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Abstract

Scarring plays a major role in ocular morbidity including the failure of 

glaucoma filtration surgery due to aggressive conjunctival scarring. Chronic 

inflammation and age are clinical risk factors for the failure of glaucoma filtration 

surgery due to an excessive wound healing response. Antimetabolites such as 

5-fluorouracil and mitomycin-C are employed to reduce wound healing and 

improve the surgical success rate.

The amount of scar tissue formation may be partly governed by the level 

of activity of inflammatory cells and fibroblasts during the wound healing 

reaction as well as the duration of their action. There is considerable evidence 

to suggest that inflammatory cell and fibroblast interactions play an important 

role in excessive scar tissue formation. One such interaction may be fibroblast- 

mediated prevention of T cell apoptosis, which has been shown to contribute to 

the development of chronic inflammatory conditions such as eczema and 

rheumatoid arthritis.

This thesis provides evidence showing that human Tenon's fibroblasts 

rescue cytokine-deprived T cells from apoptosis through the production of 

Interferon-beta. Furthermore, both old and young fibroblasts can mediate this 

rescue, however young fibroblasts appear to be able to do it more for a short 

period of time. Antimetabolite-treated Tenon’s fibroblasts are also able to 

prevent T cell apoptosis. We demonstrate the in vitro and in vivo production of 

Interferon-beta by Tenon’s fibroblasts, showing that its production may be 

increased by treatment of fibroblasts with mitomycin-C and transforming growth 

factor-beta. This thesis indicates an important T cell/fibroblast interaction, which 

could play a crucial role in the development of chronic inflammation and 

persistent conjunctival scarring.
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1 : INTRODUCTION
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1.1 GLAUCOMA

The glaucomas are a group of disorders characterised by the development 

of a progressive optic neuropathy associated with a visual field defect. By the 

start of the twenty-first century, glaucoma has become the second most 

common cause of blindness in the world; accounting for 66.8 million people with 

visual loss worldwide of whom 6.7 million are blind. It is also responsible for one 

third of all ophthalmic outpatient clinic visits in the United Kingdom (Thylefors & 

Negrel 1994; Quigley 1996).

Glaucoma is caused by an obstruction to aqueous humour flow, with the site 

of resistance varying depending on the type of glaucoma (figure 1). Raised 

intraocular pressure is a major risk factor for glaucoma (Davanger, Ringvold, et 

al. 1991). Family history is also a strong risk factor for this disease (Hart, 

Yablonski, et al. 1979; Drance, Schulzer, et al. 1981). Recently, it has been 

suggested that they may be a genetic contribution to the pathogenesis of 

glaucoma although this has yet to be fully defined (Stone, Fingert, et al. 1997; 

Stoilova, Child, et al. 1996; Wirtz, Samples, et al. 1997).

The different types of glaucoma may be classified into primary or secondary 

glaucomas. Primary glaucomas (e.g. primary open angle glaucoma, primary 

angle closure glaucoma and congenital glaucoma) are caused by a 

degenerative or developmental problem in specific structures along the pathway 

of aqueous humour flow. Secondary glaucomas (e.g. neovascular and uveitic 

glaucoma) result from some other ophthalmic disease or a systemic disease.

1.1.1 The Management Of Glaucoma

Intraocular pressure remains the most treatable risk factor. Therefore, most 

treatments for glaucoma are designed to reduce intraocular pressure. Most
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Figure 1: A cross-sectional anatomie representation of the eye.

vitreous

lensins

trabecular
meshwork

ciliary body & processes

Aqueous humour flow is indicated by the red arrows. Potential sites of 

increased resistance to aqueous humour flow: (1) Swollen and congested ciliary 

body processes, fibrin debris, and vitreous against lens equator. (2) Pupillary 

block due to swollen lens or anterior lens. (3) Pretrabecular increased 

resistance due to neovascular or cellular membranes, trabecular resistance due 

to abnormal accumulation of extracellular matrix, post-trabecular resistance due 

to raised episceral venous pressure.
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patients in the developed world initially receive medical treatment, which may 

be administered either topically, using drops or systemicaIly, using tablets. 

However medical treatment has its drawbacks; it can be very expensive and 

therefore cannot practically be used in developing countries. Many of the drugs 

have both significant local and systemic side effects; pilocarpine can induce a 

loss of accommodation, p-blockers such as timolol can precipitate 

bronchospasm and heart failure, and acetazolamide can produce chronic 

fatigue (Diggory & Franks 1996). Finally, prolonged and multiple use of 

glaucoma eye drops can prejudice the chances of success of subsequent 

glaucoma filtration surgery (Broadway, Grierson, et al. 1994). Laser treatment 

such as argon laser trabeculoplasty and cyclodestructive procedures may also 

be used, but unfortunately the effect is often temporary (Wise & Witter 1979; 

Stewart W, Brindley GO, et al. 1996).

Glaucoma filtration surgery or trabeculectomy is probably the most effective 

way to control intraocular pressure and preserve vision (Migdal, Gregory, et al. 

1994; Jay & Allan 1989; Molteno, Bosma, et al. 1999). In the developing world, 

it is often the only practical treatment available. The aim of glaucoma filtration 

surgery is to provide an alternative route, by means of a fistula, for aqueous 

humour to drain out of the eye, thereby allowing intraocular pressure to be 

lowered. Successful filtration surgery results in the creation of a bleb, which 

looks like a slightly raised area of the conjunctiva over the operation site. It 

contains small fluid-filled spaces called microcysts, which are thought to be 

indicative of a functioning filtration bleb (Hitchings & Grierson 1983). Modern- 

day glaucoma filtration surgery is based on the Cairns "guarded- 

trabeculectomy” first described in 1968 and modified by Watson in 1972
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Figure 2: Diagrammatic representation of glaucoma filtration surgery. 

A B

subconjunctival
pocket

limbus

conjunctival
incision

sclera
underlying
conjunctiva

scleral flap

scleral bed corneoscleral
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scleral flap 
folded 

forwards

/
sutured 

scleral flap
sutured

conjunctiva

(A) Resection of conjunctiva and Tenon’s layer from limbus, revealing the 

sclera. (B) Formation of partial thickness scleral flap. (C) Excisions of a full 

thickness corneoscleral block forming a sclerostomy, allowing aqueous humour 

(arrows) to escape from the anterior chamber. (D) The scleral flap is sutured to 

prevent excessive aqueous humour outflow. The conjunctiva is sutured so that 

aqueous humour drains into the subconjunctival space, forming an elevation 

called a bleb.
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(Cairns 1968; Watson 1972) (figure 2). Migdal ef a/measured the 5-year 

success rate for intraocular pressure control after filtration surgery as 98% 

compared to 83% and 68% after medical & laser treatments respectively 

(Migdal, Gregory, et al. 1994). Molteno et al measured a 0.85 probability for 

intraocular pressure control following trabeculectomy after 15 years of follow up 

of a population of patients with primary open and closed angle glaucoma 

(Molteno, Bosma, et al. 1999).

1.1.2 Wound Healing After Glaucoma Filtration Surgery

An aggressive postoperative wound healing reaction resulting in 

excessive scarring at Tenon’s layer is the main reason for the failure of 

glaucoma filtration surgery (Addicks, Quigley, et al. 1983). Normally, the 

subconjunctival connective tissue of healthy conjunctiva contains fibroblasts, 

which are quiescent and undifferentiated, called fibrocytes. Cells belonging to 

the immune system are also present; I  lymphocytes, macrophages, 

Langerhans’ cells and occasional B cells have been identified in the epithelium 

and substantia propria of conjunctival biopsies taken from patients without any 

primary conjunctival disease (Allansmith, Greiner, et al. 1978; Chan, 

Nussenblatt, et al. 1988). The predominant lymphocyte is the T lymphocyte, 

with an estimated CD4:CD8 T cell ratio of approximately 1:2 (Sacks, Wieczorek, 

et al. 1986).

Various animal models have been used to study conjunctival scarring 

following glaucoma filtration surgery (Miller, Grierson, et al. 1989; Reichel, 

Cordeiro, et al. 1998). The rabbit model is considered to be an aggressive 

scarring model because granulation tissue fills the sclerostomy and bleb by day 

3. These models have shown that the immune system must have an important
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role during the early stages of wound healing, since there is an influx of 

inflammatory cells, such as polymorphonuclear leukocytes, lymphocytes and 

macrophages, into the injury site during the first few days following wounding 

(Reichel, Cordeiro, et al. 1998).

A failed filtering bleb demonstrated a thicker and denser amount of 

collagenous tissue in the bleb wall (Addicks, Quigley, et al. 1983). Hitchings and 

Grierson showed that early human bleb failures were associated with a marked 

inflammatory reaction, consisting of macrophages and lymphocytes, and 

increased fibroblast numbers (Hitchings & Grierson 1983). The 

histopathological appearance of late failures was quite different; with bleb 

encapsulation by collagenous fibrous tissue as well as collagen deposition 

within the bleb with only the occasional fibroblast and mononuclear 

inflammatory cell. Immunostaining of conjunctival biopsies taken from repeat 

trabeculectomy patients who had failed their first trabeculectomies at 3 months 

showed that lymphocytes were increased in number and that more were 

activated, staining positively for IL2 (Nuzzi, Vercelli, et al. 1995).

1.2 THE WOUND HEALING REACTION

1.2.1 Overview

Tissue repair is achieved in the adult through the production of scar 

tissue. The normal wound healing response can be arbitrarily divided into 3 

phases: the inflammatory, the proliferative and the remodelling phases (Skuta & 

Parrish 1987; Reichel, Cordeiro, et al. 1998) (see figure 3). The inflammatory 

phase consists of an influx of inflammatory cells including neutrophils, T 

lymphocytes and macrophages. The proliferative phase mainly involves 

fibroblast activation, proliferation and collagen synthesis. Finally, the
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Blood
Vessel

Figure 3: The Phases of the Wound Healing Reaction.

SURGERY INJURY

•Platelet (P) release PDGF, TGFa, TGFp
•Mast cell (Ma) degranulation -^heparin & chemokine release e.g. IL8, 
MCP-1, MIP-1a, -1(3
•Clotting cascade, complement & arachidonic acid metabolite activation 
growth factors
•Increase in vascular permeability & inflammatory cell influx

NEUTROPHILS (N) & MACROPHAGES (M)
•Neutrophils enter within 24 h
•Macrophages essential for wound healing, numbers peak day 3 
•Monocytopenia reduced wound repair 
•Both debride wound & are anti-microbial
•Macrophages secrete pro-inflammatory & pro-fibrogenic soluble factors 
including PDGF, TGFp, IL1, TNFa, IL6, M-CSF, TGFa, EGF, IGF-1, FGF-2

T-LYMPHOCYTES (T)
•Regulatory role in wound healing 
•Antigen-specific immunity against infection 
•Cytokines secreted include PDGF, TGFp, IL4, IFNy

PROLIFERATIVE & REMODELLING PHASE
Fibroblast (F) proliferation, angiogenesis, re-epithelialisation & granulation 
tissue formation

A summary of the cellular events of wound healing consisting of the inflammatory, proliferative and remodelling phases.

stimulates
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remodelling phase consists of granulation tissue being gradually changed to 

scar tissue.

Most researchers have used skin to investigate the various mechanisms 

that contribute to wound healing. Although there are anatomical differences 

between skin and conjunctiva, wound healing can be considered to be 

comparable because both demonstrate the same wound healing phases with 

the same type of cells playing key roles (Reichel, Cordeiro, et al. 1998; 

Diegelmann, Kim, et al. 1987).

1.2.2 Early Events

Initially, following tissue damage and blood vessel rupture, there is a 

release of blood cells and plasma proteins into the wound site. Haemostasis is 

achieved by vasoconstriction of the small blood vessels in the wounded area, 

which lasts for about 5 to 10 minutes. In addition, blood vessel rupture exposes 

sub-endothelial collagen, which stimulates platelet aggregation and activation of 

the intrinsic coagulation cascade, resulting in clot formation (Witte & Barbul 

1997). Platelets also release growth factors such as Transforming growth 

factor-alpha (TGF-a), Transforming growth factor-beta (TGF-p) and Platelet 

derived growth factor (PDGF), which are chemotactic and mitogenic to 

inflammatory cells (Bennett & Schultz 1993; Knighton, Ciresi, et al. 1990).

Components of the clotting cascade, in particular Hageman factor, 

activate the innate immune system and stimulate the generation of the 

vasoactive peptide bradykinin (Kaplan 1983). The innate immune system is the 

body’s non-specific early defence to invading pathogens. It is comprised of the 

complement cascade and phagocytic populations of neutrophils and 

macrophages, which clear the wound site of debris and infectious agents. The
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complement cascade plays a major role in the early events of conjunctival 

wound healing, by initiating inflammation through amplifying the original injury 

signal and by stimulating the accumulation of mitogens and chemoattractants at 

the injury site.

Activated complement products such as C3a and C5a activate the 

prostaglandins and other components of arachidonic acid metabolism, which 

stimulate an increase in vascular permeability (Frank & Fries 1991). They are 

chemotactic for phagocytic cells like neutrophils and monocytes. The 

combination of all these actions results in a further influx of inflammatory cells. 

Subsequently, the activated arachidonic acid metabolites stimulate these 

inflammatory cells to release other vasoactive factors such as leukotrienes (LK), 

platelet activating factor (PAF) and histamine (Wedmore CV & Williams TJ 

1981). Complement products can also coat microbes so that they are more 

effectively taken up by the phagocytic cells in a process known as opsonisation.

1.2.3 The Inflammatory Phase - The Role of the Immune System in 

Wound Healing

During wound healing, there is a rapid and significant increase in 

inflammatory cell numbers in the conjunctiva (Reichel, Cordeiro, et al. 1998) 

(figure 4). In 1ml of peripheral blood there are normally between 2 to 7 million 

neutrophils, 1 to 3 million lymphocytes and 0.2 to 0.8 million monocytes, so that 

it is inevitable that the bleeding accompanying the beginning of an operation will 

introduce a large number of inflammatory cells into the wounded area.

Considerable insight into the role of the inflammatory phase in adult 

wound healing has been gained from research into foetal wound repair (Martin 

1997). Usually, during the first two trimesters of foetal development, foetal
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Figure 4: The Inflammatory and Proliferative Phases of the Wound Healing 

Reaction.
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wound healing is not associated with an acute inflammatory reaction and 

healing occurs without scar tissue formation (Adzick, Harrison, et al. 1985; Goss 

1977). Hopkinson-Woolley et al showed that macrophages were absent from 

embryonic mouse excisional wounds. However, after gestational day 14, 

macrophage recruitment began to occur and this was coincident with the stage 

when foetal scarring began to develop (Hopkinson-Woolley, Hughes, et al. 

1994). Interestingly, the addition of cytokines produced by macrophages, such 

as TGFp or PDGF, to foetal wounds induced an inflammatory response and the 

development of scar tissue (Adolph, DiSanto, et al. 1993; Krummel, Michna, et 

al. 1988).

1.2.4 The Role of Neutrophils in Wound Healing

The first inflammatory cells of the immune system to enter the wound 

area are neutrophils; accumulating within 6 hours, and disappearing by the third 

day post-wounding. They are attracted to the site of injury by chemoattractants 

such as Interleukin 1(IL1), Tumour necrosis factor alpha (TNFa), LK, C5a and 

bacterial products (Bevilacqua, Pober, et al. 1985; Gamble, Harlan, et al. 1985; 

Palmer, Stepney, et al. 1980; Tonnesen, Smedly, et al. 1984). Their movement 

into the extracellular matrix is helped by receptors on the vascular endothelium 

called selectins, and integrin receptors on the neutrophils (Springer 1994).

Their main function is the phagocytosis of bacteria and foreign material in 

the wound, and the clearance of red blood cells from the wound site (Simpson & 

Ross 1972). They may also be a source of pro-inflammatory cytokines such as 

ILIa, ILip and TNFa (Hubner, Brauchle, et al. 1996). Neutrophils are the first 

inflammatory cells to appear in wounds. However, they are not thought to be 

essential for normal wound repair, because they die rapidly and if they were
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deficient, as long as an infection is not present, their function would be taken 

over by macrophages (Simpson & Ross 1972; Simon Immunological Reviews 

2001).

1.2.5 The Role of Macrophages in Wound Healing

The next inflammatory cells to enter the wound are monocytes, 

becoming the predominant inflammatory cell type at about 12 hours after injury 

(Issekutz, Issekutz, et al. 1981). They have reached peak numbers on about the 

third day and have started to decrease by the fifth day. They are attracted to the 

wound area by chemoattractants such as TGFp, Platelet factor 4 (PF4), and 

Macrophage-colony stimulating factor (M-CSF) (Wiseman, Polverini, et al. 1988; 

Deuel, Senior, et al. 1981; Wang, Griffin, et al. 1988). They are activated to 

become macrophages by factors released by platelets, anoxia and 

phagocytosing substances like fibronectin and collagen (Albina, Henry, et al. 

1995; Beezhold & Personius 1992). Macrophages produce enzymes such as 

collagenase and elastase, which debride the injury area, and release anti

microbial factors such as oxygen radicals and nitric oxide (Malawista, 

Montgomery, et al. 1992). They also provide a link between the innate and 

specific parts of the immune system.

Unlike neutrophils, macrophages are thought to be essential for normal 

wound healing (Johnston 1988). This was demonstrated by the studies of 

Leibovich and Ross who used a combination of steroids and local anti

macrophage serum to induce a systemic monocytopenia and to eliminate any 

local tissue macrophages. This deficiency produced a significant reduction in 

wound debridement and fibrogenesis in guinea pig skin wounds (Leibovich & 

Ross 1975). In addition, re-epithelialisation was delayed and fibroblasts did not
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begin to appear till the fifth day (in control wounds they were the predominant 

cell type by this day). Furthermore, fibroblasts were found at the wound margins 

only and did not proliferate greatly.

Macrophages are also important in recruiting and activating fibroblasts 

and other inflammatory cells. They produce numerous soluble factors that 

stimulate fibroblast proliferation and when macrophages are injected into 

wounds they promote wound healing (Leibovich & Ross 1976; Danon, Kowatch, 

et al. 1989). Moreover, corneal wound healing studies have shown that 

macrophages are potent stimulators of angiogenesis and collagen synthesis in 

a cell number dependent fashion (Hunt, Knighton, et al. 1984). Only one group 

has suggested that macrophages could act as negative regulators of fibroblast 

proliferation -  Fukasawa et al demonstrated that the supernatant from cultured 

rabbit peritoneal macrophages was able to inhibit fibroblast proliferation, 

however it is important to note that the fibroblasts were serum-deprived 

(Fukasawa, Bryant, et al. 1987). Therefore in general, macrophages are thought 

of as stimulators of wound healing.

1.2.6 The Regulatory Role of Lymphocytes in Wound Healing

Lymphocytes comprise the body's specific immune response to injury 

and infection. T cells become activated when they recognise antigen presented 

to them by macrophages, subsequently resulting in the proliferation of antigen- 

specific T cells. The cytokines they release can activate additional immune cells 

in the vicinity such as other T cells, macrophages and polymorphs in a process 

called bystander activation (Tough & Sprent 1996).

Lymphocytes migrate into human skin wounds soon after the 

macrophages, appearing by the first day (Martin & Muir 1990; Diegelmann, Kim,
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et al. 1987). Peak numbers develop between the eighth and fourteenth day 

post-wounding and may persist for as long as 4 months. In a rat wound healing 

model, about 70% of the inflammatory cells were T cells by the tenth day post- 

wounding (Breslin, Wasserkrug, et al. 1988). Figure 5 summarises the 

regulatory role of lymphocytes in wound repair.

In a rat skin wound healing model, both CD4+ (helper/effector) and CD8+ 

(cytotoxic) T cell subsets were found (Fishel, Barbul, et al. 1987). They first 

appeared from day 5 post-wounding, peaked on day 7 and persisted until day 

10. In this model, there were a greater number of lymphocytes in the deeper 

aspects of wounds, and the CD4+T cells outnumbered the CD8+T cells in a 2:1 

ratio. Although both subsets have been identified in the conjunctiva of glaucoma 

patients who have failed filtration surgery at 3 months, it is not yet fully knownm 

what role the different subsets may have in the development of normal and 

pathological scarring (Nuzzi, Vercelli, et al. 1995).

T cells are able to secrete factors that are either stimulatory or inhibitory 

to fibroblasts (Wahl & Gately 1983; Wahl, Wahl, et al. 1978). For instance, 

Neilson et al and Postlethwaite et a! showed that, depending on culture 

conditions, lymphocytes produced a soluble factor, which either promoted or 

inhibited fibroblast collagen production (Postlethwaite, Smith, et al. 1984; 

Nielson, Phillips, et al. 1982). Breslin ef a/demonstrated that the mainly T cell 

infiltrate harvested from rat wounds on day 10 suppressed the growth of other T 

cells (Breslin, Wasserkrug, et al. 1988). Some researchers have found that 

activated T cells could inhibit fibroblast proliferation, possibly through the action 

of membrane-associated interferon-gamma

31



Figure 5: The role of T lymphocytes in the wound healing reaction.
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(Korotzer, Page, et al. 1982; Chizzolini, Rezzonico, et al. 1998). Activated T 

cells may affect fibroblast migration by stimulating increased expression of the 

proteolytic enzyme, matrix metalloproteinase-1 (MMP-1) (Chizzolini, Rezzonico, 

et al. 1998; Burger, Rezzonico, et al. 1998). This could be important in enabling 

myofibroblasts to contract the wound during the later stages of wound healing.

Other investigators have used experimental models modulating 

lymphocyte function, to demonstrate the regulatory role of lymphocytes in 

wound healing. Agents such as Vitamin A, arginine and growth hormone, by 

stimulating T cell function, increased collagen deposition and wound breaking 

strength (Barbul, Rettura, et al. 1977; Ehrlich & Hunt 1968). Conversely, the 

administration of agents such as steroids, retinoic acid, citral and cyclosporin A, 

which all depress T cell function, were associated with impaired wound healing 

(Fishel, Barbul, et al. 1983).

It is thought that the thymus probably exerts an inhibitory effect on 

normal wound healing, perhaps by increasing T cell regulatory activity. I  cells 

normally mature in the thymus leaving it to enter the blood and go to peripheral 

lymphoid tissues. Thymectomy in rats results in deficient CD8+T cell induction, 

and this was associated with an increased wound healing response due to 

greater collagen deposition. This was reversed when thymic grafts were 

implanted or when T cells were reconstituted in the originally athymic mice 

(Barbul, Sisto, et al. 1982; Barbul, Shawe, et al. 1989). When thymic hormones 

were administered, they stimulated a decrease in wound healing with a 

reduction in wound breaking strength and collagen deposition (Barbul, Shawe, 

et al. 1989).

Depletion studies have provided further insight into the possible 

regulatory role of lymphocytes in wound repair (Barbul, Breslin, et al. 1989;
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Efron, Frankel, et al. 1990). Firstly, global T cell depletion resulted in impaired 

wound healing with a reduction in wound breaking strength and collagen 

deposition. Secondly, when the CD8+T cell subset was selectively removed, 

this produced a greatly increased wound healing reaction, suggesting a role for 

this subset in the down-regulation of wound repair. However, although 

simultaneous depletion of both CD4+ and CD8+T cells resulted in an increased 

wound healing reaction, when the CD4+T cell subset was selectively depleted, 

there was no change in wound healing. The authors suggested that there might 

exist an as yet unspecified T cell subset that could be responsible for promoting 

wound healing.

Recent research has focused on the existence of regulatory or anergic T 

cells which may play a role in the prevention of autoimmune diseases (Frasca, 

Carmichael, et al. 1997; Gershon, Cohen, et al. 1972). These cells can actively 

inhibit the immune response of other T cells. There has been no research to 

investigate whether they have any function in regulating wound healing. In 

summary, from the research to date, we can surmise that CD4+ and CD8+T 

cells play a regulatory role in wound healing. They may start off by stimulating 

macrophages and fibroblasts, which could then be followed by the CD8+T cells 

in some way switching off wound repair. It remains to be clarified how the 

immune system is directed to switch from a stimulatory to inhibitory role. It has 

been proposed that the purpose of the immune system is not only to protect the 

individual from an infection whilst a wound resolves, but also to stimulate the 

development and regulate progression to the next stages of the wound healing 

reaction.
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1.2.7 The Role of inflammatory Cytokines & Growth Factors in Wound 

Healing

Inflammatory cells exert many of their wound healing effects through the 

production of cytokines and growth factors (Bennett & Schultz 1993; Schultz, 

Khaw, et al. 1994). The following section (summarised in Table 1) deals with the 

individual cytokines researched and presents the evidence for their effects in 

wound healing. Two of the most important pro-fibrogenic cytokines are PDGF 

and TGFp, which are both produced by macrophages, lymphocytes, platelets 

and fibroblasts, although the main producers of TGFp are macrophages and 

fibroblasts (Assoian, Komoriya, et al. 1983; Assoian, Fleurdelys, et al. 1987; 

Kehrl, Wakefield, et al. 1986; Vuorio, Kahari, et al. 1991). Significant amounts of 

both TGFp and PDGF have been detected in human wound fluids, with the 

highest concentration of PDGF developing immediately after surgery (Dvonch, 

Murphey, et al. 1992; Cromack, Sporn, et al. 1987).

PDGF is the most potent in vivo chemoattractant to other macrophages and 

fibroblasts, and promotes increased granulation tissue formation when tested in 

vivo in a model of skin wound repair (Pierce, Mustoe, et al. 1988; Pierce,

Brown, et al. 1991; Sprugel, McPherson, et al. 1987). Although PDGF does not 

directly stimulate fibroblast collagen synthesis, it increases glycosaminoglycans 

and fibronectin deposition (Pierce, Vande, et al. 1991; Pierce, Tarpley, et al. 

1992). PDGF probably exerts its effects indirectly in two ways: firstly, by 

increasing wound cellularity and secondly, by inducing macrophages and 

fibroblasts to produce increased amounts of TGFp, which in turn stimulates 

increased collagen synthesis (Pierce, Mustoe, et al. 1989). It also stimulates in 

vitro human Tenon's fibroblast proliferation (Ellis, Cheng, et al. 1996).
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Table 1 : The cellular sources & effects of growth factors & cytokines in the 
wound healing reaction.

CYTOKINE CELL SOURCE CYTOKINE EFFECTS
PDGF Platelets 

Macrophages 
T-lymphocytes 
Fibroblasts 
Epithelial cells 
Endothelial cells 
Smooth muscle cells

Chemoattractant to macrophages & fibroblasts 
Stimulates fibroblast, endothelial & epithelial cell 
proliferation
Stimulates glycosaminoglycans & fibronectin 
production
Stimulates TGFp secretion

TGFp Platelets
Macrophages
T-lymphocytes
Fibroblasts

Stimulates fibroblast migration, proliferation & 
increased collagen synthesis 
Chemoattractant to macrophages 
Stimulates angiogenesis
Inhibits epithelial & endothelial migration & proliferation
TGF-pi, -p2, -p3 identified in mouse wound healing 
model

TGFa and 
EGF

Platelets 
Macrophages 
Epithelial cells

Stimulates epithelial chemotaxis and proliferation 
Stimulates angiogenesis 
Stimulates fibroblast migration 
Stimulates fibronectin synthesis

IGF-I Macrophages 
T-lymphocytes 
Epithelial cells 
Endothelial cells 
Fibroblasts 
Smooth muscle cells

Stimulates fibroblast migration, proliferation, ECM
synthesis & contraction
Stimulates angiogenesis
Stimulates epithelial cell migration & proliferation

TNFa Macrophages
T-lymphocytes

Detected early in wound healing (first few days);
probably pro-inflammatory
Synergistic with PDGF
Stimulates angiogenesis
Stimulates fibroblast secretion of M-CSF
Stimulates fibroblast proliferation in vitro

IL 1 Macrophages 
T- lymphocytes

Stimulates angiogenesis 
Stimulates fibroblast proliferation in vitro 
Stimulates fibroblast secretion of M-CSF 
May inhibit collagen production

IL6 Macrophages
T-lymphocytes

Detected in sponges in wounds
May be involved in cell recruitment & activation
Does not affect human Tenon’s fibroblast proliferation

IL4 T-lymphocytes Chemotactic to fibroblasts
Stimulates collagen & fibronectin synthesis

Interferons T-lymphocytes Inhibits collagen synthesis
bFGF Macrophages 

Endothelial cells
Stimulates fibroblast migration, proliferation, ECM 
synthesis & contraction 
Stimulates angiogenesis
Stimulates epithelial cell migration & ECM synthesis
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Mustoe et al in 1989, and also Cromack et al in 1993, used models of 

impaired wound healing to investigate the actions of both PDGF and TGFp 

(Cromack, Porras-Reyes, et al. 1993; Mustoe, Purdy, et al. 1989). Their results 

suggested that macrophages were essential producers of PDGF, mediating its 

wound healing effects indirectly by recruiting other inflammatory cells and 

fibroblasts and inducing them to release pro-fibrogenic cytokines such as TGFp. 

They also showed that fibroblasts were probably the main secretors of TGFp, 

exerting its effects by acting directly on fibroblasts.

TGFp expression is low during scarless foetal wound repair, however if 

its level was artificially increased in such wounds it provoked an inflammatory 

infiltrate associated with scar formation (Krummel, Michna, et al. 1988). The 

addition of TGFp accelerated the healing of several types of wounds (Beck, 

DeGuzman, et al. 1993; McGee, Broad ley, et al. 1989; Jones, Curtsinger, et al. 

1991). Its application increased the breaking strength of normal wounds and 

steroid and adriamycin-impaired wounds (Lawrence, Norton, et al. 1986; Pierce, 

Mustoe, et al. 1989). Our laboratory and others have found TGFp to be potently 

pro-fibrogenic in conjunctival wound healing, inducing human Tenon’s fibroblast 

proliferation, migration and collagen production, stimulating angiogenesis, and 

acting as a chemoattractant to other macrophages and fibroblasts (Roberts, 

Sporn, et al. 1986; Rossi, Karsenty, et al. 1988; Khaw PT, Occleston ML, et al.

1994). Although all 3 isoforms (TGF-pi, -p2, -p3) are expressed by human 

conjunctival fibroblasts in vitro, only TGF-p2 has been identified in vivo in 

unwounded human conjunctival stroma (De-Quan L, Lee S-B, et al. 1999; 

Pasquale, Dorman-Pease, et al. 1993).

The interferons are a heterogenous group of cytokines consisting of the

Type I interferons (interferon alpha and beta) and Type II interferon (interferon
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gamma) (Sen & Lengyel 1992; Lengyel 1982). Interferon beta (IFNp) is 

structurally dissimilar to interferon alpha (IFNa) but signals through the same 

receptor. The fibroblast is a common source of IFNp, and high levels are 

produced when fibroblasts are stimulated by viruses or agents such as 

polyinosinic:polycytidylic acid that mimic viral infections (Erlandsson, 

Blumenthal, et al. 1998). IFNa consists of a group of related polypeptides, 

which are not produced significantly by fibroblasts but are produced by other 

cells such as macrophages and virally-challenged plasmacytoid monocytes that 

differentiate into dendritic cells (Celia, Jarrossay, et al. 1999). Interferon-gamma 

(IFNy) is structurally distinct to IFNa and IFNp, signals through a different 

receptor and is called a Type II Interferon. IFNy is produced by activated T cells 

and is involved in activating macrophages and promoting T cell differentiation 

during an immune response.

Type I Interferons have long been recognised for their anti-proliferative

effects during viral infections (Tough, Sun, et al. 1999). The interferons have

been shown to reduce wound healing by inhibiting collagen synthesis without

affecting fibroblast proliferation (Duncan & Berman 1985; Jimenez, Freundlich,

et al. 1984; Granstein, Deak, et al. 1989). Latina et aland Nguyen ef a/showed

that IFNy inhibited HTF collagen synthesis in vitro (Latina, Belmonte, et al.

1991; Nguyen, Hoang, et al. 1994). IFNy decreased collagen types I and III

mRNA expression by fibroblasts derived from patients with the fibrosing

disease, scleroderma (Rosenbloom, Feldman, et al. 1986). IFNy has been

successfully used to improve clinical parameters such as skin score and range

of limb motion in scleroderma patients (Kahan, Amor, et al. 1989). Also,

intralesional injections of alpha-interferon have reduced keloidal scarring

(Berman & Duncan 1989). Gillies ef a/showed that IFN-a2b inhibited human
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Tenon’s fibroblast proliferation (Gillies, Su T, et al. 1993). A randomised phase 

II trial, investigating the use of intra-operative and postoperative sub

conjunctival injections of IFNa in glaucoma filtration surgery, showed that it 

produced a success rate of 79% after 2 years follow-up, similar to the success 

rate of 89% when the anti-metabolite, 5-fluorouracil, was used (Gillies, Brooks, 

et al. 1999).

Other cytokines play a role in wound healing, including IL1, TNFa, 

Interleukin 6 (IL6) and M-CSF which have been detected in healing mouse skin 

wounds (Ford, Hoffman, et al. 1989). Postlethwaite et al has shown that 

Interleukin 4 (IL4) was chemotactic to fibroblasts and stimulated increased 

collagen and fibronectin production in vitro (Postlethwaite & Seyer 1991; 

Postlethwaite, Holness, et al. 1992). IL1 and TNFa are pro-inflammatory 

cytokines and are found at about 12-24 hours after wounding in a mouse model 

(Hubner, Brauchle, et al. 1996). IL1 facilitated neutrophils and monocytes 

wound entry by increasing cellular adhesion to vascular endothelial cells. They 

both increased collagen synthesis by serum deprived fibroblasts, and they may 

play a catabolic role in wound healing because they increased fibroblast 

collagenase expression (Duncan & Berman 1989; Gillery, Coustry, et al. 1989). 

They both affected fibroblast proliferation, stimulating in vitro human Tenon’s 

and dermal fibroblast proliferation.

Other growth factors that play a role in wound healing are TGFa and 

Epidermal growth factor (EGF), both of which are produced by macrophages 

(Bennett & Schultz 1993). TGFa stimulates epithelial cell, fibroblast and 

endothelial cell proliferation. EGF stimulates fibroblast and epithelial cell 

chemotaxis and increases fibronectin production, which provides an initial

scaffold for clot formation during wound healing (Adelmann-Grill, Wach, et al.
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1990; Nishida, Tanaka, et al. 1984). Insulin growth factor-1 (IGF-I), produced by 

both macrophages and lymphocytes, stimulates fibroblast and endothelial cell 

mitogenesis (Bennett & Schultz 1993). Finally, basic Fibroblast Growth Factor 

(bFGF), also secreted by macrophages, stimulates fibroblast and endothelial 

cell mitogenesis (Shipley, Keeble, et al. 1989).

1.2.8 The Proliferative Phase of Wound Healing

During this phase, quiescent, undifferentiated fibrocytes in the conjunctiva 

are activated by inflammatory cytokines and growth factors to become 

fibroblasts. The fibroblast is a key player in wound healing and is responsible for 

wound contraction and the synthesis and remodelling of new extracellular 

matrix (ECM). As well as fibroblast proliferation, re-epithelialisation with wound 

closure and the formation of new blood vessels by angiogenesis occurs during 

this phase.

1.2.9 Re-epithelialisation, Angiogenesis and early ECM Formation

Two processes contribute to re-epithelialisation: a purse string closure 

mechanism and epithelial cell migration. Bement et al and Martin et al, by 

studying foetal epithelial wound repair and gastrointestinal healing, showed the 

purse string mechanism involved the formation of an actin cable (Bement, 

Forscher, et al. 1993; Martin & Lewis 1992). Mackenzie and Fusenig 

demonstrated that basal epithelial cells migrated across the wound and in so 

doing, pulled the upper epithelial layers along passively (Mackenzie & Fusenig

1983). As the conjunctiva is sutured in glaucoma surgery, healing generally 

occurs by primary intention.
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Angiogenesis is a complex process, initiated by hypoxia and lactic acid 

build-up, resulting in the formation of new vascular beds through the growth of 

capillary buds from surrounding blood vessels (Clark RAF & Colvin 1985). It 

begins within a few days of wounding, involving endothelial cell migration, 

proliferation and capillary tube formation. Macrophages and platelets secrete 

pro-angiogenic factors such as EGF, TGFa, Vascular endothelial growth factor 

(VEGF) and bFGF. Early ECM formation involves the production of granulation 

tissue by inflammatory cells such as macrophages and fibroblasts (Oh, 

Pierschbacher, et al. 1981). Early ECM mainly consists of fibronectin and 

hyaluronic acid. One of its functions is to provide a framework for epithelial cells 

to migrate over and thereby promote re-epithelialisation (Clark, Lanigan, et al. 

1982). It also thought to provide a substratum for endothelial cell proliferation 

and migration (Clark, DellaPelle, et al. 1982).

1.2.10 The Role of Fibroblasts in Wound Healing

Fibroblasts start to migrate into the injury site from about 48-72 hours post- 

wounding. Their movement appears to be mediated by the formation of 

cytoplasmic extensions dense in actin filaments called lamellipodia. Fibroblast 

migration appears to be mainly stimulated by chemotaxis, which is the 

movement of cells in response to a concentration gradient of a stimulating agent 

called a chemoattractant. Examples of chemoattractants include PDGF, TGFp, 

fibronectin and collagen (Postlethwaite, Keski-Oja, et al. 1987; Joseph,

Grierson, et al. 1987; Postlethwaite, Seyer, et al. 1978; Seppa, Grotendorst, et 

al. 1982). Fibroblast migration through the ECM is also dependent on the 

production of enzymes called matrix metalloproteinases (MMPs) (Pauly, 

Passaniti, et al. 1994; Taraboletti, Garofalo, et al. 1995).
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ECM contraction and closure of an open wound have been demonstrated to 

be mediated by the tractional forces produced by migrating fibroblasts (Harris, 

Stopak, et al. 1981; Ehrlich & Rajaratnam 1990). ECM contraction is stimulated 

by several growth factors, and is dependent on a number of factors including 

the number of fibroblasts, an intact actin cytoskeleton, cell attachment, protein 

synthesis and the collagen concentration (Bell, Ivarsson, et al. 1979; Guidry & 

Grinnell 1985; Schiro, Chan, et al. 1991). Once they have migrated into the 

wound, fibroblasts are stimulated by numerous growth factors to start to 

proliferate, reaching maximal numbers between the first and second week post- 

wounding (Ross & Odiand 1968). This is an important step in the wound healing 

process because it results in enough fibroblasts to ensure adequate wound 

healing occurs.

1.2.11 Wound Healing Remodelling and Maturation

Wound maturation occurs over a period of a few weeks, and consists of 

granulation tissue gradually being replaced by mature scar tissue. The main 

components of mature scar tissue are collagen and proteoglycans. Fibroblasts 

are the main producers of collagen and the two main types synthesised are 

collagens types I and III. Numerous growth factors stimulate ECM production 

including PDGF, TGFp, EGF, IGF-I and bFGF (Grotendorst, Martin, et al. 1985; 

Sporn, Roberts, et al. 1983; Ignotz & Massague 1986). Collagen is secreted as 

its precursor, tropocollagen, which consists of triple helices of collagen 

polypeptide molecules (Gabbiani 1977). Tropocollagen is then covalently cross- 

linked, giving it strength, to form collagen (Chvapil & Koopmann 1984). Within 

10-72 hours post-wounding collagen type III is laid down (Gabbiani, Le Lous, et 

al. 1976; Clore, Cohen, et al. 1979). Maximal levels of collagen III are reached
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by days 5-7 post-wounding and then it is gradually replaced by collagen type I 

(Dvorak 1986).

The new ECM continues to be remodelled over a period of weeks to months. 

Two groups of enzymes have been implicated: plasminogen activators and 

MMPs. Urokinase is a plasminogen activator and is produced by inflammatory 

cells (Vassalli, Dayer, et al. 1984). It has been shown to activate plasminogen to 

plasmin, which in turn has been shown to break down fibrin clots (Werb, 

Mainardi, et al. 1977; Werb, Banda, et al. 1980). Plasmin is also able to activate 

some MMPs and degrade fibronectin.

MMPs have been shown to breakdown collagens, fibronectin and 

proteoglycans. They have been reported to be secreted by many cells including 

inflammatory cells, fibroblasts and endothelial cells (Occleston, Tarnuzzer, et al. 

1995; Woessner 1991; Birkedal-Hansen 1995). The amount of ECM breakdown 

depends on the balance achieved between MMPs and their inhibitors called 

tissue inhibitors of matrix metalloproteinases (TIMPs).

1.2.12 The Resolution of the Wound Healing Response

Animal wound healing models have indicated that after about 2 weeks post 

wounding there is a gradual reduction in the number of inflammatory and 

fibroblast cells (Reichel, Cordeiro, et al. 1998). Desmouliere ef a/demonstrated 

that fibroblast apoptosis reduced fibroblast numbers during the transition of 

granulation tissue to scar tissue (Desmouliere, Redard, et al. 1995). Otherwise, 

there is little research addressing this part of the wound healing response, 

including what mechanisms initiate and regulate the resolution of wound 

healing.
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Apoptosis plays a role in the resolution of the inflammatory phase of wound 

healing. This may be surmised because Orteu et al showed that the resolution 

of a delayed-type hypersensitivity reaction involved Fas-mediated and cytokine 

deprivation-mediated T cell apoptosis, therefore similar control mechanisms 

could exist in other inflammatory reactions (Orteu, Poulter, et al. 1998). It is 

necessary to reduce the expanded inflammatory cell population in order to 

avoid the potentially detrimental effects of persistent inflammatory cells (Akbar 

& Salmon 1997). Two apoptotic mechanisms, namely activation-induced cell 

death and cytokine deprivation-mediated apoptosis, mediate the reduction in T 

cell numbers and the re-establishment of immune homeostasis following an 

antigen-specific immune response (Akbar, Borthwick, et al. 1993; Akbar & 

Salmon 1997). Apoptosis by these two mechanisms will be discussed in detail 

in the next section.

1.3 APOPTOSIS

The term apoptosis is derived from Greek and means “to fall from”. It was first 

used by Kerr at alio describe hepatocyte cell death (Kerr, Wyllie, et al. 1972). 

Apoptosis describes an active gene-directed process whereby a cell induces its 

own death via a death programme. The stimuli for apoptosis vary from 

intracellular signals such as DNA damage to extracellular signals such as 

chemotherapeutic agents, glucocorticoids, y irradation, growth factor deprivation 

and the ligation of cell surface death receptors.

Apoptotic cells display a characteristic morphology, with cytoplasmic and 

nuclear condensation and DNA fragmentation within an intact plasma 

membrane, ensuring that cellular contents are not released into the exterior, 

which might othenA/ise excite an inflammatory response (Wyllie, Morris, et al.
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1984; Wyllie, Kerr, et al. 1980). Endonuclease DNA fragmentation results in the 

formation of 185 base pair nucleosomal units (Wyllie 1980). Apoptotic bodies 

are formed when the plasma membrane undergoes membrane blebbing 

resulting in cell fragmentation. Apoptotic bodies are rapidly eliminated by 

phagocytosis by macrophages or neighbouring cells.

There are characteristic biochemical changes in apoptotic cells irrespective of 

the cell type and inducing agent. An early change is the disruption of the 

mitochondrial membrane potential (ATm) due to the formation of pores in the 

mitochondrial membrane (Kroemer, Zamzami, et al. 1997; Zamzami, Susin, et 

al. 1996; Marchetti, Castedo, et al. 1996). These pores allow the release of 

proapoptotic proteins, such as Cytochrome c and apoptosis inducing factor 

(AIF), into the cytoplasm. Another feature is an increase in cytoplasmic calcium 

and intracellular acidification (Nicotera, Zhivotovsky, et al. 1994; Li & Eastman 

1995).

Cell surface death receptors act as triggers to activate the apoptotic 

programme. This involves ligation of the death receptor, resulting in 

transduction of the death signal to intracellular enzymes that execute the 

apoptotic programme. Examples of death receptors include the members of the 

Tumour necrosis factor (TNF) and nerve growth factor (NGN) receptor 

superfamily as listed in Table 2 and figure 6. One of the members of this family 

is Fas (CD95/APO-1), a 45kDa transmembrane protein of 325 amino acids 

which is expressed by many cell types, including activated T cells, fibroblasts, 

the liver, lung and skin (Nagata & Golstein 1995; Lynch, Ramsdell, et al. 1995). 

The ligand for Fas is FasL is a 40 kDa protein of 270 amino acids which can 

exist in soluble form or may be membrane bound (Suda, Takahashi, et al. 1993; 

Tanaka, Suda, et al. 1996). It is expressed on activated T cells and in
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Table 2: The members of the Tumor Necrosis Factor (TNF) receptor family.

TNF family
Fas (CD95, APO-1)

CD40

TNF-R1

TNF-R2

DR3 (APO-3, TRAMP)

DR4 (TRAIL-R1)

DR5 (TRAIL-R2)

CD30

Nerve growth factor receptor (NGF-R)

Figure 6: Structure of some of the members of the TNF receptor family. 

Fas TNF-R1 TNF-R2 CD40

extracellular

plasma membrane

intracellular
DD DD

The amino acid sequence of the extracellular regions of these receptors is 

relatively well conserved, each containing 3 - 6 cysteine-rich subdomains. 

Flowever, the cytoplasmic regions of these receptors are not similar, except for 

Fas and TNF-R1 where about 70 amino acids are conserved in a region named 

the death domain (DD), necessary for transduction of the apoptotic signal.
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immune privileged sites such as the retina and the testis (Alderson, Tough, et 

al. 1995; Ferguson & Griffith 1997).

Transduction of the apoptotic signal through the Fas receptor requires 

three Fas receptors to be cross-linked by FasL called trimerization (Scaffidi, 

Fulda, et al. 1998). Each Fas receptor has a cytoplasmic death domain, which 

binds with death-domain containing proteins such as Fas-associated death 

domain protein (FADD) to form a death-inducing signalling complex (DISC) 

(Chinnaiyan, Tepper, et al. 1996). The DISC recruits and activates a protease, 

caspase 8 (FADD-like interleukin-lp-converting enzyme or FLICE), which in turn 

triggers the activation of a cascade of other caspases including caspase 3, 6 

and 7 ultimately resulting in apoptosis (Medema, Scaffidi, et al. 1997) (figure 7). 

Fas signals through two different pathways; type I cells use a mitochondrial 

independent pathway resulting in caspase 8 activation through interaction with a 

DISC (Scaffidi, Fulda, et al. 1998). Type II cells use a mitochondrial dependent 

pathway involving the activation of caspase 3 and 8 downstream of 

mitochondria.

Caspases are cysteine-containing, aspartate-specific proteases that 

effect apoptosis by cleaving critical terminal effectors that lead to the cell 

ultrastructural changes characteristic of apoptosis (Martin & Green 1995). They 

are inactive pro-enzymes in the cytoplasm and are activated following death 

receptor ligation or the release of apoptotic signals from mitochondria 

(Nicholson & Thornberry 1997). Caspase 8 subsequently activates other 

caspases, including caspase 1, 3, 4, 6 and 7. The substrates of caspases have 

yet to be all identified. They include structural proteins such as lamins A and B, 

p-actin and fodrin, cell cycle-associated and signal transduction-related proteins
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Figure 7: The Mechanisms of Apoptosis.
GF deprivation

FasL

Fas

FADD

Procaspase 8 CASPASE 8

Mitochondria

CytC +Apaf 1

CASPASE 9 Procaspase 9

Procaspase 3 Procaspase 6

Caspase 3 Caspase 6

Procaspase 7 

Caspase 7

TERMINAL EFFECTORS
DFF45, ICAD, Fodrin, Gelsolin, 
PAK 2, Nuclear lamins

ULTRASTRUCTURAL CHANGES
Chromatin condensation 

Cell membrane & cytoskeletal changes 
Nuclear membrane breakdown

DEATH

Diagrammatic representation of the mechanisms of apoptosis, showing the Fas-mediated apoptotic pathway 
and the mitochondrial mediated apoptotic pathway.
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such as protein kinase C and enzymes associated with repair such as 

polymerase, poly(ADP-ribose), topoisomerase I and II.

A family of regulatory proteins encoded for by the bcl-2 gene family controls 

apoptosis (Kroemer 1997; Yang & Korsmeyer 1996). The members of this 

family are proteins which either promote cell death or antagonise it (Table 

3)(Chittenden, Harrington, et al. 1995; Sedlak, Oltvai, et al. 1995)(He, 

Hershberger, et al. 1998). The bcl-2 gene product was first identified in B-cell 

lymphoma when its abnormal expression resulted in the prevention of 

apoptosis. Bcl-x shares considerable homology with bcl-2. Bcl-x has two splice 

variants - a longer anti-apoptotic variant called bcl-xL and a shorter pro

apoptotic variant called bcl-xS (Boise, Gonzalez-Garcia, et al. 1993).

The bcl-2 proteins are located on the mitochondrial membrane where they 

can combine with the same or other members as dimers (Hockenbery, Nunez, 

et al. 1990). Unlike death receptors which trigger the apoptotic programme, the 

bcl-2 proteins determine the threshold for apoptosis. It has been shown that the 

ratio of pro-apoptotic to anti-apoptotic proteins determines the susceptibility of a 

cell to apoptosis; when bcl-2 expression is low, bax homodimerizes promoting 

apoptosis, however when bcl-2 expression is high, bcl-2 competes with bax to 

form heterodimers preventing apoptosis (Kroemer 1997). The bcl-2 proteins are 

thought to act by either stabilising (bcl-2, bcl-xL) or disrupting (bax, bad, bak) 

mitochondrial membrane function. They appear to regulate the opening of the 

mitochondrial pores and the release of Cytochrome c: bcl-2 and bcl-xL keep 

them closed and bax, bad and bak open them (Reed 1997; Yang, Liu, et al. 

1997). Resting naïve T cells express high levels of bcl-2 and are resistant to 

apoptosis. During a viral infection, T cells become activated with a coexistent 

decrease in bcl-2 expression and an increased susceptibility to apoptosis
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Table 3: The bcl-2 family.

Anti-apoptotic Proteins Pro-apoptotic proteins

Bcl-2 Bax
Bcl-xL Bcl-xS
Bag-1 Bak

Bad
Bik
Bok
Bim

The members of this family of proteins are either pro-apoptotic or anti-apoptotic 

and are able to combine as homo- or heterodimers. The threshold for apoptosis 

is determined by the ratio of pro-apoptotic to anti-apoptotic proteins.
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(Akbar, Borthwick, et al. 1993). Cytochrome c and apoptosis Inducing factor 

(AIF) translocate out of the mitochondria and activate caspase 9. Cyctochrome 

c binds APAF in the cytoplasm & activates caspase 9 (Kroemer, Zamzami, et al. 

1997; Yang, Liu, et al. 1997).

1.3.1 T Cell Apoptosis

During an antigen-specific immune response, cytokine deprivation-mediated 

apoptosis and activation-induced cell death act at different stages to reduce cell 

numbers (Nagata & Golstein 1995; Lynch, Ramsdell, et al. 1995). It is generally 

accepted that at the peak of an immune response, apoptosis occurs by 

activation-induced cell death (AlCD). Subsequently, towards the end of the 

immune response, withdrawal of the interleukin-2 receptor (IL2R)-common-y- 

chain cytokines (IL2, IL4, IL7 and IL15) induces apoptosis (Akbar, Borthwick, et 

al. 1996; Akbar & Salmon 1997).

AlCD usually involves the interaction of a death receptor such as Fas, located 

on the surface of activated T cells, with its ligand FasL (Lynch, Ramsdell, et al. 

1995; Brunner, Mogil, et al. 1995; Dhein, Walczak, et al. 1995; Ju, Panka, et al.

1995). AlCD is a rapid process and results in significant cell death after only a 

few hours (Trauth, Klas, et al. 1989). This type of apoptosis is mitochondrial 

independent and is unaffected by anti-apoptotic genes bcl-2 and bcl-xL.

Cytokine deprivation-mediated apoptosis begins to occur in IL2- 

dependent activated T cell lines as early as 8 hours post-withdrawal of IL2, and 

by 48 hours, 80-95% of cultured cells are apoptotic (Cohen 1991; Broome, 

Dargan, et al. 1995). IL2 deprivation results in the decreased expression of the 

survival genes bcl-2 and bcl-xL whilst expression of the pro-apoptotic gene bax 

remains the same (Akbar, Borthwick, et al. 1993). When the bcl-2/bax ratio is
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low, this initiates the release of Cytochrome c from mitochondria activating an 

inactive protease called caspase 9. Activated caspase 9 triggers the activation 

of a cascade of downstream caspases, which ultimately results in apoptosis.

1.4 THE RISK FACTORS FOR GLAUCOMA FILTRATION SURGERY; 

FAILURE AND THE PATHOGENIC MECHANISMS

Trabeculectomy success rates can be considerably lower when

operating on glaucoma patients who are considered to be at high risk of 

aggressive scarring (Skuta & Parrish 1987). Such patients include those with 

inflammatory, aphakic and neovascular glaucomas, patients of young age, 

patients who have undergone previous ocular surgery, patients who have been 

treated with topical therapy for a prolonged period of time and patients of Afro- 

Caribbean ethnicity. Inflammation and age as risk factors and their possible 

pathogenic mechanisms will be reviewed since they are relevant to this project; 

the other risk factors will be briefly discussed.

1.4.1 Chronic Inflammation

Persistent inflammation around the trabeculectomy site is recognised

clinically as a risk factor for failure due to aggressive scarring (Hitchings &

Grierson 1983). Patients with inflammatory glaucomas scar more aggressively

following trabeculectomy surgery with a success rate of only 53% (Stavrou &

Murray 1999). Surgical success rates were much improved when postoperative

steroids or antimetabolites were used (Fluorouracil Filtering Surgery Study

Group 1996; Araujo, Spaeth, et al. 1995).

The pathological mechanisms resulting in aggressive conjunctival scarring

are not fully understood. One mechanism may be interactions between

inflammatory cells and fibroblasts (in particular those involving T lymphocytes
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and fibroblasts), which have been proposed as being responsible for the 

pathological fibrous tissue formation in diseases such as scleroderma and 

pulmonary fibrosis (Khalil, Bereznay, et al. 1989; Roumm, Whiteside, et al.

1984). A keloid scar can develop at a site of skin injury, extends beyond the 

original injury boundaries and can recur after surgical excision. The main 

identifying histopathological appearance is the excessive amount of 

collagenous fibrous tissue formation. Interestingly, Martin et a/showed that 

keloid scars contained a greater number of I  lymphocytes compared to normal 

scars, and that they persisted in these lesions for up to several years (Martin & 

Muir 1990).

Further evidence for these interactions being important comes from research 

into foetal wound repair (Martin 1997). Usually, during the first two trimesters of 

foetal development, foetal wound healing is not associated with an acute 

inflammatory reaction and healing occurs without scar tissue formation (Adzick, 

Harrison, et al. 1985; Goss 1977). Hopkinson-Woolley ef a/showed that 

macrophages were initially absent from embryonic mouse excisional wounds. 

However, after gestational day 14, macrophage recruitment began to occur and 

this was coincident with the stage when foetal scarring began to develop 

(Hopkinson-Woolley, Hughes, et al. 1994). Interestingly, the addition of 

cytokines produced by macrophages, such as TGFp or PDGF, to foetal wounds 

induced an inflammatory response and the development of scar tissue (Adolph, 

DiSanto, etal. 1993; Krummel, Michna, et al. 1988).

Further insight into the mechanisms underlying conjunctival scarring can 

be gained from research into the ocular fibrosing diseases such as ocular 

cicatricial pemphigoid (OCR) (Bernauer, Itin, etal. 1997; Broadway 1997; Elder 

1997). The main morphological features in OCR are fibrosis and an
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inflammatory cell infiltrate of the conjunctival substantia propria (Bernauer, 

Broadway, et al. 1993; Sacks, Jakobiec, et al. 1989). Neutrophil, macrophage 

and CD8+ and CD4+ T cell numbers were increased with increased MHC II 

expression by both fibroblasts and macrophages (Bernauer, Wright, et al. 1993; 

Rice & Foster 1990). Pro-fibrogenic cytokines such as TGFp, PDGF, bFGF and 

TNFa play a role in the disease process with an increase in TGFp expression. 

Greater disease activity and progression seemed to be associated with 

increased conjunctival inflammation (Elder, Bernauer, et al. 1996; Bernauer, 

Wright, et al. 1993; Elder, Dart, et al. 1997).

Research into chronic inflammatory diseases such as rheumatoid arthritis 

and eczema has provided further information about which T cell/fibroblast 

interactions may be relevant to promoting aggressive scarring (Salmon, Scheel- 

Toellner, et al. 1997). Salmon ef a/showed that the tissue lining rheumatoid 

arthritic joints contained a high density of fibroblasts and T cells. The phenotype 

of these T cells (CD45RO bright, low bcl-2, high bax and high Fas) indicated 

that they were supposed to undergo apoptosis, however, whilst they remained 

in the rheumatoid joint this did not occur. Apoptosis occurred once the T cells 

were removed from the rheumatoid joint. Alternatively, if they were cocultured in 

vitro with synovial fibroblasts, they did not undergo apoptosis, maintaining high 

expression of the anti-apoptotic protein bcl-xL. Therefore, it was suggested that 

fibroblasts were responsible for mediating the prevention of T cell apoptosis and 

subsequently, a persistent inflammatory reaction.

A chronic inflammatory mechanism is thought to contribute to previous 

topical therapy for glaucoma being another risk factor for aggressive scarring 

postoperatively (Lavin, Wormald, et al. 1990). Broadway ef a/showed that 

multiple (more than 3 drops) and prolonged glaucoma therapy (more than 3
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years irrespective of the types of drugs used) was significantly associated with 

more trabeculectomy failures (Broadway, Grierson, et al. 1994; Broadway, 

Grierson, et al. 1994a). Both Sherwood et aland Broadway ef a/found that 

patients who had used multiple glaucoma eye drops appeared to have 

significantly altered conjunctival cell profiles, with an increase in the number of 

inflammatory cells and fibroblasts (Shen/vood, Grierson, et al. 1989; Broadway, 

Grierson, et al. 1994a).

Furthermore, Nuzzi et a! showed that the conjunctiva of medically treated 

patients showed increased numbers of activated CD4+ and CD8+ T cells 

producing IL2, increased expression of the inflammatory marker human 

leukocyte antigen-DR (HLA-DR) and a greater fibroblast density suggesting a 

tendency to chronic inflammation (Nuzzi, Vercelli, et al. 1995). Young et al, 

using a rabbit filtration model, showed that the fibroblasts from the eyes that 

had received glaucoma eye drops proliferated more than the fibroblasts from 

untreated eyes (Young, Higginbotham, et al. 1990). The preservatives used in 

eye drops, such as benzalkonium chloride, rather than the active agent itself 

may be more responsible for stimulating an inflammatory reaction producing an 

increased inflammatory cell infiltration of the conjunctiva (Becquet, Goldschild, 

etal. 1998).

Some studies disagree with the above findings - Smith et al, using a 

rabbit model, found that the conjunctival cell profile did not change after 7 

months of treatment with drops (Smith, Skuta, et al. 1991). Baun ef a/found that 

conjunctival morphology of glaucoma patients did not change after a mean of 

46 months of medical treatment (Baun, Heegaard, et al. 1995). Similarly,

Gwynn et al did not find any change in the number of inflammatory cells and 

fibroblasts in the conjunctiva of glaucoma patients who had undergone
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successful filtration surgery compared to those who were unsuccessful (Gwynn, 

Stewart, et al. 1993). These differences may be due to differences in the 

duration of eye drop use.

1.4.1.1 The Relationship between Fibroblast-Mediated Prevention of T Cell 

Apoptosis and Chronic Inflammation

Scott et al and Pandolfi et a! first showed that fibroblasts could prevent T cell 

apoptosis (Scott, Pandolfi, et al. 1990; Pandolfi, Oliva, et al. 1993). They 

showed that coculture of IL2-deprived PHA-activated T cells with either 

rheumatoid arthritic synovial fibroblasts or dermal fibroblasts prevented T cell 

apoptosis. Fibroblast conditioned medium obtained from cultured fibroblasts 

was able to reduce the increased spontaneous apoptosis of peripheral blood 

mononuclear cells from HIV-positive patients.

Research from our group has shown that fibroblasts were able to rescue 

activated T cells from both IL2 deprivation-mediated and Fas-mediated 

apoptosis (Akbar, Borthwick, et al. 1993; Scheel-Toellner, Pilling, et al. 1999; 

Salmon, Scheel-Toellner, et al. 1997). The coculture of human embryonic lung 

fibroblasts with activated, mature CD45RO+T cells with low of bcl-2 expression 

prevented T cell apoptosis. These T cells expressed high bcl-xL levels but low 

bcl-2 levels. The rescued T cells were left in a resting state (in a Gq/G i state) 

with less than 1% expressing Ki67 (Gombert, Borthwick, et al. 1996). However, 

they were in a primed state and could be induced to rapidly proliferate again 

with the addition of IL2.

It was identified that type I Interferons (both IFNa and IFNp) were 

responsible for mediating this T cell rescue. Fibroblasts are a rich source of 

IFNp but not IFNa (Pilling, Akbar, et al. 1999; Marrack, Kappler, et al. 1999).
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Dendritic cells are a rich source of IFNa and have been identified as 

Langerhans’ cells in human conjunctival epithelium (Broadway, Grierson, et al. 

1994). Rheumatoid arthritic and eczematous tissue contained an increased 

number of fibroblasts expressing IFNp. Tissue from osteoarthritic joints showed 

only a few fibroblasts, which did not produce IFNp. Therefore, it was suggested 

that fibroblast-mediated prevention of T cell apoptosis was responsible for 

promoting the persistence of these chronic inflammatory conditions (Pilling, 

Akbar, et al. 1999; Orteu, Rustin, et al. 2000).

1.4.1.2 Fibroblast-produced Interferon-beta and the Prevention of T Cell 

Apoptosis

IFNp appears to be able to mediate its rescuing effect through two 

different mechanisms: either through STAT-1 activation or by interfering with 

protein kinase C-delta (PKC-ô) signalling (Pilling, Akbar, et al. 1999; Scheel- 

Toellner, Pilling, et al. 1999). Scheel-Toellner ef a/showed that IFNp could 

prevent T cell apoptosis by interfering with the PKC-ô signalling apoptosis 

pathway. PKC-Ô belongs to a family of isoenzymes which participate in cell 

regulation, including cell proliferation and apoptosis (Deacon, Pongracz, et al. 

1997). The effects by this rescue mechanism were immediate because PKC-Ô 

is involved in the early stages of apoptosis initiated by both cytokine deprivation 

and Fas ligation (Emoto, Manome, et al. 1995; Ghayur, Hugunin, et al. 1996). It 

was shown that IL2 deprivation or Fas ligation resulted in a rapid loss of 

cytoplasm-located PKC-ô and its rapid accumulation around the nuclear 

cytoskeleton. It was then cleaved by caspase 3, producing an active kinase that 

ultimately induced apoptosis (Ghayur, Hugunin, et al. 1996). IFNp appeared to
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be able to suppress PKC-ô translocation and thereby, interfered with its 

caspase 3-mediated proteolytic activation.

Scheel-Toellner et al also showed that IFNp inhibited lamin B 

degradation, which is a constituent of the lamina of the nuclear envelope 

essential for nuclear stability. In apoptosis, Lamin B would be phosphorylated 

by PKC-Ô before being proteolytically degraded by caspase 6. Finally, IFNp 

might also contribute to the prevention of I  cell apoptosis through the 

generation of reactive oxygen species by upregulating the production of the 

antioxidant molecule glutathione (Hyde, Borthwick, et al. 1997; Hildeman, 

Mitchell, et al. 1999).

Pilling ef a/showed that IFNp could signal through a Type-1 Interferon 

receptor coupled to a Janus associated kinase (JAK) (Pilling, Akbar, et al.

1999). Ligation of this receptor resulted in phosphorylation of the JAK, which led 

to dimerization of a cytoplasmic protein, called a signal transducer and activator 

of transcription or STAT-1 protein to form a homodimer. This homodimer was 

subsequently translocated to the nucleus where it bound to STAT recognition 

sequences in the 5’ regulatory region upstream of the bcl-xL gene. This resulted 

in upregulation of bcl-xL gene resulting in T cells resistant to apoptosis. The 

effects of this rescue mechanism occurred later since the increase in bcl-xL 

started at 6h and peaked at 24h after exposure to IFNp.

Pilling et al showed that the concentration of IFNp required for optimal T cell

survival was within physiological levels (at 5ng/ml) and not at infected

concentrations (Pilling, Akbar, et al. 1999). Therefore, it seemed that as long as

an appropriate number of fibroblasts were present then enough IFNp could be

produced to promote T cell survival and possibly chronic inflammation.

However, except for viral infections which are known to greatly increase
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fibroblast-IFNp production, little else is known about the regulation of IFNp 

secretion.

1.4.2 Age As A Risk Factor For Aggressive Scarring

Young age is also considered a risk factor for aggressive wound healing 

especially when operating on children under the age of 1 year. The reported 

success rate for glaucoma filtration surgery in young patients has varied 

considerably from 35% to 92.3% depending on the aetiologies and the age 

range studied. Gressel et al suggested that children with secondary or 

developmental glaucomas do worse; with a success rate as low as 35% 

compared to 74% for children with primary glaucomas (Beauchamp & Parks 

1979; Gressel, Heuer, et al. 1984). Surgical outcomes were much better for 

patients in their fourth and fifth decade probably because there was a 

preponderance of primary glaucomas in these groups - none of the 

trabeculectomies performed on children in their first decade had primary 

glaucoma. Similarly, studies by Fulcher at al, Dureau at a! and Jacobi at a! with 

5 year follow-up periods reported success rates from 54% to 92.3% (Fulcher, 

Chan, et al. 1996; Dureau, Dollfus, et al. 1998; Jacobi, Dietlein, et al. 1998).

The worst results were in Jacobi at a/'s study probably because it included 

patients with different types of glaucoma.

Young patients may scar more aggressively than older patients after 

glaucoma filtration surgery because Tenon’s layer is thought to be generally 

thicker in children and therefore contains more fibroblasts (Beauchamp & Parks 

1979). Some studies have reported that there are no significant differences in 

conjunctival cellular composition with age, although it should be noted that only 

one of these studies included patients younger than 40 years (Abdel-Khalek,
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Williamson, et al. 1978; Gwynn, Stewart, et al. 1993; Chan, Nussenblatt, et al. 

1988).

Ashcroft et al suggested that several wound healing mechanisms in the old 

differed compared to the young (Ashcroft, Horan, et al. 1997). The skin wounds 

of young mice had greater expression of PDGF-A, PDGF-B, TGF-pl and -p2 

and receptors for PDGF-A and -B compared to the skin wounds of aged mice. 

Using both human and mouse skin wound healing models, they showed that 

there was an early increased number of granulocytes in aged wounds, with 

significantly greater numbers on day 7 (Ashcroft, Horan, et al. 1997; Ashcroft, 

Horan, et al. 1998). However, there was a marked delay in entry of 

monocytes/macrophages and lymphocytes, with macrophages not equilibrating 

until day 14.

In addition, the phenotype of macrophages in the aged skin wounds was of 

mature type as measured by 25F9 expression. Endothelial cell adhesion 

molecule (CAM) expression also differed; in aged wounds, there was early up

regulation of E-selectin, a delay in the appearance and intensity of expression 

of intercellular CAM-1 and vascular CAM-1. Therefore, differences in the 

inflammatory phase of the wound healing response in young patients compared 

to the old might be expected to subsequently affect the later stages of the 

wound healing response.

Other research has suggested that the replicative capacity of cells may 

contribute to wound healing differences in the young compared to the old. 

Normal human fibroblasts have a finite life-span in culture and this is due to a 

steadily decreasing fraction of cells that are able to proliferate (Hayflick & 

Moorhead 1961; Cristofalo & Sharf 1973; Smith & Hayflick 1974). When 

fibroblasts divide they use DMA sequences called telomeric repeats to keep
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count of the number of cell divisions they go through. These sequences are 

situated at the end of chromosomes and function to prevent end-to-end fusion, 

promoting chromosome stability and preventing the degradation of important 

DNA (Blackburn 1991). However, each time a cell divides a small fraction of the 

end of each telomere is not duplicated and as a result, these telomeres get 

progressively shorter (Allsopp, Chang, et al. 1995; Reddel 1998). When they 

have shortened to a critical length, fibroblasts can no longer continue dividing 

and they become senescent (Allsopp & Harley 1995).

Telomerase is a reverse transcriptase that can add back telomeric 

sequences and counteract telomere loss (Feng, Funk, et al. 1995; Blasco,

Funk, et al. 1995; Blackburn, Bradley, et al. 1991). Its activity appears to be 

important in the regulation of the immune system and it is expressed during T 

cell development, activation and differentiation (Hiyama, Hirai, et al. 1995; 

Hathcock, Weng, et al. 1998; Bodnar, Kim, et al. 1996). Telomerase is poorly 

expressed or does not appear to be expressed in somatic cells.

It has been shown that senescent fibroblasts accumulate with age and 

behave differently to dividing fibroblasts (Faragher & Kipling 1998; Rudolph, 

Chang, et al. 1999). The lymphocytes in older people also tend to have shorter 

telomeres (Vaziri, Dragowska, et al. 1994). Therefore, these age differences 

may affect both the inflammatory and proliferative stages of wound healing. It is 

difficult to estimate how important replicative capacity may be to wound healing, 

since some fibroblasts in vivo may only divide once a month or even only once 

every few years. However, Tsai et ai showed that human Tenon's fibroblasts 

from young patients (mean age 11 years) contracted collagen to a greater 

extent than fibroblasts from older patients (mean age 72 years) (Tsai,

Occleston, et al. 1995).
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Further insight into how age may affect wound healing comes from studies 

into the premature ageing disease, Werner’s syndrome where patients with this 

disease show features of poor wound healing (Kipling & Faragher 1993). It was 

suggested that this may be due to their fibroblasts having reduced replicative 

capacity, only achieving about 20 population doublings compared to normal 

fibroblasts usually achieving about 60 population doublings in culture.

1.4.3 Other Risk Factors For Aggressive Scarring

Patients of Afro-Caribbean ethnicity appear to scar more aggressively after 

trabeculectomy without anti-metabolite compared to Caucasian patients with 

reported success rates of only 32 to 57% (Freedman, Shen, et al. 1976; Wong, 

Yip, et al. 1998; Egbert, Williams, et al. 1993). Broadway et al suggested that 

this difference in scarring was due to a significantly greater number of 

macrophages and a tendency to a greater number of fibroblasts in the 

conjunctiva of Afro-Caribbean individuals (Broadway, Grierson, et al. 1994). In 

contrast, McMillan at al did not find any significant conjunctival cellular 

differences (McMillan, Stewart, et al. 1992).

Broadway at al showed that previous ocular surgery involving the 

conjunctiva adversely affected subsequent glaucoma filtration surgery, with a 5- 

year success rate of 38% in the previous surgery group compared to 93% in the 

control group (Broadway, Grierson, et al. 1998). The study also demonstrated 

that there were more fibroblasts, macrophages and lymphocytes in the 

preoperative conjunctiva of the previous surgery patients compared to the 

control patients, suggesting that the altered cellular profile of the previous 

surgery patients may have predisposed them to a more aggressive scarring 

response.
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The composition of the aqueous humour may influence conjunctival 

wound healing. There are two types of aqueous humour - primary and 

secondary. The former type refers to aqueous humour before any intraocular 

procedure has been performed and the latter type refers to aqueous humour 

after surgery. Radius et al used a monkey glaucoma filtration model to show 

that secondary aqueous humour significantly stimulated greater fibroblast 

growth compared to primary aqueous (Radius, Herschler, et al. 1980).

Herschler at al showed that primary aqueous from glaucoma patients was more 

likely to stimulate fibroblast growth than aqueous from patients undergoing 

cataract surgery (Herschler, Claflin, et al. 1980). Aqueous humour contains 

several growth-promoting and pro-inflammatory factors such as TGF-p2, bFGF, 

transferrin and IL6 (Tripathi, Borisuth, et al. 1992; Tripathi, Borisuth, et al. 1992; 

Chen, Wu, et al. 1999). Tripathi ef a/found increased levels of total and 

activated TGF-p2 in primary open angle glaucoma patients compared to age- 

matched controls (Tripathi, Li, et al. 1994). As discussed before TGF-p2 is a 

potent stimulator of Tenon's fibroblast proliferation and therefore, its increased 

expression in glaucoma patients may contribute to the development of 

aggressive scarring after surgery.

1.5 WOUND HEALING MODULATING AGENTS

The success rate of glaucoma filtration surgery may be optimised

through the use of a combination of pharmacological agents that modulate the 

inflammatory and proliferative phases of the wound healing reaction (Khaw, 

Occleston, et al. 1994; Seetner & Morin 1979). Many agents have been 

investigated, including angiogenesis inhibitors, factors affecting fibroblast 

migration, fibroblast-mediated collagen contraction and ECM synthesis (Khaw

63



PT, Chang L, et al. 2001). Although some of these agents have indicated 

promising results, few have been tested in large clinical trials and therefore, are 

not used clinically at present. The most commonly used drugs are 

corticosteroids and the anti-metabolites, 5-fluorouracil (5FU) and mitomycin-C 

(MMC), which improve trabeculectomy success rates in both low and high risk 

for scarring patients (Flourouracil Filtering Surgery Study Group 1996; Chen, 

Huang, et al. 1990). Steroids and the anti-metabolites will be discussed in the 

next section.

1.5.1 Anti-inflammatory Agents

Trabeculectomy surgery is more successful with postoperative topical 

steroids - systemic steroids do not appear to have an advantage over topical 

administration (Araujo, Spaeth, etal. 1995; Robinson, Lertsumitkul, etal. 1993). 

Giangiacomo et al and Molteno et ai suggested that preoperative steroids 

optimised bleb function and reduced fibrosis (Giangiacomo, Dueker, et al. 1986; 

Molteno, Straughan, et al. 1976). Corticosteroids have been shown to have 

potent anti-inflammatory and immunoregulatory effects (Cupps & Fauci 1982). 

When taken systemically, they caused a redistribution of circulating peripheral 

blood lymphocytes to the bone marrow resulting in a lymphocytopenia and 

monocytopenia (Fauci 1975). Steroids have been shown to augment 

suppressor T cell activity, inhibit T cell proliferation and antigen presentation, 

and to inhibit the access of neutrophils and monocytes to the site of 

inflammation (Scudeletti, Pende, etal. 1984; Fauci, Dale, etal. 1976). 

Monocytes may be especially sensitive to steroids, with suppression of 

bactericidal activity.
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Steroids have been shown to reduce vascular permeability and decrease 

the secretion of pro-inflammatory cytokines. Dexamethasone-treated full 

thickness skin wounds in mice showed significantly reduced expression of 

mRNAfor IL1a, IL1p and TNFa (Hubner, Brauchle, et al. 1996; Schmidt, 

Fleissner, et al. 1994). Therefore, topically applied steroids probably exert most 

of their effects by decreasing the inflammatory phase of conjunctival wound 

healing.

Some authors have suggested that steroids may affect fibroblast function 

directly (Duke-Elder & Ashton 1951; Damji, Rootman, et al. 1990). They have 

been shown to inhibit the in vitro contraction of collagen gels (Van Story-Lewis 

& Tenenbaum 1986). They appear to have a biphasic effect on fibroblast 

proliferation; Ball ef a/found that low dose steroid stimulated DNA and protein 

synthesis whereas high dose steroid inhibited them (Ball SF, Vinh T, et al.

1987). Similarly, Blumenkranz ef a/found that fibroblast proliferation was 

stimulated by low dose steroid but inhibited by high dose steroid (Blumenkranz, 

Claflin, et al. 1984).

Steroids have been reported to change the morphology of filtration blebs 

causing thin, cystic bleb walls and even necrosis (Molteno, Straughan, et al. 

1976; Giangiacomo, Dueker, etal. 1987). However, Miller ef a/found that 

topical steroids only had a temporary delaying effect on fibroblast proliferation in 

a rabbit model of glaucoma filtration surgery (Miller, Grierson, et al. 1990). The 

main effects appeared to be due to a reduction in the number of inflammatory 

cells and a decrease in aqueous chamber flare reflecting the stabilisation of the 

blood-aqueous barrier. These somewhat different findings may be because 

rabbits are much more aggressive scarrers compared to humans. Topical 

antiprostaglandins, which are known inhibitors of inflammation, have not proved
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to be useful in improving the outcome of fistulising surgery, although newer 

agents have not been tested (Migdal & Hitchings 1983).

1.5.2 Anti-metabolites

MMC and 5FU are chemotherapeutic agents, originally used in the 

treatment of haemopoietic and solid tumours, and exert their effects on 

malignant cells by inducing cell death or apoptosis. MMC is an alkylating agent 

which acts on cells by damaging their DNA, through cross-linking bases in the 

same or adjacent DNA strands (Fujiwara & Tatsumi 1977; Sasaki & Tonomura 

1973). 5FU is a pyrimidine analogue, acts on proliferating cells only by inhibiting 

thymidylate synthetase and preventing the synthesis of DNA (BreuI, Jakse, et 

al. 1995).

MMC increased bleb survival by an additional 60 days (from 8 to 68 

days) in a rabbit filtration model (Bergstrom, Wilkinson, et al. 1991). Our group 

has shown that these agents inhibit conjunctival fibroblast proliferation, 

migration, collagen synthesis and contraction and also induce apoptosis (Khaw, 

Ward, et al. 1992; Occleston, Alexander, et al. 1994; Crowston, Akbar, et al. 

1998). We have shown that a single short-term application of these anti

metabolites has long-term effects (Khaw, Sherwood, et al. 1992). Weinreb 

reported that some patients with inflammatory glaucomas required less steroid 

after filtration surgery with 5FU compared to before, suggesting that 5FU could 

have a beneficial effect on inflammation (Weinreb 1987). Anti-metabolites are 

primarily used in glaucoma filtration surgery because they induce growth arrest 

in fibroblasts. However, they almost certainly exert the same effects on 

inflammatory cells, as suggested by the virtual absence of inflammatory cells in
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biopsies taken from MMC-treated blebs (Pasquale, Thibault, et al. 1992;

Shields, Scroggs, et al. 1993).

These drugs are not ideal because they do have side effects. 

Corticosteroid use may be associated with cataractogenesis, raised intraocular 

pressure and infection. Hypotony, endophthalmitis and toxic effects on the 

corneal epithelium are complications associated with the use of anti

metabolites. Furthermore, it is not understood why some high risk for scarring 

patients still fail filtration surgery despite the use of these drugs (Cheung,

Wright, et al. 1997; Skuta, Beeson, et al. 1992). One reason may be because 

growth-arrested human Tenon's fibroblasts when tested in vitro were still able to 

migrate and secrete certain growth factors such as TGFp, which may partly 

explain why some patients can overcome the anti-scarring effects of anti

metabolites (Occleston, Daniels, et al. 1997).
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1.6 AIMS

Aggressive scarring is associated with several clinical risk factors, and 

this project is particularly interested in the risk factors of chronic inflammation 

and age. There is evidence to suggest that the pathogenesis of chronic 

inflammation may involve interactions between T cells and fibroblasts. In 

particular, fibroblast-mediated prevention of T cell apoptosis has been 

suggested to play a role in the development of chronic inflammatory diseases, 

such as rheumatoid arthritis and eczema.

We postulated that excessive fibroblast-mediated prevention of T cell 

apoptosis occurring during a wound healing response might encourage a 

chronic inflammatory environment and thereby promote an excessive scarring 

response. We hypothesised that if excessive fibroblast-mediated prevention of 

T cell apoptosis were to occur in the conjunctiva following filtration surgery, this 

might predispose to the development of surgical failure.

The aims of this project were:

1. To investigate whether conjunctival fibroblasts (also called human Tenon’s 

fibroblasts/HTF) are able to prevent IL2 deprivation-mediated T cell 

apoptosis.

2. To determine whether HTF produce Interferon-beta (IFNp) and whether this 

soluble factor is responsible for the prevention of T cell apoptosis.

3. To investigate the regulation of the production of IFNp by fibroblasts.

4. To evaluate the role of fibroblast mediated prevention of T cell apoptosis in 

glaucoma patients undergoing filtration surgery.
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2 : METHODS
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2.1 TISSUE CULTURE

2.1.1 Propagation of Fibroblast Lines

Human Tenon’s fibroblast (HTF) primary cell lines were established from 

subconjunctival Tenon’s biopsies obtained from patients during glaucoma 

filtration surgery as previously described (Khaw PT, Ward, et al. 1992). The 

tenets of the Declaration of Helsinki were adhered to. Ethics approval for this 

study was obtained and informed consent from the patients was obtained prior 

to their surgery. HTF were used in their exponential phase of growth between 

passages 3-7.

Skin fibroblasts (SF) and human embryonic lung fibroblasts (HELF) were 

kind gifts from Cate Orteu and Jean Fletcher respectively (RFHSM, London, 

UK). SF between passages 3-7 and HELF between passages 3-10 were used 

for our experiments. Senescent and telomerase-transfected fibroblasts were a 

kind gift from David Kipling (UWCM, Cardiff, UK). These fibroblasts, called 

HCA2 fibroblasts, were derived from normal primary dermal fibroblasts sampled 

from the neonatal foreskin of one donor. Telomerase-transfected HCA2 

fibroblasts were engineered using a retroviral vector expressing the enzyme 

human telomerase (hTERT) to make them telomerase-positive. These 

telomerase-transfected fibroblasts had already undergone 200 population 

doublings before use and showed less than 5% senescent cells. Senescent 

HCA2 fibroblasts had undergone 67 population doublings, of which less than 

5% of cells were still capable of further division.

2.1.2 Fibroblast Cell Culture

The different fibroblasts were cultured at 37°C in 5% humidified CO2 in 

RPMI-1640 (Life Technologies, Paisley, UK) containing 10% foetal calf
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serum/FCS (Life Technologies), 2mM L-glutamine (Sigma, Dorset, UK),

100,000 U/l penicillin (Sigma). To maintain exponential cell growth, the 

fibroblast lines were split by trypsinisation every 5-7 days. The cells were re

suspended using trypsin-EDTA (Sigma), washed once in complete medium and 

centrifuged at 1000 rpm for 5 minutes. The aliquot of cells was divided and the 

divisions seeded into new culture flasks (Marathon, London, UK) in fresh 

complete culture medium.

2.1.3 Cryopreservation and Retrieval of Fibroblast lines

Fibroblasts were frozen and stored in liquid nitrogen to create a stock of 

fibroblasts. 3 - 5x10® cells were pelleted, then resuspended in 0.5 ml of RPMI- 

1640 supplemented with 10% FCS and left to cool on ice for 10 minutes. A 

mixture of 0.5 ml of 10% dimethyl sulphoxide (Sigma), RPMI-1640 and FCS in 

ratio of 1:2:2 was also allowed to cool on ice for 10 minutes. The two were then 

combined and left on ice for a further 20 minutes, after which the aliquot was 

stored overnight at -70°C before transfer to the liquid nitrogen. The fibroblasts 

were retrieved by rapidly warming the aliquot in an incubator at 37°C. The cells 

were then resuspended and washed twice in 20ml of complete culture medium, 

before being re-cultured in tissue culture flasks.

2.1.4 Generation of T Cell Lines

T cell lines were established from peripheral blood mononuclear cells 

(PBMCs) from healthy volunteers, which were isolated by density gradient 

centrifugation as previously described (Akbar, Borthwick, et al. 1993). The 

PBMCs were activated with phytohaemagglutinin/PFIA (Sigma) and cultured at
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37°C in 5% humidified CO2 in RPMI-1640 supplemented with 10% foetal calf 

serum, 2mM L-glutamine and 100,000 U/l penicillin.

After 2/3 days of activation, to generate IL2-dependent cell lines, IL2 

(R&D, Abingdon, UK) was added to the culture medium at a concentration of 

2ng/ml and this cytokine was re-supplemented every 3-4 days. T cells were 

used after culture with IL2 for between 10 to 21 days. 1 to 3 days after the last 

addition of IL2 the T cells were washed in RPMI-1640 and then resuspended in 

RPMI-1640 supplemedted with 10% foetal calf serum in order to obtain IL2- 

deprived T cells. The acute withdrawal of IL2 results in the rapid onset of 

apoptosis (Cohen 1991).

2.1.5 Fibroblast I Lymphocyte Coculture

Fibroblasts were cocultured with IL2-deprived PBMCs using a double

chamber system as previously described and as illustrated in figure 8 (Akbar, 

Borthwick, et al. 1993). HTF were grown in 24 well plates (Marathon) in RPMI- 

1640 supplemented with 10% foetal calf serum, 2mM L-glutamine and 

100,000U/I penicillin at 37°C in 5% humidified CO2 . The fibroblasts were used 

when almost confluent using fresh complete culture medium at the start of each 

experiment.

Inserts (Marathon) of pore size 0.4 microns were then placed inside the 

wells. These inserts were selected because the pore size allowed the free 

passage of soluble factors but prevented cellular migration. Therefore, the 

inserts were located above the cultured fibroblasts in the 24 well plates. IL2- 

deprived T cells were then placed in the inserts. In all the coculture experiments 

the negative control consisted of the culture of IL2-deprived T cells in inserts 

that were inside wells that contained culture medium only and not fibroblasts. All 

experiments were performed at least three times.
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Figure 8: The coculture of fibroblasts with I  lymphocytes.

plastic insert 
with pores
size 0.4 pm

culture
medium

IFNp

Fibroblasts

Diagrammatic representation of the double-chamber system used to 

coculture T cells with fibroblasts. The T cells are separated from the 

fibroblasts by an insert with a semi-permeable membrane containing 

pores size 0.4 pm. Fibroblast -produced IFNp can pass through the 

pores to reach the T cells.
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2.2 FIBROBLAST TREATMENT

2.2.1 HTF Anti-metabolite Treatment

HTF were either seeded in 24 well plates (Marathon) or cell culture 

chamber slides (Life Technologies) and grown in RPMI-1640 supplemented 

with 10% foetal calf serum, 2mM L-glutamine and 100,000U/I penicillin at 37°C 

in 5% humidified CO2 . The fibroblasts were left for 1-3 days in order to allow 

them to reach the exponential phase of their growth.

HTF were treated with a 5 minute application of MMC 0.1 or 0.4 mg/ml 

(Kyowa, Ealing UK) or 5FU 25 or 50 mg/ml (David Bull Laboratories, WanA/ick, 

UK). The dosage regimen used to treat the fibroblasts in vitro was selected to 

reflect that used in clinical practise in glaucoma filtration surgery. After 3 

washes with RPMI-1640, the HTF seeded in the 24 well plates were incubated 

in fresh complete culture medium for 4 hours before being used in coculture 

experiments. The HTF seeded on the cell culture chamber slides were used for 

immunostaining experiments.

2.2.2 Cytokine Treatment

To investigate whether fibroblast IFNp secretion could be modified by the 

addition of certain cytokines, fibroblasts (HTF and HELF) were cultured in cell 

chamber slides (Life Technologies) containing complete medium to which 

cytokines were added. These slides were used for immunostaining 

experiments.

The cytokines selected, as listed in Table 4, were chosen because they 

have been implicated in the wound healing response as discussed in the 

introduction. For the TGF-p2 treatment, complete culture medium was not used. 

Instead, HTF or HELF were cultured in Dulbecco’s Modified Eagle Medium (Life 

Technologies) because TGFp is normally present in FCS. Two negative
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Table 4: Specific cytokine treatment of fibroblasts.

Cytokine Final Concentration (ng/ml)

IL2 (R&D, Abingdon, UK) 5

IL4 (R&D) 5

TNFa (R&D) 5

IFNy (PeproTech, London, UK) 5

TGF-P2 (R&D) 0.025*

* pre-tltrated optimal dose to produce maximal HTF proliferation

The cytokines used to treat cultured HTF and HELP to investigate whether 

cytokine treatment would affect IFNp production. One cytokine was added to 

complete culture medium at the specified concentration and the fibroblasts were 

cultured for 3 days before analysis.
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controls were used: HTF or HELP cultured in complete medium only and in 

DMEM only.

2.3 DETERMINATION OF VIABLE T CELL NUMBERS IN COCULTURE 

EXPERIMENTS

Two methods were used to determine T cells numbers, counting with a 

haemocytometer and flow cytometry. At specified time-points the T cells in the 

inserts were resuspended and the volume measured. The number of viable T 

cells was measured using the trypan blue viability test and a haemocytometer.

In this test, loss of plasma membrane integrity by non-viable cells (both 

apoptotic and necrotic cells) allows the entry of trypan blue, which appear 

coloured blue when viewed under the light microscope. A fluorescence- 

activated cell sorter or FACScan (FACStar, Becton Dickinson, Oxford, UK) with 

a 100mW 488 nm argon laser light source was used. Light was filtered with an 

F1-1 filter at 520nm (+/-20). Acquisition and analysis was performed using Lysis 

II software.

FACScan analysis was used to assess the T cell viability when IL2- 

deprived T cells were cocultured with 5FU-treated HTF. At specified time-points 

the T cells in the inserts were resuspended. A sample of 50pl of cells was taken 

and fixed in 50 pi of 1% paraformaldehye to which 200pl of phosphate buffered 

solution (PBS) was added just before acquisition. Viable cells were gated on 

foHA/ard and 90° side scatter. The number of viable T cells were determined by 

gating on the lymphoid population. Comparisons of the viable T cell numbers 

between different conditions were determined by comparing the number of 

events acquired in 80s in a constant volume of supernatant. Each experiment 

was performed a total of three times.
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2.4 DETERMINATION OF FIBROBLAST NUMBERS WITH A MODIFIED 

LACTATE DEHYDROGENASE ASSAY

A modified lactate dehydrogenase release (LDH) assay was used to 

measure the number of viable fibroblasts. Lactate dehydrogenase is a stable 

cytoplasmic enzyme present in all cells. It is rapidly released from cells upon 

plasma membrane damage. It catalyses the reduction of a colourless 

tétrazolium salt to coloured formazan which absorbs light optimally at 492nm. 

This commercially available assay (Boehringer Mannheim, Roche Diagnostics,

E Sussex, UK) normally measures the amount of lactate dehydrogenase 

released by dead cells. However, if dead cells are removed and then viable 

cells are lysed, the assay can be used to measure the amount of LDH released 

from viable cells.

The release of LDH from a known number of fibroblasts was investigated 

in order to produce a standard curve for LDH release. Fibroblasts were seeded 

in 24 well plates with concentrations ranging from 2500 to 100,000 per well and 

left overnight to attach. The fibroblasts were then washed once with phosphate 

buffered saline (PBS) and then permeabilised with 0.1% Triton X-100 (Sigma). 

To ensure total cell lysis, the fibroblasts were left for 5 minutes at room 

temperature. lOOpt of catalyst solution was added to lOOpI of supernatant in a 

96 well plate. Absorbance was read at 5,10 and 15 minute intervals using a 

microplate reader (Titertek Plus, ICN Pharmaceuticals, Hampshire, UK) and a 

492 nm filter. These measurements were shown in the form of a graph of 

lactate dehydrogenase activity (as expressed as absorbance) against fibroblast 

number.

The modified LDH assay was used to determine the viable number of

fibroblasts at the end of each coculture experiment. The supernatant (containing

apoptotic cells) was discarded at the end of the experiment leaving the viable
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fibroblasts adherent to the culture wells. The viable cells were washed once 

with phosphate buffered saline (PBS) and then permeabilised with 0.1% Triton 

X-100 as described above. lOOpI of catalyst solution was then added to lOOpI 

of supernatant in a 96 well plate and absorbance measured as described 

above.

2.5 THE BLOCKING OF INFp IN FIBROBLAST-CONDITIONED MEDIUM

The aim of these experiments was to investigate whether the IFNp

secreted by HTF was the soluble agent responsible for rescuing T cells from 

apoptosis. Fibroblast-conditioned medium (FCM) was collected from HTF 

cultures for 1 week and then stored at 4°C until use. FCM was either untreated 

or incubated for an hour with a polyclonal neutralising antibody against IFNp 

(MCA1117, Serotec, Oxford, UK) using 2 final dilutions of 1/25 and 1/50. PHA- 

activated IL2-dependent T cells cultured in IL2 for 10 to 14 days were used in 

this experiment. IL2-deprived T cells were obtained by washing the T cells in 

fresh medium (10% FOS in RPMI) without IL2 and then adding these to the 

treated or untreated FCM in an FCMTresh medium ratio of 50:50.

The negative control for FCM consisted of adding IL2-deprived T cells to 

the complete medium without IL2. The negative control for the neutralising 

antibody was FCM incubated with an irrelevant antibody, anti-human 

hepatocyte growth factor (AHP279, Serotec). The number of viable T cells was 

counted at 24 and 48 hours using a trypan blue viability test.
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2.6 IFNp IMMUNOSTAINING

2.6.1 IFNp Immunostaining With Immunohistochemistry

The constitutive production of IFNp by fibroblasts was investigated using 

a biotin/ streptavidin/ alkaline phosphatase immunostaining technique. The 

fibroblasts to be stained were seeded onto cell culture chamber slides (Life 

Technologies) and grown in complete culture medium. After a specified number 

of days in culture, during the last 4 hours of culture, old medium was replaced 

with fresh complete medium supplemented with monensin (Sigma) (Sigma) at a 

concentration of 3mM, which was used to arrest extracellular cytokine secretion 

(Mollenhauer HH, Morre DJ, et al. 1990). The cells were then washed twice with 

PBS, air-dried overnight, fixed in acetone:chloroform (1:1) for 10 minutes and 

finally washed in PBS for 10 minutes before being stored at -20°C to be stained 

for IFNp at a later date.

The fibroblasts investigated were: untreated HTF, HELF, senescent and 

telomerase-transfected HCA2 fibroblasts. These fibroblasts were stained after 3 

days in culture. Also, MMC-treated HTF were stained for IFNp on days 1, 3 and 

5 after treatment. All the slides were stored at -20°C so that they were 

subsequently stained together. Lastly, cytokine-treated fibroblasts (HTF and 

HELF) harvested on day 3 after treatment were stained for IFNp.

The fibroblasts were incubated overnight with the primary antibody diluted in

PBS+ 0.1% bovine serum albumin (PBSA). IFNp was labelled for using the

monoclonal antibody MAS291 (Harlan Sera-Lab, Loughborough, UK) at a

concentration of 50pg/ml. An isotype-matched antibody (M9144, Sigma) or no

primary antibody were used as negative controls. After an 18 hour incubation

the cells were washed in Tris-buffered saline (TBS) ph7.6 for 10 minutes and

then incubated with the second layer, a biotinylated horse anti-mouse IgG (BA-
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2000, Vector Laboratories, Peterborough, UK) at concentration of 15 ^g/ml in 

PBSA (0.1%) for 60 minutes. Following a wash in TBS, the third layer was 

added using streptavidin-alkaline phosphatase (SA-5100, Vector Laboratories) 

at a pretitrated dilution of 1:100 and incubated for 60 minutes. The addition of 

the substrate, (a combination of 0.005g naphthol ASBI phosphate, 10 ml Tris- 

HCI [pH 8.2], 200pl dimethylformamide, 0.01 g Fast Red and 10 drops 

levamisole) for 15 minutes allowed the development of a colour reaction.

Finally, the cells were counterstained using Mayer’s haematoxylin (Sigma).

2.6.2 IFNp Immunostaining Using Flow Cytometry

The above described biotin/streptavidin/alkaline phosphatase 

immunostaining technique was modified to stain for IFNp by flow cytometry. 1 

million HTF or HELF were seeded in 25 cm  ̂flasks (Marathon) on t = -2 and 

cultured in Dulbecco’s Modified Eagle Medium supplemented with 10 % FOS, 

penicillin and L-glutamine. For the last 16 hours of culture fresh medium was 

replaced, supplemented with brefeldin A at a concentration 2.5 pg/ml (Epicentre 

Technologies, Cambio, Cambridge, UK) and monensin at a concentration of 1 

pM (Sigma) in order to arrest protein secretion (Klausner, Donaldson, et al. 

1992).

The cells were re-suspended using trypsin-EDTA (Sigma) then washed

twice in PBS. The aliquot of cells was re-suspended in 1ml of PBS and then

divided into different FACS tubes (Marathon) containing approximately 250,000

cells (equivalent to 250pl) per tube. The cells were fixed using 500pl of 5%

PF/2%sucrose for 10 minutes and permeabilised using 500pl 0.5%NP-

40/10%sucrose/1 % FCS in PBS for 5 minutes. After washing the cells once in

1% FCS in PBS and once in PBS, the primary layer was added for an
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incubation period of 30 minutes at room temperature using 50pl of the mAb 

MAS291 at 25|ag/ml to label for IFNp.

After washing with PBSA (0.2%), 50|il of the second biotinylated layer 

was added (BA-2000, Vector Laboratories) at lO^g/ml and incubated for 15 

minutes at room temperature. After washing once with PBSA (0.2%), 50|il of the 

fluorescent third layer was added using fluorescein avidin-D (A-2001, Vector 

Laboratories) at concentration 20)ig/ml and incubated for 10 minutes in the dark 

at room temperature. After two final washes with PBSA, the cells were fixed in 

2% paraformaldehyde and then acquired on a FACSCalibur machine (Becton 

Dickinson) using Cell Quest software. The negative control was an lgG2a 

isotype control, M9144 or no primary layer.

5000 events were analysed per specimen. Each experiment was 

performed a total of three times. Viable cells were gated according to forward 

and side scatter profiles. The analysis was performed on the gated viable cell 

region. Mean fluorescence was recorded since the fluorescence profiles were 

normally distributed. Fluorospheres (KO110, Dako, Ely, Cambridgeshire) were 

used at the start of each experiment to calibrate the IFNp staining so that 

quantitative comparisons could be made between different experiments.

2.6.3 Quantification Of The Production Of IFNp

The slides of fibroblasts stained for IFNp by immunohistochemistry were 

photographed and scanned into the computer software PaintShop Pro. The 

number of positive staining fibroblasts were identified and counted together with 

the number of strongly staining positive cells. This was done from 2 

photographs of HELF and 3 photographs of HTF.
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The purpose of this part of the project was to investigate whether IFNp 

production by HTF could be modified. HTF grown in culture chamber slides 

were treated as described before. At a specified period after treatment, the 

slides were fixed and stored for staining at a later date, so that all the slides 

from one experiment were stained together. The counterstaining step with 

Mayer’s haematoxylin was omitted to allow quantitative analysis of the staining.

Quantification of the IFNp staining was made using an image analysis 

system (Seescan Imaging, Cambridge, UK). Optical density measurements of 

fibroblast cytoplasmic IFNp staining were made in 10 or 20 cells chosen at 

random and representative of the range of intensity of staining obtained.

2.7 IMMUNOHISTOLOGY

The purpose of this part of the project was to investigate the following:

1. Whether IFNp was produced by HTF in vivo.

2. Whether there were any differences in conjunctival T cell, fibroblast and 

IFNp profiles between glaucoma patients who were undergoing filtration 

surgery for the first time compared to glaucoma patients who were 

undergoing repeat surgery.

2.7.1 Patients & Control Samples

Glaucoma patients about to undergo repeat anti-metabolite enhanced 

filtration surgery were recruited to this part of the study. They were considered 

high-risk for conjunctival scarring since they had already failed a previous 

operation. The diagnoses of glaucoma allowed were primary open angle 

glaucoma, angle closure glaucoma or pigment dispersion glaucoma. At the time 

of repeat surgery conjunctival tissue was biopsied from these patients. The
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tenets of the Declaration of Helsinki were adhered to. Moorfields Eye Hospital 

Ethics committee approval was obtained and informed consent from the 

patients was obtained before surgery.

Control patients were selected from the database of the patients enrolled 

in the ongoing MRC 5FU Trabeculectomy Trial at Moorfields Eye Hospital, 

London. These were glaucoma patients who had undergone filtration surgery 

once. They were selected because it was known that they had not scarred after 

surgery. Therefore, they could be considered low-risk for scarring patients. 

During their surgery, preoperative conjunctiva had been biopsied and stored for 

analysis at a later date. The control patients were age and race-matched to the 

high-risk patients.

2.7.2 Collection and Storage

The biopsies were collected in Cryo-M-Bed embedding compound 

(Bright Instrument Co Ltd, Huntingdon, UK), snap frozen in liquid nitrogen and 

stored at -70 °C before sections were cut. 6 pm cryostat sections were cut onto 

poly(L-lysine)-coated slides to increase section adherence. Sections were air 

dried for 2 hours and then fixed in acetone:chloroform 1:1 for 5 minutes. This 

fixation process was selected to preserve morphology and antigen 

immunoreactivity, to prevent antigen diffusion and has been found by our 

laboratory not to interfere with subsequent antigen-antibody interactions during 

staining procedures. These sections were stored wrapped in cling film at -20°C 

to be stained at a later date.
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2.7.3 Indirect immunoperoxidase Technique

This technique was used to detect T cells and fibroblasts in the 

conjunctival sections. In this technique, a primary unconjugated antibody binds 

to the antigen in the section. A second horseradish-peroxidase-conjugated 

antibody, raised in another animal host and specific for the animal and 

immunoglobulin class of the primary antibody, is applied and binds to the 

primary antibody. A complex is formed which can be visualised by adding an 

appropriate chromogen/substrate, which in this case is diaminobenzidine 

tetrahydrochloride/DAB (D-5905, Sigma), made by dissolving 10mg of DAB in 

16.6ml of PBS, followed by 166pl of 1% hydrogen peroxide (H-1009 Sigma).

Background staining may result from non-immunological binding of 

specific antibodies by hydrophobic and electrostatic forces to tissue sites, such 

as connective tissue components. To minimise this, non-specific binding sites 

were blocked by incubating the sections with normal rabbit serum (MRS) and 

normal human serum (NHS) as described below. These sera provide a source 

of immunoglobulin which will not react with the specific antibodies used.

The sections were removed from -20°C, ringed with polysiloxane and 

incubated for 10 minutes with NRS (1:100 in PBS). They were then incubated 

with 50pl of the primary antibodies at pretitrated concentrations for 45 minutes 

at room temperature. The primary antibodies were a pan anti-T IgG mAb mix 

called RFT mix containing mAb against CD2, CD7 and CD8 or a fibroblast- 

specific mAb (AS02, Dianova, Hamburg, Germany). After a wash in PBS, 50 pi 

of the secondary peroxidase-conjugated goat anti-mouse IgG Ab (PI 61, Dako) 

diluted 1:100 in PBS and 1:25 in normal human serum was applied for 45 

minutes at room temperature.
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After a wash in PBS the reaction was developed applying DAB. The sections 

were counterstained with haematoxylin, dehydrated by washing (for 1 minute) 

once in 70% ethanol, twice in 90% ethanol, twice in absolute ethanol and 

cleared twice (1 minute each) in Citroclear. Sections were finally mounted in 

dibutyl polystyrene xylene (BDH, Poole, UK). The positive controls used were 

sections of human tonsil for T cells and skin for fibroblasts. Two negative 

controls were included; omitting the first layer to detect background staining and 

using an isotype mAb (a mouse lgG2a, M9144, Sigma) as an isotype control for 

the RFT mix. The isotype control for the fibroblast mAb was the RFT mix.

2.7.4 Biotin/Streptavidin/Alkaline Phosphatase Technique

This is a more sensitive technique and therefore was selected to identify 

the cytokine IFNp in conjunctival tissue. The primary unconjugated antibody 

binds to the antigen in the tissue. A second biotin-conjugated antibody, raised in 

another animal and specific to the animal and immunoglobulin class of the 

primary antibody, is applied and binds to the primary antibody. A third layer 

which is streptavidin conjugated to alkaline phosphatase is then applied. The 

staining signal is amplified because up to 150 biotin molecules can bind to one 

antibody and then its strong affinity to streptavidin produces more amplification. 

A colour reaction is produced when the substrate is added, in which alkaline 

phosphatase hydrolyses naphthol phopshate esters to phenolic compounds and 

phosphate. The phenols couple to the chromogen (Fast Red) to produce an 

insoluble coloured azo dye. Endogenous alkaline phosphatase activity is 

inhibited by the addition of levam isole to the substrate.

The tissue sections were removed from the -20°C freezer, ringed with 

polysiloxane and rinsed in PBS at room temperature. They were incubated for
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18 hours with 50pl of the mAb against IFNp (MAS291, Harlan Sera-Lab) at a 

pretitrated concentration of 5 ug/ml diluted in PBS+0.1%BSA in a moist 

chamber at 4°C. The sections were then washed in Tris-buffered saline (TBS) 

at pH7.6 and incubated with 50pl of the horse anti-mouse biotinylated second 

layer (BA-2000, Vector Laboratories) diluted 1:100 in PBS+0.1%BSAfor 1 hour 

at room temperature in a moist chamber.

Following a wash in TBS, the sections were incubated with SOjul of the 

streptavidin-alkaline phosphatase third layer (SA-5100, Vector Laboratories) 

diluted 1:100 in PBS+0.1%BSA for 1 hour at room temperature in a moist 

chamber. Following another wash in TBS, the colour reaction was developed by 

the addition of 50pl of the substrate for 15 minutes (a combination of 0.005g 

naphthol ASBI phosphate, 10 ml Tris-HCI [pH 8.2], 200pl dimethylformamide, 

0.01 g Fast Red and 10 drops levamisole). The sections were washed in tap 

water and then counterstained with Mayer’s hematoxylin (Sigma) for 5 minutes, 

washed again in lightly running tap water before being finally mounted in 

PBS:glycerol (9:1). The positive control used was sections of eczematous skin. 

Two negative controls were used, omitting the first layer to detect background 

staining and an isotype mAb (lgG2a, M9144, Sigma).

2.7.5 Quantification of Immunohistoiogy

An image analysis system using magnification of x320 (Seescan 

Imaging) was used to count the number of T cells per defined frame, in 3 

random areas per section. This allowed the number of cells per unit area (UA) 

to be calculated. A semi-quantitative grading system was used to measure to 

quantify the number of fibroblasts and the degree of IFNp staining. This was
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based on a grading system ranging from 1+ to 4+. One other observer 

performed the quantification to reduce bias.

2.8 STATISTICAL ANALYSIS

All in vitro experiments were performed at least 3 times allowing mean and

SEMs to be calculated. Two-way Analysis of Variance (ANOVA) was used to 

detect statistically significant differences between the factors of interest after 

controlling for differences between patients and/or repeated experiments. After 

performing a global comparison, pairwise comparisons between different 

treatment groups were performed using the Tukey test, ensuring that the overall 

Type 1 error rate remained at 5%. The p-values for the immunohistoiogy, 

including the patient demographics, were generated using the Mann-Whitney U 

test for the numeric data and Fisher’s exact test for the qualitative data.
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3 : RESULTS AND

DISCUSSION
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3.1 FIBROBLAST-MEDIATED PREVENTION OF CYTOKINE 

DEPRIVATION-MEDIATED T CELL APOPTOSIS

3.1.1 HTF Prevention of Cytokine Deprivation-Mediated T Cell Apoptosis

IL2-deprived T cells were cocultured with HTF and the number of viable T 

cells was measured on days 1, 4 and 7. By day 4, when IL2-deprived T cells 

were cocultured with HTF, more T cells remained viable compared to when T 

cells were cultured alone (figure 9A). By day 7, there were few remaining viable 

IL2-deprived T cells that had been cultured alone compared to a much greater 

number of viable IL2-deprived T cells which had been cocultured with HTF.

This experiment was repeated using 4 different donors, measuring T cell 

viability on days 3 and 7 (figure 10). By day 3, T cell viability was greater when 

IL2-deprived T cells were cocultured with HTF from all 4 donors, compared to 

when T cells were cocultured alone. Again by day 7, T cell viability was 

significantly greater when IL2-deprived T cells were cocultured with HTF 

compared to when T cells were cocultured alone and after controlling for the 

differences between donors using two-way AN OVA (p = 0.0001).

3.1.2 The Effect of Different Types of Fibroblasts on the Prevention of 

IL2 deprivation-mediated T Cell Apoptosis.

To investigate whether different types of fibroblasts mediated this rescue 

to different extents, HTF, HELF and skin fibroblasts were cocultured with IL2- 

deprived T cells and the number of viable T cells were counted on days 1, 4 and 

7. By day 4 and 7, the number of viable T cells which had been cocultured with 

any of the 3 types of fibroblasts was greater compared to the control (T cells 

cultured alone). All 3 types of fibroblasts appeared to be able to rescue 

activated T cells from IL2 deprivation-mediated apoptosis to a similar degree 

(figure 9A-C).
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Figure 9: The prevention of cytokine deprivation-mediated I  cell apoptosis by 

different types of fibroblasts.
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IL2-dependent T cells lines were generated by culturing T cells in 

IL2 for between 10-21 days. HTF, HELF and SF were cocultured 

with IL2-deprived T cells. On days 4 and 7, the coculture of HTF 

(figure 9A), HELF (figure 9B) or SF (figure 9C) with IL2 deprived T 

cells resulted in a greater number of viable T cells compared to 

when T cells were cultured alone. HTF, HELF and SF were able to 

prevent T cell cytokine deprivation-mediated apoptosis to a similar 

extent.
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Figure 10: The prevention of cytokine deprivation-mediated I  cell apoptosis by 

human Tenon’s fibroblasts.
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The percentage of T cell survival when cytokine-deprived T cells were 

cocultured with HTF. This graph represents the results of 4 different 

donors. There was a significant difference in the number of viable T 

cells when T cells were cultured with HTF compared to when T cells 

were cultured alone (p=0.0001, day 7).
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3.2 HTF-PRODUCED IFNp IS RESPONSIBLE FOR THE RESCUE OF 

ACTIVATED T CELLS FROM IL2 DEPRIVATION-MEDIATED 

APOPTOSIS.

The biotin/streptavidin/alkaline phosphatase immunostaining technique and 

flow cytometry were used to verify that HTF-produced IFNp was responsible for 

the rescue found in our experiments. Both methods confirmed that HTF and 

HELF produce IFNp constitutively.

3.2.1 Biotin/streptavidin/alkaline phosphatase IFNp Immunostaining

This technique allowed the fibroblasts to be stained for IFNp whilst still 

maintaining their spindle-like cell morphology. The cytoplasm of both HTF and 

HELF stained positive for IFNp (figures 11 and 12). The central sections of the 

stained slides were chosen for analysis because the immunostaining technique 

may have been less effective with the cells on the edges of the slides. There 

was variation in the intensity of staining of the cells. An average of 7.7% HTF 

and 3.6 % HELF stained strongly for IFNp. There was no positive staining with 

the isotype control antibody in HTF or HELF.

Image analysis was used to assess the difference in the intensity of IFNp 

staining between HTF and HELF. Optical density measurements for IFNp 

production indicated that the mean for IFNp staining for HTF was 0.1195 with 

SEM 0.0055 and the mean for HELF IFNp staining was 0.0824 with SEM 

0.0055. These measurements were significantly different with p=0.0001 (Table 

5).
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Figure 11: HTF produce IFNp constitutively.

\

A

B

HTF seeded onto cell culture chamber slides and growing in complete 
medium were fixed in acetone:chloroform on day 3 of culture. The 
biotin/streptavidin/alkaline phosphatase immunostaining technique 
was used to identify IFNp using the mAb MAS291. HTF cytoplasm 
stained positively for IFNp (arrow A). The negative control was an 
isotype control antibody and did not stain positively for IFNp (B). 
Magnification x400. Scale bar 150um.
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Figure 12: HELF produce IFNp constitutively.

A

B

HELF seeded onto chamber slides and cultured in complete medium 
were fixed in acetone:chloroform after 3 days in culture. The biotin/ 
streptavidin/alkaline phosphatase technique was used to identify IFNp 
using the mAb MAS291. HELF cytoplasm stained positively for IFNp 
(black arrow, A). The negative control (an isotype-matched antibody) 
did not stain positively for IFNp (B). Magnification x400. Scale bar 150um.
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Table 5: The quantitative production of IFNp by fibroblasts.

cell type mean optical density sem

HTF 0.1195 0.0055

HELF 0.0824 0.0055

Tel 0.1145 0.0055

Sen 0.116 0.0055

The streptavidin alkaline phosphatase immunostaining technique was used to 

stain for IFNp. Image analysis measuring the mean optical density with 

standard error mean (sem) indicated that human embryonic lung fibroblasts 

(HELF) produced significantly less IFNp than human Tenon’s fibroblasts (HTF), 

telomerase-transfected (Tel) and senescent (Sen) HCA2 fibroblasts

(p = 0.0001).
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3.2.2 IFNp Staining by Flow Cytometry

HTF or HELF were harvested after 2 days in culture, labelled for 

IFNp and examined by flow cytometry. The forward and side scatter profiles 

showed each fibroblast cell analysed according to size (forward scatter) and 

granularity (side scatter). Apoptotic cells tend to be smaller and more granular 

than viable cells and were seen to the left of the viable cells on the scatter plot 

(figure 13A). After gating on the viable cell population, flow cytometry analysis 

for IFNp staining confirmed that both HTF and HELF constitutively express low 

levels of IFNp (figure 13B and 0). An isotype control antibody was used as a 

negative control and did not show any staining.

3.2.3 The Effect of Blocking the Action of HTF-produced IFNp

To investigate whether HTF-produced IFNp was the soluble agent 

responsible for rescuing T cells from apoptosis, FCM from cultured HTF was 

combined with IL2-deprived T cells and T cell viability was measured at 48 

hours. When IL2-deprived T cells were added to FCM from HTF, more of these 

T cells remained viable at 48 hours compared to the control (T cells added to 

culture medium only) (figure 14A and B). The action of IFNp was blocked by the 

addition of neutralising antibody to IFNp to FCM derived from cultured HTF. 

Following this, FCM from HTF containing blocking antibody was not able to 

mediate the rescue of IL2-deprived T cells from apoptosis. This effect was not 

produced when an irrelevant antibody was added to the FCM.

In addition, there was a concentration-related effect; more T cells

remained viable when added to the FCM treated with the weaker dilution of the

neutralising antibody (1/50) compared to when added to FCM neutralised with

the stronger dilution of neutralising antibody (1/25). Finally, it was also observed
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Figure 13: The production of IFNp by HTF and HELF as measured by flow 

cytometry.
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Forward versus side scatter profile of HTF showing the gated viable cell 

population (R1) that was stained for IFNp production. A modified biotin/ 

streptavidin/ alkaline phosphatase immunostaining technique was used to 

detect IFNp production by flow cytometry. HTF(A) and HELF(B) both 

produce IFNp constitutively (black line). An isotype-matched antibody was 

used as the negative control (grey line).
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Figure 14: The prevention of cytokine deprivation-mediated I  cell apoptosis by 

HTF-produced Interferon-beta.
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Fibroblast-conditioned medium (FCM) was collected from HTF. The control for 

FCM was complete culture medium lacking IL2. FCM was either used 

untreated or treated with neutralising antibody to IFNp (anti-IFNp) at 2 final 

dilutions (1/25 and 1/50). The control for the neutralising antibody was an 

irrelevant antibody (anti-HGF). FCM with fresh culture medium at a ratio of 

50:50 was combined with IL2-deprived T cells. The number of viable T cells 

was measured on day 2 using a trypan blue test. The control medium did not 

prevent T cell apoptosis significantly (figure 12A). T cell rescue was 

significantly reduced when FCM from HTF was treated with neutralising 

antibody against IFNp (figure 12B). This figure represents one of three 

experiments with SEMs expressed.
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that the neutralised FCM from HTF was still able to mediate a small amount of T 

cell rescue from apoptosis (22%) compared to the untreated HTF-FCM.

3.2.4 Discussion:

4 different donors & 3 different types of fibroblasts were tested and 

shown to be able to prevent cytokine deprivation-mediated T cell apoptosis.

This suggested that the ability of fibroblasts to rescue cytokine-deprived T cells 

from apoptosis may be a general characteristic of fibroblasts from different 

tissues. A semi-permeable membrane (with pore size 0.4 microns), allowing 

only the diffusion of soluble factors, separated the HTF and T cells. Therefore, it 

was inferred that the prevention of T cell apoptosis must have been mediated 

by a soluble factor secreted by the HTF rather than cell to cell contact.

By blocking the action of IFNp in FCM produced by cultured HTF, we 

were able to confirm that HTF-secreted IFNp was the main soluble factor 

responsible for mediating this rescue. A small amount of T cell rescue (22%) 

was still measured after neutralising the action of IFNp, suggesting that 

although IFNp was the main soluble factor responsible for this rescue, other as 

yet unidentified factor(s) may also play a role. IFNp was produced constitutively 

by HTF and HELF. At one moment in time, different cells in a population of cells 

appeared to stain with different levels of intensity and this may be because cells 

within a population of cells may be behaving differently. This was an 

observation made during all repeat experiments. Therefore, the apparent 

variation in IFNp staining might mean that different cells were producing IFNp at 

different rates, suggesting that the high-producing cells might play a greater role 

in preventing cytokine deprivation-mediated T cell apoptosis.
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Variations may also have been present because of differences in cell 

size and shape so that the IFNp staining would be concentrated differently; 

HELP tend to be slimmer cells than HTF. It was not possible to measure the 

IFNp production of specific cells in order to test whether certain cells 

consistently produced high levels of IFNp. Indeed, the variation in IFNp staining 

could just have represented IFNp production at the time of measurement and 

that, in fact, overall there was no difference between cells.

Occleston et al showed that activated fibroblasts behaved differently to 

non-activated ones; collagen lattice contraction as mediated by HTF was 

inhibited more when non-activated HTF were treated with 5FU compared to 

activated HTF treated with 5FU (Occleston NL, Alexander, et al. 1994). It would 

have been necessary to perform double staining to test whether differential 

IFNp production was related to the state of cell activation.

Although we know little of the mechanisms promoting persistent 

inflammation in the eye following surgery, most clinicians recognise chronic 

inflammation as a poor prognostic sign. Our group has suggested that 

fibroblast-mediated T cell rescue from apoptosis may play a role in the 

persistence of chronic inflammatory conditions such as eczema and rheumatoid 

fibroblasts (Pilling, Akbar, et al. 1999; Salmon, Scheel-Toellner, et al. 1997; 

Orteu, Rustin, et al. 2000). In these diseases there was a persistent T cell 

infiltrate associated with an increased number of fibroblast-like cells producing 

IFNp. Since we have shown that HTF are also capable of mediating this rescue, 

this mechanism might play a role in promoting a persistent inflammatory 

response in the conjunctiva following wounding and subsequently, an 

aggressive wound healing reaction.
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3.3 THE EFFECT OF ANTI-METABOLITE TREATMENT OR AGE ON THE 

ABILITY OF HTF TO MEDIATE THE RESCUE OF T CELLS FROM 

APOPTOSIS.

3.3.1 Standard Curve for Lactate Dehydrogenase Release as measured 

by the Modified Lactate Hydrogenase Assay

This assay was used to investigate the relationship between fibroblast 

number and absorbance as measured on a Titertek microplate reader. Lactate 

dehydrogenase, as released from the viable fibroblasts after being 

permeabilised with 0.1% Triton X-100, was measured as absorbance on a 

microplate reader using a 492nm filter using 3 time-points (5, 10 and 15 

minutes). In the first part of the graph there was a linear relationship between 

fibroblast number and lactate dehydrogenase release as measured by 

absorbance at all 3 time-points (figure 15). Linearity was present up to an 

absorbance of 1.0 for the 5 minute graph, 1.2 for the 10 minute graph and 1.5 

for the 15 minute graph.

3.3.2 The Coculture of 5FU or MMC-treated HTF with IL2-deprived T 

Cells

To investigate whether these growth-arresting agents affected the ability of

HTF to prevent T cell apoptosis, MMC-treated or untreated HTF were

cocultured with PHA-activated IL2-deprived T cells. T cell viability was

measured using the trypan blue viability test. On days 3 and 7, T cell viability

was greater when IL2-deprived T cells were cocultured with MMC-treated

fibroblasts compared to when T cells were cultured alone (figure 16A). There

were no differences in T cell viability associated with the different dosages of

MMC used. The rescue mediated by anti-metabolite treated HTF compared

similarly with the rescue produced by untreated fibroblasts. The rescue
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Figure 15: Standard curves for the modified lactate dehydrogenase assay.
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Absorbance was measured for a defined number of fibroblasts at 3 

defined times (5, 10 and 15 minutes) after the addition of catalyst solution 

to produce 3 standard curves. The first part of the curves were used as 

there was a linear relationship between fibroblast number and lactate 

dehydrogenase release as measured by absorbance at all 3 time-points 

(figure 14). Linearity was present up to an absorbance of 1.0 for the 5 

minute graph, 1.2 for the 10 minute graph and 1.5 for the 15 minute graph.
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Figure 16: The prevention of cytokine deprivation-mediated T cell apoptosis by 

anti-metabolite treated HTF.
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HTF were treated with a 5 minute application of MMC at concentrations of 0.1 

or 0.4mg/ml (Figure 16A) or 5FU at concentrations 25 or 50mg/ml (figure 16B). 

IL2-deprived T cells were then cocultured with untreated or treated HTF. The 

viable number of T cells was measured on days 3 and 7 of the experiment 

(expressed as % T cell viability with SEM). By day 7, T cell viability was 

significantly greater when T cells were cocultured with both untreated and both 

types of growth-arrested HTF compared to T cells cultured alone (p = 0.0001). 

This figure represents one of three experiments showing similar results.
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mediated by both untreated and treated HTF was statistically significant on day 

7 as measured by multivariate analysis (p = 0.0001).

5FU-treated or untreated HTF were cocultured with PHA-activated IL2- 

deprived T cells. Flow cytometry was used to measure T cell viability on days 3 

and 7 of the experiment by gating on the viable T cell population (R1 in figure 

16C). The foHA/ard and side scatter profiles showed each T cell analysed 

according to size (forward scatter) and granularity (side scatter). The apoptotic 

cells were smaller and more granular than the viable cells and were seen to the 

left of the viable T cell population on the scatter plot (figure 16C). Cytokine 

deprivation of PHA-activated IL2 dependent T cells resulted in an accumulation 

of smaller, more granular apoptotic cells.

On days 3 and 7, T cell viability was greater when IL2-deprived T cells 

were cocultured with 5FU-treated fibroblasts compared to when T cells were 

cultured alone. There were no differences in T cell viability associated with the 

different dosages of 5FU used. The rescue mediated by anti-metabolite treated 

HTF compared similarly with the rescue produced by untreated fibroblasts 

(figure 16B). The rescue mediated by both untreated and treated HTF was 

statistically significant on day 7 as measured by multivariate analysis (p = 

0.0001).

3.3.3 Fibroblast Number after Anti-metabolite Treatment as measured 

by the Modified Lactate Dehydrogenase Assay

The modified LDH assay showed that by day 7 there was a 65% 

reduction in cell number when fibroblasts were treated with MMC 0.4mg/ml 

compared to the number of untreated HTF (figure 17A). When fibroblasts were 

treated with MMC 0.1 mg/ml there was a 16% decrease in cell numbers
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Figure 17: The measurement of fibroblast cell number after anti-metabolite

treatment with the modified lactate dehydrogenase assay.
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Human Tenon’s fibroblasts (HTF) were either untreated (unRx) or treated with a 

5 minute application of MMC at 0.1 or 0.4mg/ml (MMC 0.1 and MMC 0.4 

respectively) or 5-fluorouracil at 25 or 50 mg/ml (5FU25 or 5FU50). Cytokine- 

deprived T cells were then cocultured with HTF. A modified lactate 

dehydrogenase assay was used to measure the number of viable fibroblasts at 

the end of each coculture experiment expressed as absorbance. At the end of 

the experiment the assay indicated that there was a 16% and 65% reduction in 

HTF numbers after MMC 0.1 and MMC 0.4mg/ml treatment respectively 

compared to untreated HTF (figure 17A). There was a 42% and 53% reduction 

in fibroblast number after 5FU 25 and 50 mg/ml treatment respectively 

compared to untreated HTF (figure 17B).
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(figure 17A). 5FU 25mg/ml and 50mg/ml produced a 42% and 53% reduction in 

cell number respectively (figure 17B). These results reflect clinical practice 

where MMC has a greater anti-scarring effect than 5FU. Therefore, although 

anti-metabolite treatment decreased the number of fibroblasts, the rescue 

mediated by the remaining viable HTF was still comparable to that mediated by 

the untreated HTF.

3.3.4 The Coculture of Fibroblasts of Different Age with IL2-deprived T 

Cells

HTF, HELF, senescent or telomerase-transfected HCA2 fibroblasts were 

cocultured with IL2-deprived T cells. The number of viable T cells was counted 

on days 3 and 7 using the trypan blue viability test. This experiment was 

performed a total of three times. On day 3 T cell viability in the control group 

(IL2-deprived T cells cultured alone) was significantly lower compared to the 

following groups: T cells cocultured with HTF, HELF and telomerase-transfected 

HCA2 fibroblasts with p=0.0001 (figure 18). On day 3 there was no difference in 

T cell viability when comparing the control group to T cells cocultured with 

senescent HCA2 fibroblasts. In addition, on day 3, there was significantly lower 

T cell viability in the senescent coculture group compared to the HTF, HELF or 

telomerase-transfected fibroblast coculture groups (with an overall p<0.05).

By day 7 there was significantly lower T cell viability in the control group 

(IL2-deprived T cells cultured alone) compared to all the other groups 

(p=0.0001). T cell viability in the telomerase coculture group was significantly 

greater than T cell viability in the senescent coculture group. The modified LDH 

assay for fibroblast numbers was performed on day 7. It showed that there were
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Figure 18: The prevention of cytokine deprivation-mediated T cell apoptosis by 

fibroblasts of different age.
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The coculture of fibroblasts of different age with cytokine deprived T cells. The 

fibroblasts studied were human Tenon's fibroblasts (HTF), human embryonic 

lung fibroblasts (HELF), telomerase transfected (Tel) and senescent (Sen) 

HCA2 fibroblasts. The control was IL2 deprived T cells cultured alone. 

Percentage T cell viability is shown on days 3 and 7 of the experiment. On day 

7 there was significantly greater T cell survival when T cells were cocultured 

with HTF, HELF, telomerase-transfected and senescent fibroblasts compared to 

when cultured alone.
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a greater number of telomerase-transfected HCA2 fibroblasts compared to 

senescent HCA2 fibroblasts (figure 19).

Discussion

Most anti-scarring agents used in glaucoma filtration surgery have 

concentrated on reducing the ability of fibroblasts to proliferate (Khaw PT, 

Sherwood, et al. 1992). Anti-metabolites such as MMC and 5FU are now used 

routinely when operating on patients who are considered higher risk for 

scarring, and have certainly improved the success rate of surgery in these 

patients (Flourouracil Filtering Surgery Study Group 1996; Chen CAN, Huang, 

et al. 1990). However, some of these patients still scar aggressively despite 

their use and we do not fully understand what mechanisms might be 

responsible.

We found that anti-metabolite treated HTF were still able to prevent 

cytokine deprivation-mediated T cell apoptosis. MMC or 5FU treatment reduced 

fibroblast numbers compared to untreated HTF, however, the growth-arrested 

HTF were still able to produce enough IFNp to prevent T cell apoptosis. This 

suggests that as long as a certain amount of IFNp was being secreted into the 

environmental milieu then fibroblast-mediated T cell rescue from apoptosis 

could still occur.

These results show that despite being growth-arrested, HTF still function 

and are able to rescue cytokine-deprived T cells from apoptosis. Growth- 

arrested HTF may still participate in the wound healing reaction as suggested 

by Occleston et al, who demonstrated that some HTF remained viable after 

anti-metabolite treatment and could still migrate, secrete growth factors and 

express growth factor receptors (Occleston NL, Daniels, et al. 1997). This may
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Figure 19: Fibroblast cell number as measured by the modified LDH assay.
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The coculture of fibroblasts of different age with cytokine deprived I  cells. A 

modified lactate dehydrogenase assay was used to measure the number of 

viable fibroblasts at the end of each coculture experiment, expressed as 

absorbance. There was a greater number of telomerase-transfected fibroblasts 

compared to senescent fibroblasts at the end of each of the experiments.
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partly explain why glaucoma surgery failures still occur despite the use of anti

metabolites. The ability of growth-arrested HTF to prevent cytokine deprivation- 

mediated T cell apoptosis may prevent the inflammatory phase of the wound 

healing reaction from resolving. We postulate that both anti-metabolite treated 

and untreated HTF could mediate the persistence of inflammatory cells through 

this interaction. These cells would then be able to continue to stimulate 

fibroblast activity and promote excessive wound healing.

Our immunostaining experiments showed that anti-metabolite treated 

HTF still produced IFNp. The blocking of IFNp in FCM from cultured untreated 

HTF demonstrated that this cytokine was responsible for mediating this type of 

T cell rescue. Therefore, we suggest that growth-arrested HTF secreted 

IFNp was responsible for preventing T cell apoptosis. We could further 

demonstrate this by performing the blocking experiment using FCM from anti

metabolite treated HTF.

The unwounded conjunctiva contains unactivated fibroblasts called 

fibrocytes that are quiescent and undergo little cell division. A sufficient turnover 

of cells needs to occur as an individual gets older to produce differences in 

replicative capacity and for replicative senescence to be relevant to wound 

healing. This development may occur since it has been observed that it is 

generally more difficult to propagate an HTF culture from an older donor 

compared to a young donor. The telomerase-transfected skin fibroblasts were 

able to continue replicating, whereas the senescent skin fibroblasts were not 

capable of carrying out any further population doublings. Therefore, the 

replicative behaviour of telomerase-transfected fibroblasts was deemed to be 

like the behaviour of young fibroblasts and that of the senescent fibroblasts like 

that of old fibroblasts.
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In clinical practice young age is considered a risk factor for aggressive 

scarring after glaucoma surgery and certainly, more young patients fail filtration 

surgery than old patients (Skuta & Parrish 1987). On day 3 of our experiments, 

telomerase-transfected fibroblasts rescued significantly more cytokine-deprived 

T cells than senescent fibroblasts however, this difference had disappeared by 

day 7. It is difficult to comment on whether this short-lived difference would have 

an impact on the wound healing response. Possibly, if young fibroblasts 

enabled more T cells to persist, then it might allow these T cells to secrete more 

wound healing-promoting factors mediating a more aggressive scarring 

response. Conversely, if senescent or old fibroblasts did not rescue as many 

cytokine-deprived T cells, fewer would be present to promote excessive 

fibroblast wound healing behaviour.

The difference between telomerase-transfected and senescent fibroblast- 

mediated T cell rescue could be accounted for the following mechanisms: firstly, 

despite these experiments beginning with the fibroblasts in a confluent 

monolayer, there was still some potential for telomerase-transfected fibroblasts 

to replicate. Therefore, the presence of more telomerase-transfected fibroblasts, 

secreting a greater amount of IFNp, may account for the greater T cell rescue. 

Secondly, telomerase-transfected fibroblasts could secrete more IFNp than the 

senescent fibroblasts. This will be discussed in the next section when IFNp was 

measured quantitatively.

Both young and old fibroblasts were still able to rescue more cytokine- 

deprived T cells from apoptosis than the control (T cells cultured alone). It could 

be suggested that, under the appropriate conditions, both types of fibroblasts 

could have the ability to mediate a more aggressive wound healing reaction.

The cultured HTF and HELF were of a low passage number and were
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considered to be young fibroblasts. In addition, the donors of the conjunctival 

explants were young individuals. This could explain why the HTF, HELF and 

telomerase-transfected skin fibroblasts prevented cytokine deprivation-mediated 

T cell apoptosis similarly.

The telomerase-transfected and senescent fibroblasts tested were skin 

fibroblasts, so that the implications of these findings might only specifically 

apply to skin wound healing. However, the basic mechanisms of wound repair 

are probably similar in skin and the conjunctiva (Reichel MB, Cordeiro MF, et al. 

1998; Issekutz, Issekutz, et al. 1981; Diegelmann, Kim, et al. 1987). Therefore, 

it is possible to suggest that young and old HTF might behave differently, 

contributing to the clinical differences in scarring. Telomerase-transfected and 

senescent HTF would need to be cocultured with cytokine-deprived T cells to 

test this specifically.

3.4 THE REGULATION OF IFNp PRODUCTION; QUALITATIVE &

QUANTITATIVE ANALYSIS OF IFNp PRODUCTION BY FIBROBLASTS

3.4.1 The Effect of Anti-metabolite Treatment on HTF IFNp Production

HTF were cultured untreated or treated with MMC 0.1 or 0.4 mg/ml. The 

biotin/streptavidin/alkaline phosphatase immunostaining technique was used to 

investigate whether IFNp was still produced by anti-metabolite treated HTF. 

IFNp immunostaining was tested on days 1, 3 or 5 after treatment. IFNp 

staining was found in MMC-treated and untreated HTF at all time-points (figure 

20). An isotype control antibody was used as a negative control and did not 

show any staining.
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Figure 20: Growth-arrested MMC-treated HTF produce IFNp.
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HTF were treated with a 5 minute application of MMC at concentrations 0.1 
and 0.4mg/ml (B and C respectively). The negative control was HTF treated 
with RPMI (A). The biotin/streptavidin/alkaline phosphatase immunostaining 
technique was used to identify IFNp using the mAh MAS291. The cytoplasm 
of RPMI-treated and MMC-treated HTF stained positively for IFNp on day 
3 after treatment (arrows A, B and C). HTF treated with both concentrations 
stained similarly for IFNp. The negative control did not stain for IFNp (D). 
Magnification x400. Scale bar 150um.
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3.4.2 Quantitative Analysis of IFNp Production by Anti-metabolite 

treated HTF

The image analysis system was used to measure the optical density of IFNp 

staining in HTF treated with MMC 0.1 or 0.4mg/ml. Optical density 

measurements in MMC-treated HTF were compared to the control (untreated 

HTF). IFNp production by HTF was measured on day 3. The results of 3 

repeats of this experiment were analysed together. The mean optical density for 

IFNp staining for HTF treated with MMC 0.4mg/ml was 0.1441 (SEM 0.0075). 

This was significantly greater than the mean optical density for IFNp staining of 

untreated HTF which was 0.0852 (SEM 0.0075) with p = 0.0001 (figure 21).

3.4.3 IFNp Production in Fibroblasts of Different Age

HTF, HELF, telomerase-transfected or senescent HCA2 fibroblasts were 

cultured on cell culture chamber slides for 3 days and then stained for IFNp 

using the biotin/streptavidin/alkaline phosphatase immunostaining technique.

It was noted that senescent HCA2 fibroblasts were much larger cells than 

telomerase-transfected HCA2 fibroblasts, HTF and HELF. In addition, 

senescent HCA2 fibroblasts were not always spindle-shaped with some of the 

cells adopting a triangular shape. However, the cytoplasm of all cell types 

stained positively for IFNp (figure 22).

Image analysis used to measure the optical density of IFNp staining in these 

different types of fibroblasts was performed all together to avoid variation. The 

mean optical density for HELF was 0.0824 and was significantly lower than the 

values for all the other cell types (p=0.0001) (figure 23 & Table 5). The mean 

optical densities for telomerase-transfected or senescent HCA2 fibroblasts were

not significantly different from each other.
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Figure 21: The production of IFNp by MMC-treated HTF.
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Interferon-beta (IFNp) production was measured in normal and growth-arrested 

human Tenon's fibroblasts (HTF). IFNp production in fibroblasts was detected 

using a biotin/streptavidin/alkaline phosphatase immunostaining technique, 

comparing IFNp production in untreated HTF (control) versus Mitomycin-C 

treated HTF at concentrations 0.1 and 0.4mg/ml (MMC 0.1 and MMC 0.4 

respectively). An image analysis system measuring the optical density of IFNp 

staining was used to quantify IFNp production. MMC 0.4mg/ml treatment 

compared to untreated HTF appeared to increase IFNp staining.
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Figure 22: Telomerase-transfected and senescent HCA2 fibroblasts
produce IFNp constitutively.
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Telomerase-transfected and senescent fibroblasts cultured on chamber slides 
in complete medium were fixed in acetone:chloroform after 3 days in culture. 
The biotin/streptavidin/alkaline phosphatase technique was used to stain for 
IFNp using the mAb MAS291. Senescent fibroblasts were larger than 
telomerase-transfected fibroblasts adopting a triangular shape (red arrow). 
The cytoplasm of both types of fibroblasts stained positively for IFNp (black 
arrows A and C). The negative control (an isotype matched antibody) did not 
stain for IFNp (B and D). Magnification x400. Scale bar 150um.
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Figure 23: The production of IFNp by fibroblasts of different age.
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IFNp production was detected and quantified in cultured HTF, HELF, 

telomerase-transfected and senescent fibroblasts using a 

biotin/streptavidin/alkaline phosphatase immunostaining and image analysis 

technique. There was no difference in IFNp production between fibroblasts of 

different age on day 3 of culture.

117



3.4.4 IFNp Production in Cytokine-treated HTF or HELF

HTF or HELF were cultured in complete medium containing a specific 

cytokine at a selected concentration. On day 3 after culture, the 

biotin/streptavidin/alkaline phosphatase immunostaining technique was used to 

stain the cells for IFNp. Two negative controls were used: HTF or HELF 

cultured in complete medium only and HTF or HELF in DMEM only. The central 

sections of the slides were used for analysis to avoid the variation possibly 

caused by the reagents reaching the edges of the slides differently. Image 

analysis was used to measure the optical density of IFNp staining in these 

fibroblasts. The mean optical densities for IFNp staining with SEMs after 

analysing the results of all 3 experiments are summarised in Table 6.

Analysis of the HTF staining indicated that when HTF were cultured in TGF- 

P2 at 0.025ng/ml, there was a significantly greater amount of IFNp production 

compared to the controls, untreated HTF in complete culture medium and HTF 

in DMEM with p=0.0001. All the other cytokines did not appear to alter HTF 

IFNp production significantly at this time-point (figure 24A).

Analysis of the HELF staining indicated that when HELF were cultured in 

TGF-p2 at 0.025ng/ml, there was a significantly greater amount of IFNp 

production compared to untreated HELF in complete culture medium only 

(p=0.0001) but, was not significantly different to the other control (HELF in 

DMEM only). Again, all the other tested cytokines did not appear to alter HTF 

IFNp production significantly at this time-point (figure 24B).

3.4.5 Discussion

IFNp production was increased after treatment with MMC 0.4 mg/ml.

IFNp is not the only cytokine increased by anti-metabolite treatment. Occleston
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Table 6: The production of IFNp by HTF and HELF after specific cytokine

treatment.

HTF mean 
optical 
density

sem HELF mean 
optical 
density

sem

Culture
medium

0.0852 0.0075 0.1028 0.0057

DMEM 0.0855 0.0067 0.1222 0.0068

IL2 0.0841 0.0075 0.0913 0.0057

IL4 0.0919 0.0075 0.1175 0.0057

TNFa 0.0821 0.0075 0.1007 0.0068

IFNy 0.0775 0.0075 0.1179 0.0068

TGFp 0.1310 0.0057 0.1385 0.0057

IFNp staining of HTF and HELF after being cultured with specific cytokines for 3 

days. The fibroblasts were stained for IFNp using the streptavidin alkaline 

phosphatase immunostaining technique. Quantification of staining was done 

using an image analysis system. The negative controls were fibroblasts cultured 

in culture medium only and fibroblasts cultured in DMEM.
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Figure 24: The production of IFNp by HTF and HELF after cytokine treatment. 
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HTF or HELF were cultured in complete medium containing a specific cytokine 

at a selected concentration. The negative controls were complete culture 

medium only or DMEM. The biotin/streptavidin/alkaline phosphatase 

immunostaining technique was used to stain the cells for IFNp on day 3. 

Quantification of the IFNp staining was made using an image analysis system. 

TGF-p2 treatment of HTF was the only cytokine that significantly produced an 

increase in IFNp production.
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et al showed that both 5FU and MMC increased TGFp and bFGF production 

(Occleston NL, Daniels, et al. 1997). These two growth factors are pro- 

fibrogenic in conjunctival wound healing. Therefore, the combination of the pro- 

inflammatory and pro-fibrogenic effects of these cytokines might explain why 

some filtration operations still fail despite the use of anti-metabolites.

Moreover, TGF-P2 at a concentration of 0.025 pg/ml, appeared to be 

able to increase HTF IFNp production. This TGFp concentration was selected 

because Cordeiro et a! showed that it was the most pro-fibrogenic concentration 

(Cordeiro MF, Bhattacharya, et al. 2000). Importantly, this interaction could be 

significant in promoting a pro-inflammatory environment and subsequently an 

aggressive scarring reaction.

However, only day 3 production of IFNp by HTF and HELF was tested.

So it would be important to test the prolonged effects of these cytokines and 

drugs on fibroblast IFNp secretion. It would also be relevant to test the effects of 

different concentrations of TGF-p2 on IFNp production, since it has been shown 

that TGF-P2 can have biphasic effects (Cordeiro MF, Bhattacharya, et al. 2000).

By the image analysis technique, telomerase-transfected and senescent 

fibroblasts were found to produce similar amounts of IFNp. It appeared that the 

different amounts of prevention of cytokine deprivation-mediated T cell 

apoptosis by old and young fibroblasts may be explained by differences in cell 

number rather than the amount of IFNp production.

HELF appeared to produce significantly less IFNp than HTF, telomerase- 

transfected and senescent fibroblasts. This may have been due to the image 

analysis technique used; the various types of cells were different in shape so 

that this might have produced differences when scanning the cells. However,
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the difference did not appear to affect the ability of HELF and HTF to rescue T 

cells from apoptosis; enough IFNp was produced by HTF and HELF to mediate 

T cell survival to a similar extent. This is very likely since Pilling et al reported 

that the concentration of IFNp required for T cell survival was within 

physiological concentrations, at 5ng/ml, and was very likely to be found at many 

sites in vivo (Pilling, Akbar, et al. 1999).

3.5 PREVIOUS OCULAR SURGERY AND THE ASSESSMENT OF RISK 

FOR AGGRESSIVE CONJUNCTIVAL SCARRING AFTER GLAUCOMA 

SURGERY

3.5.1 Patient Demographics

A total of six glaucoma patients about to undergo repeat filtration surgery 

were recruited to this study. They were considered high-risk for conjunctival 

scarring since they had already failed previous filtration surgery. All patients, 

except for one, had not received anti-metabolite treatment in their previous 

filtration operations. The patient who did receive anti-metabolite treatment had 

undergone two previous operations and the second one was an MMC 

trabeculectomy. All of the patients had a diagnosis of primary open angle 

glaucoma except for one who had chronic angle closure glaucoma. The median 

age was 71 years (range 50-87). Four patients were of Caucasian ethnicity and 

two were of Afro-Caribbean ethnicity. The median cumulative number of months 

of topical drug use was 201.5 (range 68-356).

A total of eleven control patients, who were age and race-matched to the

high risk patients, were randomly selected from the MRC 5FU Trabeculectomy

Trial database. All of these patients had primary open angle glaucoma except

for four (three had pigment dispersion glaucoma and one had chronic angle

closure glaucoma). None of these patients had undergone filtration surgery or
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any other type of intraocular surgery before. After their surgery the follow-up 

period was for at least three years. They were considered low-risk for scarring 

patients because it was known that their filtration operations had been 

successful and none of them had scarred aggressively postoperatively. The 

median age was 70 years (range 45-81). The median cumulative number of 

months of topical drug use was 100 months (range 9-285). Table 7 summarises 

the demographics of the patients studied. There were no significant differences 

in the patient demographics of the two groups.

3.5.2 Fibroblast and T Cell Staining

The conjunctiva of both high-risk and low-risk glaucoma patients contained 

spindle-shaped cells staining positive for the fibroblast marker AS02. These 

cells were identified as fibroblasts on the basis of their cell shape and their 

positive AS02 staining. It was noted that many of them were located beneath 

the conjunctival epithelium in Tenon's layer (Figure 25A - 0).

One low-risk patient showed diffuse AS02 positive staining, however, the 

distribution was not fibroblast-like and therefore, was not included in the 

analysis. Other cells that stained positive but were not spindle-shaped were 

also not included in the analysis because these cells could not be definitely 

identified as fibroblasts. In addition, AS02 staining was noted in the endothelial 

cells of blood vessels in the conjunctiva.

Again, the conjunctiva of both high-risk and low-risk glaucoma patients 

showed RFT T cell staining (Figure 26A and B). Positive staining cells were 

located immediately beneath the conjunctival epithelium and in Tenon’s layer.
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Table 7: The demographics and immunohistology results of all the glaucoma 

patients biopsied.

High-risk Low-risk P
Drug Hx
(range months) 201.5(68-356) 100 (9-285) 0.17
Age (range years) 71 (50-87) 70 (45-81) 0.65
Sex (percentage) M 3(50) 8 (72.7)

F 3(50) 3 (27.3)
Dx (percentage) 1 5 (83.3) 7 (63.6) 0.57

2 1 (16.7) 1 (9.1)
3 0 3 (27.3)

Race (percentage) 1 4 (66.7) 7 (63.6) 1
2 2 (33.3) 3 (27.3)
3 0 1 (9.1)

Fib grade (range) 1 (1-3) 1 (0-2) 0.44
IFNp grade (range) 2(1-4) 2(1-3) 0.3
RFT/UA (range) 1.93(1.33-17.40) 4.28 (1.09-14.75) 0.6

Patients had a diagnosis of primary open angle glaucoma (1), chronic angle 

closure glaucoma (2) or pigment dispersion glaucoma (3). Patients were 

Caucasian (1), Afro-Caribbean (2) or Asian (3). The RFT count per unit area 

(RFT/UA) was made using the image analysis system. IFNp and fibroblast 

grading was performed by an experienced masked observer. In vivo 

production of IFNp was shown by fibroblasts from both groups. There were no 

significant differences in the RFT/UA, fibroblast and IFNp grading between the 

fibroblasts from low risk and high risk for scarring groups.
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Figure 25: The conjunctiva of glaucoma patients contains fibroblasts.
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The indirect immunoperoxidase technique was used to stain conjunctiva 
for fibroblasts using the primary antibody AS02. The negative controls were 
omitting the first layer and an isotype control. Spindle-shaped cells staining 
positive for the fibroblast marker AS02 were located in the conjunctiva, 
especially just beneath the epithelium (black arrow, A and B). In 
addition, AS02 staining was present in the endothelial cells of blood vessels 
(red arrow). The negative control did not stain for fibroblasts (C). 
Magnification x400. Scale bar 150um.
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Figure 26: The conjunctiva of glaucoma patients contains T lymphocytes.

- I ,  ^  > '  '• r . » * I

T * -

A

B . .

The indirect immunoperoxidase technique was used to stain conjunctiva 
for T lymphocytes using the primary antibody RFT mix. The negative 
controls were omitting the first layer and an isotype control. Positive staining 
T lymphocytes were located immediately beneath the conjunctival 
epithelium and in Tenon's layer (A). The negative control did not stain for 
T cells (B). Magnification x400. Scale bar 150um.
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3.5.3 IFNp Staining

Spindle-shaped fibroblast cells located in Tenon’s layer beneath the 

epithelium stained positive for IFNp. It was noted that not all the AS02 positive 

fibroblasts stained positive for IFNp. IFNp staining was also found in the 

conjunctival epithelium of both high-risk and low-risk glaucoma patients. This 

staining was especially strong in the outer layers and less strong in the inner 

layers of the epithelium (Figure 27A - C). In addition, there were large 

mononuclear cells which stained positive for IFNp. These cells were not 

included in the grading assessment because they were not fibroblasts. There 

were 2 technical failures in the low-risk group that were not included in the 

analysis. Also, the blood vessel endothelial cells that had stained positive for 

the AS02 fibroblast marker did not stain positive for IFNp.

3.5.4 Quantitative Assessment of Immunohistology

The image analysis system was used to count the number of T cells per 

defined frame. 3 random areas per section were selected to enable calculation 

of the number of cells per unit area (UA). The median RFT cell number per unit 

area (RFT/UA) for the high-risk for scarring group was 1.93. The median RFT 

cell number per unit area for the low-risk for scarring group was 4.28. One 

patient was not included in this analysis because the section was crushed. After 

taking into account differences between the individual patients there was no 

significant difference between the RFT cell number per unit area between the 2 

groups (p=0.60).

A semi-quantitative grading system was used to quantify the number of

fibroblasts and the degree of IFNp staining in the conjunctiva of the 2 groups.

Again, there were no statistical differences in fibroblast and IFNp grading
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Figure 27: The conjunctiva of glaucoma patients contains IFNp-producing 
fibroblasts.
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The biotin/streptavidin/alkaline phosphatase technique was used to stain 
conjunctiva for IFNp using the primary antibody MAS291. The negative 
controls were omitting the first layer and an isotype control. Spindle-shaped 
fibroblasts located in Tenon's layer beneath the epithelium stained positive 
for IFNp (arrow, A and B), although not all AS02 positive fibroblasts stained 
positive. In addition, the conjunctival epithelium stained positive for IFNp (A). 
The negative control did not stain for IFNp (C). Magnification x400.
Scale bar 150um.
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between the two groups (p = 0.44 and p = 0.3 respectively). Table 7 

summarises the results of the RFT staining and the grading for fibroblast and 

IFNp staining.

3.5.5 Discussion

IFNp-producing fibroblasts and T cells were identified in the conjunctiva 

of both low and high-risk for scarring glaucoma patients. The presence of IFNp- 

producing fibroblasts in human conjunctiva confirms that fibroblasts can secrete 

IFNp in vivo. In addition, it suggests that fibroblast-mediated T cell rescue from 

apoptosis could potentially occur in human conjunctiva. IFNa is also known to 

be able to prevent cytokine deprivation-mediated T cell apoptosis (Pilling,

Akbar, et al. 1999). However, this project did not investigate for the presence of 

IFNa-dendritic cells in human conjunctiva and to date, previous studies have 

not identified these cells in human conjunctiva (Sacks, Wieczorek, et al. 1986; 

Chan, Nussenblatt, et al. 1988).

IFNp-producing fibroblasts and T cells were identified in both groups of 

patients and there were no statistical differences in the fibroblast grading, IFNp 

grading and RFT count per unit area between the two groups. This suggests 

that, given the correct environmental milieu, fibroblast-mediated T cell rescue 

from apoptosis could develop in either group. Therefore, this interaction could 

potentially contribute to the development of persistent inflammation and 

ultimately, aggressive conjunctival scarring in either group. The in vivo factors 

that allow this interaction to develop abnormally in some patients and not in 

others have not been addressed by this study.

The immunohistological techniques used specific monoclonal antibodies

to label for fibroblasts, T cells and IFNp production. The AS02 fibroblast marker
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stained spindle-shaped fibroblast-like cells positive. However, endothelial and 

non spindle-shaped cells also stained positive, suggesting that this monoclonal 

antibody was not exclusively specific for fibroblasts. Our analysis of the staining 

excluded non spindle-shaped cells so that only definite fibroblasts were 

counted.

T cells have been shown to be present in normal conjunctiva, identified in 

the epithelium and substantia propria of conjunctival biopsies taken from 

patients without any primary conjunctival disease (Sacks, Wieczorek, et al. 

1986). The predominant lymphocyte is the T lymphocyte with an estimated 

normal CD4:CD8 T cell ratio of approximately 1:2 (Rice BA & Foster 1990). As 

expected, the conjunctiva of all our patients except for one showed RFT positive 

staining. The RFT monoclonal antibody is a pan T cell marker and identifies all 

types of T lymphocytes. Therefore, it was not possible to comment on the 

distribution of the different T cell subsets in the different groups.

The absence of staining differences between the two groups may have 

been because of study design. The number of patients recruited was quite low 

and therefore, a greater number of patients might be required to increase the 

power of the study and bring out any differences. The other reason may have 

been because all of these patients had been taking eye drops for glaucoma 

before their surgery and this could be a factor in stimulating the fibroblasts to 

produce IFNp. Conjunctiva from patients who had never received eye drops 

was not available for this study and therefore, the specific effect of eye drops on 

fibroblast IFNp production was not tested for.

The IFNp-producing fibroblasts were generally distributed throughout the

conjunctival connective tissue. Importantly, not all of the AS02 positive

fibroblasts stained positive for IFNp. This may have been because the histology
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reflected that not all fibroblasts produced IFNp at the time. Alternatively, the 

activation state of HTF could determine the production of IFNp. This is an 

important consideration since Occleston et al showed that differences in HTF 

function existed depending on whether they were activated or not, 

demonstrating that activated and non-activated HTF were differentially affected 

by 5FU or MMC (Occleston NL, Alexander, et al. 1994).

Eye-drop use can have quite a profound effect on the risk for conjunctival 

scarring. It has been shown that chronic topical medication may result in small 

increases in conjunctival cell numbers (1.5 times) but these were enough to 

produce a much more aggressive wound healing response (Sherwood,

Grierson I, et al. 1989). Broadway et a/showed that patients who had used 

multiple eye-drops for more than 3 years had an increased risk of aggressive 

scarring and failed glaucoma filtration surgery (Broadway DC, Grierson I, et al. 

1994). These patients also had significantly altered conjunctival cell profiles with 

an increase in the number of inflammatory cells and fibroblasts (Broadway DC, 

Grierson I, et al. 1994). Occleston ef a/suggested that topical medication could 

have a profound effect on the activation state and scarring behaviour of 

fibroblasts explaining why only a small increase in cell numbers resulted in a 

much more aggressive wound healing response (Occleston NL, Alexander, et 

al. 1994).

Other studies suggest that eye drops can have an irritating effect on the 

conjunctiva, stimulating a chronic inflammatory reaction. The active compounds 

themselves do not necessarily directly stimulate fibroblasts (Cunliffe, McIntyre, 

et al. 1995; Williams, Nguyen, et al. 1992). Instead, the preservatives used in 

eye drops can induce a considerable inflammatory reaction (Becquet, 

Goldschild, et al. 1998). The preservatives in glaucoma medications seem to be

131



able to provoke quite a toxic reaction; with increased expression of the 

inflammatory cell marker, HLA-DR, and apoptotic markers, Fas, FasL and 

AP02.7, even in the absence of overt clinical inflammation (Baudouin, Garcher, 

et al. 1994; Baudouin, Pisella, et al. 1999; Brignole, De Saint-Jean, et al. 1998). 

In our study the median cumulative duration of eye drop use was greater than 3 

years in both groups so it is possible that topical medication might have been 

responsible for producing the staining characteristics in both of our groups.

Conjunctival epithelial cells also produced IFNp with the epithelium 

staining being especially strong in the outer layers of the epithelium. This could 

suggest that IFNp production increased as the cells became more superficial. 

Previous work by our group has shown that in vitro epithelial cells (a OHO 

epithelial cell line) can also rescue T cells from cytokine-deprivation apoptosis 

(Gombert, Borthwick, et al. 1996). Therefore, it is possible to postulate that 

conjunctival epithelial cells could also mediate this rescue. This could be 

significant because, as well as fibroblast/T cell interactions, there is increasing 

evidence that interactions between the epithelium and fibroblasts may also 

regulate certain stages of wound healing. Our group has recently shown that 

corneal epithelium stimulated fibroblast functions such as migration and 

contraction (Daniels & Khaw 2000). Therefore, it might be possible for 

conjunctival epithelium to play a role in the rescue of cytokine-deprived T cells 

and contribute to the development of persistent inflammation.
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4 : CONCLUSIONS

and FUTURE

CONSIDERATIONS
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This thesis sought to further our understanding of the pathophysiology of 

the development of aggressive conjunctival scarring after glaucoma surgery. In 

particular, we concentrated on the cellular mechanisms underlying chronic 

inflammation and young age as clinical risk factors for excessive scarring. The 

main findings of this project can be summarised as follows;

1. In vitro HTF prevented cytokine-deprivation mediated apoptosis of T cells 

through the production of IFNp.

2. Anti-metabolite treated HTF also prevented cytokine-deprivation T cell 

apoptosis.

3. Telomerase-transfected fibroblasts prevented cytokine-deprivation T cell 

apoptosis better than senescent fibroblasts.

4. Fibroblasts, including HTF and HELF, produced IFNp constitutively in vitro. 

IFNp production was still possible after anti-metabolite treatment and was 

increased after MMC 0.4mg/ml and TGF-p2 treatment. IFNp production was 

not related to the age of the fibroblast population.

5. IFNp-producing fibroblasts were identified in human conjunctiva in vivo. 

There was no difference in the presence of IFNp-producing fibroblasts in the 

conjunctiva of high-risk compared to low-risk for scarring glaucoma patients.

The hypothesis of this thesis was that conjunctival fibroblast-mediated 

prevention of T cell apoptosis might contribute to the development of chronic 

inflammation, which is a risk factor for aggressive scarring. Our investigations 

have confirmed that HTF can prevent T cell apoptosis through the production of 

IFNp. This was demonstrated using 4 different fibroblast donors and 3 different 

types of fibroblasts, which suggested that the ability of fibroblasts to rescue

134



cytokine-deprived T cells from apoptosis could be a general characteristic of 

fibroblasts from different tissues.

The abrogation of the action of IFNp in PCM produced by cultured HTF 

demonstrated that HTF-produced IFNp was the main soluble factor responsible 

for mediating the prevention of T cell apoptosis. Immunostaining of HTF and 

HELF showed that these fibroblast types produced IFNp constitutively. The 

variation in the intensity of immunostaining suggested that the cells produced 

different amounts of IFNp and that the high-producing cells could play a greater 

role in preventing cytokine deprivation-mediated T cell apoptosis.

In glaucoma surgery most anti-scarring therapeutic efforts e.g. the use of 

anti-metabolites, have concentrated on reducing fibroblast cell numbers, since 

the amount of scar tissue at the end of a wound healing response was thought 

to be mainly dependent on the number of fibroblasts. However, other factors 

should be considered since some patients, despite anti-metabolite treatment, 

still produce an aggressive wound healing response. One important factor might 

be the duration of the wound healing response, since as long as fibroblasts 

were present and functioning in the wound they would continue to produce scar 

tissue. This is represented by the graph in figure 28 suggesting that a prolonged 

wound healing reaction could result in greater scar tissue formation.

So far, the factors that control the persistence of fibroblasts and the 

duration of the wound healing response are not fully understood. One known 

factor is fibroblast apoptosis which is thought to play a crucial role in the 

resolution of the wound healing response (Desmouliere, Redard, et al. 1995). 

Another important factor could be a chronic inflammatory environment in which 

T lymphocytes continue to stimulate excessive fibroblast activity and an
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Figure 28: The possible relationship between duration of the wound healing 

reaction and the amount of scar tissue production.

Fibroblast
activity

Time (duration of wound healing 
reaction)

Representation of the wound healing reaction when dependent on fibroblast 

function against time. The area under the graph is the amount of scar tissue 

formed by the end of the wound healing response. The normal wound 

healing reaction is represented by the black line. If fibroblast activity remains 

constant, but the duration of fibroblast activity is prolonged, then the amount 

of scar tissue formation will be greater, represented by the area under the 

red line.

136



aggressive wound healing reaction. Fibroblast-mediated T cell rescue from 

apoptosis has been shown to play a role in the persistence of chronic 

inflammatory conditions such as eczema and rheumatoid arthritis (Pilling,

Akbar, et al. 1999; Salmon, Scheel-Toellner, et al. 1997; Orteu, Rustin, et al. 

2000). This thesis has shown that conjunctival fibroblasts prevent T cell 

apoptosis through the production of IFNp. Therefore, if fibroblasts kept T cells 

alive through this specific T cell/ fibroblast interaction, then the persistent T cells 

could continue to release the crucial stimulatory factors for fibroblast wound 

healing activity. This would mean that the duration of the wound healing 

reaction would be longer allowing more scar tissue to result, as represented in 

figure 29. Furthermore, this could be one of the mechanisms contributing to the 

development of late failures.

Most anti-scarring agents used in glaucoma filtration surgery have 

concentrated on reducing the ability of fibroblasts to proliferate (Khaw FT, 

Sherwood, et al. 1992). Flowever, some of these patients still scar aggressively 

despite their use and we do not fully understand what mechanisms might be 

responsible. MMC or 5FU treatment resulted in growth arrest and reduced 

fibroblast numbers compared to untreated FITF (Khaw FT, ShenA/ood, et al. 

1992).

. Despite this, we found that anti-metabolite treated HTF continued to

produce IFNp and were able to prevent cytokine deprivation-mediated T cell

apoptosis. We would suggest that as long as a certain amount of IFNp was

being secreted into the environmental milieu then fibroblast-mediated T cell

rescue from apoptosis could still occur. In fact, we found that MMC 0.4mg/ml

treatment might actually increase HTF IFNp production. This could be

significant because it may partly explain why some patients still scar after anti-
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Figure 29: The promotion of chronic inflammation and excessive conjunctival scarring through key fibroblast and I  lymphocyte 

interactions.

I  cells release 
stimulatory fibroblast 
factors (growth factors 
and cytokines) which 
promote fibroblast 
wound healing activity

HTF release IFNp which 
mediates the rescue of T 
cells from apoptosis, 
promoting T cell 
persistence and the 
development of chronic 
inflammation

Representation of the potential effect of Tenon’s fibroblast-mediated prevention of T cell apoptosis through the 
production of IFNp. A cycle of stimulatory T cell/ fibroblast interactions is set up resulting in persistent 
inflammation and the promotion of the development of excessive conjunctival scarring.
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metabolite treatment, since surviving HTF might be able to keep inflammatory 

cells alive and thereby promote the persistence of the wound healing response.

Young age is considered another clinical risk factor for aggressive 

conjunctival scarring after glaucoma surgery and certainly, more young patients 

fail filtration surgery than old patients (Skuta & Parrish 1987). In our thesis, 

because the telomerase-transfected skin fibroblasts were able to continue 

replicating they were deemed to behave like young fibroblasts, whereas the 

senescent skin fibroblasts were not capable of carrying out any further 

population doublings and therefore, were considered to behave like old 

fibroblasts. Telomerase-transfected fibroblasts initially rescued significantly 

more cytokine-deprived T cells than senescent fibroblasts however, this 

difference had disappeared by day 7 of our experiments. Image analysis of 

telomerase-transfected and senescent fibroblast IFNp immunostaining indicated 

that both types of fibroblasts produced similar amounts of IFNp.

It appeared that the difference in the amount of T cell apoptosis rescue 

mediated by old and young fibroblasts was explained by differences in cell 

number rather than the amount of IFNp production. Since the basic cellular 

mechanisms of wound repair are similar in skin and the conjunctiva, we would 

suggest that although the telomerase-transfected and senescent fibroblasts 

used in this thesis were skin fibroblasts, it is possible to suggest that young and 

old HTF might behave in the same way (Reichel MB, Cordeiro MF, et al. 1998; 

Issekutz, Issekutz, et al. 1981; Diegelmann, Kim, et al. 1987). The effect of this 

short-lived difference on a wound healing response is difficult to estimate; 

possibly, if young fibroblasts enabled more T cells to persist, then it could allow 

them to secrete more fibroblast stimulatory factors resulting in greater scar 

tissue formation. Conversely, if senescent or old fibroblasts did not rescue as
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many cytokine-deprived T cells, fewer would be present to promote fibroblast 

wound healing activity. Both telomerase-transfected and senescent fibroblasts 

were still able to rescue more cytokine-deprived T cells from apoptosis than the 

control (T cells cultured alone), which could suggest that under the appropriate 

conditions both types of fibroblasts might have the ability to promote a 

persistent inflammatory environment.

TGF-p2, at a concentration of 0.025 pg/ml, appeared to be able to increase 

HTF IFNp production. TGFp is considered to be a highly pro-fibrogenic cytokine 

produced by fibroblasts and tends to be increased in the aqueous humour of 

glaucoma patients (Tripathi, Li, et al. 1994). Therefore, this finding could 

indicate an important mechanism for increasing IFNp production, promoting 

fibroblast-mediated prevention of T cell apoptosis and the development of 

chronic inflammation. However, one must be cautious when making in vitro to in 

vivo extrapolations since only day 3 production of IFNp by HTF was tested. 

Further study is required to elaborate the possible induction of this fibroblast/T 

cell interaction by TGFp, such as the prolonged effect of TGFp on IFNp 

secretion and the effect of different concentrations of TGF-p2 on 

IFNp production.

Our data has investigated the in vitro relationship of fibroblast-mediated 

prevention of T cell apoptosis. In addition, we have identified IFNp-producing 

fibroblasts and T cells in the conjunctiva of both low and high-risk for scarring 

glaucoma patients, demonstrating the in vivo existence of the components of 

this specific T cell/fibroblast interaction. We would suggest that our in vivo data 

allows us to propose that fibroblast-mediated rescue of T cells from apoptosis 

can occur in human conjunctiva.

140



The AS02 positive fibroblasts did not all stain positively for IFNp suggesting 

that not all the fibroblasts produced IFNp at the time. This could be associated 

with the activation state of the cells, as indicated by Occleston et al who showed 

that activated and non-activated HTF were differentially affected by 5FU or 

MMC (Occleston NL, Alexander, et al. 1994). This would be an important factor 

to investigate to further our understanding of the regulation of IFNp secretion.

IFNp-producing fibroblasts were identified in both groups of patients, 

suggesting that, given the correct environmental milieu, fibroblast-mediated T 

cell rescue from apoptosis could develop in either group. Therefore, this 

interaction could potentially contribute to the development of persistent 

inflammation and ultimately, excessive conjunctival scarring in either group. 

Further investigation is important to identify the factors that allow this interaction 

to develop abnormally in some patients and not in others.

One important factor could have been that all our patients had received

eye drops for glaucoma before their surgery and this could have stimulated the

fibroblasts to produce IFNp. Conjunctiva from patients who had never received

eye drops was not available for this study and therefore, the specific effect of

eye drops on fibroblast IFNp production was not tested for. It has been shown

that chronic topical medication results in a change in the conjunctival cell profile,

suggesting that this might result in a change in the activation state of the cells

and a much more aggressive wound healing response (ShenA/ood, Grierson I,

et al. 1989; Broadway DC, Grierson I, et al. 1994; Broadway DC, Grierson I, et

al. 1994a; Occleston NL, Alexander, et al. 1994). Other studies have suggested

that eye drops irritate the conjunctiva, stimulating a chronic inflammatory

reaction with increased expression of the inflammatory cell marker, HLA-DR

and apoptotic markers. Fas, FasL and AP02.7, even in the absence of overt

141



clinical inflammation (Brignole, De Saint-Jean, et al. 1998; Baudouin, Garcher, 

et al. 1994; Baudouin, Pisella, et al. 1999). In our study the median cumulative 

duration of eye drop use was greater than 3 years in both groups so, it is 

possible that topical medication might have been responsible for producing the 

staining characteristics in both of our groups.

The significance of these findings is to show that the cellular and 

cytokine microenvironment probably directs the wound healing response, 

defining its duration and the amount of scar tissue finally produced. This thesis 

has identified one possible culprit in the development of aggressive scarring, 

namely, fibroblast-mediated prevention of T cell apoptosis and its role in the 

development of chronic inflammation. However, it has not discovered how this 

specific T cell/fibroblast interaction becomes committed to promoting chronic 

inflammation. Although this thesis demonstrated the in vivo presence of the 

factors necessary for fibroblast-mediated prevention of cytokine-deprivation T 

cell apoptosis, it was not able to demonstrate a difference in IFNp production in 

the conjunctiva of high-risk compared to low-risk for scarring glaucoma patients. 

This further illustrates how difficult it is to elucidate what microenvironmental 

factors govern the development of this abnormal interaction.

It is important to develop novel ways of modulating the wound healing 

response after glaucoma surgery since the currently used anti-metabolites are 

not without side-effects. Fibroblast-mediated prevention of cytokine-deprivation 

T cell apoptosis may play an important role in the development of chronic 

inflammation and aggressive conjunctival scarring. This thesis would like to 

introduce the concept that by interfering with this fibroblast/ T cell interaction, it 

may provide a different way of reducing the wound healing response. One of 

the goals of glaucoma surgery is to be able to specifically titrate the conjunctival
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wound healing reaction so that it is appropriate for a particular patient. The 

provision of more therapeutic strategies to modulate the wound healing 

response would enable greater success with glaucoma surgery and ultimately, 

the greater prevention of blindness due to glaucoma.
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Appendix:

Manufacturer Location

Life Technologies Paisley, UK

Sigma Dorset, UK

Marathon London, UK

R&D Abingdon, UK

David Bull Laboratories Warwick, UK

Becton Dickinson Oxford, UK

Boehringer Mannheim, Roche Diagnostics E Sussex, UK

Serotec Oxford, UK

Harlan Sera-Lab Loughborough, UK

Vector Laboratories Peterborough, UK

Epicentre Technologies, Cambio Cambridge, UK

Dako Ely, Cambridgeshire

Seescan Imaging Cambridge, UK

Bright Instrument Co Ltd Huntingdon, UK

Dianova Hamburg, Germany

BDH Poole, UK

Kyowa Ealing, UK

Titertek Plus, ICN Pharmaceuticals Hampshire, UK

PeproTech London, UK
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Antigen/

conjugate

Species Isotype Concentration Manufacturer

IFNP
(MAS 291 p)

mouse lgG2a 50pg/ml* 

25pg/ml* 

5pg/ml *

Harlan Sera-Lab

Mouse lgG2a 
(M9144)

mouse lgG2a 50pg/ml^ 

25|ig/ml * 

5pg/ml *

Sigma

Human
fibroblast
specific
antibody
(AS02)

mouse IgGI 1:150 Dianova

Pan anti-T 
monoclonal 
IgG mix (RFT 
mix)

mouse IgG mix 1:5 Dept. Immunology, 
Royal Free 
Hospital School of 
Medicine

Peroxidase- 
conjugated 
goat anti
mouse IgG 
(P161)

goat IgG 1:100 PBS 
1:25 NHS

Dako

Biotinylated 
Anti-mouse 
IgG (BA- 
2000)

horse IgG 15fig/ml  ̂

10|ig/ml * 

1:100*

Vector
Laboratories

Alkaline
phosphatase
streptavidin
(SA-5100)

1:100#* Vector
Laboratories

Fluorescein 
avidin D 
(A-2001)

20pg/ml Vector
Laboratories

concentrations/dilutions used for immunostaining flow cytometry * and 
immunohistology * experiments
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