the effects of lE-7 co-culture were representative of those seen in 

non-virally transformed cells. These cells were cultured as described in Chapter 2.

3.2.3 Epithelial cell culture

Two epithelial cell lines, A549 and A431 (arising from lung and epidermoid carcinoma cells 

respectively), were also employed in co-culture experiments to investigate epithelial cell- 

fibroblast interactions. These studies were performed initially to help to determine the 

optimum culture conditions such as seeding density and duration of co-culture. Epithelial cell 

lines are more robust than endothelial cells and were therefore easier to use in this system. In 

later experiments these two cell lines were used to ask whether the pattern of phenotypic 

modulation induced in dermal fibroblasts, was produced only by endothelial cells, or whether 

it represented a more general effect of co-culture. These epithelial cell lines grew readily in 

standard fibroblast culture media and were sub-cultured using the same methods (see chapter 

2).

3.2.4 Arrangement of cells in co-culture

These employed a modification of the method used by Knecht and Fine (1991) to study renal 

epithelial cell-fibroblast interaction. The arrangement of fibroblasts and endothelial cells is 

illustrated in Figure 3.1. Fibroblasts were seeded (10  ̂ cells per well) into six well (35mm) 

flat bottomed culture plates.
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Figure 3.1 Co-culture system for endothelial cells with dermal fibroblasts
Endothelial cells were seeded onto a semi-permeable nitrocellulose membrane 
(0.2pm  pore size) and placed overlying confluent or subconfluent monolayers o f 
dermal fibroblasts cultured either from lesional SSc skin or from normal control 
skin biopsies. After co-culture the two cell populations may be separated for 
phenotypic studies.
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Endothelial cells at confluent density were seeded onto 25mm (or 10mm for [^H]-TdR 

incorporation experiments - see below) nitrocellulose tissue culture inserts (Nunc - pore size 

0.2pm). After separate culture overnight, inserts were placed in wells overlying fibroblasts 

for the co-culture period. The insert was then removed and fibroblast medium replaced by 

1ml of DMEM/5% FCS/1% ascorbate (Sigma Chemical Co., MO) for collagen estimation. 

For collagen type I measurements, culture continued for a further 48 hours, at which time the 

medium was removed for assay. In each experiment duplicate co-cultures were compared 

with parallel cultures of equivalent fibroblasts seeded at the same density but grown in the 

absence of endothelial cells. The effect of different time periods of co-culture was 

investigated, between 16 and 120 hours using the cell line 1-E7 and representative 

scleroderma or control dermal fibroblast strains. Initial experimental results suggested that a 

48 hour co-culture period gave consistent and interesting results and this duration of co

culture was selected for detailed analysis.

To investigate whether the effects observed for the virally transformed endothelial cell line 

(lE-7) were also seen with non-transformed human umbilical vein endothelial cells (HUVEC), 

or when epithelial cells were co-cultured with control and scleroderma fibroblasts, a series of 

experiments using early passage HUVEC and the human epithelial cell lines A549 and A431 

were carried out using the same co-culture protocol.

3.2.5 Evaluation of fibroblast properties

3.2.5.1 Collagen secretion

Medium was collected at the end of the culture period and collagen (type I) measured by 

competition ELISA (Rennard et a l 1980) as described in chapter 2. Initially ascorbate was 

added to the culture medium after co-culture to promote the secretion of collagen prior to 

assaying (Phillips et a l 1994). Later experiments suggested that neither addition of ascorbate 

nor reducing the serum supplementation to 5% significantly altered the results and these steps 

were omitted in later experiments.
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3.2.5.2 Collagen messenger RNA levels

The level of pro-al(I)collagen mRNA was investigated in scleroderma and control dermal 

fibroblasts in a series of independent experiments examining 6 representative scleroderma 

strains and 4 control strains. The scleroderma fibroblast strains included those with normal as 

well as elevated collagen secretion measured by ELISA. Total cellular RNA was extracted 

using the guanidium thiocyanate/phenol method (Chomczynski and Sacci, 1987), 

electrophoresed in a denaturing agarose gel and transferred to nylon Hybond^™  ̂ membrane, 

as described in detail in chapter 2. The membrane was probed for pro-al(I)collagen RNA 

and glyceraldehyde-3-phosphate RNA using randomly labelled cDNA probes and the band 

intensity on subsequent autoradiographs was compared.

3.2.5.3 Cell density estimation

At completion of the culture period the confluent fibroblast monolayer was trypsinised and 

cells were counted using a graduated haemocytometer slide. Cell density was expressed as 

the mean cell number per 35mm culture well and co-cultured fibroblasts were directly 

compared with equivalent lines grown in single culture.

3.2.5.4 Thymidine incorporation in co-culture

Additional information regarding fibroblast viability in the co-culture system was sought by 

measuring thymidine incorporation immediately following co-culture. Fibroblasts were 

seeded at low density in 24 well culture plates (5 x 10  ̂cells per well) to ensure that cells were 

proliferating rapidly throughout the co-culture period. After the 48 hour co-culture period,

l|iC i of [^H]-TdR (Amersham Life Sciences) was added to each well, 24 hours later the cells

were treated with 5% trichloroacetic acid and acid-insoluble [^H]-TdR incorporation was 

assessed by liquid scintillation counting. Mean number of disintegrations per minute (dpm) 

were calculated for four to six replicate wells of each cell line in single and co-culture.
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3.2.5.5 Determination of protein content

The bicinchoninic acid method was used to measure total cellular protein in fibroblast lysates 

and in culture supernatants to investigate the effect of co-culture on total cell protein. The 

method for this assay is outline in chapter 2.

3.2.5.6 Metalloproteinase studies

To investigate the effect of endothelial cell co-culture on the synthesis of metalloproteinases 

and their tissue inhibitors (TIMPs), a series of three independent experiments were performed 

using representative scleroderma (n = 3) and control (NDF, n = 3) fibroblast lines. The 

presence of metalloproteinases and inhibitors was assessed by gelatin or casein zymography, 

and the levels of TIMP investigated initially using reverse-zymography and later using a 

quantitative assay to determine the inhibition of release from labelled gelatin by a standard 

rabbit collagenase preparation. The methods used in these studies are described in greater 

detail in chapter 2.

3.3 Results

3.3.1 Cell number

One effect of endothelial cell co-culture was to increase markedly the number of fibroblasts 

present compared with control wells which had not been co-cultured with endothelial cells. 

Both scleroderma and control fibroblasts attained a greater cell density (number of cells per 

culture well) after co-culture compared with that seen in equivalent single culture (Figure

3.2). For scleroderma cell lines this increase was statistically significant (paired Student's t- 

test) but not for control lines.

The same effect on scleroderma fibroblast cell number (mean (+SEM) percentage single 

culture controls) was also observed for co-cultures using early passage HUVEC (208% + 61) 

but not for co-culture with epithelial cell lines A431 or A549 (mean 104% ± 9, n = 4), 

suggesting that the enhancement of scleroderma fibroblast confluent density may be a 

particular property of endothelial cell co-culture. (Figure 3.3).
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Figure 3.2 Endothelial cell co-culture increases scleroderma fibroblast cell 
number at confluence.
Upper panel shows summary results (mean + sem) for a series o f independent 
experiments using 10 SSc and 5 matched control fibroblast (NDF) strains. Co-culture 
was for 48h with the human endothelial cell line lE -7  seeded onto a 25mm diameter 
tissue culture insert. Cell number was determined by direct counting o f 4 to 8 fields 
using a haemocytometer. SSc fibroblasts were grown from lesional forearm skin and 
control cells from healthy volunteers. Mean cell number in co-culture was compared 
with that in single culture control by paired Student's t-test. Lower panel compares 
the change in cell number for SSc or NDF strains (% single culture control), analysis 
by unpaired Student's t-test.
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Figure 3.3 Endothelial, but not epithelial cell, co-culture increases 
fibroblast confluent cell density
The mean (+sem) number o f fibroblasts in a confluent monolayer after 48h co
culture with two epithelial cell lines (A549 or A431) was compared with 
controls grown in single culture or in co-culture with the EC line lE-7. Data are 
for replicate wells in three independent experiments using different fibroblast 
strains. * P < 0.05 compared with non-co-culture control.
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3.3.2 Effect of different co-culture periods on fibroblast cell number

Initial experiments evaluated the effect of different periods of endothelial cell and epithelial 

cell co-culture with fibroblasts. Although it was possible to sustain the cultures of cell lines 

for up to 5 days, afl;er this time the cells started to detach fi’om the tissue culture inserts and 

viability staining, using trypan blue exclusion, suggested that a significant proportion of the 

endothelial or epithelial cells were dead. Experiments using non-transformed HUVEC 

showed a similar effect after much shorter co-culture periods, with cell detachment as early as 

36h in some experiments. The results for experiments assessing the effect of different co

culture periods for lE-7 and fibroblasts are summarised in Figure 3.4 These data suggest 

that eventually both scleroderma and control strains attain a similar maximum confluent 

density, afl;er which cell death or detachment, together with contact mediated inhibition of cell 

division appear to maintain a fairly stable number of cells in the monolayer. However, 

scleroderma fibroblasts appear to reach this maximum density more quickly than control 

fibroblasts, especially in co-culture with lE-7 cells.

Background experiments explored the effect of different seeding densities on the number of 

fibroblasts present at confluence and suggested that in the absence of EC co-culture the final 

cell density was independent of seeding density. This was in marked contrast to the results 

obtained in control experiments using the cell line A549 in which cell number was directly 

related to seeding density (data not shown).

3.3.3 Thymidine incorporation

The increased number of cells observed for the scleroderma fibroblast strains in co-culture 

with endothelial cells raised the question of the potential mechanism of greater mitogenic 

response to endothelial cell-derived soluble factors. This was investigated further in a series 

of experiments measuring the incorporation of radiolabelled thymidine by fibroblasts. As 

background to these studies the effect of different seeding densities of fibroblasts on 

thymidine incorporation rate was assessed which pointed towards some of the limitations of 

this technique. Thus apparently paradoxical data were obtained in some of these studies since 

a higher seeding density sometimes resulted in a diminished TdR incorporation. This is 

probably a reflection of the effect of contact inhibition on proliferation rates of fibroblasts at 

near-confluent density and as a result of these studies lower seeding densities were employed 

for the subsequent examination of the effect of EC co-culture on fibroblast thymidine
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Figure 3.4 Comparison of two different EC co-culture durations on fibroblast 
cell number
Cell number (mean ±  sem) was determined for replicate wells o f SSc (n=3) or 
control (NDF, n=3) fibroblast strains after 48h and 168h co-culture with the EC 
line lE-7. There was a significant difference between SSc and control strains only 

at 48h (p < 0.05, Students's unpaired t-test). Equal numbers (2 x 10  ̂ cells) were 
seeded in all experiments. The upper panel shows cell number after co-culture with 
lE-7, the lower shows data for control wells without EC. There was no difference 
between SSc and control strains at any time point in the lower panel. Note the 
different y-axis scales on the two panels.
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incorporation, to ensure that cells were still at low density, and so still in the logarithmic 

phase of growth, even at the end of the co-culture period. Using this approach a marked 

promotion of thymidine incorporation by fibroblasts in EC-co-culture was demonstrated. 

Thymidine incorporation data confirm the marked mitogenic effect of EC co-culture on 

fibroblasts with a significant increase in [^H]-TdR incorporation in co-culture in all lines. 

Mean (+SEM) proportionate increase was greater for scleroderma lines (332% ±52) than for 

normal fibroblasts (263% ±46) although this difference between these values did not reach 

statistical significance (Figure 3.5). This contrasts with the data for cell number which were 

significantly different and possible reasons for this discrepancy are considered in the 

discussion section. This issue was also explored later in conditioned medium transfer 

experiments which suggested that using this simpler experimental approach scleroderma 

fibroblasts do in fact show greater promotion of thymidine incorporation than control strains, 

in response to endothelial cell-derived factors (see chapter 4).

3.3.4 Collagen secretion

In view of the characteristically elevated levels of collagen type I secreted by Scleroderma 

fibroblasts a series of experiments was performed using the same fibroblast strains as those 

evaluated above to examine the effect of EC co-culture on collagen secretion. The amount of 

collagen secretion was assessed by competitive ELISA of collagen type I in the culture 

supernatant over a 48h period immediately following co-culture.

In conventional single culture the mean collagen concentration (per 10̂  cells) in scleroderma 

fibroblast supernatants was higher than in controls although this difference did not reach 

statistical significance. In fact, whilst around half of the scleroderma lines tested 

demonstrated collagen production between 2 and 4-fold greater than control mean, the other 

scleroderma lines had normal collagen levels. These lines were selected to reflect a range of 

abnormal scleroderma properties, not only collagen type I over-production. There was a 

reduction in the amount of collagen produced by scleroderma fibroblasts after co-culture, and 

this was particularly seen in those scleroderma lines producing the highest levels of collagen in 

single culture. Mean collagen production by control lines was not significantly altered by co

culture; hence when collagen concentration after co-culture is expressed as a percentage of 

that produced in single culture there was a statistically significant difference between
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scleroderma and controls (Figure 3.6). In co-cultures of non-transformed early passage 

HUVEC with Scleroderma fibroblasts similar effects were observed with collagen levels being 

around 31+6% (n = 3) of equivalent single cultures. A reduction in collagen production 

(mean (+SEM) 56+12% single culture control levels) was also observed after co-culture of 

fibroblasts with the lung epithelial cell line A549.

Overall there was a significant reduction in collagen 1 secretion by scleroderma strains after 

EC co-culture. This contrasted with the elevated levels which were observed for scleroderma 

fibroblasts grown in the absence of EC. This reduction was not seen in control fibroblast 

strains, with some of the latter actually demonstrating an increase in collagen levels following 

co-culture (Figure 3.6).

3.3.5 Collagen steady state mRNA

These data were extended by measuring the levels of mRNA specific for proal(l)collagen in 

scleroderma fibroblast strains. Levels were analysed by Northern hybridisation and quantified 

densitometrically, comparing the intensity of the proal(l)collagen mRNA band with that for 

the house-keeping gene GAPDH for fibroblasts cultured in the presence or absence of 

endothelial cells. The results confirm the trend observed using the collagen 1 specific ELISA 

for secreted protein. (Figure 3.7).

3.3.6 Metalloproteinase and TIMP levels

In addition to these studies of collagen biosynthesis the effect of EC co-culture on collagen 

breakdown was examined. This was undertaken by the techniques of gelatin or casein 

zymography or reverse zymography to assess gelatinase or stromelysin activity and TIMP 

levels. Molecular weight markers allowed the various metalloproteinse and TIMP band to be 

identified. Thus the 72 kD gelatinase band was the most intense for scleroderma and control 

fibroblast strains but there was no apparent difference between these two cell types. Other 

bands of gelatin digestion were also present in the fibroblast supernatants but not in the 

fibroblast lysates, even after concentration (Figure 3.8, lower panel). Reverse zymography 

identified bands in the tissue culture supernatants which corresponded with TlMPl and 

T1MP2 although this was not confirmed by immunolocalisation. Interestingly, levels were
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Figure 3.5 Promotion of fibroblast thymidine incorporation by EC co-culture
Upper panel compares tritiated thymidine ([3H]-TdR) incorporation by SSc fibroblast 
strains (n = 13) and healthy control fibroblasts (NDF, n=6) after a 48h co-culture 
period with the human EC line lE -7 with control wells cultured alone The lower 
panel compare the promotion o f TdR incorporation in SSc strains and controls. 
There was no significant difference between NDF and SSc fibroblasts (unpaired 
Student's t-test, although the increased incorporation after EC co-culture was highly 
significant (paired Student's t-test). Data points are mean values for 3-6 replicate 
wells in 6 independent experiments.
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Figure 3.6 Co-culture with EC reduces collagen type I secretion by SSc 
fibroblasts
Upper panel shows mean (+sem) collagen secretion for SSc (n=10) and control 
(NDF, n=5) dermal fibroblast strains obtained in a series of independent 
experiments. Lower panel indicates the change in collagen secretion (% single 
culture values) for individual fibroblast strains. Probability (p) refers to Student's 
paired t-test.
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Figure 3.7 Endothelial cell co-culture reduces pro-al(I)collagen mRNA levels in 
scleroderma fibroblasts
Following co-culture with the EC line lE-7, total cellular RNA was extracted from three 
different SSc dermal fibroblast strains (SSc 1-3) and analysed by Northern hybridisation. 
Fibroblasts grown alone (A) were compared with those co-cultured for 48h with the 
endothelial cell line lE-7. After transfer to hybond membrane, transcripts for pro- 
a l(l)co llagen  ( COL l A l )  and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
were localised using a radiolabelled cDNA probe Following autoradiography (upper 
panel) the ratio o f pro-al(F)collagen:GA PD H band density was determined using the gel 

plate^^^*  ̂ personal computer programme Data are representative o f a series 3 o f 
independent experiments.
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Figure 3.8 Gelatin zymograms showing that endothelial cell co-culture does not 
appear to alter secretion of gelatinases by dermal fibroblasts
Culture supernatants were analysed by gelatin zymography after co-culture for 48h with 
the human endothelial cell line lE -7, comparing 3 different scleroderma (S I -S3) strains 
with 3 matched controls (N1-N3). Co-cultured fibroblasts (C) were compared with the 
same strain cultured in the absence o f  lE -7 (A). Reverse zymography was also performed 
by incubating the gel with rabbit gelatinase for 1 hour following electophoresis. 
Representative supernatants (S) and cell lysates (L) (strains SI and N3) were also 
examined following 5-fold concentration (lower panel) SSc strains appear to show higher 
TIMP 1 and TMP 2 activity but this was not affected by EC co-culture (lower panel).
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apparently greater for the scleroderma fibroblast stains and this was even more obvious after 

five-fold concentration of the fibroblast culture supernatants.

In contrast to the results obtained for collagen synthesis, the zymographic studies failed to 

demonstrate any statistically significant effect of EC co-culture on gelatinase or stromelysin 

activity assessed by the intensity of the relevant bands determined by zymography or reverse 

zymography, and this was even more apparent after five-fold concentration of the fibroblast 

culture supernatants. These data were extended using a quantitative assay of TIMP activity 

(see section 2.8.2), for the same fibroblast strains. These results (Figure 3.9) confirmed 

increase in TIMP levels which had been suggested by reverse zymography. Moreover, TIMP 

levels appeared to be increased for control fibroblast strains following co-culture but not for 

scleroderma strains, despite the higher constitutive level of secretion by the latter. Control 

wells suggested that the endothelial cell line lE-7 did not secrete significant amounts of 

TIMP.

3.3.7 Comparison of effect of HUVEC and lE-7 cell line

Having confirmed in a simple co-culture system that EC modified certain basic properties for 

both scleroderma and control dermal fibroblasts it was important to explore the extent to 

which this was a specific effect of co-culture with the EC line lE-7 or whether it was 

demonstrated by other endothelial cell lines or perhaps was a general phenomenon of co

culture. Initial studies showed that for fibroblast cell number at confluence and for collagen 

type I secretion the effect of non-transformed early passage HUVEC was similar to that seen 

for the cell line lE-7 (Figure 3.10). Activated endothelial cells (pre-treated with EPS at 

Ipg/ml for 6 hours) had a greater stimulatory effect than resting cells. This is illustrated in 

Figure 3.11 which shows representative data for thymidine incorporation.

3.4 Discussion

There is now considerable evidence that endothelial cells are able to modulate the properties 

of other cell types through the paracrine activity of soluble products. Conditioned media 

studies have shown that endothelial cell products are mitogenic for a variety of mesenchymal 

cell types (McNeil et a l 1989; Eguchi et a l 1992), and other reports have demonstrated 

stimulation of collagen and total protein production (Villanueva et a l 1991). Medium
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Figure 3.9 Effect o f endothelial cell co-culture on fibroblast TIM P secretion
TIMP activity in fibroblast culture supernatants (serum free medium collected over 24h) 
after 48h co-culture with the EC line lE-7 was compared with that in control single 
cultures, assessing TIMP activity by the inhibition of collagenase digestion of 
radiolabelled gelatin substrate (method described in sections 3.2.5 and 2.8.1). The SSc 
fibroblast strains secreted significantly higher levels of TIMP in single culture (p=0.05, 
unpaired Student's t-test) but this was not altered by co-culture. However, for 3 of 4 
control (NDF) strains there was an increase in TIMP levels after co-culture, although 
this did not reach statistical significance (p=0.08, paired Student's t-test). Data are 
means (+sem) for independent experiments using SSc (n=3) or control (n=3) fibroblast 
strains.
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Figure 3.10 Non-transformed HUVEC modulate fibroblast cell number and 
collagen secretion in a similar way to the EC line lE -7
Upper panel shows that HUVEC or lE-7 increase the number of SSc or control (NDF) 
fibroblast strains. Data refer to mean (+sd) values for triplicate wells in a 
representative of 3 independent experiments with a 48h co-culture period. The lower 
panel shows collagen secretion for the same fibroblasts over 48h following the co
culture period, or for control wells not subjected to co-culture. * significantly different 
from control (no co-culture) values (p<0.05, Student's paired t-test)
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Figure 3.11 SSc fibroblast thymidine incorporation is greater with LPS 
activated EC
Data represent mean (+sd) for repliate wells (3-6 replicates for each culture 
condition). Thymidine incorporation was measured over a 16h labelling period by 
beta-scintillation counting. Effect o f EC co-culture using the cell line lE -7 was 
compared after EC pre-treatment with or without LPS (1 pg/ml final 
concentration).
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conditioning experiments do however have a number of limitations discussed previously. 

Modulation of fibroblast properties in co-culture with other cell types has been investigated in 

analogous systems for rat fibroblast with endothelial cells and for rabbit renal fibroblasts with 

renal epithelial cells. The system described in this thesis is the first reported use of such an 

approach employing human cells. Interestingly, rat myocardial fibroblasts show stimulated 

type I collagen synthesis when co-cultured with endothelial cells (Guarda et a l 1993b), 

consistent with the results for some of the control cell lines used here but contrasting with the 

results for scleroderma fibroblasts. Both of these experimental systems using animal cells 

have provided data to suggesting that the modulation of fibroblast properties by other cell 

types may be relevant to the development of fibrosis, and since the lung and kidney are both 

important sites for visceral pathology in scleroderma it may be useful to extend these 

experiments in the future using co-culture systems which include cells from these organs to 

contrast them with the data obtained for skin fibroblasts.

It is notable, considering the nature of scleroderma pathology and the over-production of 

collagen by scleroderma fibroblasts in culture, that EC co-culture markedly diminishes 

collagen production by cell lines fi*om patients with this disease; especially in those lines with 

the highest levels of collagen release in single culture. It should be remembered that the EC in 

our system are undamaged, of macrovascular fetal origin, and an SV40 transfected cell line. 

They may therefore not necessarily be representative of the endothelium in proximity to 

scleroderma fibroblasts in vivo, which is microvascular and which has been shown in various 

studies to be both activated (Prescott et a l 1992) and damaged (Claman et a l 1991). 

Consequently, although our system is a useful tool for demonstrating EC-fibroblast 

interaction, the effects seen under these experimental conditions may only indirectly reflect 

events occurring in disease states. Our data for non-transformed HUVEC and epithelial co

culture experiments suggest that the enhancement of confluent cell density is neither a general 

effect of co-culture, nor confined to virally transformed cells, although further experiments 

using other cell types will be necessary to fully address this point.

The different pattern of phenotypic modulation seen in scleroderma compared to control 

fibroblasts represents another unusual laboratory property of scleroderma cells. Interestingly, 

recent studies of growth factor responsiveness of scleroderma and hypertrophic scar 

fibroblasts report reduced mitogenic effects compared with those of normal control cells
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(Takehara et a l 1991; Garner et a l 1993), contrasting with the greater responses for 

scleroderma lines in co-culture. The mediators responsible for EC induced modulation of 

fibroblast properties in co-culture may therefore be different from those evaluated in these 

other studies. An alternative explanation for differences between collagen production 

between Scleroderma and control fibroblasts might be an altered response to experimental 

procedures other than co-culture, for example the change in serum concentration fî om 10% 

to 5% during the collagen type I ELISA, because collagen synthesis by scleroderma 

fibroblasts has previously been reported to be sensitive to changes serum supplementation 

(Bashey and Jimenez, 1977). However, this is unlikely as evidenced by control experiments 

suggesting that the reduction in collagen production accompanying this change in serum 

concentration would not exceed 5% (see chapter 2). It is more likely that these findings 

reflect an altered endothelial microenvironment for scleroderma fibroblasts in vivo and 

therefore provide further evidence linking endothelial and fibroblast dysfunction in this 

disorder.

The effect of prolonged endothelial cell-fibroblast co-culture suggested that the differences in 

cell density seen at 48h might reflect a greater initial responsiveness of scleroderma 

fibroblasts, since the normal strains achieved a similarly increased cell density after 120h co

culture. These data also indicate that there does not appear to be a difference between the 

maximum confluent cell density achieved by scleroderma compared with control fibroblast 

strains. This probably reflects the effect of cell-cell contact and the deposition of matrix 

around the fibroblasts in monolayer culture. Thus it appears that, as with the effect of 

endothelial cell co-culture on collagen secretion, and the effect of endothelial cell conditioned 

medium on protein synthesis, DNA synthesis and ICAM-1 expression (described in chapter 4) 

the greater cell number attained by scleroderma fibroblasts after a 48 hour co-culture period is 

a reflection of increased responsiveness to endothelial cell derived factors.

The experiments examining the effect of endothelial cell co-culture on fibroblast thymidine 

incorporation need careful interpretation. Whilst thymidine incorporation is unequivocally 

stimulated by EC co-culture, and the mean proportionate increase for scleroderma lines is 

greater than controls this difference is not statistically significant. There are several possible 

explanations for this; it may simply reflect the greater variation between changes in thymidine 

incorporation in single and co-culture compared with that for cell density or collagen

128



production. If this is so then a future larger study may demonstrate a significant difference. 

An alternative explanation is that differences in DNA synthesis, and thus [^H]-TdR 

incorporation, may be occurring early in the co-culture period but that by 48 hours when the 

radio-active label is added these differences are no longer significant. It should be 

remembered that with a 24 hour labelling time there is the possibility of re-utilisation of the 

isotope and so [^H]-TdR incorporation may not accurately reflect the absolute level of DNA 

synthesis (Maurer, 1996). A fourth possibility is that the larger increase in cell number 

observed in scleroderma cells reflects processes other than the mitogenic effect of EC factors. 

Other fibroblast properties such as cell size and contact inhibition of cell division at 

confluence are also relevant determinants of cell density at confluence and it is possible that 

such factors are modulated differently for scleroderma fibroblasts compared with controls in 

our system.

In these experiments it is known that fibroblast cell number increases during the co-culture 

period which will increase the incorporation of labelled thymidine. DNA synthesis may also 

be promoted in the absence of an increase in cell number. Also, experiments outlined in 

chapter 2 which investigated the effect of fibroblast seeding density on thymidine 

incorporation over a 16h labelling period confirmed that once non-transformed cells have 

attained confluent density these is a marked reduction in thymidine incorporation. The co

culture experiments used a low seeding density to overcome this problem. It is interesting 

that although there was a trend of greater TdR incorporation for scleroderma fibroblasts a 

marked mitogenic response was seen for both scleroderma and control strains. This contrasts 

with the known effect on cell number and fiiither suggests that EC-CM promotes DNA 

synthesis in the absence of increased cell number, especially in control fibroblast cultures. 

This is confirmed by data given in chapter 4 when the effect of endothelial cell conditioned 

medium on thymidine incorporation in serum-fi-ee experimental conditions was examined, 

having shown that cell number did not change significantly during the labelling period.

As demonstrated by the results of these experiments, although the co-culture system is an 

effective way of demonstrating the modulation of one cell type by another, there are a number 

of features which make it more difficult to identify the mediators involved. A number of 

potential endothelial cell products are implicated, based on their known effects on fibroblasts
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and their in vitro production by endothelial cells. Factors which may stimulate fibroblast 

proliferation include bFGF, endothelin, IL-6, vascular endothelial cell growth factor and 

connective tissue growth factor. There are fewer potential factors which might down- 

regulate collagen type I biosynthesis. It has been shown that bFGF down-regulates collagen I 

secretion and up-regulates the release of metalloproteinases. It also reduces TIMP release. 

IL-1 has been shown to reduce collagen synthesis in some studies but in others appears to 

increase its production (Postlethwaite et a l 1988; Kawaguchi et a l 1992). The role of these 

mediators is considered in more detail in chapter 4.

The effect of co-culture on TIMP secretion is less clear from these results than its effect on 

collagen release. This is probably due to the fact that fewer fibroblast strains were studied but 

the trend for control fibroblasts to show increased release of TIMP in EC co-culture 

compared with the failure of scleroderma cells to increase is interesting, especially since the 

levels of TIMP secreted by scleroderma strains was significantly greater than that of normal 

dermal fibroblasts. These data concur with those of other recent studies which have shown 

increased TIMP levels in scleroderma (Bou-Gharios et a l 1994; Kirk et a l 1995). It is 

interesting that the down-regulation of collagen secretion, which is in part due to altered 

synthesis, as confirmed by the reduction in steady state pro-al(I)collagen mRNA, is not 

accompanied by changes in TIMP levels since it has been suggested that collagen and TIMP 

genes may be co-ordinately regulated (Pardo et a l 1997).

It has been suggested that tissue culture inserts might exert direct effects on underlying cells 

in culture (Perachiotti and Darbre, 1994). This is not likely to be a significant effect in these 

experiments because the effects were also seen in experiments using conditioned media (see 

chapter 4), and because inserts alone did not appear to influence fibroblasts in control 

experiments (data not shown). Similarly, it is possible that fibroblasts in co-culture were 

exposed to lower oxygen tension or a more acidic microenvironment due to the presence of 

the endothelial cells. This could be relevant since fibroblasts have been shown to grow 

differently in hypoxic media (Falanga et al. 1995), possibly due to release of VEGF. The 

failure of epithelial cell lines to induce similar effects to those seen for endothelial cells makes 

this unlikely, as does the fact that qualitatively similar effects were induced by endothelial cell 

conditioned medium, even at low concentration.
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There are undoubtedly potential hazards in direct extrapolation of such in vitro findings to 

pathogenic events in vivo, particularly in view of the known functional differences between 

large vessel and microvascular endothelium (Swerlick et a l 1992b) and future co-culture 

experiments should attempt to correct these limitations. Our own preliminary data using early 

passage non-transformed human umbilical vein endothelial cells have confirmed qualitatively 

similar effects to those using the line lE-7, both in co-culture and in conditioned medium 

transfer experiments (see chapter 4). The complex nature of EC products makes it likely that 

the influences are multifactorial. Future studies should focus on the differences between 

modulation of fibroblast properties by endothelial and other cell types and on the mechanisms 

underlying the apparently altered pattern of modulation for scleroderma fibroblasts.

In conclusion, the experimental results discussed in this chapter describe the use of a co

culture system, which was established to investigate endothelial cell-fibroblast interaction in 

scleroderma. This is the first report of such a system using human endothelial cells and 

fibroblasts and illustrates the potential value of such an experimental approach in the study of 

vascular and connective tissue diseases. Overall, these data provide strong direct evidence 

that endothelial cells can modulate fibroblast properties and that scleroderma fibroblasts 

demonstrate an altered pattern of modulation. This provides support for the hypothesised link 

between endothelial and fibroblast dysfunction in this disease. The altered response of 

scleroderma fibroblasts in vitro may be a reflection of the altered microenvironment in vivo. 

It is particularly intriguing that scleroderma fibroblast collagen production is suppressed by 

products of a resting endothelial cell monolayer. This suggests that therapeutic modulation of 

the endothelium in scleroderma, which is known to be damaged and to release reduced 

amounts of soluble factors (e.g. angiotensin converting enzyme and possibly thrombomodulin 

(Matucci-Cerinic et a l 1990) may eventually allow strategies to be developed which will 

allow the fibrogenic properties of perivascular fibroblasts in scleroderma to be modulated via 

endothelial cell-directed therapy (Denton et a l 1996b).
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CHAPTER 4: MODULATION OF FIBROBLAST PROPERTIES BY
ENDOTHELIAL CELL CONDITIONED MEDIUM

4.1 Introduction

The results of studies described in the previous chapter confirmed that fibroblast properties 

were modulated in vitro by endothelial cells, and suggested that this was due to the release of 

soluble mediators by these cells. However, as discussed above, although such a co-culture 

system is a useful tool for demonstrating the modulation of one cell type by another, it has 

limitations when attempting to identify the soluble factors responsible for this modulation. 

This is because it may be difficult to block the effects of a mediator in a dynamic system due 

to its continued production and also because antagonists in the system may themselves alter 

the production of mediators by either cell type. Also it is a difficult system in which to 

modulate endothelial cell properties to explore the effects of damage or activation on the 

release of soluble mediators by endothelial cells. It is possible also that the endothelial cells 

are not the direct source of a modulating cytokine but rather that endothelial cells induce the 

production of other secondary mediators by populations of fibroblasts. To explore some of 

these possibilities, and extend the results, a complementary series of experiments was 

performed to test the effect of endothelial cell-conditioned media, prepared using non- 

transformed early passage human umbilical vein endothelial cells or the cell lines lE-7 or 

HMEC-1 (derived from HUVEC or human dermal microvascular endothelial cells 

respectively) on scleroderma and control fibroblast properties

There are several previous reports of the successfiil use of conditioned medium transfer 

methodologies in scleroderma research to investigate fibroblast-fibroblast (Feghali et a l 

1992b) or immune cell-fibroblast interactions (Jimenez et a l 1979). One of the main 

advantages of conditioned medium experiments is that they allow concentration-dependent 

effects of modulating factors to be investigated more easily than in co-culture. This is 

particularly important for those mediators which may have qualitatively different effects at 

different concentrations. Also, it may be easier to block the effects of diluted conditioned 

medium than undiluted. In the experiments described in this chapter two approaches have 

been used to try to identify candidate endothelial cell products responsible for modulating 

fibroblast properties. First, candidate mediators were blocked using neutralising antibodies or
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pharmacological antagonists, then in later experiments the effects of recombinant cytokines 

were compared with those of conditioned medium.

4.2 Methods

4.2.1 Fibroblast cultures

Fibroblasts were grown as described in chapter 2. Cultures were maintained in 25 cm  ̂tissue 

culture flasks and at confluence monolayers were trypsinised and subcultured at a ratio of 1:3. 

For experiments fibroblasts from scleroderma or control biopsies, between the 2nd and 5th 

passage, were seeded into 6, 12, 24 or 96 well plates for individual experiments. Seeding 

density was determined in preliminary experiments. For studies of confluent fibroblasts in 6 

well (35mm diameter) plates 2-4 x 10̂  cells were seeded. These generally attained confluency 

within 48 hours of seeding. For experiments requiring confluent cells in 12 or 24 well plates 5 

X lO'̂  - 10̂  cells were seeded. For experiments requiring subconfluent cells 2.5 - 5 x 10̂  cells 

were seeded. The same cell numbers were also used for 96 well plates to form confluent 

monolayers at 24 hours. Dulbecco's Modified Eagle’s Medium (DMEM) supplemented with 

10% foetal calf serum (FCS) was used for maintenance cultures and for some experiments, 

although most were carried out using serum free medium, to ensure that all of the active 

mediators within the conditioned medium were derived from endothelial cells rather than, for 

example, being synergistic with factors present in FCS. Cell layers were washed twice with 

warmed sterile PBS or serum fi-ee medium prior to serum deprivation.

The fibroblasts studied in these experiments were an unselected subgroup of those described 

in chapter 2 (Tables 2.1 and 2.2). A total of 16 scleroderma strains and 10 control lines were 

evaluated in the experiments described in this chapter. Mean (± SEM) age was 40.5 (±3.6) 

years, sex ratio was 11F:5M, mean duration of scleroderma fi*om the onset of the first non- 

Raynaud's symptom was 34 (± 4) months, and mean duration of Raynaud's phenomenon was 

42 (± 6) months. Average skin sclerosis score at the time of skin biopsy was 31 (±3) out of a 

possible maximum of 54 (Black, 1995c). Six control subjects were female and mean age for 

the control group was 41.7 (± 3.4) years. None of the subjects was taking corticosteroids, or 

had received anti-fibrotic or immunosuppressive therapy prior to skin biopsy
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4.2.2 Endothelial cell cultures

Endothelial cell cultures were prepared as described in chapter 2. Most of the conditioned 

medium experiments used early passage (P2 to P4) human umbilical vein endothelial cells. 

Some control studies were performed using the cell line lE-7 and others employed the human 

dermal microvascular cell line HMEC-1.

4.2.3 Preparation of conditioned media

Monolayers were rinsed twice with serum free DMEM, then 10 ml of fresh serum free 

DMEM were added to the flask. Conditioning times between 0 and 20 hours were used. At 

the end of the conditioning period medium was aspirated and centrifuged at 3000g for 10 

minutes to remove any cellular debris. Media were either used immediately or stored at - 

70°C. For some experiments parallel cultures were used to prepare medium from 

mechanically wounded endothelial cell monolayers. The method involved using a "Rubber 

Policeman" to detach endothelial cells prior to conditioning (Eguchi et a l 1992). By 4 hours 

most of the cells had reattached to the tissue culture plastic but those remaining in suspension 

were removed by centrifugation, as described above. In other experiments the effect of 

endothelial cell activation on the properties of endothelial cell-conditioned medium (EC-CM) 

was assessed, using bacterial lipopolysaccharide or freeze-thaw injury. It was shown in 

preliminary experiments that incubation of the cell line lE-7 with LPS (lp.g/ml) induced 

marked upregulation of the endothelial cell adhesion molecules ICAM-I, VCAM-1 and E- 

selectin, confirming the induction of an activated endothelial cell phenotype (see section

2.3.2). To investigate further the effect of cell damage, endothelial cell monolayers were 

subjected to freeze-thaw injury prior to medium-conditioning. For these studies medium was 

aspirated from the endothelial cell layer and the tissue culture flask was placed at -70® C for 

15 minutes. Conditioning medium was then added. The medium was conditioned for 24 

hours and then centrifuged to remove any cellular debris, although examination of the 

monolayer a few hours after freeze-thaw injury suggested that almost all cells were dead.

4.2.4 Thymidine and leucine incorporation by fibroblasts

Radiolabelled thymidine and leucine incorporation were used as indices of fibroblast DNA and 

protein synthesis respectively. These methods are discussed in detail in chapter 2. 

Experiments were performed over a 48 hour period in serum free conditions and 1 pCi/well
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radiolabelled thymidine ([^H]-TdR) or leucine ([^H]-leu) was added during the final 16 hours 

of culture. Incorporation was determined as mean dpm for 5-10 replicate wells, using liquid 

scintillation counting.

4.2.5 Effect of EC-CM on fibroblast cell number

In parallel experiments the effect of EC-CM incubation on viable cell number was determined 

using the MTT assay. Incubations with serum free EC-CM prepared as described above were 

performed on replicate wells of a 96 well culture plate which had been seeded at a density of 

5000 cells/well. The MTT assay was performed as described by Mossman (1983), using the 

protocal described in chapter 2.

4.2.6 Fibroblast ICAM-1 expression

This was measured using a cell bound ELISA technique [Pober et al, 1986]. Fibroblasts were 

seeded as described above, and test media or cytokines were added for a 24 hour incubation 

period. The adhesion molecule ELISA is descibed in detail in chapter 2.

4.2.7 Anti-cytokine antibodies

To investigate the role of IL-1 and bFGF in endothelial cell induced modulation of fibroblast 

properties, EC-CM and appropriate controls, including recombinant IL-1 a  (R+D Systems 

Ltd), were incubated for 30 minutes at room temperature with neutralising antibodies to IL- 

l(a  + p), or bFGF (R+D Systems Ltd, Oxford, UK). Antibodies were diluted in serum fi-ee 

DMEM. Anti II-la  and IL-lp antibodies were mixed in equal amounts to produce a cocktail 

of antibodies which readily blocked the effect of recombinant cytokines at a concentration of 

lOOU/ml. Initial experiments confirmed their ability to neutralise the effect of recombinant 

cytokines at antibody concentrations between 10 and 1000 ng/ml; 500ng/ml was subsequently 

used for most incubations. Control data also indicated that these antibodies had no effect on 

basal fibroblast leucine or thymidine incorporation.

4.2.8 Endothelin receptor blockade

To investigate the potential role of endothelial cell derived endothelin as a modulator of 

fibroblasts a series of control experiments was performed in which fibroblasts were cultured in 

the presence of the potent, broad spectrum endothelin receptor blocker bosentan (Ro 47- 

0203, Clozel et a l 1993). For monolayer fibroblast cultures the bosentan was added at a
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concentration of 100 nM (substantially above the concentration necessary for full receptor 

occupancy as determined by control experiments described in chapter 5) for 2 hours prior to 

the addition of endothehal cell conditioned medium. In order to examine the role of 

endothelin in endothelial cell induced promotion of collagen gel contraction, bosentan at the 

same final concentration (100 nM) was added to the fibroblast-collagen suspension prior to 

seeding into tissue culture wells.

4.2.9 Inhibition of prostanoid synthesis using indomethacin

It has been suggested that some of the effects of soluble mediators such as growth factors on 

fibroblast properties are mediated through the synthesis of prostaglandin secondary mediators 

by target cells. To explore this in the context of these conditioned medium studies, fibroblast 

cultures were treated with indomethacin prior to addition of the endothelial cell conditioned 

medium. A final concentration of indomethacin of lOpM was used, which has been shown in 

control experiments to completely suppress the production of prostanoids through inhibition 

of cycloxygenase (Suzuki et a l 1992).

4.3 Results

4.3.1 Thymidine incorporation
To extend the results obtained from the studies described in chapter 3, which had suggested 

that fibroblast thymidine incorporation is promoted by endothelial cell co-culture, a series of 

complementary experiments were performed with EC-CM. Thymidine incorporation was 

used as an index of de novo DNA synthesis by fibroblasts and results were contrasted with 

those obtained in similar studies assessing protein synthesis by measurement of radiolabelled 

leucine incorporation. Preliminary control studies had examined the effect of serum 

deprivation on thymidine incorporation and confirmed the previously reported phenomenon of 

serum-independent proliferation for scleroderma fibroblasts compared with control cells (See 

chapter 2, Figure 2.8). However using low seeding density, to ensure that fibroblasts were 

proliferating in their logarithmic growth phase throughout these experiments, a marked 

promotion of DNA synthesis by EC-CM was confirmed. This was seen for both scleroderma 

and control fibroblast strains and, contrasting with the results for co-culture, there was a 

statistically significant difference between the results for control and scleroderma fibroblasts 

with the latter showing a greater response. Medium conditioned by resting HUVEC promoted 

DNA synthesis in all of the fibroblast strains tested. This effect occurred after conditioning
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times as short as 2 hours and increased with the duration of EC-conditioning. Maximum 

thymidine incorporation for scleroderma strains was 340% of levels obtained in the presence 

of non-conditioned medium. For detailed characterisation of these responses a conditioning 

time of 4 hours was selected, since initial experiments showed that this incubation time gave 

consistent and reproducible results. The effect of different times of EC conditioning was 

explored, using serum-free conditions, and the enhancement of thymidine incorporation 

induced by EC-CM was found to be dependent on conditioning time (Figure 4.1). Studies 

which directly compared the effect of endothelial cell co-culture with EC-CM confirmed that 

both had qualitatively similar effects on thymidine incorporation, and that these effects were 

demonstrated in a concentration-dependent manner (Figure 4.2).

4.3.2 Leucine incorporation

Fibroblast protein synthesis was investigated by measuring the incorporation of radiolabelled 

leucine. Initial experiments revealed differences between the effect of serum deprivation and 

fibroblast seeding density on leucine incorporation compared with the effects seen for DNA 

synthesis (thymidine incorporation) and these may relate to continuing protein turnover even 

as fibroblasts approach confluent density. Thus leucine incorporation was dependent upon 

seeding density and was reduced in the absence of FCS supplementation. These data were 

discussed further in chapter 2 (Figures 2.7 and 2.8). EC-CM promoted cellular protein 

synthesis and the results of experiments demonstrating this effect are shown in Figure 4.1. 

As with DNA synthesis increased conditioning time resulted in a greater stimulation of protein 

synthesis. Maximum enhancement was seen using undiluted EC-CM conditioned for 20 

hours, and was 170% that of non-conditioned serum free medium. In a series of independent 

experiments 4 hour EC-CM caused concentration dependent increases in both leucine and 

thymidine uptake. Mean data from a series of independent experiments in which scleroderma 

and control fibroblast strains were treated with undiluted EC-CM are shown in Figure 4.3. 

Mean responses for scleroderma strains were greater than for control fibroblasts (139% for 

scleroderma and 123% for control strains using 4 hour EC-CM), although, unlike the 

thymidine incorporation data, this greater responsiveness did not reach statistical significance 

(p = 0.10, Student’s unpaired t-test).
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Figure 4.1 Scleroderma fibroblast protein and DNA synthesis are promoted by endothelial cell conditioned medium
Serum free medium (SFM) was conditioned for times between 0 and 20 hours by confluent monolayers of human umbilical vein 
endothelial cells. Incorporation of (a) tritiated leucine and (b) thymidine is expressed as % mean dpm for 5 replicate control (SFM) wells. 
For undiluted EC-CM maximum enhancement was seen for 24 hour conditioning, being 170 (+ 21) for leucine and 320 (+ 65) for 
thymidine. For a fixed conditioning time of 4 hours, the promotion of both (c) leucine and (d) thymidine incorporation was concentration 
dependent as shown in the lower panels. Each data point represents mean (± SEM) for a series of independent experiments using 3-6 SSc 
fibroblast strains. Basal incorporation (dpm) was 5034(±807) and 4421 (±830) for thymidine and leucine respectively.
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Figure 4.2 Endothelial cell conditioned medium induces a concentration 
dependent increase in SSc fibroblast thymidine incorporation
Mean (+sem) data for a series o f more than 12 independent experiments using 6 
different SSc fibroblast strains. Thymidine incorporation is expressed as % basal (0% 
EC-CM) values for each cell strain (mean control dpm were 7282+1473). Serum 
supplemented medium conditioned for 4h by the cell line lE -7 induces thymidine 
incorporation by SSc fibroblasts in a manner observed after EC co-culture (48h) in 
earlier experiments. Later studies confirmed the same effect for serum free EC-CM 
conditioned by lE -7  or by early passage non-transformed HUVEC.
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Figure 4.3 Endothelial cell induced promotion of DNA and protein synthesis is greater for scleroderma than control dermal 
fibroblasts
Scleroderma (SSc, n=6) and control (NDF, n=5) dermal fibroblast strains were incubated with serum free HUVEC conditioned (4 hours) 
medium and the incorporation of (a) tritiated leucine and (b) thymidine was compared with that of control wells cultured in the absence of 
EC-CM Each data point represents the mean dpm for 5 replicate wells. For thymidine incorporation there was a significantly greater 
response (p = 0.02, unpaired Student's t-test) for SSc strains (206% control) than for healthy dermal fibroblasts (136% control). The mean 
promotion of leucine incorporation by EC-CM was also greater for the SSc strains (139%) compared with healthy dermal fibroblasts 
(123%) but this difference did not reach statistical significance. The mean (+SEM) thymidine incorporation (dpm) in control (SFM) cultures 
was 3985(4-556) for SSc and 6675(4-1213) for NDF, and for leucine incorporation were 9424(4-1813) and 4216(4-2754) respectively.



4.3.3 Effect of wounding EC prior to conditioning

One of the advantages of medium conditioning experiments is the ease with which the effect 

of modulation of EC monolayers prior to conditioning could be explored. Initial experiments 

assessed the effect of mechanical wounding of the EC monolayer using lE-7 cells wounded 

by a cell scraper which produced little cell death but almost complete disruption of the cell 

layer which then reformed during the 4 hour conditioning period. This contrasted with a 

freeze-thaw injury induced by placing the EC monolayer in a -70 °C freezing compartment for 

5 minutes, having aspirated overlying culture medium. This appeared to cause complete 

endothelial cell death. Further experiments assessed the effect of EC activation using 

bacterial lipopolysaccheride.

The results of these studies showed that mechanical wounding of the EC monolayer prior to 

conditioning altered the pattern of modulation of fibroblast properties, although this was only 

apparent for diluted EC-CM. For concentrations of 25 and 50% there was a significantly 

greater promotional effect on thymidine incorporation as shown in Figure 4.4. Similar results 

were obtained for leucine incorporation (not shown) suggesting that release of factors 

mediating of these effects was increased when the EC monolayer was mechanically disrupted 

prior to conditioning. Medium conditioned by wounded EC also induced greater effects on 

fibroblast cell number and collagen secretion than that from resting cells and the same effects 

were observed for EC monolayers which had been damaged by freeze-thaw injury. Overall 

these data suggest that endothelial cell damage increased the release of fibroblast-modulating 

mediators.

4.3.4 Effect of EC-CM on fibroblast cell number

In serum supplemented culture conditions the effect of EC-CM was similar to that seen in 

endothelial cell co-culture with equivalent increases in cell number. Although there was a 

greater increase for scleroderma strains than control fibroblasts this difference did not reach 

statistical significance (Figure 4.5). In serum free conditions there was no increase in 

fibroblast number, as shown by the MTT assay in Figure 4.6 and so serum-free conditions 

were therefore used for most experiments to simplify interpretation. For comparison, viable 

cell numbers increased in wells cultured with serum supplemented (10% FCS by volume)
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Figure 4.4 M echanical wounding of endothelial cell monolayer enhances the 
effect of conditioned medium on fibroblast DNA synthesis
Promotion o f thymidine incorporation by SSc fibroblast strains was different for 
medium conditioned for 4 hours with resting HUVEC compared with medium 
conditioned by EC monolayers which had been mechanically disrupted. Data points 
show the mean (+SEM ) for 3 to 6 independent experiments using different SSc and 
HUVEC strains.
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Figure 4.5 Effect of endothelial cell-conditioned media on fibroblast cell 
number.
Cell number in confluent cultures following a 48h incubation with serum 
supplemented (10% FCS) DMEM conditioned by the EC line lE -7  is compared with 
medium alone (medium). Conditioning times o f 4h (EC4) or 24h (EC24) were used 
for resting EC A 4h conditioning time for mechanically wounded EC (ECW 4) or EC 

monolayer frozen at -70°C for 10 minutes (EC4-freeze) were also evaluted. Data 
show mean (+sd) results for 2-4 replicate wells for each test condition in a 
representative experiment. * significantly different from medium control levels 
(p<0.05, Student's paired t-test)
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Figure 4.6 Fibroblast cell number does not change during 48 hour incubation 
in serum-free medium
In a series o f control experiments using 6 different SSc fibroblast strains the effect 
o f incubation o f fibroblasts seeded at 2500 cells per well into 96 well plates the 
effect o f FCS (10%) supplemented medium was compared with serum free medium 
(SFM) or serum free conditioned medium from resting or wounded umbilical vein 
endothelial cells (4h conditioning time). The MTT assay was used, measuring 
absorbance at 540nm in replicate wells. Only in the presence o f FCS did fibroblast 
cell number increase over this time period (*p=0.05, paired Student's t-test).
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medium. The results shown were obtained for scleroderma fibroblast strains, equivalent data 

(not shown) were obtained for normal dermal fibroblasts.

4.3.5 Effect of EC-CM on fibroblast collagen biosynthesis

As with the effect of co-culture, reduction in the level of type I collagen secretion was 

consistently observed after treating scleroderma fibroblasts with endothelial cell-conditioned 

medium. In contrast with the co-culture results, the same effect, albeit less marked, was also 

seen with control fibroblast cultures. The effects were even more marked for EC-CM 

prepared from wounded endothelial cells (Figure 4.7). Studies of steady-state pro- 

al(I)collagen RNA levels paralleled the data for collagen secretion, with a concentration- 

dependent diminution of collagen (I) mRNA levels induced by EC-CM (Figure 4.8).

4.3.6 Neutralisation of candidate mediators within EC-CM.

The promotion of fibroblast leucine incorporation by EC-CM was inhibited by pre-incubation 

of the medium with anti-ILl(a+P). Similarly, promotion of thymidine incorporation was 

inhibited by anti-bFGF. Dose-response curves (Figures 4.9 and 4.10) indicated that antibody 

concentrations of 500ng/ml had a maximum effect although some inhibition was seen fi-om 

lOng/ml. Control dermal fibroblast responses demonstrated a greater inhibition of EC 

induced protein synthesis than the Scleroderma strains. The effect of EC-CM on thymidine 

incorporation was not reduced by antibodies to IL-1, but could be abrogated by antibody to 

bFGF (500ng/ml). Again, EC induced promotion was more completely inhibited for control 

strains than for scleroderma fibroblasts. These results are summarised in Figure 4.11.

Recombinant IL-1 a  and bFGF had similar effects to those observed with EC-CM, providing 

further evidence that these mediators are active components of endothelial cell-conditioned 

medium. These data are summarised in Figures 4.12 and 4.13 In experiments assessing the 

role of secondary prostanoid production, indomethacin caused a modest and statistically 

insignificant reduction in the promotion of thymidine or leucine incorporation by endothelial 

cell-conditioned medium. Representative data are summarised in figure 4.14

Endothelin 1 is mitogenic for fibroblasts and is released by endothelial cells, both 

constitutively and in response to injury. The potential role for endothelin as a mediator of 

endothelial cell-fibroblast interactions is considered in detail in chapter 5 but some of the
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Figure 4.7 Effect of endothelial cell-conditioned media on collagen secretion.
Collagen levels (ng/m l/10  ̂ cells) in culture supernatants following a 48h incubation 
with serum supplemented (10% FCS) DMEM conditioned by the EC line lE-7, 
compared with medium alone (medium). Conditioning times o f 4h (EC4) or 24h 
(EC24) were used for resting EC A 4h conditioning time for mechanically wounded 

EC (ECW 4) or EC monolayer frozen at -70°C for 10 minutes (EC4-freeze) were also 
evaluted Data show mean (+sd) results for 2-4 replicate wells for each test condition 
in a representative experiment. * significantly different from medium control levels 
(p<0.05, Student's paired t-test)
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Figure 4.8 Endothelial cellcond. med. reduces pro-al(I)collagen mRNA levels 
in SSc fibroblasts
After 48h culture in the presence of EC-CM (10 to 50% diluted in serum 
supplemented medium) Total cellular RNA was extracted from two SSc dermal 
fibroblast strains (SScl and 2) for analysis by Northern hybridisation. Following 
electophoresis in a denaturing gel and transfer to hybond membrane, transcripts for 
pro-al(I)collagen (COLlAl) and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) were localised using a radiolabelled cDNA probe. Following 
autoradiography (upper panel) the ratio of pro-a 1 (I)collagen: GAPDH band density 
was determined using the Gelplate^^^  ̂personal computer programme (lower panel). 
Data are representative of a series of 3 independent experiments.
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Figure 4.9 Antibody to IL-1 blocks the promotion of fibroblast protein synthesis 
by endothelial cell conditioned medium.
A neutralising monoclonal antibody to anti-IL-l(a+(3) blocked the promotion o f SSc 
fibroblast protein synthesis by serum-free medium (DMEM supplemented with 0.3% 
bovine serum albumin (BSA)) in a concentration dependent manner. Data are 
representative o f a series o f 4 independent experiments using different SSc fibroblast 
strains and HUVEC-CM . Each data point is the mean (+sd) for 3-6 replicate wells.
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Figure 4.10 Antibody to bFGF blocks the promotion of fibroblast DNA 
synthesis by endothelial cell conditioned medium.
A neutralising monoclonal antibody to bFGF blocked the promotion o f SSc fibroblast 
DNA synthesis by serum-free medium (DMEM supplemented with 0.3% bovine serum 
albumin (BSA)) in a concentration dependent manner. Data are representative o f a 
series o f  5 independent experiments using different SSc fibroblast strains and HUVEC 
CM. Each data point is the mean (±sd) for 3-6 replicate wells.
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Figure 4.11 IL-1 and bFGF in EC-CM induce enhanced fibroblast protein and DNA synthesis respectively
Promotion o f  leucine incorporation (a) was reduced by a mixture o f neutralising antibodies (500ng/ml) against IL-1 a  and IL-1 (3, but was 
not altered by antibody to bFGF. In contrast, anti-bFGF (500ng/ml) inhibited the effect o f EC-CM on thymidine incorporation (b) for both 
SSc and normal dermal fibroblast strains whereas an ti-IL l(a+P) had no effect. Results are mean (+SEM) % control culture dpm for a 
series o f  independent experiments using 5 SSc and 4 NDF strains. Analysis by Student’s paired t-test, ^indicates significantly (p<0.05) 
above serum free control; + indicates significantly (p<0.05) below EC-CM and not significantly different from serum free control.
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Figure 4.12 Promotion of fibroblast protein synthesis by recombinant IL -la
Data are mean (+sem) for a series o f 3 independent experiments using different SSc 
or control (NDF) fibroblast strains and compare the effect o f medium conditioned 
for 24h by the EC line lE -7 with that o f I L - la  at a concentration o f lOOU/ml. 
Cellular protein synthesis was measured by the incorporation o f radiolabelled 
leucine. Basal protein synthesis is measured in control wells containing serum-free 
medium. * p < 0.05, paired Student's t-test compared with control wells.
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Figure 4.13 Stimulation of scleroderma fibroblast DNA synthesis is greater 
than in control fibroblast strains in response to recombinant bFGF
Mean data for 3 independent experiments using 3 SSc and 3 NDF strains Mean 
(±sem) basal incorporation in SFM was 6248 (±2162) for SSc and 10388(±2819) 
dpm for NDF strains. * indicates p<0.05, unpaired Students t-test compared with 
SFM control for the same fibroblast strains.
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Figure 4.14 Effect of indomethacin on EC-induced promotion of thymidine 
incorporation
The effect o f  indomethacin (Ind) on HUVEC-CM  induced thymidine incorporation. 
Although % SFM dpm is lower for EC-CM (EC), it is also reduced for control wells 
containing serum free medium (SFM). This provides some support for the view that 
some o f the phenotypic modulation is mediated via intracellular prostanoids, although 
none o f these differences reached statistical significance. Data (mean+sem) were 
derived from a series o f 3 independent experiments using different scleroderma 
fibroblast strains.
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results from studies of EC-CM are shown here. Experiments were performed to investigate 

whether ET-1 might be important in mediating the effects of EC-CM on DNA biosynthesis. 

The ability of the ET receptor antagonist bosentan to block the effect of EC-CM was 

examined. There was no reduction in the effect of EC-CM on thymidine incorporation by 

bosentan, whereas the effect of recombinant ET-1 was readily blocked (Figure 4.15). These 

data suggest that ET-1 is not a mediator of these effects for 4 hour EC-CM. Although they 

could be responsible for some of the effects of more prolonged conditioning times, the main 

mediators of enhanced protein and DNA synthesis in 4-hour EC-CM appear to be IL-1 and 

bFGF respectively. The effect of ET-1 on fibroblast DNA and protein biosynthesis, and on 

type I collagen secretion, is considered in detail in Chapter 5.

4.3.7 EC-CM promotes fibroblast ICAM-1 expression

There was low level basal expression of ICAM-1 by both control and scleroderma fibroblasts, 

but this was markedly upregulated by cytokines including TNFa, IFNy or IL-1 (Figure 4.16) 

The maximum ICAM-1 expression was not significantly different between scleroderma and 

control fibroblasts. EC-CM also increased ICAM-1 expression in all fibroblast strains tested 

(p = 0.005, paired Student’s t-test) but with consistently greater responses for scleroderma 

strains (p= 0.04). This effect was dependent on conditioning time for the EC-CM (Figure 

4.17) EC-CM prepared from wounded EC monolayers was markedly more potent than from 

resting EC. Pre-incubation of EC-CM with antibodies to IL-l(a-t-P), at 500ng/ml, blocked 

upregulation of ICAM-1 expression (p = 0.01, paired Student’s t-test. Figure 4.18).

4.3.8- Collagen gel matrix contraction

The studies of collagen gel matrix contraction by scleroderma and control dermal fibroblasts 

confirmed the finding of other groups which have shown that over a 24h period fibroblasts 

induce a contraction of around 90% for a collagen gel lattice, and that EC-CM induced 

contraction of these matrices (Guidry et al. 1990). Antibodies directed against ET-1 have 

been used by other investigators to confirm that ET-1 is responsible for this promotion of gel 

contraction (Guidry and Hook, 1991). When the gel weight at 24h is used as an index of 

maximum gel contraction there was no difference in gel contraction by either Scleroderma or 

control fibroblast stains. The ET receptor antagonist bosentan blocked the effect of EC-CM 

on gel contraction but did not reduce the effect of FCS suggesting that the effect bosentan
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Figure 4.15 ET-1 does not contribute to the promotion of SSc fibroblast 
thymidine incorporation induced by EC-CM
In a series o f three independent experiments using SSc cell strains (n=3) medium 
conditioned for 4h by the EC line lE-7 (EC-CM ) promoted thymidine incorporation 
(mean+sem) to 241 (±47) % control wells with serum supplemented medium This 
contrasted with the modest increase to 133 (±2) % control dpm for E T -1(100 nM). 
The effect o f ET-1 was significantly inhibited by addition o f the ET receptor 
antagonist bosentan (ET/bos, lOOpM). The same concentration o f bosentan did not 
affect EC induced thymidine incorporation (EC-CM/bos). For control wells the mean 
radioactivity was 28865+4558 dpm *p< 0.05, compared with ET containing wells 
(Student's paired t-test).
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Figure 4.16 Upregulation of fibroblast ICAM-1 expression by EC-CM or pro- 
inflammatory cytokines
There is low level basal expression of ICAM-1 by normal (NDF) and SSc fibroblasts, 
measured by absorbance at 450 nm in a cell bound ELISA. Expression can be markedly 
upregulated by cytokines or endothelial cell conditioned medium Representative results are 
shown from one of a series of 3 independent experiments. Data (mean+sd) were obtained 
from 3-6 replicate wells. Fibroblasts were incubated for 24h with cytokines at a 
concentration of lOOU/ml, serum free medium (basal) or serum free medium conditioned 
for 4h by either resting (EC) or mechanically wounded (EC-W) endothelial cells (lE-7). 
*p<0.05 compared with basal expression (Student's paired t-test).
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Figure 4.17 Effect of different EC conditioning times on SSc fibroblast 
ICAM-1 expression.
Data shown are from an experiments comparing conditioning times between 4 and 
20h (EC-4 to EC-20) for serum free medium with early passage human umbilical 
vein endothelial cells. Control wells show basal expression of ICAM-1 in serum 
free medium or IL-la (lOOU/ml). Absorbance (mean+sd) at 450nm measured at 
24h for 3-6 replicate wells of each test condition. Similar results were obtained in 
a second experiment using different scleroderma fibroblast strain. *p<0.05 
compared with basal (Student's paired t-test).
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Figure 4.18 IL-1 in endothelial cell conditioned medium enhances fibroblast ICAM 
1 expression.
Constitutive expression o f ICAM-1 by normal and SSc dermal fibroblasts was 
significantly upregulated after incubation with HUVEC-CM  for 24 hours. Medium from 
mechanically wounded endothelial cell monolayers (EC-W ) was more effective than from 
resting endothelial cells (EC-R), and SSc strains showed a significantly greater response 
than normal fibroblasts. Recombinant I L - la  (lOOU/ml) had a similar effect to EC-CM. 
Neutralising antibodies to IL-la+(3 (500ng/ml) inhibited the effect o f both IL - la  and 
medium from mechanically damaged EC monolayers. Results are mean (+SEM) 
absorbance for 3-6 replicates in 3 independent experiments employing different fibroblast 
strains and EC cultures. Analysis by Student’s paired t-test, ^indicates significantly 
(p<0.05) above serum free control, + indicates significantly (p<0.05) below EC-CM.
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was specific for ET-1 induced gel contraction. These findings are illustrated, for normal and 

scleroderma fibroblast strains in Figure 4.19.

4.4 Discussion

It has been suggested that functional interactions between endothelial cells and fibroblasts are 

important in a variety of pathological processes including wound healing, atherogenesis, and 

post-angioplasty restenosis (McNeil et a l 1989; Villanueva et a l 1991). There is 

considerable experimental evidence to support this, and many candidate mediators have been 

proposed, including bFGF (Schweigerer et a l 1987), TGFp (Ignotz and Massague, 1986), 

platelet derived growth factor (PDGF) (Dicorleto and Bowen-Pope, 1983), endothelin-1 (ET- 

1) (Wagner et a l 1992) and connective tissue growth factor (CTGF) (Igarashi et a l 1995; 

1996). These factors have all been demonstrated to be synthesised by EC in vitro, and all are 

capable of modulating fibroblast proliferation and extracellular matrix synthesis and secretion. 

Within the context of scleroderma, in vivo studies have suggested a role for EC derived 

fibrogenic substances, including ET-1 (Kahaleh, 1991). The experiments described in this 

chapter extend the findings outlined in chapter 3 which used a co-culture methodology to 

investigate the effect of endothelial cells on the properties of scleroderma and control dermal 

fibroblasts. The results confirm that scleroderma fibroblasts are more responsive to EC- 

derived factors, and show that for both normal and scleroderma fibroblasts EC-derived IL-1 

selectively enhanced protein synthesis, whereas EC-derived bFGF selectively enhanced DNA 

synthesis.

Endothelial cell derived IL-1 mediates several EC responses, including the induction of EL-6 

secretion and the upregulation of EC adhesion molecule expression (Sironi et a l 1989). 

Recent studies also suggest that anti-endothehal cell autoantibodies present in scleroderma 

patients sera can promote adhesion molecule expression and leucocyte adhesion through the 

release and local effects of IL-1 (Carvalho et a l 1996). There is other evidence implicating 

IL-1 in scleroderma pathogenesis, for example upregulation of ILl receptors has been 

reported in scleroderma fibroblasts, and correlated with increased in vitro responsiveness to 

exogenous ILlp (Kawaguchi et a l 1993). Scleroderma fibroblasts have also been shown to 

overproduce IL-1 (Kawaguchi and Wright, 1996) and it has recently been suggested that 

there may be intracrine ELI pathways in scleroderma fibroblasts (Kawaguchi, 1994).
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Figure 4.19 Endothelial cell conditioned medium promotes collagen gel contraction 
by fîbroblasts
Medium was conditioned for 24h using 2 human endothelial cell lines: lE-7, derived from 
umbilical cord vein endothelium and HMEC-1 derived from foreskin dermal 
microvascular endothelial cells. This medium was added to control (NDF, n=5) or SSc 
(n=5) dermal fibroblasts seeded in 3-dimensional collagen type I gel matrices. Control 
cultures contained serum free medium (SFM) and other wells contained FCS, which 
promotes gel contraction. After 24h the gels were maximally contracted andno further 
change in gel weight occurred up to 72h. Endothelin receptors on fibroblasts were 
blocked using the receptor antagonist bosentan (B) at a final concentration of 100 nM. 
This inhibited the effect of EC-CM but not that of FCS supporting the hypothesis that ET 
1 in the CM is specifically responsible for the promotion of gel contraction observed. 
Data represent mean (+sem) for NDF or SSc strains under each test condition. *p<0.05, 
significantly lower than SFM control by Student's paired t-test.
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Moreover, the results described in this chapter confirm that EC-derived IL-1 increases 

fibroblast total protein synthesis, under conditions in which cell number does not change. 

Leucine is present in most cellular proteins, typically comprising about 8% of amino acid 

residues. This ubiquity makes radiolabelled leucine incorporation a good index of total 

intracellular protein synthesis in tissue culture. It is however only a minor amino acid 

constituent of some important extracellular matrix proteins, including the collagens, and 

further studies will be necessary to investigate whether increased protein synthesis induced by 

EC-derived IL-1 is also associated with enhanced release of extracellular matrix components.

Scleroderma fibroblasts express increased levels of cell surface ICAM-1 (Abraham et a l 

1991), which appears to be important in mediating increased lymphocte-fibroblast binding 

which occurs in scleroderma (Piela-Smith and Korn, 1994). These data confirm previous 

studies which have shown that proinflammatory cytokines upregulate fibroblast ICAM-1 

expression (Shi-Wen et a l 1994) and demonstrate that EL-1 is the active constituent of EC- 

CM mediating the upregulation of ICAM-1. The threshold for the effect of EC-CM on 

ICAMl upregulation was considerably above that needed for the promotion of fibroblast 

leucine incorporation, since the effect on ICAM-1 was not apparent until medium had been 

conditioned for 8 hours or following mechanical wounding of the EC monolayer, whereas 

leucine incorporation was stimulated by medium conditioned by endothelial cells for as little 

as 30 minutes (Figure 4.2).

Basic fibroblast growth factor (bFGF) is one of the most potent mitogens released from EC. 

It is interesting that there was marked mitogenic activity of EC-CM prepared from resting 

EC-monolayers even after brief conditioning. This is somewhat surprising since bFGF lacks 

the leader peptide sequence generally necessary for secretion, and therefore might require EC 

damage to cause its release (Mignatti and Rifkin, 1991), as has been the case in other reported 

studies (Eguchi et a l 1992). The effect seen in scleroderma fibroblasts may reflect enhanced 

sensitivity to bFGF mitogenic effects. Using medium conditioned by mechanically damaged 

endothelial cell monolayers, a greater stimulatory effect on thymidine incorporation than 

resting EC-CM, was only observed for diluted conditioned medium. Whether this effect was 

due to a detrimental effect of high concentrations of bFGF or perhaps to other EC products 

is uncertain. It has been suggested that some of the paradoxical inhibitory effects of growth 

factors on cell growth at high concentration are due to induction of secondary mediators such
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as prostaglandin species (Michiels et a l 1994). This does not appear to be the case for EC- 

CM since the effect of such media on fibroblast thymidine incorporation was not altered in the 

presence of indomethacin, a potent inhibitor of prostanoid synthesis.

Previous studies have suggested that scleroderma fibroblasts are less dependent upon serum 

supplementation in culture than control fibroblasts (LeRoy et a l 1982), although their 

proliferation rates in conventional cultures appear similar. In contrast, scleroderma strains are 

more sensitive than control fibroblasts to the effects of serum on the rate of biosynthesis of 

collagen and other matrix components (Bashey and Jimenez, 1977). This emphasises the 

disparity between various aspects of scleroderma fibroblast phenotype. Many studies have 

reported reduced mitogenic responsiveness of scleroderma fibroblasts to exogenous cytokines 

including epidermal growth factor (EGF), PDGF and ET-1 (LeRoy et a l 1982; Takehara et 

a l 1991). It is notable therefore that we have measured consistently greater responses to EC- 

CM in scleroderma strains. This may reflect other factors in EC-CM, or that a combination of 

cytokines has a markedly different effect from single factors, especially on an activated cell 

population. This interplay between cytokines in mediating proliferation has been 

demonstrated clearly for PDGF and TGFP (Yamakage et a l 1992). Hitherto there have been 

few direct studies of the role of bFGF in scleroderma pathogenesis, although comparative 

studies with PDGF suggest that scleroderma fibroblasts do not upregulate bFGF receptors to 

the same extent as PDGF receptors in response to TGFP (Kikuchi et a l 1992b).

In addition to IL-1 and bFGF, other EC products may modulate fibroblast protein or DNA 

metabolism. This is consistent with the observation that it was not possible to inhibit 

completely EC-CM induced DNA and protein synthesis even with a high concentration of 

blocking antibody, most clearly seen in the scleroderma strains. Potential candidates include 

the numerous cytokines which have been shown to be released by EC in vitro including 

PDGF, CTGF, IL-6 and IL-8 (Swerlick and Lawley, 1993). Although ET-1 might be a 

candidate, the studies outlined in this chapter suggest that the ET receptor antagonist 

bosentan, (Clozel et a l 1993) does not inhibit the effects of EC-CM on fibroblast collagen or 

DNA synthesis. In contrast, ET-1 in EC-CM does appear to promote EC induced collagen 

gel matrix retraction. This effect is considered in more detail in chapter 5. Mechanical 

wounding has been shown to increase the release of both IL-1 and bFGF (McNeil et a l 1989)
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and this is consistent with our findings. Our own preliminary data suggest that similar effects 

are seen when EC are activated by bacterial endotoxin or by freeze-thaw injury.

From the data presented in this chapter, it appears that scleroderma fibroblasts might be more 

responsive to the modulatory effects of IL-1 or bFGF than control fibroblasts. This is 

consistent with the observations of other groups with respect to IL-1. However, the results 

for bFGF described here differ somewhat from those in earlier reports from other groups. For 

example, some investigators have suggested that scleroderma fibroblast strains may be less 

responsive than controls to the mitogenic effects of bFGF (Takehara et a l  1991). Also 

LeRoy’s group have reported that scleroderma fibroblasts fail to show induction of bFGF 

receptors by TGFp in contrast to their greater expression of PDGF receptors (Kikuchi et a l 

1992b). Another, alternative, explanation for the apparent lack of synergy for TGFP with 

bFGF in scleroderma fibroblasts, in contrast to the effects on PDGF response, is that the 

scleroderma fibroblasts might already demonstrate maximal bFGF responsiveness and are 

therefore unable to be induced to respond more by TGFp. Although such a hypothesis would 

explain the apparent refractoriness of scleroderma fibroblasts to TGFp induced responses to 

bFGF, compared with control cells, it does not clarify the contradictory reduction in response 

to bFGF alone. Differences in experimental methodology may underlie these discrepant 

results. Hopefully future studies will clarify these data.

It is interesting to speculate that there might be potential for interaction between bFGF and 

IL-1 at a cellular level. The structural homology between these two peptides suggests that 

they may have developed from a common evolutionary precursor (Dinarello, 1989). There is 

evidence that both molecules may operate intracellularly in an intracrine manner as well as 

through the better characterised paracrine mechanism. Indeed the lack of a hydrophobic 

leader sequence raised the possibility that both molecules evolved primarily for intracellular 

communication but that they were also biologically active when released from damaged or 

dead cells (Ku and D'Amore, 1995). Their release fi'om injured or dying cells may have 

facilitated their acquisition of a later role as predominantly extracellular paracrine mediators 

(Mason, 1992). It is possible that there are interactions between the two molecules at a 

cellular level, perhaps through convergent signaling pathways but these have been little

163



investigated in normal cells, although some recent reports have suggested interplay between 

these factors intracellularly (Kondo et a l 1996).

The effect of endothelial cell conditioned medium on collagen secretion was similar to that 

observed in the co-culture experiments described in the previous chapter. The suppression of 

collagen biosynthesis appears to be due at least partly to a reduction in steady-state mRNA 

levels based on the results of the northern hybridisation experiments. It has been shown that 

mRNA levels for collagen in scleroderma fibroblasts are the result of both increased gene 

transcription and also due to changes in mRNA transcript stability (Eckes et a l 1996). 

Future studies could address which of these processes is more significant in the effect of EC- 

CM. Both IL-1 and bFGF are candidate mediators of the inhibitory effect of EC-CM (and co

culture) on collagen biosynthesis; both acidic and basic FGF have been shown to have a 

marked down-regulatory effect on collagen type I gene expression (Tan et a l 1993). The 

effect of EL-1 is more variable with some reports of increased collagen production although 

most studies have shown reduced collagen synthesis. Future neutralisation studies could 

examine the ability of antibodies to one or both mediators to block the effect of EC-CM on 

collagen secretion.

Mechanical damage using a cell scraper, cell injury and lysis by ffeeze-thaw treatment or 

endothelial cell activation by bacterial lipopolysacheride all appear to increase the release of 

active mediators into endothelial cell conditioned medium and so increase its modulatory 

effects on fibroblast properties. This is consistent with the known promotion of release of 

bFGF, IL-1 and ET-1 under these circumstances. Freeze-thaw injury would be expected to 

release of pre-formed mediators and the results of these experiments suggest therefore that 

the effects of EC-CM are not dependent on new synthesis of mediators.

Taken together, the results of these conditioned media experiments are similar to those 

observed for endothelial cell co-culture, although modulation of fibroblast properties by co

culture may be greater than the effect of EC-CM. This may be explained by the more 

prolonged duration of the co-culture experiments, especially as the conditioned media 

experiments demonstrated an effect dependent on conditioning time. Alternatively the greater 

effect of co-culture might reflect some of the specific properties of the culture system as 

discussed in chapter 3. IL-1, bFGF and ET-1 are amongst the mediators of this modulation in
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vitro. Experimental blockade of the effects of EC-CM suggest that, at least under certain 

specific experimental conditions, these mediators appear to independently modulate different 

phenotypic properties of fibroblasts. It also is apparent that damaging the EC monolayer 

affects the degree of fibroblast response. This may be relevant to disease pathogenesis, since 

EC are known to be damaged early in the development of scleroderma. However caution is 

essential in extrapolating these findings to disease events, since EC in our system are 

macrovascular and foetal and it is likely that the pathogenic events in vivo occur within the 

microvascular bed. Nevertheless these findings provide further evidence for functional cross

talk between EC and fibroblasts, which is likely to be relevant for the regulation of both cell 

types in vivo.
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CHAPTER 5: ENDOTHELIN AS A MEDIATOR OF ENDOTHELIAL
CELL-FIBROBLAST CROSS-TALK

5.1 Introduction

As outlined in chapter 1, endothelin-1 is an endothelial cell product which has considerable 

ability to modulate fibroblast properties. It is therefore a potentially important molecule 

linking endothelial cell and fibroblast dysfunction in scleroderma and other disease states. The 

biological functions of endothelin in vivo are certainly diverse, based on the large number of 

cell types which have been shown capable of producing ET-1 including endothelial cells, 

smooth muscle cells, fibroblasts, neurones and kératinocytes (Rubanyi and Polokoff, 1994). 

Although first identified as a vasoconstrictor molecule, it is now realised that ET has many 

effects on cell growth and differentiation and the widespread nature of its synthesis and 

receptor expression makes it possible that ET-1 may be an important paracrine or autocrine 

factor controlling the phenotype of target cell types (Haynes and Webb, 1995). Indeed 

several examples of autocrine stimulation of cells via ET-1 have already been described 

(Bagnato et a l 1995). The biological roles of ET-2 and ET-3 in man are more uncertain 

(Rubanyi and Polokoff, 1994).

Endothelin has been implicated in the pathophysiology of a large number of diseases. This is 

based on the elevated serum levels of ET-1 which are observed and also by the increase in 

ET-1 receptor expression in lesional tissue in many of these conditions (Vancheeswaran et a l 

1994a). Additional information concerning the pathophysiology of ET-1 is provided by 

animal studies, such as the elevated levels of ET-1 measured in the serum of spontaneously 

hypertensive rats and the reduction in these levels which accompanies treatment of these 

animals (Yokokawa et a l 1992). Elevated ET-1 levels have been reported in a number of 

human diseases including hypertension, pre-eclampsia, atherosclerosis, primary pulmonary 

hypertension and several of the connective tissue disorders (Levin, 1995). The elevated 

circulating levels in scleroderma and Raynaud’s phenomenon are particularly relevant to this 

thesis and are outlined in chapter 1.

The experiments described in this chapter explore the potential for ET-1 to operate as a 

mediator of endothelial cell-fibroblast cross-talk. Initial studies concentrated on 

demonstrating the release of ET-1 by endothelial cell cultures in vitro. Later the response of
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scleroderma and control fibroblasts to exogenous ET-1 were examined, and compared those 

observed to endothelial-cell conditioned media or in endothelial-cell fibroblast co-culture, 

described in chapters 3 and 4. Collagen secretion, cellular protein synthesis (leucine 

incorporation) and DNA synthesis (thymidine incorporation) were investigated. Previous 

studies (Guidry and Hook, 1991), and data presented in chapter 4, have identified ET-1 as a 

constituent of endothelial cell conditioned medium which promotes the contraction of three 

dimensional collagen gel lattices by fibroblasts and so the effect of ET-1 and EC-CM on the 

contraction of such gels by scleroderma and control dermal fibroblasts was also examined.

Investigation of ET properties has been facilitated by the development of a number of 

pharmacological ET antagonists (Haynes et a l 1993). The antagonist bosentan (Clozel et al

1993) which has a high affinity for both E T a and E T b receptors was used to confirm the 

effects of ET in these experiments.

5.2 Methods

5.2.1 Fibroblast cultures

In order to study scleroderma associated changes in ET-1 binding and responsiveness, 

confluent scleroderma and control dermal fibroblast strains were evaluated. These strains 

were subgroups of the control and scleroderma populations discussed in chapter 2, and 6 

different scleroderma and the same number of control strains were evaluated in the various 

experiments outlined below. The mean (+SEM) age for control subjects was 42 (±4) years 

and all but one was female. For the scleroderma subgroup mean age was 47 (±5) years. Four 

had difluse cutaneous disease and the mean (+SEM) skin score and scleroderma duration at 

time of biopsy were 24 (+ 6) and 52 (±15) months respectively. The effect on fibroblast 

thymidine or leucine incorporation was determined using the methods described in chapter 2. 

To investigate the effect of ET-1 on fibroblast-induced contraction of a collagen gel matrix, 

gel cultures were established according to the protocol detailed in chapter 2. Recombinant 

ET-1 was added at different concentrations to determine the dose-response characteristics for 

promotion of gel contraction and a series of time-course experiments assessed the effect of 

ET-1 at an active concentration over 24 hours to maximal contraction. ET-1 was compared 

with FCS which was shown to promote gel contraction to a similar extent to ET-1 but was 

not affected by the endothelin receptor antagonist bosentan.
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5.2.2 Measurement of fibroblast thymidine or leucine incorporation

Tritiated thymidine or leucine incorporation was measured as an index of DNA or protein 

synthesis respectively over a 16h labelling; period using fibroblasts seeded at subconfluent 

density into 96 well plates. These methods are described in detail in chapter 2.

5.2.3 Measurement of type-1 collagen secretion

The secretion of type I collagen into fibroblast culture supernatants after incubation with 

endothelin 1 in the presence or absence of bosentan was determined using an ELISA for type 

I collagen as described in chapter 2.

5.2.4 Measurement of ET-1 in tissue culture supernatants

Endothelin-1 secretion was measured in supernatants collected from confluent monolayer 

cultures of HUVEC, lE-7, HMEC-1 and a human keratinocyte line (HK-4) in serum free 

DMEM, using an ELISA kit according to the manufacturers instructions (R & D systems, 

Oxford, UK). This assay uses two antibodies directed against different epitopes of ET-1 and 

has a sensitivity of less than 1.0 pg/ml. These data were adjusted in accordance with cell 

counts at the time of sampling, and values are given as ET-1 per ml per 10  ̂ cells. A 

representative standard curve for the ET-1 ELISA is illustrated in Figure 5.1

5.2.5 Endothelin binding studies

Preliminary binding studies were performed on confluent fibroblasts in 96 well plates. 

Endogenous peptide levels were reduced by washing fibroblasts in 50mM Tris HCl buffer, pH 

7.4, three times at room temperature. Cells were then incubated for 2 hours in buffer 

containing 5mM MgCL lOOkiu/ml aprotinin and 1% bovine serum albumin in the presence of 

0.3 to lOOOpM [^^^I]-ET-1. After incubation, cells were rinsed twice for 10 minutes with the 

same buffer at 4°C, harvested with cell lysis buffer (0.25 M NaOH containing 0.5% SDS) for 

10 minutes and counted in a Packard™  gamma counter. Results of these studies indicated 

that a concentration of 150 pM [^^^I]-ET-1 gave maximal specific binding to control 

fibroblasts. This concentration of labelled ET-1 was selected for later competitive-binding 

studies examining the effect of different concentrations of unlabelled ET-1 or the receptor 

antagonists on specific [^^^I]-ET-1 binding to control (NDF, n = 2) or scleroderma (n =2 ) 

fibroblast strains, confirming the blocking effect of the receptor antagonist bosentan.
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Figure 5.1 Standard curve for ET-1 ELISA
Endothelin concentration in tissue culture supernatants was measured by sensitive 
ELISA using an antibody specific for ET-1. A representative standard curve is 
shown, the assay was performed according to the manufacturer's instructions. 
Data points are means of duplicate wells.
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The broad spectrum ET receptor blocker bosentan was used to block the effect of 

recombinant ET-1 on fibroblast properties. The dose-response curves for fibroblast ET-1 

binding to control and scleroderma cells in the presence of unlabelled ET-1 or bosentan are 

shown in Figure 5.2. Maximum blockade was seen from concentrations of bosentan above 

10'̂  M. In later experiments a concentration of 10'̂  M was chosen to block the effects of 

recombinant ET-1 on fibroblast cultures.

5.3 Results

5.3.1 Measurement of ET-1 levels in cell culture media

A prerequisite for ET-1 having a role in endothelial cell-fibroblast interaction in vitro is the 

release of biologically active ET-1 by endothelial cells. To investigate this, levels of ET-1 in 

supernatants from non-transformed human umbilical vein endothelial cells, and from two 

endothelial cell lines were measured. These data confirm the release of ET-1 at levels of 84- 

93 pg/ml/10^ cells after a 24 hour conditioning period. Medium conditioned by an epithelial 

(human keratinocyte) cell line (HK-4) contained low levels (7-10 pg/ml) of ET-1 (Figure 

5.3).

5.3.2 Effect of ET-1 on fibroblast protein and DNA synthesis

Recombinant ET-1 promoted fibroblast DNA synthesis or protein synthesis as measured by 

radiolabelled thymidine or leucine incorporation respectively. However when the response of 

Scleroderma fibroblast strains was compared with that observed for control healthy dermal 

fibroblasts a marked and statistically significant reduction in response was observed in 

Scleroderma fibroblasts for both DNA (Figure 5.4) and protein (Figure 5.5) synthesis. This 

was in marked contrast to the effect of EC-CM on fibroblast properties and provided further 

evidence that ET-1, although present in EC-CM (see above), was not mediating the 

modulation of fibroblast protein or DNA synthesis observed in previous studies (see chapter 

4).

5.3.3 Effect of ET-1 on fibroblast collagen secretion

Endothelin-1 promoted collagen type I secretion by both scleroderma and control dermal 

fibroblasts and, as with the data for thymidine or leucine incorporation, responses of control
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Figure 5.2 Bosentan blocks specific binding of ET-1 to normal (NDF) and scleroderma (SSc) fibroblasts
Concentrations between and lO'^M of the ET receptor blocker bosentan (Ro 47-0203) or un labelled recombinant ET-
1 were used to block the binding of ^^^I-labelled ET-1 (ISOpM) to control (NDF) or SSc fibroblasts. Specific binding of was 
almost completely blocked by bosentan at concentrations of 10'  ̂ M and above. A concentration of 10’̂  M was used in 
subsequent blocking experiments. Data are representative of 2 independent experiments using different SSc or NDF strains 
(n=2).
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Figure 5.3 Secretion of ET-1 by endothelial cells in culture
The concentration o f ET-1 in conditioned media was measured by sensitive ELISA. 
Medium conditioned for 24h by early passage HUVEC or by EC lines o f 
macrovascular (lE -7 ) or dermal microvascular (HM EC-1) origin was examined. In 
addition, media conditioned for 4h by resting (1E7-4R) or mechanically wounded 
(1E7-4W ) lE-7 monolayers were assayed., and the human epithelial cell line HK-4. 
Data points represent mean and range for duplicate samples.
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Figure 5.4 SSc fibroblasts are less responsive than control strains to ET-1 
induced thymidine incorporation
ET-1 promotes dermal fibroblast (NDF) DNA synthesis, measured by incorporation of 
tritiated thymidine over a 16h labelling period, but SSc strains are significantly less 
responsive than NDF. Data shown are mean (+sem) % basal (control) dpm based on 5 
replicate wells for three independent experiments using different fibroblast strains. For 
control wells the mean radioactivity was 24667+2372 dpm for NDF and 28865+ 455 
dpm for the SSc strains. *p<0.05 SSc compared with NDF by Student's umpaired t- 
test.
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Figure 5.5 SSc fîbroblasts are less responsive than control strains to ET-1 
induced leucine incorporation
ET-1 promotes normal dermal fibroblast (NDF) protein synthesis, measured by 
incorporation of tritiated leucine over a 16h labelling period, but SSc strains are 
refractory. Data shown are mean (±sem) % basal (control) dpm based on 5 
replicate wells in three indepenedent experiments using different fibroblast strains. 
For control wells the mean radioactivity was 10167+4793 dpm or NDF and 
12308+3366 dpm for the SSc strains. *p<0.05 SSc compared with NDF by 
Student's unpaired t-test.
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fibroblasts were substantially and significantly greater than for the scleroderma strains. These 

results are shown in Figure 5.6. This promotion of collagen secretion was in marked contrast 

to the reduction of collagen synthesis observed with EC-CM or co-culture and provided 

fiirther evidence that ET-1 was not likely to be a major factor in these experiments.

5.3.4 Effect of ET-1 on collagen gel contraction by fibroblasts

As discussed previously (chapter 4) fibroblasts grown within three dimensional collagen type I 

gels cause contraction of the gel, associated with typical morphological changes to the 

fibroblasts. The contraction of the gel can be measured by loss of gel weight or by reduction 

in gel diameter, and these two variables were found to strongly correlate. Previous 

experiments suggested that endothelin-1 in EC-CM was responsible for the promotion of gel 

contraction observed (see Chapter 4). Recombinant ET-1 was used to confirm these effects, 

with recombinant ET-1 causing a similar promotion of maximum gel contraction, measured 

by gel weight at 24 hours. As with the effect of EC-CM this promotion of gel contraction 

was completely blocked by including bosentan within the collagen gel (Figure 5.7). Time 

courses and dose-response curves for ET-1 induced gel retraction is shown in Figures 5.8 

and 5.9 The effect of ET-1 containing medium is compared with the pattern of contraction 

observed in control serum-free medium and with FCS induced gel contraction. For these time 

courses, statistical analysis by Student’s paired t-test confirmed that scleroderma fibroblasts 

were less responsive to ET-1 induced gel contraction than control strains at 8 or 12 hours. 

By 24h, at maximum contraction, there was no difference in gel diameter between 

scleroderma and control fibroblasts, confirming the data from studies of EC-CM (see chapter 

4). Taken together these data offer persuasive support for the view that ET-1 is the active 

mediator in EC-CM responsible for the promotion of collagen type I lattice retraction and 

that, in common with the reduced response of scleroderma fibroblasts to ET-1 induced 

thymidine incorporation, leucine incorporation or collagen secretion that they also show a 

diminished response to ET-1 induced gel contraction.

5.4 Discussion

The data obtained from this series of experiments confirm the considerable potential of ET-1 

to modulate fibroblast properties in vitro. However, whilst they also confirm that ET-1 is 

present in EC-CM, it does not appear to be an important mediator of the effects which were
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Figure 5.6 Promotion of fibroblast collagen secretion by ET-1
Collagen secretion by both normal (NDF, n=6) and SSc fibroblasts (n=6) is increased by 
incubation with ET-1 (lOOnM) for 48h. This effect can be completely abolished by co
incubation with the mixed ETA/B receptor antagonist bosentan (lOOnM), The 
proportionate increase in collagen secretion for both fibroblast types is shown in the 
lower panel, the SSc cells show a significantly reduced response compared with NDF 
(p=0.05, paired Student's t-test). Data are mean (+sem) for 5 independent experiments, 
^indicates significantly (p<0.05. Student's paired t-test) above control collagen 
concentration, +indicates significantly (p<0.05. Student's paired t-test) below ET-1 
stimulated collagen concentration but not different from control, #indicates significantly 
different between SSc and NDF strains (p<0.05. Student's unpaired t-test).
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Figure 5.7 Effect of ET-1 and bosentan on maximum (24h) contraction of 
collagen gel matrix by fibroblasts
Contraction of a three-dimensional collagen gel matrix by scleroderma fibroblasts was 
quantified by gel weight 24h (mean ± sd) after seeding the gel Replicate (n=4) gels 
were treated with recombinant human ET-1 (lOOnM), ET-1 with 100 nM bosentan (ET 
1/bos) or bosentan alone ET-1 promoted gel contraction and this effect was inhibited 
by bosentan which had no effect on gel contraction in the absence of ET-1 Similar data 
were obtained in 2 further experiments. *significantlty (p<0.05) below control or 
bosentan containing wells (Student's paired t-test).
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Figure 5.8 Dose-response curve for ET-1 induced collagen gel retraction by 
fibroblasts
Contraction of a three-dimensional collagen gel lattice was assessed by weighing the 
gel after fixation or by measurement of the maximum gel diameter using an ocular 
micrometer. Gels were assessed at 24h (maximum contraction). The effect of 
different concentrations of recombinant ET-1 is compared with control gels 
contracting in the absence of ET-1. Data are for replicate gels (n=4) for an 
experiment using normal dermal fibroblasts. Similar data were obtained in an 
equivalent experiment using SSc fibroblasts.
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Figure 5.9 Time-course comparison for collagen (I) gel contraction by SSc and 
normal dermal fibroblasts
A series of 4 independent experiments was performed to determine the time course of 
collagen (I) gel lattice retraction in control cultures (ctl) or in the presence of either ET-1 
(lOOnM) or FCS. SSc (n=5) and control (NDF, n=5) fibroblast strains were compared. 
Gel retraction was assessed by measuring gel diameter with an ocular micrometer (upper 
panel, A). The lower panel (B) compares basal and ET-1 or FCS promoted contraction 
at the 12h time-point. In the presence of ET-1, NDF have contracted their gels 
significantly more (p=0.05, paired Student's t-test) than SSc strains. This contrasts with 
the lack of difference gel contraction at any time point for contraction in the presence of 
FCS or for control cultures.
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observed on protein and DNA synthesis or collagen secretion. Thus, marked effects on these 

fibroblast properties are seen even after a brief conditioning period during which only low 

levels of ET-1 are released into the conditioned medium. Moreover, although all of these 

variables are stimulated by ET-1, scleroderma fibroblasts show a diminished response, 

compared with the exaggerated response observed for EC-CM induced modulation of 

fibroblast properties. The findings for recombinant ET-1 induced collagen gel contraction are 

broadly equivalent to those seen with EC-CM, confirming the data presented in chapter 4 

which showed that the promotion of gel contraction by EC-CM could be blocked completely 

by bosentan. Interestingly however, although no difference in the final extent of gel 

contraction is observed for scleroderma or control fibroblasts, earlier time-points do suggest 

that scleroderma strains are less responsive to ET-1 induced contraction than control strains. 

This observation strengthens the case for ET-1 being the main mediator of this effect in view 

of the reduced responses observed for ET-1 using other end-points such as thymidine 

incorporation. It is possible that ET-1 is an active mediator in co-culture experiments but 

previous studies have suggested that ET-1 secretion by endothelial cells is suppressed by co

culture with cells of mesenchymal origin. Future experiments could address the role of ET-1 

in the co-culture system in more detail.

The data presented in this chapter confirm that ET-1 stimulates the secretion of collagen (I) 

by fibroblasts in addition to its mitogenic effect. These findings are in marked contrast to the 

effects of EC-CM or EC co-culture which stimulate proliferation but suppress collagen type I 

secretion. Also endothelial cell derived factors appear to have a greater effect on scleroderma 

fibroblast properties whereas all of the effects of ET-1 are diminished in scleroderma. This 

does not necessarily imply that endothelin is not involved in scleroderma pathogenesis; it is 

possible that the elevated levels of ET-1 in vivo in scleroderma make the fibroblasts relatively 

refractory to its effects in vitro.

The intracellular mechanisms of action of ET-1 are incompletely understood. The two main 

receptor subtypes both signal via G-protein coupled mechanisms (Rubanyi and Polokoff,

1994) leading to downstream signalling events which eventually exert their effect at a 

transcriptional level. It appears that both ETa and ETb receptor activation are necessary to 

promote collagen (I) secretion whereas the mitogenic effects of ET-1 are mediated via the 

ET-A receptor. It has been shown by other groups (Kikuchi et a l 1995a) and our own data
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support the observation, that ETa receptors are expressed at lower levels on scleroderma than 

normal fibroblasts. The reduced effect on collagen gel contraction seen with scleroderma 

fibroblasts suggests that the ETa receptor is also involved in this promotion of contraction. It 

is unclear whether all of these effects represent direct effects of ET or whether they might 

arise through the action of secondary cytokines. These might be factors released by 

fibroblasts or perhaps through the autocrine or paracrine stimulation of endothelial cells. 

Both ET receptor subtypes are expressed on both EC and fibroblasts as indicated by the 

results of micro-autoradiographic studies (Shi-Wen et a l 1996).

Direct measurement of the level of ET-1 in tissue culture supernatants suggests that 

significant levels are not present with a conditioning time of less than 24h. This supports the 

other data pointing towards the fact that ET is not a major mediator of EC-fibroblast 

communication in the EC-CM transfer experiments examining DNA, protein or collagen 

biosynthesis. It is possible that it is involved in co-culture studies, especially since the 

majority of ET-1 release by resting EC in such a system has been shown to be from the basal 

aspect (Wagner et a l 1992). However, the effects of ET-1 alone differ from those observed 

for EC-co-culture. Nevertheless the possibility that ET-1 induces or modulates the actions of 

other mediators must be remembered.

It has been demonstrated that interactions between fibroblasts and extracellular matrix 

components, including collagen, are capable of regulating collagen (I) production by normal 

dermal fibroblasts, based on the results of experiments involving the culture of fibroblasts in 

three-dimensional (3-D) collagen (I) gels (Mauch et a l 1992). These collagen gels are 

believed to represent a more physiological environment than standard monolayer culture 

methods (Bell et a l 1979). Collagen production by normal fibroblasts, assessed by 

quantification of steady state collagen (I) mRNA levels is substantially reduced compared to 

conventional monolayer tissue culture, and a  1(1) mRNA levels show a linear inverse 

relationship to the extent of gel lattice contraction (Kozlowska et a l 1996). The intracellular 

processes involved in this down-regulation are unclear but collagen (I) binding has been 

shown to be via a i p i  integrins expressed at the cell surface (Ivarsson et a l 1993)
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The intracellular mechanism underlying gel contraction is poorly understood. It involves a re

organisation of the cytoskeleton and redistribution of cell surface receptors and this may 

underlie both the shape changes seen in gel culture and also the altered response to exogenous 

factors. Some of the phenotypic modulation of function may directly relate to the change in 

cell shape (Ingber et a l 1995). Little is currently known about the intracellular events which 

are triggered by the engagement of collagen binding integrins with their ligands but 

preliminary reports suggest that phosphorylation of intracellular proteins, including focal 

adhesion kinase (p l25^^) occurs at sites of focal adhesion following attachment of ECM to 

fibroblasts (Plopper et a l 1995). The enzyme p l2 5 ^^  has also been shown to bind to pi 

integrin, talin and a-actinin and is believed to form a crucial component of the regulatory 

pathways leading to control of transcription of the collagen gene as a response to the 

attachment of fibroblasts to the ECM. A significant proportion of scleroderma fibroblast cell 

line extracts express subnormal levels of the a  1-integrin chains (Ivarsson et a l 1993; 

Kozlowska et a l 1996) raising the possibility that the impairment of collagen regulation by 

scleroderma fibroblasts grown in collagen gel may be due to their inability to form a 

functional association between the collagen-binding integrins and p i25^^. There is similarly 

little understanding of the precise mechanisms by which collagen gel contraction is promoted 

by serum, ET-1 or other factors. Experimental evidence reported by others (Bornstein, 

1995), and confirmed by the data reported in this thesis suggest that different mechanisms 

operate, for example the marked enhancement of gel contraction induced by FCS appears to 

be independent of the effect of ET-1.

There is now considerable evidence suggesting that matrix-cell surface interactions are 

modulated by receptor mediated effects of soluble mediators, such as PDGF. Studies have 

shown that PDGF promotes gel contraction (unlike EGF or bFGF), alters a2 p i integrin 

expression on fibroblasts (Gullberg et a l 1990; Ahlen and Rubin, 1994) and that afl;er culture 

in collagen gels PDGFp receptors become refractory (Tingstrom et a l 1992b). Also direct 

interactions between integrin-mediated and PDGF-mediated intracellular signals have been 

demonstrated. Taken together, these data suggest that collagen binding pi integrins and 

PDGF co-operate in controlling collagen gel contraction and regulation of collagen synthesis. 

Conversely, other experiments suggest responses to soluble factors are altered by changes in 

cell morphology, such as that resulting from follow matrix-cell interaction. It is suggested 

that there is transmodulation of responses to both matrix and soluble factors which is likely to
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be important in vivo. Thus the consequences of engagement of a surface receptor with its 

ligand, whether a soluble factor or matrix component are likely to be extremely complex and 

variable. This clearly has implications for the design and interpretation of experiments 

directed towards understanding these processes in vivo.

In conclusion, the results of studies described here, and in chapter 4, strongly suggest that 

endothelin-1 is a potent modulator of fibroblast properties and that scleroderma fibroblasts 

demonstrate an altered pattern of modulation. Interestingly, and in contrast to the responses 

to IL-1 and bFGF which are also implicated as mediators of endothelial cell-fibroblast 

interaction, scleroderma fibroblasts are less responsive to ET-1 than control cells. In these 

experiments it appears that ET-1 is the main active mediator of endothelial cell induced 

collagen gel retraction. Since normal fibroblasts demonstrate down-regulation of type I 

collagen synthesis in association with gel contraction it is possible that the reduced effect of 

ET-1 on gel retraction may have indirect effects on fibroblast matrix production by 

scleroderma fibroblasts.
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CHAPTER 6: FIBROBLAST INDUCED MODULATION OF
ENDOTHELIAL CELL PROPERTIES

6.1 Introduction

Previous chapters of this thesis have focused upon the effect of endothelial cells on fibroblast 

properties. However, as outlined in chapter 1 it is likely that fibroblast products also 

influence the properties of endothelial cells, and these potential interactions were explored 

using co-culture and conditioned medium transfer. The location of the endothelial cell 

monolayer endows it with a unique role in the regulation of leucocyte trafficking between the 

circulation and the extravascular compartment and some of the experiments described below 

explore in vitro whether fibroblasts might influence leucocyte-endothelial cell interactions, 

and in particular whether transendothelial cell migration of leucocytes might be modulated by 

fibroblasts. Two main areas have been investigated; the effect of control and scleroderma 

dermal fibroblast conditioned medium on endothelial cell surface adhesion molecule 

expression and the modulation of leucocyte migration across endothelial cell monolayers by 

fibroblasts in co-culture. The co-culture system to investigate the modulation of leucocyte 

migration across endothelial cell monolayers was similar to that used for the studies described 

in chapter 3, although a larger pore-size in the semi-permeable membrane allowed 

transmigration of leucocytes. Studies of adhesion molecule expression were analogous to the 

experiments performed to investigate the effect of endothelial cell conditioned media on 

fibroblasts described in chapter 4.

Interactions between a number of different cell types are believed to be involved in the 

pathogenesis of scleroderma (Claman, 1989; LeRoy et a l 1991). Leucocytes are present in 

early lesional tissue in scleroderma and their presence is associated with an elevated 

expression of 1C AM-1 by fibroblasts and endothelial cells and of 1C AM-1, VCAM-1 and E- 

selectin by endothelial cells (Koch et a l 1993; Denton et a l 1996). Increased lCAM-1 

expression appears to underlie the greater lymphocyte-fibroblast binding in vitro which has 

been reported for scleroderma fibroblasts (Abraham et a l 1991). Elevated levels of the 

soluble forms of these adhesins have also been found in this disease. Moreover the levels of 

these soluble adhesins appears to correlate with tissue expression (Gruschwitz et a l 1995) 

and also possibly with disease severity (Denton et a l 1995). To investigate the potential 

modulation of endothelial cell adhesion molecule expression by scleroderma fibroblast-derived
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soluble factors a series of conditioned medium transfer experiments were performed, 

addressing the hypothesis that modulation of cell surface adhesion molecule expression occurs 

in scleroderma. If so, then altered endothelial cell fibroblast interactions in scleroderma may 

indirectly influence the trafficking of pathogenic leucocytes in lesional tissues.

One of the earliest pathological features of lesional scleroderma skin by light microscopy is 

leucocytic infiltration. Although immunohistochemical and ultrastructural studies have shown 

that other events precede leucocyte extravasation in scleroderma, such as endothelial cell 

perturbation and upregulation of cell surface adhesion molecules, it is likely that the influx of 

leucocytes is a key event in the pathogenesis of the disease. Once they are within perivascular 

connective tissue, these leucocytes produce a range of pro-inflammatory and 

immunomodulatory cytokines which may influence the properties of other cell types, notably 

fibroblasts. Earlier reports concentrated on the presence of lymphocytes in early scleroderma 

skin, and showed that these cells express a number of markers of activation including IL-2 

production and expression of CD3, CD4, CD45, HLA-DR and LFA-1 (Fleischmajer et al. 

1977; Prescott et a l 1992). However a recent study of early scleroderma skin suggests that 

mononuclear cells of the monocyte-macrophage lineage may in fact predominate in early skin 

affected by scleroderma (Kraling et a l 1995). In view of our general view that fibroblasts 

may modulate the properties of other cell types in scleroderma pathogenesis we designed a 

series of experiments which test the hypothesis that scleroderma fibroblasts promote 

migration of leucocytes across endothelial cell monolayers. Three types of leucocytes have 

been evaluated, the monocytic cell line U937, the T-lymphocyte derived cell line J6 and 

mononuclear cells prepared fi*om peripheral blood of a patient with active diffuse cutaneous 

scleroderma.

6.2 Methods

These studies are complementary to those described in chapter 3 and 4 which demonstrated 

that endothelial cell derived mediators, including IL-1, caused marked upregulation of 

fibroblast ICAM-1 expression, and those described in chapter 2 which demonstrated that the 

cell line lE-7 responded to pro-inflammatory cytokines by upregulation of ICAM-1, VCAM- 

1 and E-selectin in a dose and time-dependent fashion.
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6.2.1 Fibroblast cultures

Fibroblasts were grown from punch skin biopsies taken from lesional skin of scleroderma 

patients with active diffrise cutaneous scleroderma and from normal healthy control 

individuals and grown by explant culture as described in chapter 2. For these experiments 8 

different scleroderma and 4 representative control fibroblast strains were examined in a series 

of independent experiments. For the cell strains examined in these studies the mean (+SEM) 

age for control subjects was 44 (+4) years and all but one were female. The scleroderma 

patients from whom biopsies were taken had a mean age of 51 (±9), 4 were female and the 

mean durations of scleroderma and Raynaud’s symptoms prior to biopsy were 48 (±12) and 

60 (±10) months respectively.

For co-culture experiments fibroblasts were seeded at confinent density into 12 well culture 

plates and maintained in standard fibroblast culture medium throughout these experiments. 

(DMEM supplemented with 10% FCS). For some studies fibroblasts were incubated for 8h 

with activating cytokines (IFNy or TNFa at lOOU/ml final concentration), which were shown 

in control experiments to markedly upregulate expression of ICAM-1 by these cells.

6.2.2 Endothelial cell cultures

Human umbilical vein endothelial cells were cultured from fresh umbilical cords as described 

in chapter 2. Cells were seeded into 96 well plates at near confluent density (5-10 x 10̂  cells 

per well) and cultured in serum supplemented (20%) medium 199 prior to addition of serum 

free fibroblast or endothelial cell conditioned medium.

For migration studies the cell line lE-7 was employed. Cells were seeded at a density of 5 - 

10 X 10̂  into 6.5mm diameter transwell culture inserts with a pore size of 6p.m. After culture 

overnight in standard medium (DMEM supplemented with 10% FCS) the cells formed a 

confluent monolayer. The insert was then removed and placed into a fresh well containing the 

same medium. Inspection of the well from which the insert had been removed revealed no 

significant passage of EC into the lower chamber. For experiments in which activated EC 

were used the EC seeded inserts were incubated for 6h in medium containing the activating 

cytokine (TNFa or IL -la  at lOOU/ml) or EPS (Ipg/ml) at this stage. The inserts were then
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placed overlying confluent monolayers of dermal fibroblasts as appropriate to examine the 

effect of these fibroblasts on passage of leucocytes across the EC monolayer.

6.2.3 Preparation of conditioned media

Monolayers of fibroblasts or endothelial cells were rinsed twice with serum free DMEM, then 

10 ml of serum free DMEM were added to the flask. Conditioning times between 0 and 20 

hours were used. At the end of the conditioning period medium was aspirated and 

centrifijged at 3000g for 10 minutes to remove any cellular debris. Media were either used 

immediately or stored at -70°C.

6.2.4 Leucocyte culture

Three sources of leucocytes were used for these migration experiments. The monocytic cell 

line U937 (Harris and Ralph, 1985) was used extensively because it grows well in standard 

medium (DMEM supplemented with 10% FCS), it has an established place in the 

investigation of leucocyte-EC binding (Carvalho et a l 1996) and can readily be identified 

morphologically and distinguished from fibroblasts or EC by light microscopy when cells were 

counted using a haemocytometer. It is also readily labelled using tritiated thymidine. To 

extend the results obtained using U937 cells the human lymphocyte line J-6 (Greenwood et a l

1995) was examined in similar experiments. Finally, experiments using peripheral blood 

mononuclear cells (PBMC) isolated from a patient with diffuse cutaneous scleroderma were 

undertaken, to confirm the results of cell-line data using non-transformed cells. The patient 

from whom these cells were obtained was a 32 year old female with an 18 month history of 

active diffuse cutaneous scleroderma and a skin score of 36/54 at the time of venesection. 

She carried the anti-topoisomerase-1 autoantibody and had evidence of oesophageal 

dysmotility but no other features of internal organ involvement. Isolation of PBMCs was 

performed by density gradient centrifijgation of buffy coat leucocytes using lymphoprep ™  

solution, following the manufacturer’s instructions. Aliquots of these cells were either used 

immediately for migration assays or frozen at -70 °C until required.

6.2.5 Migration assay

A co-culture system was employed in which mononuclear cells were seeded in the upper 

chamber of a transwell tissue culture insert onto which had been seeded endothelial cells at
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confluent density (Figure 6.1). The number of leucocytes migrating across the monolayer 

and through the insert membrane (8|im pore size) was counted in replicate wells. Migration 

in the presence and absence of dermal fibroblasts cultured in the lower chamber was 

compared. Migration was also investigated using inserts in the absence of endothelial cells 

and with co-cultures in which either the endothelial cell monolayer or the fibroblast monolayer 

had been activated using pro-inflammatory cytokines (IL-1, TNFa or IFNy)

Aliquots of U937 (2 - 4 x 10̂  per well) were added to the upper chamber of the EC-seeded 

culture insert in replicate wells, some of which contained either control or scleroderma 

fibroblasts seeded over the lower chamber. The number of U937 cells migrating across the 

EC monolayer into the lower chamber was measured either by collecting the media from the 

lower chamber, washing the well twice with DMEM, and the underside of the culture insert, 

and the centrifugation and resuspension of the cell pellet in a minimal volume of medium. 

Cell viability was confirmed using trypan blue exclusion. Cells were counted in a minimum of 

4 fields using a haemocytometer. U937 cells were readily distinguished from the few 

contaminating EC or fibroblasts by their size and morphology with characteristic surface 

processes.

Similar protocols were used for experiments using the J-6 cell line or scleroderma PBMC to 

confirm that data for U937 cells could be extrapolated into these other cell types. Control 

experiments were performed using transwell inserts without EC monolayers to assess the 

passage of cells across these inserts and the effect of fibroblasts on this migration in the 

absence of EC.

6.2.6 Labelling of U937 cells

A standard protocol for metabolic labelling of the U937 cells was followed (Carvalho et a l

1996). Briefly, IfiCi per ml of [^H]-TdR was added to a suspension of U937 cells and culture 

continued for 24 hours. The cells were then washed three times in fî esh medium to remove 

unincorporated thymidine and the labelled cells used within 6 hours for migration assays. 

Standard curves (data not shown) were used to confirm that the radioactivity in cell aliquots 

reflected cell number and to allow comparison of the results of these studies with those which 

used direct cell counting.
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Figure 6.1 Co-culture system for investigating the effect o f fibroblast co
culture on migration of leucocytes across endothelial cell monolayers
6.5mm diameter transwell (TM) inserts (8 pm pore size) were seeded with 
endothelial cells at confluent density (10"* cells per insert). These inserts were 
placed overlying dermal fibroblast monolayers and mononuclear leucocytes 
added to the upper culture chamber. The number o f leucocytes migrating across 
the EC layer and through the insert into the lower chamber was determined by 
direct counting or using radiolabelled cells.
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Migration and binding studies using labelled U937 followed a similar protocol to those 

outlined in section 6.2.5, except that, after centrifugation of the cells collected from the lower 

culture chamber, the cell pellet was lysed using sodium hydroxide and [^H]-TdR measured by 

liquid scintillation counting in triplicate samples. Radioactivity was shown to correlate 

directly with cell number in control plates (data not shown). In experiments using labelled 

cells the binding of U937 to the EC monolayer was also examined by lysing the monolayer 

and adherent leucocytes and determining radioactivity as above. Binding to resting and 

activated EC monolayers in the presence or absence of scleroderma fibroblasts was 

investigated.

6.3 Results

6.3.1 Modulation of endothelial cell adhesion molecule expression

Neither scleroderma nor control fibroblast conditioned media induces upregulation of 

endothelial cell surface E-selectin or VCAM-1. In contrast both were readily induced by 

recombinant human cytokines with a threshold concentration of lOU/ml. ICAM-1 expression 

was modestly, but consistently, upregulated by one of the scleroderma and two of the control 

fibroblast conditioned media (Figure 6.2). Positive control wells containing recombinant 

cytokines (IL -la  or TNFa at 10 - lOOOU/ml) confirmed that surface adhesion molecules 

ICAM-1, VCAM-1 and E-selectin were readily inducible in a dose and time dependent 

manner, as outlined in chapter 2. The expression on lE-7 cells was similar to that observed 

for non-transformed early passage HUVEC (Thornhill et al., 1993).

Earlier experiments using fibroblasts (see chapter 4) showed that medium conditioned by 

umbilical vein endothelial cells induced fibroblast ICAM-1 expression, partly due to the 

presence of endothelial cell derived IL-1. To extend these data some equivalent experiments 

were performed using similar EC-CM, to investigate induction of adhesion molecules on lE-7 

(data not shown). These studies showed that EC-CM also induced the expression of ICAM- 

1, VCAM-1 and E-selectin on lE-7. This suggests that autocrine or paracrine regulation of 

adhesion molecule expression by endothelial cells may also be important.
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Figure 6.2 Fibroblast conditioned medium does not induce endothelial cell 
activation

A minimal volume (2ml per 25cm^ culture flask) o f serum-free medium was conditioned 
for 24h by SSc or control dermal fibroblasts and then added to confluent cultures o f the 
human endothelial cell line IE-7. Neither E-selectin nor VCAM-1 were upregulated. 
Some media induced modest upregulation o f  ICAM-1 but SSc fibroblasts were no more 
effective than control strains. Expression was quantified (mean +sd) in a cell bound 
ELISA by absorbance at 450nm in triplicate wells. Control wells had no cytokine added 
and reflect constitutive expression o f the adhesion molecules. Adhesion molecules were 
readily upregulated by T N Fa at lOOU/ml final concentration. Data are representative o f 
a series o f 3 independent experiments.
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6.3.2 Migration studies

In the absence of fibroblasts on the bottom of the tissue culture well and of an endothelial cell 

monolayer on the culture insert approximately 64 (±21)% of the seeded U937 cells migrated 

through into the lower culture chamber over a period of 16h. With a confluent monolayer of 

endothelial cells on the culture insert migration was less, at around 5.0 (±1.8) % of U937 

seeded. The proportion of cells migrating was slightly greater (5.6%) when a control 

fibroblast monolayer was present over the floor of the tissue culture well but this difference 

did not reach statistical significance. In contrast, scleroderma fibroblasts significantly (p = 

0.015, Student’s paired t-test) promoted migration of U937 cells across endothelial cell 

monolayers in a co-culture system, mean cell number migrating for replicate wells in a series 

of 6 independent experiments was 202(±60)% of the number migrating across the endothelial 

cell monolayer in control wells without fibroblasts. Thus, in the presence of scleroderma 

fibroblasts the proportion of U937 cells passing across into the lower chamber over 16 hours 

was around 10 (± 3) % of the total number added to the upper chamber. Activation of the 

fibroblast monolayer had no significant effect on the scleroderma fibroblast induced U937 

migration although the absolute number of cells migrating across activated endothelial cell 

monolayers was less than for resting cells, at around 39% of the number migrating across a 

resting monolayer. These results are summarised in Figures 6.3 and 6.4

Qualitatively similar results were observed using the human T lymphocyte cell line 16 (Figure 

6.5) and with mononuclear cells isolated from whole blood of a patient with active diffuse 

cutaneous scleroderma (Figure 6.6) These data suggest that scleroderma fibroblasts 

promote migration of mononuclear leucocytes across endothelial cell monolayers in vitro. 

This effect appears to be dependent upon the presence of both cell types and independent of 

endothelial cell activation, and some of the possible mechanisms involved are discussed 

below.

Activation of the endothelial cell monolayer resulted in greater numbers of U937 cells being 

retained attached to the cell layer (Figure 6.7) and this probably explains the apparent 

reduction in migration across activated endothelial cell layers observed for the three types of 

leucocyte evaluated. Overall, studies using labelled U937 confirmed the data derived from 

earlier experiments using direct counting (Figure 6.8).
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Figure 6.3 Co-culture with SSc fibroblasts promotes U937 cell migration 
across EC monolayers
The number of cells in the lower chamber after 16h is expressed as mean % (± sem) 
of added cells migrating across control EC monolayer. Data are from replicate wells 
in 6 independent experiments using 6 different SSc strains and 3 normal fibroblast 
(NDF) strains. Actual cell number (mean + sem) migrating across control EC 
monolayer was 36000 (+ 6000). Migration across insert in the absence of EC was 
191000 (+ 59000). Cells were counted directly using a haemocytometer. Cytokine 
(TNFa lOOU/ml for 8h) activation is indicated by EC* and SFB*. + indicates 
significantly above (p<0.05, Student's paired t-test) equivalent wells without 
fibroblasts.
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Figure 6.4 SSc fîbroblasts do not promote passage of U937 across tissue culture 
inserts in the absence of an EC monolayer
The number o f  cells in the lower chamber after 16h is expressed as mean % (± sem) 
o f cells migrating across inserts in the absence o f underlying fibroblasts. Data are 
from replicate wells in 3 independent experiments using different scleroderma (SFB) 
or control fibroblast (NDF) strains. Migration across insert in the absence o f 
fibroblasts was 191000 (+ 59000). Cells were counted directly using a 
haemocytometer. SFB* indicates wells in which SFB were activated by TN Fa 
(lOOU/ml for 8h) prior to experiment. None o f the cell counts in the presence o f 
fibroblasts were significantly different from migration across inserts in the absence o f 
fibroblasts.
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Figure 6.5 Lym phocyte migration is promoted by SSc fibroblast co-culture
A similar pattern o f results to that observed for U937 is seen with the lymphocyte 

cell line J-6, suggesting that it is not specific to U937 cells. Mean (±sd) cell 
number migrating across control EC monolayer in the absence o f fibroblasts was 
7700 (+1000) cells. Data are from a single experiment, ^indicates p<0.05 
compared with no fibroblast control wells.
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Figure 6.6 SSc m ononuclear cell migration is promoted by fibroblast 
co-culture
A similar pattern o f results to that observed for U937 is seen with 
mononuclear cells from a patient with active diffuse cutaneous SSc. Mean 
(±sem) cell number migrating across control EC monolayers in the absence 
o f fibroblasts was 11500 (±5000) for SSc leucocytes. Data are derived 
from a series o f 3 independent experiments using different SSc fibroblast 
(n=3) strains. # indicates p<0.05 compared with no fibroblast control 
wells.
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Figure 6.7 Activation of EC monolayers promotes binding of labelled 
U937 cells
Activation o f the EC (lE -7 ) monolayers growing on tissue culture inserts by 
T N Fa (lOOU/ml for 8h) or bacterial lipopolysaccharide (LPS, lug/ml for 8h) 
promotes binding o f labelled U937 cells Data are mean +sd for triplicate 
wells. Similar results were obtained in another independent experiment. * 
indicates significantly above dpm for non-activated endothelial cells (p<0.05, 
Student's paired t-test)
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Figure 6.8 Effect o f fibroblast co-culture on labelled U937 cell migration 
across EC monolayers
U937 cells were labelled using [^H]-thymidine. Representative data from one o f a 
series o f  three independent experiments (using 3 SSc or NDF strains) are shown. 
Binding o f U937 to the EC layer and migration o f U937 into the lower culture 
chamber was examined in triplicate wells. Migration was assessed over a 12h period 
o f co-culture. SSc fibroblasts but not NDF increased migration o f U937 across the 
EC monolayer. Activation o f the EC layer increased U937 cell binding but reduced 
the migration across the monolayer induced by SSc fibroblasts. *p<0.05 by Student's 
paired t-test compard with EC control wells.
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6.4 Discussion

The results of the studies outlined in this chapter shed further light on the potential role of 

fibroblast-endothelial cell interactions in vitro. There are several reports suggesting that 

scleroderma fibroblasts release a range of cytokines and growth factors including IL-1, ET-1, 

TNT and IL-6 (Postlethwaite, 1995). These factors are not produced by normal fibroblasts, 

and it is notable therefore that scleroderma fibroblasts did not appear to differ from control 

strains in their ability to activate endothelial cells as reflected by up regulation of VC AM-1 or 

E-selectin. This may have been due to the concentration of pro-inflammatory cytokines in 

FB-CM being below the threshold concentration required to induce endothelial cell adhesion 

molecule expression, or perhaps due to interplay between a combination of cytokines with 

each other, or with other fibroblast products. Modulation of patterns of adhesion molecule 

expression by combinations of cytokines has previously been observed for EC in vitro (Rival 

et al. 1996). Dose-response studies using the cell line lE-7 suggest that even concentrations 

of pro-inflammatory cytokines as low as lOU/ml (TNT or IL-1) consistently induce 

expression of not only ICAM-1 but also VCAM-1 and E-selectin. In control experiments, 

described above, endothelial cell-conditioned medium which is known to contain biologically 

active IL-1 upregulated expression of all three adhesion molecules on lE-7 cells.

Leucocyte infiltration is a characteristic feature of lesional tissue in scleroderma although 

there has been conflicting information regarding the precise nature of the infiltrating cells. 

Initial studies (McColl and Buchanan, 1996) suggested that the cells were predominantly 

mononuclear, with few polymorphonuclear leucocytes. In the lung there appears to be a later 

influx of neutrophils and this may be due to the release of chemokines such as IL-8 (Southcott 

et a l 1995). Later detailed studies of infiltrates in the skin showed predominance of T- 

lymphocytes expressing markers of activation and with a high proportion of CD45+ 

“memory” cells. However, the precise nature of the cellular infiltrate varies according to the 

stage of disease and a more recent study Kraling et a/.(1995) has suggested that cells of the 

monocyte lineage are frequent in very early lesional skin biopsies, taken from the advancing 

edge of “clinically involved” skin within 2 years of disease onset.

A considerable body of recent research has helped to elucidate the molecular mechanisms and 

cellular events which are involved in the emigration of circulating leucocytes across 

endothelial cell layers into tissues. This has led to a greater understanding of the adhesion
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molecules expressed by EC, and of their specific ligands expressed on leucocytes. The initial 

phase of leucocyte emigration appears to involve rolling of leucocytes along the vessel wall 

via a series of loose and reversible interactions between members of the selectin family (e.g. 

E-selectin, P-selectin) and their glycoprotein counter-receptors (Carlos and Harlan, 1994). 

This rolling is facilitated by increased expression of selectins in response to inflammatory 

stimuli. E-selectin is expressed in response to stimuli such as a pro-inflammatory cytokines, 

whereas P-selectin upregulation appears to be part of a more acute EC response provoked by 

thrombin or histamine. Following rolling, leucocytes attach more firmly to the luminal surface 

of the endothelial cells, a process referred to as tethering. This involves integrins, 

heterodimeric adhesion molecules which are modulated by cytokines, or other stimuli, to 

increase their affinity for specific ligands, which are usually members of the immunoglobulin 

superfamily of adhesion molecules (Dejana et a l 1996). This family includes ICAM-1 and 

ICAM-2, which are expressed on endothelial cells and are themselves upregulated by pro- 

inflammatory cytokines, although there is also some constitutive expression of these 

molecules on a variety of different cell types including endothelial cells.

Tethering fixes leucocytes to the endothelial cell lining layer of the blood vessel and is an 

essential precursor of transmigration across the endothelial monolayer and underlying 

basement membrane. The mechanisms underlying extravasation are less well understood than 

those of rolling or tethering, but appear to involve morphological changes in both the 

transmigrating leukocyte and the underlying endothelial cells, perhaps also involving 

breakdown of the basement membrane by metalloproteinases, and opening of intercellular 

junctions (Romanic and Madri, 1994). Other adhesion molecules are also implicated in 

leucocyte trafficking, including the homophilic molecule CD31 which is expressed by both 

endothelial cells and some types of leucocyte (Liao et a l 1995; Rival et a l 1996). The 

chemokine family of cytokines is believed to be important in promoting leukocyte adhesion 

and extravasation through their chemotactic effect (Bacon et a l 1994). It is interesting to 

speculate that activated fibroblasts may represent a highly relevant potential source for 

chemokines. Scleroderma fibroblasts have been shown secrete IL-8 (Southcott et a l 1995) 

and this cytokine might interact with proteoglycan molecules associated with endothelial cells 

to promote migration of leucocytes across endothelial cell monolayers. Similar interactions 

between chemokines and proteoglycans associated with the cell surface or with extracellular
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matrix have been shown to be important in other systems (Bacon et al. 1994; Weber et a l

1996).

The transwell system, although often used for the investigation of migration of leucocytes 

across monolayers of cells has deficiencies with respect to reflecting in vivo events. One of 

these is the absence of flow conditions, another is the effect of substrate on the endothelial 

cell phenotype. Also, migration into the lower chamber is only possible through the pores 

within the membrane and so counting cells in the lower chamber potentially ignores those 

cells which remain within or beneath the endothelial cell layer but on the upper surface of the 

tissue culture insert. Such limitations may underlie the reduction in leucocyte number 

crossing into the lower chamber when the endothelial cell monolayer was activated, which in 

vivo would be expected to increase leucocyte migration.

The U937 cell line was originally derived from a human histiocytic tumour. Despite its 

histiocytic origin its phenotype has many features of monocytes. It is reported to be poorly 

responsive to chemotactic stimuli but can be induced by lymphocyte products to respond to 

chemoattractants (Fischer et a l 1980). It is widely used for in vitro adhesion assays because 

of the ease with which it can be labelled using tritiated macromolecule precursors such as 

[^H]-TdR and because it expresses cell surface ligands which bind to E-selectin, VCAM-1 and 

ICAM-1 so that it readily adheres to activated endothelial cell monolayers (Weber et a l 

1996). The data presented above shows that it also is retained on, or within, endothelial cell 

monolayers growing on transwell inserts and this appears to reduce the number of cells 

actually moving across the monolayer. Although U937 cells have been used in several 

previous studies relevant to scleroderma research (Carvalho et a l 1996), it was felt to be 

important to also evaluate other cell types in the migration assay described above, including 

non-transformed cells. The Jurkat-6 (J6) cell line was derived from a patient with acute 

lymphocytic leukaemia and has T lymphocytic properties and expresses some of the surface 

markers of T-helper cells including CD4 (Greenwood et a l 1995). Peripheral blood 

mononuclear cells are perhaps the most relevant and physiological cell type to use in these 

experiments and the similarity between the results obtained with scleroderma mononuclear 

cells and those using U937 or J6 cells provides extra validity to these cell line data. Peripheral 

blood mononuclear cells are a mixture of mononuclear leucocytes but include a predominance 

of lymphocytes, reflecting the greater frequency in peripheral blood than monocytes.
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The use of leucocytes, fibroblasts and endothelial cells of different origins (i.e. different 

individuals) in these experiments raises the potential for immunological reactivities, 

particularly for the non-transformed leucocytes. Nevertheless the similar pattern of results 

observed using these different cell lines suggests that such effects are not significant in this 

system. However, it is possible that they may underlie some of the differences observed for 

different scleroderma strains using the same EC or leucocyte sources, and this should be 

explored experimentally in fixture studies, ideally comparing fibroblasts and PBMC from the 

same patient with those of other patients in similar co-culture experiments.

One possible basis for the promotion of leucocyte migration across endothelial cell 

monolayers would be through changes in morphology of the endothelial cells. For example, 

changes in endothelial cell shape or cell-cell interactions might expose a larger proportion of 

the transwell membrane, thereby increasing the accessibility of the 8pm pores through which 

passage into the lower chamber occurs. Support for this mechanism is provided by studies 

using similar co-culture systems which have demonstrated marked changes in endothelial cell 

morphology induced by fibroblast-derived soluble factors (Montesano et a l 1993; Kuzuya 

and Kinsella, 1994). Another explanation could involve migration of EC across the culture 

inserts. This would also potentially increase the available membrane area for cell 

transmigration. Direct counting of the leucocytes allowed them to be readily distinguished 

from EC and so passage through the membrane into the lower chamber in significant numbers 

would appear to be unlikely. Other potential mechanisms include the release of 

metalloproteinases which breakdown extracellular matrix components deposited on the 

transwell insert or the production of chemokines such as IL-8 which might interact with an 

endothelial cell monolayer and promote migration of endothelial cells. Trapping of leucocytes 

within cell monolayers expressing ICAM-1 has also been shown in other experimental 

systems. For example in a recent series of experiments Gao et al (1996) transfected cDNA 

encoding ICAM-1 into dermal fibroblasts. Those expressing ICAM-1 retained leucocytes 

within the fibroblast layer in migration assays in a manner analogous to that seen for 

endothelial cell layers in the experiments described above.

202



In summary, these studies provide strong support for a potential role for scleroderma 

fibroblasts as a modulator of leucocyte-endothelial cell interactions. Moreover, they suggest 

that the main effects are on the migration of leucocytes across endothelial cell layers rather 

than the initial processes of adhesion of leucocytes to endothelial cells. The results also 

support the hypothesis that fibroblasts may modulate the properties of endothelial cells in a 

manner that is relevant to the pathology of inflamrhatory or autoimmune diseases. Such an 

effect is analogous to the demonstration of modulation of fibroblast phenotype by endothelial 

cell derived soluble factors covered in chapters 3, 4 and 5.
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CHAPTER 7 FINAL DISCUSSION

This discussion will consider the extent to which results presented in this thesis support the 

hypotheses which were introduced in chapter 1, and attempt to place these findings in the 

broader context of pathogenetic events in scleroderma. Certainly, the data presented in 

chapters 3 and 4 confirm that endothelial cell products are able to modulate important 

properties of fibroblasts, including a number of those characteristics which are known to be 

abnormal in scleroderma. Thus, extracellular matrix deposition, protein biosynthesis, surface 

adhesion molecule expression, and interactions between fibroblasts and extracellular matrix 

components are all increased by endothelial cell-derived soluble factors. By demonstrating 

that endothelial cells can modulate these properties, and that the factors responsible for this 

modulation are released in greater amounts by endothelial cells in response to damage or 

activation, a pathogenetic mechanism which may operate in scleroderma is suggested. For 

example, endothelial cell damage, which is known to occur early in scleroderma, may induce 

the release of soluble mediators which modulate the properties of perivascular fibroblasts.

It is interesting that the various different endothelial cell products studied appear to modulate 

fibroblast properties independently, and that the effects of endothelial cell-conditioned 

medium can be blocked using specific antagonists directed against some of these mediators, 

including IL-1, bFGF and ET-1. However, it is important to remember that in vivo these 

cytokines may be operating “in context”, so that the results of these in vitro studies may not 

directly reflect disease events. It is possible, therefore, that although IL-1 or bFGF appear to 

promote protein or DNA biosynthesis independently in conditioned medium experiments that 

this may not be the case in vivo.

The relevance of endothelial cell heterogeneity has been discussed, but was not fully 

addressed experimentally in these studies. In particular, it has not been possible in this study 

directly to evaluate endothelial cells cultured from scleroderma skin biopsies. Although 

techniques for isolating these cells are now described they are not yet robust enough to allow 

such cells to be grown in sufficient quantities to be used for co-culture or medium 

conditioning (Kraling et a l 1994). In the future this may be possible, or alternative methods 

may be developed which will allow smaller numbers of endothelial cells to be used. This 

would certainly be interesting in view of the preliminary reports of sustained phenotypic
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abnormalities in scleroderma dermal microvascular endothelial cells (Kahaleh and Fan, 1996). 

These limitations must be considered in order to avoid over-interpretation of the data 

described in this thesis. Nevertheless, the consistent finding that endothelial cell-fibroblast 

interactions were altered for scleroderma fibroblasts provides persuasive support for the view 

that such interactions may be important in disease development. It is possible that the greater 

responsiveness to endothelial cell derived factors in vitro may be a reflection of an altered 

microenvironment in vivo.

The effect of scleroderma fibroblast products on endothelial cell properties confirms that 

reciprocal interactions can occur between these two cell types. Although fibroblast products 

are able to upregulate endothelial cell adhesion molecule ICAM-1 expression, these effects 

were modest and there was no difference between control and scleroderma fibroblasts. These 

results suggest that although scleroderma fibroblasts are known to release factors which 

might modulate endothelial cell adhesion molecule expression (including IL-1 and EL-6) they 

are not released in sufficient quantities,or in the appropriate combination,to have major effects 

in vitro.

Studies of the effect of fibroblasts on migration of mononuclear leucocytes across endothelial 

cell monolayers were more rewarding than those of endothelial cell adhesion molecule 

expression. The demonstration of a disease-specific promotion of transendothelial migration 

of leucocytes supports the hypothesis that scleroderma fibroblasts might regulate 

extravasation of leucocytes into lesional tissues in vivo. The mechanisms for this are not clear 

and future studies could examine these processes in greater detail, and test experimentally 

some of the potential mechanisms for this promotion which are discussed in chapter 6.

Overall, the work described in this thesis has provided evidence to support a potential role for 

reciprocal interactions between fibroblasts and endothelial cells in the pathogenesis of 

scleroderma and suggests that there may be important links between the dyfunction of both 

cell types in the disease. Moreover these interactions are also likely to influence leucocyte 

interactions with fibroblasts by promoting extravasation of these cells and their direct 

interaction with fibroblasts via ICAM-1 dependent mechanisms. The study represents a 

further step towards unraveling the interactions occurring between two of the major cell types 

implicated in the development of scleroderma and has raised additional questions for
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experimental investigation. Furthermore, demonstration that endothelial cell products may, at 

least under experimental conditions, release mediators which can reduce extracellular matrix 

deposition by scleroderma fibroblasts suggests that therapeutic strategies aiming to modulate 

endothelial cell products in vivo might eventually be beneficial in scleroderma or other fibrotic 

diseases.
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APPENDIX I

COMMERCIAL SOURCES FOR REAGENTS 

REAGENT

I. Tissue culture reagents

CAT NO.

DMEM Dulbecco’s modified Eagles medium -

Gibco BRL 31885-072

M199 Medium 199 - 
Gibco BRL 31100-076

MCDB Serum-fi-ee complete medium 
Gibco BRL 10372-019

heparin Unfi-actionated porcine heparin sulphate 
Sigma Chemical Co, St Louis, MO 
4.5 mg/ml

H7405

ECGF Endothelial cell growth supplement 
Sigma Chemical Co, St Louis, MO 
1 mg/ml

E1388

Collagenase Sigma Chemical Co, St Louis, MO C7926

Trypsin-EDTA Gibco BRL 45300-019

penicillin Sigma Chemical Co, St Louis, MO 
lOOpg/ml

PEN-B

gentamicin Sigma Chemical Co, St Louis, MO 
50 pg/ml

G-3632

amphotericin Sigma Chemical Co, St Louis, MO 
2.5 pg/ml

A4888

2. Cytokines

IL -Ia R & D Systems Inc., Minneapolis, USA 200-LA-010

IL-ip R & D Systems Inc., Minneapolis, USA 401-ML-005

TNFa R & D Systems Inc., Minneapolis, USA 210-TA-010

bFGF R & D Systems Inc., Minneapolis, USA 233-FB-025

ET-1 Sigma Chemical Co, St Louis, MO E7764
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REAGENT CAT NO.

Antibodies

an ti-IL -la

anti-IL-ip

anti-bFGF

R & D Systems Inc., Minneapolis, USA 

R & D Systems Inc., Minneapolis, USA 

R & D Systems Inc., Minneapolis, USA

AB-400-NA

AB-201-NA

AB-233-NA

anti-collagen type 1 Southern Biotechnology Associates Inc., 
Birmingham, AL, USA

anti-ICAM l 

anti-VCAM-1 

anti-E selectin

R & D Systems Inc., Minneapolis, USA 

R & D Systems Inc., Minneapolis, USA 

R & D Systems Inc., Minneapolis, USA

1310-01

BBA4

BBA5

BBA-18

4. Radioisotopes

[“ P]-dCTP [a-^^P]-deoxycytidine triphosphate 
1 mCi/ml, 800 Ci/mmol 
Amersham Life Sciences, UK AA0085

[ H]-leu Leucine, L- [4,5 -^H] -Leucine, 
1 mCi/ml, 51 Ci/mmol 
Amersham Life Sciences, UK IRAK 170B190

rH]-TdR methyl-^H thymidine
ImCi in 1ml, specific activity 5 Ci/mmol
Amersham Life Sciences, UK TRA120B374

5. Miscellaneous

collagen type 1 Southern Biotechnology Associates Inc., 
Birmingham, AL, USA 1200-01S
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APPENDIX n

COMPOSITION OF SOLUTIONS USED FOR RNA ANALYSIS AND THE BCA 
PROTEIN ASSAY

Guanidinium isothiocyanate solution;

For 200 ml: 94.5g guanidinium isothiocyanate, 5.0ml IM sodium citrate pH 7.0, l.Og sodium 

lauroyl sarcosine. Prior to use as solution D add 7.0|il P-mercaptoethanol per ml of 

guanidinium isothiocyanate solution.

Sodium acetate solution:

For 80 ml: 13. Ig of sodium acetate, corrected to pH 4.0.

Standard saline citrate (SSC) solution:

For 1000ml of 20X SSC, 175.3g sodium chloride, 88.2g sodium citrate, correted to pH 7.0. 

Standard saline phosphate EDTA (SSPE) solution:

For 1000ml: 174.3g sodium chloride, 24.Og dihydrogen sodium phosphate, 7.4g 

ethylenediaminetetraacetic acid (EDTA), corrected to pH 7.4.

BCA protein assay Reagent A

1000ml base reagent containing sodium carbonate, sodium bicarbonate, BCA detection 

reagent and sodium tartrate in 0.1 mM sodium hydroxide solution.

BCA protein assay Reagent B

20ml of 4% copper sulphate solution
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