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Abstract

Purpose: Stromal scarring and vascularisation, a frequent occurrence in herpes

simplex keratitis (HSK), is the most commoninfectious cause of unilateral blindness

and carries a poor prognosis for penetrating keratoplasty. The pathogenesis may

involve disruption of the normal equilibrium between angiogenic and anti-angiogenic

factors in and around the cornea. Thrombospondin (TSP)-1 and -2 are multifunctional

matricellular glycoproteins with potent anti-angiogenic properties and are expressed

by human keratocytes in a stromal woundrepair model. It is hypothesised that these

proteins are expressed locally and play an important role in HSK induced corneal

scarring and vascularisation and that the synthesis of these anti-angiogenic proteins by

keratocytes is inhibited by herpes simplex virus-1 (HSV-1) and that such a

mechanism maycontribute to stromal vascularisation in HSK.

Methods:(a) Archived paraffin wax-embedded normaland scarred and vascularised

(secondary to HSK) human corneal specimens were immunohistochemically stained

for TSP-1 and -2. (b) Non-confluent monolayers of human keratocytes were infected

with HSV-1 at a multiplicity of infection of 5 plaque forming units / keratocyte and

expressions of TSP-1 and -2 were determined by immunohistochemistry and western

blotting at various timespost-infection (p.i.). Expressions of vascular endothelial

growth factor (VEGF), basic fibroblast growth factor (bFGF), immediate early (HSV-

1:ICP27) and late (HSV-1 glycoprotein D)viral proteins and glyceraldehyde 3-

phosphate dehydrogenase (GAPDH)werealso determined by western blotting and

quantified by densitometric analysis. (ec) Normal and HSV-1 infected mouse corneas

fixed at various time intervals p.i. were immunohistochemically stained for TSP-1 and

-2.

Results: TSP-1 and -2 were expressed in the basal epithelium and endothelium of

both normal and vascularised human corneas. TSP-1 and -2 were not expressed in the

stroma of normal corneas but were expressed in the stroma and endothelium of blood

vessels in vascularised corneas. Humankeratocytes expressed TSP-1 and -2 in vitro

and supported the growth of HSV-1 atall times p.i. TSP-1 and -2 were down-

regulated asearly as 4 hours p.i to a 50% reduction by 8 hours, and were absent from

24 hours p.i. There was no change in the expression of GAPDHat anytimep.i.



Immediate early viral proteins were detected from 6 hours p.i. reaching maximum

intensity 24 hours p.i and late proteins were expressed from 24 hours reaching

maximum intensity at 72 hours p.i. Both VEGF and bFGF were expressed by human

keratocytes in vitro and their expression persisted beyond TSP-1 and -2 expressions.

TSP-1 and -2 were expressed weakly in the epithelium of normal mouse corneas. An

increase in expression wasnoted in the epithelium of day 2 infected mouse corneas

which wasreduced by day 10.

Conclusion: Thrombospondin -1 and -2 are expressed in the stroma of vascularised

and scarred corneas but are absent in normal corneas. Their expression is increased in

the epithelium early after HSV-1 infection in mouse corneas followed by a reduction

by day 10. The synthesis of TSP-1 and -2 is selectively down-regulated by HSV-1

infection in human keratocytes. Addition of these proteins or their angio-active

peptides in early stage HSK therapy may be an important adjuvantin controlling

HSV-1 induced corneal vascularisation.
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Chapter 1: Introduction

1.1 The Eye

The eyeball is like a cyst kept distended by the intraocular pressure (IOP). It

functions as an accurate optical instrument by virtue of glass-like membranes kept

taut by the IOP andthe regularity of its transparent surfaces. The eyeis an irregular

sphere approximately 2.5 cm in diameter with a volume of 6.5 ml. The anterior one

sixth constitutes the cornea with a radius of around 8 mm andtheposterior five sixths

is formed by the sclera, with a radius of approximately 12 mm. Average antero-

posterior diameteris 24 mm (Wolff E 1976). The globe of the eye consists of three

concentric coverings or tunics enclosing the contents of the eye namely the crystalline

lens andthe transparent media (aqueous humorand vitreous body) through which the

light must pass before reaching the sensitive retina (Figure 1.1):

1. The outermost coatis fibrous, protective in function, and made up of a

posterior part, which is white and opaque andcalled sclera, and an anterior

part whichis transparent, the cornea. Sclera is surrounded by fibrous capsule

(Tenon’s) and the visible anterior part is covered by conjunctiva, a vascular

mucous membrane (Figure 1.2).

2. The middle coat (uvealtract) is mainly vascular and nutritive in its function.It

is made up from behind forwardsof choroid, ciliary body andiris.

3. The innermostlayeris the retina, consisting essentially of nerve elements and

forming the true receptive portion for visual impressions.

The surface of the cornea and associatedtearfilm is responsible for most of the

refraction ofthe eye. Its transparency is its most important property, although due to

its highly exposed position it must also present a tough barrier to trauma and
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Figure 1.1 Diagrammatic representation of a horizontal cross-section through a

normaleye. The eyeball is an irregular sphere representedanteriorly by the

transparent cornea andposteriorly by sclera. Three concentric tunicsline the globe,

from outwardsin:sclera, uveal tract and retina enclosing the crystalline lens and

aqueousand vitreous humor (Source: Shah et al: Eye Disease in Clinical Practice: a

concise colouratlas).
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Figure 1.2 Diagrammatic representation of the external features of the eye. The

central transparent cornea is surrounded by sclera, which is covered by conjunctiva

anteriorly. The central aperture in the pigmentediris is the pupil. Lacrimal drainage

system is situated medially with a single punctum in both upper and lowerlids

(Source: Shah et al: Eye Disease in Clinical Practice: a concise colouratlas).
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infection. Corneal transparency is due to a numberofrelated factors: its avascularity;

and the regular arrangementof the extra cellular and cellular componentsin the

stroma whichis dependentonthe state of hydration, metabolism, and nutrition of the

stromal elements (Forrester JV et al. 1999a).

Thesclera formsthe principal part of the outerfibrous coat of the eye and

functions both to protect the intraocular contents and to maintain the shape of the

globe when distended byintrinsic IOP.

The transition zone betweenthe sclera and corneais called the limbus.It has

multiple functions including nourishmentof the peripheral cornea, corneal wound

healing, immunosurveillance of the ocular surface, and hypersensitivity responses.It

also contains the pathways of aqueous humoroutflow. The sclera commences

anteriorly at the limbus and endsposteriorly where the optic nerve perforates the

sclera in the region known asthe laminacribrosa.

The aqueous outflow pathwayconsists primarily of a circumferential band of

specialised, sponge-like, connective tissue, the trabecular meshwork with the canal of

Schlemm onits outer aspect.

The uveal tract consists oftheiris, ciliary body and choroid in continuation with

each other. Theiris is a thin, contractile, pigmented, circular disk analogousto the

diaphragm of a cameraandis perforated nearits centre by a circular aperture called

the pupil. The pupil regulates the amountoflight reaching the retina whichis

dependentonthe state of contraction ofthe intrinsic pupillary muscles, the dilator and

sphincter pupillae. The pupillary margin rests and is supported on the front ofthe lens.

The lens, enclosed in its capsule lies behindthe iris and in front of the vitreous body.

It is held in position by a complex three-dimensional system ofradially arranged

zonules, vitreous body behind and theiris in front. The iris forms a curtain dividing
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the space between the cornea andthelens into anterior and posterior chambers.

Aqueous humor,secreted bythe ciliary body is a transparent fluid that helps in the

transport of metabolites to the avascular cornea and lens and a balance betweenits

production and drainage maintains the IOP.It enters the posterior chamber and passes

through the pupil into the anterior chamber where it drains away through the outflow

channels. Theiris is attached by its root at the angle of the anterior chamber whereit

merges with theciliary body and trabecular meshwork. Theciliary body has three

principal functions: (1) accommodation; (2) aqueous humorproduction; (3)

production of lens zonules and vitreous components. The majority (2/3") of theciliary

body is madeofciliary muscle, which, together with the lens zonules and natural

elastic nature of the lens capsule, functionsto alter the refractive powerof the lens.

The choroid is a highly pigmented, vascular connective tissue lying between the

sclera and retina and functions to nourish the outer layers of the retina. The vitreous

cavity forms 2/3"of the volumeofthe eye andisfilled with a transparentgel, the

vitreous humor.It is boundin the front by the lens, zonules and ciliary body and

behind bythe retinal cup.

Theretina is the inner mostof the three coats of the eye and is responsible for

converting relevant information from the image of the external environmentinto

neural impulses that are transmitted to the brain via the ganglion cell axonsin the

optic nerve for decoding and analysis. The site of commencementofthe optic nerve

forms the optic disc. Central retinal vessels emerge at the centre of the disc to supply

the retina. The retina containslight receptors, the rod and cones. Rodscollect

information aboutlight, movement and conesabout colour ofthe light. Light is

focussed on a specialised area, the macula lutea whichis responsible for the central 15

degrees of vision. The macula hasa central depression the fovea which contains only



conesandis the absolute centre of vision.

1.2 Optics of vision

The eye is a complex optical system - very similar to a camera. Vision begins

whenlight enters the eye through the cornea, a powerful focusing surface. From there,

it travels through clear aqueousfluid, and passes through the pupil. As muscles in the

iris relax or constrict, the pupil changessize to adjust the amountoflight entering the

eye. Light rays are focused through the lens, and proceed throughtheclearjelly-like

substance, the vitreous and land on theretina, the part of the eye similarto a film ina

camera, and form an upside-down image (Figure 1.3). The retina converts the image

into an electrical impulse that travels along the optic nerve to the brain, whereit is

interpreted as an upright image.

1.2.1 Refraction of light

Refraction is defined as the changein direction of light when it passes from one

transparent medium into anotherof different optical density. The velocity oflight

varies accordingto the density of the medium through whichit travels. The denser the

medium the slowerthe light passes through it. A comparison ofvelocity of light in a

vacuum and in another medium gives a measureofthe optical density of the medium,

also called the absolute refractive index (n) of the medium. Examples of refractive

index in the optical system ofthe eye are as in Table 1.1. On entering an optically

denser medium from a less dense medium,light is deviated towards the normal(the

‘normal’ being a line perpendicular to the interface at the point of refraction).

1.2.2 Refraction on a curved surface

Light passing across a curved convex surface (i.e. cornea, lens) causes parallel

light to convergeto a focusifthe refractive index of that medium(n2) is greater than
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Figure 1.3 Schematic diagram showingthe optics of vision. Light falling on the

corneais brought to focus ontheretina byvirtue of the refractive power of the cornea

(+43 D)andcrystalline lens (+15D) (source: www.stlukeseye.com/Anatomy.asp).

29



 

 

 

 

 

 

Air 1

Water (aqueous) 1.336

Cornea 1.376

Crystalline Lens 1.386 — 1.406

Vitreous humor 1.336

Crown glass 1.52   
 

Table 1.1 Refractive indices of the optical surfaces of the eye. On entering an

optically denser medium from a less dense medium,light is deviated towards the

normal(adapted from Elkington A.R.et al 1999).
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Figure 1.4 Refraction on a curved surface. Light passing across a curved convex

surface (i.e. cornea, lens) causesparallel light to converge to a focus if the refractive

index of that medium (n2) is greater than the previous medium (n1), or diverge if n2 is

less than nl (adapted from: Elkington A.R.et al 1999).
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the previous medium (n1), or diverge if n2 is less than nl (Figure 1.4). The refracting

powerof a surface is given by the formula: n2 — n1/r wherer is the radius of curvature

of the surface in metres and the surface power is measured in dioptres.

1.2.3 Refraction by the eye

There are three major refractive interfaces in the eye, the anterior corneal

surface and the two surfacesofthe lens. The effect of the posterior corneal surfaceis

very small compared with these three as the difference in the refractive indices of the

cornea and aqueousis not large. The refractive power of the eye has been derived

using various models described by Gullstrand and Listing (Elkington A.R.etal.

1999). The crystalline lens has a power in situ of + 15 Dioptres (D) and the cornea has

a refractive power of + 43 Dioptres (Anterior surface + 49D and posterior — 6D). The

greater powerofthe corneais dueto the greater difference in refractive index between

the air and cornea, as compared to aqueous humour andlens (Table 1.1).

The eye can accommodateto bring nearer objects into focus by virtue ofits

ability to increase its dioptric power. This is brought about by the changein the

dioptric powerofthe lens. The crystalline lens is held suspended undertension by the

suspensory ligament whichattachesit to the ring of ciliary muscle. Ciliary muscle

contraction reducesthe tension on the suspensory ligamentandlens, allowing the lens

to assume a more globular shape. The curvatures of the lens surfaces are increased

and thus the dioptric poweris increased.

1.3 Human Cornealstructure, function and development

The corneais a transparent, dome-shaped window coveringthe front of the eye

that protects the fragile intraocular contents by its tough, yet pliable, collagen

structure. It is a powerful refracting surface, providing 2/3"ofthe eye's focusing
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power. Like the crystal on a watch,it gives us a clear window to look through.

Becausethere are no blood vessels in the cornea, it is normally clear and has a shiny

surface. The cornea is extremely sensitive - there are more nerve endings in the

cornea than anywhereelse in the body.

The normal human corneaconsists offive distinct layers, from anterior to

posterior: epithelium, Bowman’s membrane, stroma, Descemet’s membrane and

endothelium (Figure 1.5).

1.3.1 The Tear Film

The pre-cornealtear film is approximately 7 wm thick with a volumeof 6.2 + 2

uL during normaltear production (Mishimaet al. 1966). Tear chemistry is complex;

ingredients include variouselectrolytes, metabolites, proteins, enzymes, andlipids

(van Haeringen 1981). The functionalsignificance ofthe tear film is broad.It

provideslubricating qualities and a smoothoptical interface with theair. It also

protects the epithelium from airborne contaminants and providesnatural immunity to

infectious agents through secretory immunoglobulin molecules (Smolek M.K. and

Klyce S.D. 2004).

1.3.2 Epithelium

The corneal epithelium is the anterior-most cell layer of the cornea.It is

typically several cell layers thick, consisting of the apical squamouslayer; the

multilayered, polygonal-shaped wing cells beneath the apical layer; and the posterior

mostlayerofbasal cells. The wingcell layeris 2 or 3 cells thick in the central cornea,

but tends to be 4 to 5 cells thick in the periphery.In total, the epithelium is

approximately 50 um thick in the central human cornea. Theepithelium is constantly

in a state of turn-over with exfoliating apical cells being replaced by underlying wing
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Figure 1.5 Light micrograph of normal human cornea. The normal human cornea

consists offive distinct layers: epithelium, Bowman’s membrane, stroma, Descemet’s

membraneand endothelium. The stromais interspersed with stromal cells, keratocytes

(white arrows).
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cells. During normal exfoliation, desquamating cells are released only after the

replacementcell has established new tight junctions with neighbouring cells, and the

new apical membraneis capable of maintaining continuity ofthe tear film (Hazlett et

al. 1980). The epithelium completely turns over in approximately 7 days (Hannaetal.

1961). Basal cells are the only epithelial cells capable of mitosis; however, many

epithelial cells originate as the progeny of limbal stem cells and migrate centripetally

to supplementor replace cells lost through normal desquamation or injury (Davanger

and Evensen 1971; Thoft and Friend 1983). The surface cells are covered with a dense

coat of microvilli. Adhering to these is a thick glycocalyx that interacts with the

mucin layer of the tears to promote formation of a stable, smooth tear film on the

corneal surface (Pepose J.S. and Ubels J.L. 1992). The wing cells have abundance of

intracellular monofilaments madeupofkeratin subunits. These stain with an antibody

to 64 kD keratin whichis specific for corneal epithelium. The basal cells are a single

layer of cuboidal cells that rest on a basement membraneor basal lamina 40 - 60 nm

thick, secreted extracellularly by the epithelial cells. Numerouscell-cell

(desmosomes) and cell-substrate adhesions (hemidesmosomes)help in the

maintenance of a well organised, stable epithelial structure (Pepose J.S. and Ubels J.L.

1992).

1.3.3 Bowman’s Membrane

Bowman’s layeris a 12 um,acellular region composed of a network offine,

randomly oriented collagenfibrils. It lies between the epithelial basement membrane

andthe cellular stroma, extendingto all but the peripheral 0.5 mm of the cornea. The

anterior surface is smooth, but the posterior surface blendsinto the anterior stroma.It

is speculated that along with the stroma it may help the cornea maintain a fixed shape.

During embryonic development Bowman’slayer probably is produced bythe basal
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epithelial cells, but these cells loose the ability to regenerate this structure and any

subsequent breaks in the membranearefilled with cellular scar tissue that creates

permanentopacities (Trinkaus-Randall V et al. 1998).

1.3.4 Stroma

Approximately 90% of the corneal thicknessis constituted by the stroma (Kaye

1969). The stromais predominantly an extra cellular matrix (ECM) composed of

proteoglycans(i.e. glycosaminoglycans (GAGs) covalently attached to a protein core)

and a lamellar arrangementofcollagen fibrils running parallel to the corneal surface

(Cogan 1951). Thecollagen fibrils and extra cellular matrix are maintained by

flattened cells with scant cytoplasm called keratocytes lying between the collagen

lamellae. A small numberofneutrophils, lymphocytes, plasmacells and/or histocytes

mayalsobe present in normal cornea (Trinkaus-Randall V et al. 1998). Corneal

stroma is 71% collagen by dry weight, predominantly of the type I isotype, with lesser

amounts of types III, V and VI.

Further details on the lamellar arrangement of collagen fibrils and GAGsare

discussed under corneal transparency (section 1.4).

1.3.4.1 Keratocytes

Keratocytes, occupying 3-5% ofthe total stromal volume are the predominant

cell type in the corneal stroma. Theyareflat cells, derived from the neural crest, that

lie between collagen lamellae. Each keratocyte may extendfive to seven filopodial

processes, which maycontact processes of adjacent keratocytes via gap junctions

forming a communicating network through their branchingstellate processes

(Trinkaus-Randall V et al. 1998). The keratocyte is approximately 2 umthick at the

cell body with a disproportionately large nucleus comparedto its cytoplasmic volume.
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Free ribosomes, rough endoplasmic reticulum, and Golgi's complexes are found in the

cytoplasm. The collagens and otherextra cellular matrix components of the stroma are

derived principally from the keratocytes. Immunoelectronmicroscopic antigen

labelling specific for types III, V, and VI collagen has been localised to keratocytes

(Marshall et al. 1991b; Marshall et al. 1991a).

Keratocytes are normally spatially quiescent, albeit constantly maintaining the

extra cellular matrix. However, keratocytes have a considerable degree of mobility;

they are able to migrate in to wound marginsrapidly to synthesize new collagen and

glycoproteins fortissue repair. When keratocytes do respondto a stromalinsult, they

are more appropriately termed fibroblasts (discussed further under section 1.9) to

reflect the diminution in their stellate appearance andtheir increased ability to

generate procollagen for subsequentfibril construction. They stain positively for

smooth muscle myosin and possess a prominent actin network (Trinkaus-Randall V et

al. 1998).

1.3.5 Descemet’s Membrane

Descemet's membraneconsists of regularly arranged layers of very fine

collagenfilaments. In adults this membraneis 10 to 12 jum thick, whereasat birth it is

only 3 to 4 umthick.Its peripheral terminus, at the edge of the cornea,is visible by

gonioscopy as Schwalbe’s line. In adults over the age of 20 years, Descemet's

membrane demonstrates thickenings (Hassall-Henle warts) that bulge into the anterior

chamber (Karesh 2004). The age-related growth and renewal of the membrane after

injury indicate thatit is an extra cellular secretion of the endothelium. It forms a

scaffold on which the endothelial cells spread themselves. It also servesas a barrier to

the penetration of leucocytes and bloodvessels into the stromabutnotto water and

small molecules (Smolek M.K. and Klyce $.D. 2004).
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1.3.6 Endothelium

The posterior layer of the cornea consists of endothelial cells measuring 5 um in

height and 18 to 20 um in width. Approximately 500,000 hexagonalcells are present

in this layer, although this number decreases with age (Karesh 2004). The adult

human endothelium has limited capacity to divide and replace ageing or injured

endothelial cells. Instead, it has a remarkable ability to enlarge, reorganise, migrate,

and maintain tight apposition to neighbouring cells, thereby maintaining an intact

monolayer. Endothelial cells are interconnected by tight junctions and gap junctions.

Thetight junctions allow a “leaky” barrier between the aqueous and stroma, which

impedesthe flow of water and solutes but does not block it completely.

1.3.7 Corneal development and embryology

The developing eye appears in the 22-day embryoas pair of shallow grooves

on eitherside of the invaginating forebrain (Figure 1.6 A). Formation of the human

cornea beginsat approximately 5-6 weeksofgestation. The surface ectoderm

invaginates into the optic cup, producing the lens vesicle (Figure1.6C). Following lens

vesicle formation, the surface ectodermal cells coverthe defect left by lens vesicle

invagination and becomethe primitive corneal epithelial cells (Figure 1.6D). The

epithelium'sstructure at the 8-week stage (lids fused) consists of two cell layers: a

superficial layer, consisting of flat attenuated cells, and an underlying cuboidal basal

layer (Figure 1.6 F). At 26 weeksofgestation, the lids open and the epithelium now

consists of fourto five cell layers. The basal cells are cuboidal to columnar, with basal

nuclei, and rest on a basement membrane. Abovethislayer are interdigitating wing

cells and, most superficially, a layer of flattened epithelial cells. The fetal basement

membranediffers substantially from that of a neonate, being less electron-dense and

less homogeneous. Early in gestation, hemidesmosomesand anchoring fibrils are
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Figure 1.6 Diagrammatic summary of ocular embryonic development. A: day 22,

optic sulci appear as shallow grooveson inner aspect of neural folds, B: day 27, optic

sulci evaginate to form hollow diverticuli, the optic vesicles, which enlarge and

become ensheathed by mesenchymalcells, except at the apex which is apposed to the

surface ectoderm. A disc shaped thickening of neural ectoderm, the retinal disc (future

neuralretina), lies beneath a localized thickening of surface ectoderm,the lens

placode. C: day 29, the retinal disc and lens placode invaginate to form the optic cup.

Around day 33, a wave of mesenchymepassesoverthe optic cup, directly beneath the

ectoderm, which givesrise to the corneal endothelium.It is the first of the three waves

which form most of the cornea (except epithelium). (Source: The Eye, basic sciences

in practice, Chapter 2, 1999)
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Figure 1.6 Diagrammatic summary of ocular embryonic development (Contd.).

D: day 37,the lens vesicle separates from the surface ectoderm which formsthe future

corneal epithelium. E: day 44 a second wave ofmesenchymepenetrates the space

between the future corneal epithelium and endothelium to form the corneal stroma. F:

by 8 weeksthe epithelium has twolayers; a superficial of flat attenuated cells and an

underlying cuboidal layer. There is evidence of loose collagen fibers and keratoblasts

(future keratocytes). The endothelium changesto a single layer of simple cuboidal

initially and then simple squamouslayerresting on a thick basal lamina — precursor of

Descemet’s membrane. (Source: The Eye, basic sciences in practice, Chapter 2, 1999)
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absent. By 19 weeksof gestation, hemidesmosomes, anchoringfibrils, and a

rudimentary Bowman's layer are present. With further developmentin utero, the

number of hemidesmosomesincreases, anchoringfibril penetration into the anterior

stroma occurs, and Bowman's layer thickens (Watskyet al. 2004; Forrester JV etal.

1999b).

A “first wave” of mesodermalcells begins to extend beneath the corneal

epithelial cells from the limbus toward the central area at about the middle or the end

of the fifth week of pregnancy; these cells form the primitive endothelium (Figure 1.6

C). The epithelium and endothelium remain closely apposed until late in the sixth

week when a “second wave” of mesoderm begins to grow centrally fromthe limbus

between the epithelium and endothelium. This tissue forms the corneal stroma, and

extra cellular collagen begins to appear amidst actively synthetic keratoblasts, within

a few days (Figure 1.6E). The endothelium changes from a doublelayerto a single

layer of simple cuboidalinitially and then simple squamouslayer resting on a thick

basal lamina — the precursor of Descemet’s membrane. During the third month,

Descemet's membraneis secreted by the endothelial cells. The Bowman’s membrane

becomesidentifiable by 5 monthsas an acellular collagenous zone beneath the

epithelium. By the seventh gestational month, the cornea resemblesthat of the adult in

moststructural characteristics and physical dimensions. At birth in the full-term

infant, the horizontal measurementof the cornea is generally about 10 mm or

approximately 80% ofthe final adult measurement (Watsky etal. 2004; Forrester JV

et al. 1999b).

1.4 Corneal transparency

Perhaps the most important and unique corneal characteristic is its transparency,

which also develops during foetal life. The early embryonic and foetal corneais
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translucent rather than transparent and is more hydrated than in the adult (Cook C.S.

et al. 2004). Condensation begins in the posterior stroma during foetal maturation

(Hay 1979). At about the time that the most anterior stromal lamellae are formed,

corneal transparency reaches adult quality. During this development, the water

content of the cornea is being reducedso that the adult level of corneal hydration is

attained at the sametime as transparency. Corneal transparencyresults from the lattice

like arrangementof the stromal collagen fibrils and the regulation of corneal

hydration by the epithelial and endothelial barrier. The proteoglycansin the stroma

also play a key role in maintaining corneal transparency as discussed in section 1.4.3.

1.4.1 Lamellar organisation in the stroma

Maurice recognized that because of the difference in refractive index between

the stromal collagen fibrils and ECM,up to 94% ofincident light on the cornea would

be scattered and thus makethe corneavirtually opaque (Maurice 1957). He proposed

that collagen fibrils are in a lattice-like arrangement with perfect dimensional order

and that eachfibril scatters an individual wavelet of light. By the process of

destructive wavefront interference, the light scatter from individual fibrils would be

cancelled by one another, and the cornea would remain transparent as long as the

lattice arrangement was maintained. This theory is an example of long-rangespatial

order in which evenfibrils relatively distant from one anotherare precisely

spaced in accordance with the spatial dimensionsofthelattice.

TypeI collagen is organizedintostriated fibrils 25 to 35 nm in diameter with

67-nm periodic banding whichis constant throughout the cornea. Thereislittle

variation in fibril size at different depths in the central cornea (Klyce and Beuerman

1988; Komai and Ushiki 1991). This striated bandingis the result ofthe offset,

stacked arrangementof individual procollagentriple-helix molecules into units of five
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(the microfibril), which are further combined to form the basic unit of the collagen

fibril. These fibrils are combined into highly ordered, sheet-like bundles called

lamella. The 300 or more collagen lamellae are stacked in orderly sheets extending

from limbus to limbus and may then wrap around the circumference of the cornea or

fuse together to form largerfibrils (Smolek M.K. and Klyce S.D. 2004; Pepose J.S.

and Ubels J.L. 1992).

Fibrils within a given stromal lamellae appear to run without interruption along

the length of the lamellae presumably to become contiguous withscleral fibrils at the

limbus. The lamellae are oriented at various angles to one another, less than 90

degreesin the anterior but nearly orthogonal in the posterior stroma (Klyce and

Beuerman 1988) (Figure 1.7, 1.8). The anterior stroma hencehasa slightly greyer

appearanceon the slit lamp (Trinkaus-Randall V et al. 1998). Lamellae vary in width

and thickness throughoutthe stroma, with a tendency to have smaller dimensions

anteriorly and larger dimensions posteriorly (Komai and Ushiki 1991). Stromal fibrils

have a relatively high degree of spatial order (Figure 1.8) and an interfibrillar spacing

of approximately 55 to 60 nm-a path length much smaller than that ofvisible light

(400 to 700 nm) (Coxet al. 1970). The small, consistent diameter ofthe fibrils (35

nm) andtheir highly ordered spatial arrangement have been implicated asthe basis for

corneal transparency (Maurice 1957).

1.4.2 Corneal Hydration

It has been recognised for more than a century thatthere is a direct connection

between hydration of the corneal stroma and its transparency (Potts 1962). Depending

on the species the cornealepithelium, the corneal endothelium, or both have a major

role in regulating corneal hydration (Edelhauser 2006). This situation is a result of

cellular active transport mechanisms, which keep the hydrophilic corneal stroma
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Figure 1.7 Diagrammatic representation of stromal lamellae. Cross section

through stroma showing the orderly pattern of collagen orientation within each

stromal lamella and the relationships between successive lamellae. Keratocytes are

seen as thin, flat cells with long processes that contact other keratocytes via gap

junctions. (Source: Corneal disorders, clinical diagnosis and management, 1998).

  
Figure 1.8 Electron micrographs of corneal stroma. (a) Normal densely packed

and regularly arranged collagenfibrils in stromal lamellae. Keratocytes (arrows)lie

between lamellae. (b) High magnification of collagen fibrils within a lamella. Note

the uniform diameter and the equal distance from each other. (Source: Duane’s

clinical ophthalmology, Chapter 4, 2003).
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less hydrated than it can become. The ideal corneal hydration in humansis

approximately 78% (Edelhauser 2006). The corneal endothelium is primarily

responsible for maintaining corneal transparency in mammals. Intraocular pressure

and stromal imbibation pressure are forces that promote water accumulation in the

stroma. This is balanced by the epithelium and endothelium acting as diffusion

barriers to the fluid and by actingassites of active ion transport, to induce the osmotic

movementofthe water out of the stroma (Edelhauser 2006; Klyce and Beuerman

1988) (Figure 1.9). The barrier function of the endothelium is maintained by tight

junctions, located at the apical mostpart of the lateral plasma membrane. The driving

force for the endothelial metabolic pumpis controlled by Na */K"-ATPaselocatedin

the lateral endothelial cell membranes.

1.4.3 Proteoglycans in the Stroma

The hydrophilic mucopolysaccharide ground substance in which collagenfibrils

are embeddedtakes the form of the proteoglycan, polypeptide protein cores to which

GAGsare covalently bonded. GAGsare large polysaccharide groups consisting of

repeating disaccharide units. Some of the GAGsfound in the stromaare keratan

sulphate, dermatan sulphate, chondroitin sulphate, chondroitin, and the atypical,

noncovalently bound hyaluronic acid.

The most abundant stromal GAGsare keratan sulphate followed by dermatan

sulphate (Cintron and Covington 1990). These GAGsappearto bind along the

collagen fibrils at regularly spaced sites and tend to be oriented perpendicularly to the

fibril. The less prevalent chondroitin sulphate and hyaluronicacid are localized within

interfibrillar spaces without evidenceofbinding to the fibril collagen (Cintron and

Covington 1990). The primary role of GAGsappears to be the maintenance of

interfibrillar spacing.
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Figure 1.9 Factors and forces involved in the control of corneal hydration.

Intraocular pressure and stromal imbibation pressure are forces that promote water

accumulation in the stroma. This is balanced by the epithelium and endothelium

acting as diffusionbarriersto the fluid and by actingas sites of active ion transport, to

induce the osmotic movementofthe water out of the stroma. (Source: The Cornea,

Chapter1, 1988).
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There is increasing evidencethat the corneal stromais not a uniform

environmentalongeitherits radial or axial dimension. For example the anterior

corneal stroma contains less water (H2O) than the posterior stroma (3.04 mg H2O/mg

dry weight versus 3.85 mg H2O/mg dry weight, respectively) (Trinkaus-Randall V et

al. 1998). The distribution of specific stromal proteoglycans appears to be associated

with stromal water content; the anterior stroma contains more dermatan sulfate than

the posterior stroma. This distribution of stromal proteoglycansandits association

with stromal hydration play an important role in the maintenance of corneal hydration

(Bettelheim and Plessy 1975). The role of proteoglycansin fibril spacing is thoughtto

be necessary for the maintenance of corneal transparency. GAG molecules play an

importantrole in stromal hydration. Normal corneal stroma is about 78% water by

weight. If more water enters the stroma GAG molecules take up the water and swell.

Stromal swelling increases corneal thickness and displaces the collagen fibrils,

disrupting their regular alignmentandinterfering with light transmission through the

stroma. Asthe cornea swells there is a concomitantloss of proteoglycans (Kangaset

al. 1990). Therefore restoration of normal corneal thickness requires the restoration of

proteoglycans to normal quantities (Trinkaus-Randall V et al. 1998).

As discussedin section 1.3.4, the corneal stroma is composed almostentirely of

ECM,with keratocytes dispersed throughout. In addition to the anatomical features

and physiological properties of the corneal stroma another important aspect in the

maintenance of corneal transparencyis the cell-matrix and cell-cell interactions as

discussed in the next section.

1.5 Extra-cellular matrix and cell-matrix interactions

In vertebrates, the ECM determinesthe physical properties of tissues, as well as
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manyofthe characteristics of the cells within them. Collagens, proteoglycans, and

glycoproteins are the major constituents of the ECM,andcollectively provide cells

with biological information and a proteinaceousscaffold for adhesion and migration

(Adamsand Watt 1993; Aumailley and Gayraud 1998). This dual role of the ECM is

achieved bythe actionsof different classes of molecules with overlapping properties.

For example, by binding cytokines, proteases, and protease inhibitors, diverse proteins

in the ECM actas a reservoir for a number of growth factors, and can influence cell

migration and proliferation. However, molecules such as collagen and fibronectin

serve primarily a structural role in the matrix through the maintenanceofits structural

integrity (Bornstein and Sage 2002; Kyriakides and Bornstein 2003). Different

functional compartments have been identified in the ECM. Thepericellular matrix

refers to a sub-compartment of the ECM,adjacent to the cell, which contains growth

factors, cytokines, proteases, and other bioactive molecules that interact with thecell

surface. These proteins, together with proteoglycans, polymeric collagen and

fibronectin fibrils, and a variety of other soluble proteins, influence many properties

ofcells, including their motility, proliferation, state of differentiation, and

predisposition to apoptosis. In somecells, specialized formsof the pericellular matrix,

termed ‘basement membranes’or ‘basal laminae’, subserve a physical role, but these

structures also influence cell function and fate.

During the past 10-15 years, increasing attention has been paid to a group of

‘matrix’ proteins that modulate cell function but do not appear to contribute directly to

the organization or physical properties of structures such asfibrils or basal laminae.

These proteins have been termed ‘matricellular’ proteins to emphasizetheir roles as

regulatorsofcell function (Bornstein 1995; Bornstein 2001). The properties of

matricellular proteins that justify their inclusion in a separate functional category of
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ECMproteins are summarized in Table 1.2.

1.6 Matricellular proteins

Matricellular proteins are extra cellular proteins that regulate cell—matrix

interactions and cell behaviour (Bornstein 1995; Bornstein and Sage 2002). Proteins

that constitute the matricellular group include osteonectin, and related proteins such as

hevin and tenascin C, possibly tenascin X, the connective tissue growth factor family,

osteopontin and thrombospondins | and 2 (Bornstein and Sage 2002; Sullivan and

Sage 2004). Matricellular proteins can be associated with structural elementslike

collagen fibrils or basement membranes, but they characteristically lack a major

structural role. Rather, these proteins bind to a range of cell surface receptors, as well

as to various extracellular components such as growth factors, proteases and matrix

constituents, appearing to generate regulatory multiprotein complexes that pass

information betweenthe cell surface and the ECM (Bornstein 1995; Lawler 2000).

Matricellular proteins are pre-eminently expressed during tissue formative processes

such as repair and development. However,despite their putative roles in development,

“knock out” of individual matricellular proteins in mice generally has only a mild

effect on phenotype, perhaps because the proteins have redundantroles in

development (Bornstein and Sage 2002; Bornstein et al. 2004). Conversely tissue

formation, such as woundrepair, in adult matricellular protein knock out mice

frequently is abnormal (Hiscott et al. 2006).

1.7 Thrombospondins

Baenzigeret al, in 1971, published details of their experiments concerning

thrombin treatment ofplatelets whichled to the discovery of a novel protein. The

protein, which was shown to be synthesized by a rangeof cell types and became
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Somedistinguishing characteristics of matricellular proteins

 

1. Expressed at high levels during development and in response to injury

 

2. Do not subservestructural roles but function contextually as modulators of cell-

matrix interactions

 

3. Bind to manycell-surface receptors, extra-cellular matrix, growth factors, cytokines

and proteases

 

4. Generally induce de-adhesion, in contrast to the adhesivity of most matrix proteins

  5. In mostcases, targeted gene disruption in mice produceseither a grossly normal or

a subtle phenotypethat is exacerbated upon injury

 

Table 1.2 Characteristics of matricellular proteins.

(Adapted from Bornstein and Sage, 2002)
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known as thrombospondin (sometimesreferred to as glycoprotein G or GPG), was

implicated not only in thrombosis and homeostasis but also in a wide variety of other

biological processes (Baenzigeret al. 1971; Baenzigeret al. 1972; Hiscott et al. 2006;

Lawler 1986; Lawler et al. 1978). It wasthefirst naturally occurring protein inhibitor

of angiogenesis to be discovered (Goodet al. 1990). Furthermore, the protein turned

out to be the archetypal memberofthe structurally related family of proteins called

thrombospondins and, arguably of greater importance, the epitome of a functionally

related but structurally diverse group of proteins; matricellular proteins (Bornstein

1992; Bornstein 1995).

1.7.1 Thrombospondin -1 and -2

Overthe last decade it has becomeclear that platelet-derived thrombospondin

(TSP), or thrombospondin 1 (TSP-1) as it is now known, is a memberof a family of at

least five proteins, every one of which exhibits a distinct tissue distribution (Adams

and Lawler 2004). The first two membersofthe family, TSP-1 and thrombospondin 2

(TSP-2), are homotrimeric molecules in which each chain has a molecular mass of

approximately 145 kDa (Bornstein 2001; Lawler 1986). They are sometimesreferred

to as the subgroup A thrombospondins. Subgroup B thrombospondins comprise the

other members of the family: thrombospondins 3 to 5 (TSP3 - 5).

All TSPs have in commona region of about 650 amino acidsat the carboxy-

terminal end of their subunits (Figure 1.10). These amino acids are organised into

domainsor repeats (usually known as type 2 domains, type 3 domainsand the

globular-carboxy terminus) that bind calcium anda rangeofextra cellular molecules,

and possess somecell attachmentproperties (Adams 2004). Type 2 domains, also

termed epidermal growth factor- (EGF-) like repeats, are variable in number, whereas

there are seven type 3 domains (Adamsand Lawler 2004). In additionto this
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organisation, the polypeptide chains of the two subgroup A thrombospondinshave a

further set of domains, known as type 1 or properdin domains or thrombospondin

structural homology repeats (TSRs). TSP-1 contains three TSRs, which mediatecell

attachment, glycosaminoglycan binding,inhibition of angiogenesis, activation of

TGFRB,and inhibition of matrix metalloproteinases (Figure 1.10). TSP-1 and TSP-2

differ chiefly at the amino-terminal domain, which binds heparin andis thus also

called the heparin binding domain (Elzie and Murphy-Ullrich 2004), although there

are differences between their respective type 1 repeats as well (Schultz-Cherry etal.

1995). Subgroup B thrombospondins lack type 1 domains, do not inhibit angiogenesis

and have variable amino-terminal domains (Hiscott et al. 2006).

1.7.2 Roles of TSP-1 and -2

Both TSP-1 and -2 have major functions in development, but as is the case with

someother matricellular proteins,it is in tissue formation during adult life where they

have a more overt impact (Adams 2001; Bornstein 2001; Bornstein and Sage 2002).

In normal adults TSP-1 and TSP-2 appear to play a role in continued tissue turnover

as evidencedbytheir tightly controlled post-natal expression (Bornstein 2001; Hiscott

et al. 2006).

They are potent inhibitors of angiogenesis (Goodet al. 1990; Hiscott et al. 2006;

Lawler and Detmar 2004). It has been demonstrated that diverse peptide sequences,

several in the TSRs, possess anti-angiogenic properties. The mechanismspotentially

involved in TSP-1- and TSP-2-mediated suppression of angiogenesis include CD36-

mediated endothelial cell apoptosis, transforming growth factor-beta 1 (TGF#1)

activation, regulation of matrix enzymeactivity, inhibition of endothelial growth

factor (bFGF), vascular endothelial growth factor (VEGF), matrix metalloproteinase

(MMP) 2 and MMP9(Armstrong and Bornstein 2003) (Figure 1.11).

51



 

0361 binding peptide:
FOGVLONVREVF

   

  
cayB3 binding peptide: RGD

   tee

~.,,type 2 ee 3 -

— 0,CD47 binding peptide: RFYVVMWK

TGFp-activation Protein and glycosaminoglycanbinding a

Lees G036 and HIV gp120binding .

KRFKODGGWSHWSPWSSCSVTCGDGVITRIRLCNSPSPOMNGKPCEGEARETKACKKDACPT

Inhibits endothelial cell migrationKRFKQODGGWSHWSPW VITRIR——
ener S toward VEGF and FGF-2

SPWSSCSVTCGDGVITRIR

Inhibits FGF-2-induced Inhibits both VEGF and FGF-2-induced
angiogenesis in the CAM assay angiogenesis in the CAM assay  
 

Figure 1.10 Active peptide sequences in TSP-1. The location of the aminoacid

sequencesthat are reportedly involved in the various functions of TSP-1 are shown in

context of the domain structure of the molecule (Source: Lawler J, 2002).
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Figure 1.11 Schematic representation of effects of TSP-1 on endothelial cells. A:

Breakdown of vascular basement membrane(red) and new vessel sprouting in

response to a gradient of growthfactors (blue dots). B: Presence of TSP-1 and -2

(green dots) attenuates the responseby activation of TGFf,initiation of apoptosis,

binding and sequestration of growth factors and suppression of extracellular proteases.

(Source: Iruela-Arispe M.L., 2004).
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Both TSP-1 and TSP-2 are required for “normal” cutaneous woundhealing; a

setting that allows differences between the two subgroup A thrombospondinsto be

readily appreciated. TSP-1, derived from platelets and the monocytic cells of the

inflammatory response, appears early in repair and is involved in coagulation and the

provisional matrix, cell recruitment, apoptosis of damaged cells, protease modulation

and TGFactivation (Agahet al. 2002; Bornstein et al. 2004; Mansfield and Suchard

1994; Orr et al. 2003; Raugiet al. 1987; Reedet al. 1993; DiPietro et al. 1996). Re-

epithelialisation of skin wounds mostlikely needs TSP-1 but the epithelial cells seem

to utilise the available platelet/monocytic TSP-1 rather than make their own (DiPietro

et al. 1996; Reed et al. 1993). Absence of TSP-1 delays cutaneoushealing.

Conversely, TSP-2 emanates from woundfibroblasts and so emergeslater than TSP-1

in repair. TSP-2 seems to regulate MMP2 and MMP9in angiogenesis and

collagenous matrix assembly during healing (Bornsteinet al. 2004; Kyriakidesetal.

1998; Kyriakideset al. 1999; Yanget al. 2000). Deficiency of TSP-2 accelerates skin

healing and causes abnormalities of vascular proliferation and of collagen

fibrillogenesis in the wound, presumably in part because of increased MMP2activity

(Bornstein et al. 2004).

Theproteins usually are consideredas inhibitors of neoplasia, largely because of

their anti-angiogenic properties but, as with angiogenesis, the precise role of TSP-1

and TSP-2 in neoplasia is unclear and somewhat contentious (Hiscott et al. 2006;

Lawler and Detmar 2004).

1.7.3 TSP-1 and-2 in the normal eye

Various ocular cells have the ability to synthesise one or more membersofthe

protein family. There are differences with regard to ocular thrombospondin

localisation between individual membersofthe protein family, between species and
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between embryonic and adult eyes (Table 1.3). Additionally, in normal ocular tissues

the distribution of the proteins as detected by immunohistochemistry may differ from

that of their mRNA (Table 1.3). For instance, TSP-1 or TSP-2 protein is not detected

in human corneal stroma but TSP-1 mRNA(though not TSP-2 mRNA)is detected in

this structure (Armstronget al. 2002; Hiscott et al. 2006; Hiscott et al. 1996; Hiscott

et al. 1997).

1.8 Wound Healing in the Cornea

Healing of corneal injuries is an exceptionally complex process involving the

integrated actions of multiple growth factors, cytokines, and proteases produced by

epithelial cells, stromal keratocytes, inflammatory cells, and lacrimal glandcells.

Following corneal injury, basal epithelial cells migrate and proliferate in response to

chemotactic cytokines and mitogenic growth factors, including epidermal growth

factor and keratinocyte growth factor. Simultaneously, keratocytes within 200-300UM

of the injured area undergo apoptosis underthe Fas/Fas ligand system, while more

distant keratocytes transform into activated fibroblasts and migrate into the wound,

where they begin synthesising new extra cellular matrix components that form the

scar tissue under the dominantinfluence of the TGFB/ CTGF(connective tissue

growth factor system), (discussed furtherin the next section). Maximal

deoxyribonucleic acid (DNA) synthesis occurs 24 hoursafter injury and within 3 days

keratocytes are detected at the wound margin wherethey begin to secrete type I and

III collagens (Trinkaus-Randall V et al. 1998). Type V and VI collagensare detected

around 2 weeks. Activated keratocytes may transiently expressfetal

antigens(Goodman etal. 1989; Malley et al. 1990). Epithelial cells and activated

stromalfibroblasts also secrete growth factors and cytokines that have paracrine and

autocrine functions. Corneal repair proceeds for the next several weeks to months
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TSP-1

mRNA

TSP-2

mRNA

TSP-1

protein

TSP-2

protein

Embryo

Corneal endothelium (C),

anterior lens epithelium and

transiently in lens fibres (C),

lens equator (C), sclera (C)

Corneal endothelium (C),

ciliary body (muscle and

scleral spur) (C), sclera (C)

Optic vesicle and it's basement

membrane (R/M), corneal

surface (R/M), lens epithelium

and lens fibres (R/M),

posterior lens capsule and

around posterior hyaloid blood

vessels and retina (R/M),

vitreous cells (R/M)

Adult

Corneal epithelium (H), corneal stroma (H), cornea

(R/M), iris (R/M), retinal vessels (R/M),

neuroretina (R/M), sclera (H)

Cornea (R/M), iris (R/M), sclera (H)

Episclera (H,P), corneal basal epithelium (H,B),

limbal and corneal epithelial basement membrane

(H,B), posterior corneal stroma/Descemet's

membrane interface (H,B,R/M), posterior

Descemet's membrane (H,B), corneal endothelium

(HB, R/M,P), trabecular meshwork (H,B,P),

Schlemm's canal (H), aqueous (B, R/M),iris

(R/M,P), lens equatorial fibres and epithelium

(H,B, R/M), ciliary epithelium (H,P), ciliary muscle

(P), vitreous (H, R/M), neuroretina (R/M),retinal

pigmentepithelium (H), Bruch's membrane (H),

sclera (H,P), optic nerve (P), ocular blood vessels

(H,P, R/M)

Limbal stroma (H), cornea (R/M),iris (R/M),

Table 1.3: Localisation of TSP protein and m-RNAin theeye.

(adapted from Hiscott et al, 2006). R = rat, M = mouse, H = human, B = bovine, C =

chick, P = Porcine

55



(Cintron et al. 1981), during which time the gene expression profile slowly returns to

the pre-injury pattern and the provisional scar matrix slowly remodels by actions of

matrix metalloproteinases. While minorepithelial injuries heal by regeneration of

normal architecture, large stromal injuries heal by repair with irregular scar tissue that

impairs the optical properties of the cornea. Also, if the integrated regulation of the

woundhealing processis interrupted at any point, the woundfails to heal properly and

a corneal ulcer develops (Lim et al. 2003).

Whytissues and organs regenerate in some species while mammals repair

damage mostly by fibrosis and scarring is intriguing. However, occasional

circumstancesin which repair appears to take on a regenerative character in mammals

do occur, such as during foetal wound healing orin certain types of corneal wounds.

The choice between regenerationorfibrosislies in the control of fibroblast phenotype.

Thatis, if fibroblast “activation” occurs within the damaged tissue, then repair will be

fibrotic but if the samecell is able to proliferate after injury withoutactivation, repair

would be regenerative (Fini 1999). It is now knownthat “matricellular proteins”, a

group of disparate proteins expressed during developmentbutonly in restricted

situations in adults are up-regulatedin sites of tissue re-modelling and act temporally

and spatially to provide regulatory signals in cell-cell and cell-matrix interactions

(discussed in section 1.9) (Bornstein and Sage 2002). Indeed, TSP-1 and -2,

matricellular proteins are expressed in the stroma of scarred corneas (Hiscottetal.

2006).

Better understanding of the cellular and molecular changes that occur during

repair of corneal woundswill provide the opportunity to design agents that selectively

modulate key phases of corneal wound healing, resulting in scars that more closely

resemble normal corneal architecture (Lim et al. 2003).

56



1.9 Variable repair phenotypes of the keratocyte

Uponinjury to the cornea, keratocytes can transition into divergent phenotypes,

dependent on specific environmental signals (Figure 1.12). As keratocytes are derived

from cranial neuralcrest cells, it has been postulated that some of the regenerative

properties exhibited by them maybeattributed to their stem-cell like properties,

which were retained from their cell of origin. It has also been shown that adult

keratocytes remain in the GO phaseof cell-differentiation rather than undergoing

complete terminal differentiation, which suggests that they are partially restricted

precursors that can readily respond to reform the native corneal stromaandrestoreits

transparency (West-Mays and Dwivedi 2006).

Thefirst published report of the response of keratocytes to corneal traumadates

back to 1958, when Wolter described keratocyte activation and migration to the

corneal woundsite (Wolter 1958). Since that time, many studies have beencarried out

to further describe and characterize these responses. In the undisturbed cornea,

keratocytes contain a prominent nucleus and their cytoplasm contains a small amount

of endoplasmicreticulum and a few mitochondria with no prominent microtubules or

microfilaments. Following stromal wounding,oneofthe first changes is apoptosis of

a sub-population of keratocytes. This is thought to be a benign response,in orderto

protect the cornea from further inflammation and subsequentloss of transparency

(West-Mays and Dwivedi 2006). Cytokines such as Interleukin 1 (IL-1) and tumour

necrosis factor alpha (TNFa), secreted from the overlying epithelium, may modulate

keratocyte apoptosis by acting as a stimulator for autocrine production ofthe Fas

ligand, an apoptotic mediator (West-Mays and Dwivedi 2006) (Figure 1.13).

Whenthe cornealepithelial basement membraneis disrupted, keratocytes adjacent to

the acellular zone at the wound edge become“activated” and migrate to the wound
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site. These changesbegin asearly as 6 hoursafter injury and, within 24 hours,

activated keratocytes migrate into the acellular zone, and by the second day reach the

edge of the wound. Theactivated keratocytes are enlarged, flat and fusiform, with an

increased number of RER, mitochondria, free ribosomes, prominent Golgi complexes,

and vesicles in the cytoplasm characteristic of active fibroblasts (Fini 1999; Watskyet

al. 2004). These cells have also been shown to incorporate radiolabelled

macromolecular precursors, further suggesting they are actively synthetic (Fini 1999).

This synthetic activity involves replication ofDNA leading to proliferation of cells 72

hoursafter injury, production of repair ECM), fibronectin and MMPssuch as

collagenase (MMP1), stromelysin (MMP3) and gelatinase B (MMP9).

During the contraction phase of corneal wound healing a new cell type appears:

the myofibroblast, which is characterised by the intracellular appearance of a-smooth

muscle actin. These cells are thought to be responsible for wound contracture as well

as ECM deposition and organisation. Activated corneal fibroblasts and myofibroblasts

are not terminally differentiated phenotypes and havethe ability to transition into one

another (Maltsevaet al. 2001). Cell numbers in the wound gradually return to normal

after peaking betweenthe third and sixth day, probably by apoptosis. Even at 9

monthsthe cells in the scar are not normal keratocytes, although they have many of

the characteristics of normalcells (Fini 1999).

A numberof growth factors and cytokines contribute to the activation of

keratocytes (Figure 1.13). Interleukin-1 alpha (IL-1) and transforming growth factor

beta (TGF), both released by the epithelial cells can control the behaviour ofrepair

phenotypes. Various studies have shown that manipulation of cytokine profiles can

influence the quality of wound healing, probably via their control of fibroblast

phenotype and gene expressionprofiles. One of the major differences in foetal
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Figure 1.12 Phenotypes exhibited by stromalcells in normal and repairing

cornea. Oncethe keratocyte is activated to the repair fibroblast phenotypeit can

further differentiate to the myofibroblast, a reversible phenotype. Overtime, repair

fibroblasts gradually become more quiescent and take on a keratocyte appearance;

however, biochemically they continue to resemble fibroblasts. (Source: Fini 1999)
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Figure 1.13 Cellular interactions during corneal repair. (A) Cornealepithelial

injury - IL-1a released from the injured epithelium, induces some keratocytes to

undergocell death, someto proliferate, secrete MMPs,and transition to an activated

phenotype.In the absence of a basement membrane (BM), epithelial cells secrete

TGFB2 inducing somekeratocytesto transition in to myofibroblasts, that secrete

ECM.(B) Return ofBM inhibits release of TGFB2 into stroma and the myofibroblast

phenotypeis no longer observed. The activated keratocytes continue to secrete

autocrine IL-la and remodel the ECM. (Source: West-Mays and Diwedi, 2006).
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healing comparedto adult healing is that in foetal repair there is less inflammation

than in adults. In addition, the cytokine profile is quite different between the two,in

particular with regardto the levels of TGF. Indeed, neutralising antibodies to TGFB

have been shown to significantly reduce scarring in adult murine skin wounds and

post excimerlaserrepair tissue disorganisation, deposition of fibronectin and corneal

haze in murine corneas (Fini 1999; Moller-Pedersenet al. 1998; Shah et al. 1994). An

important observation is the difference in healing between corneal freeze injuries and

incisional injuries. Freeze woundsheal without scarring, and therefore, may bear

someanalogy to the fetal wound.Asin the case of fetal wound healing, remarkably

little inflammatory reaction accompanies comealfreeze injury. Similar regenerative

changes occur following destruction of the stromal keratocytes by mustard and

nitrogen mustard gases, or after epithelial debridement (Fini 1999; Wilson and Kim

1998). Importantly, in each of the corneal woundtypes that regenerate, the stromal

ECMappears to remain intact which suggests an important role of ECM proteins

(such as matricellular proteins) in wound healing. In addition, cell death appearsto

occur by apoptosis rather than necrosis. These studies suggest that it is possible for

keratocytes to proliferate and migrate in corneal wounds without their conversion to

repair fibroblasts. An understanding of this mechanism could lead to therapeutic

measuresfor effecting true corneal regeneration after injury.

1.10 Corneal Angiogenic Privilege

Corneal clarity and avascularity are importantfor the properoptical

performanceofthe cornea (Chang et al. 2001). Neovascularisation (NV)is the

formation of new vascular structures in areas that were previously avascular.

Angiogenesisis the formation of new vessels from pre-existing vascular structures as

occursin tumor growth, cornealandretinal diseases. Normally, corneal wound
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healing proceeds without NV.Failure of the cornea to respond to these stimuli with

angiogenesisis called “angiogenic privilege” in analogy with the term “immune

privilege”, which denotesthe inherent resistance of the cornea to display

inflammation (Changet al. 2001; Streilein 1999). However, corneal “angiogenic

privilege” is not absolute and corneal vascularisation may be induced during wound

healing in several inflammatory, infectious, degenerative, and traumatic corneal

disorders (Changet al. 2001).

Several mechanisms maycontribute to corneal avascularity and the pathogenesis of

corneal vascularisation (Azar 2006):

a.

b.

Mechanical considerations ofcorneal anatomy (section 1.4)

Angiostatic nature ofcornealepithelialcells

The immuneprivilege ofthe cornea andits dependenceon the induction of

anterior chamber associated immune deviation (ACAID), in which

antigen-specific, delayed-type hypersensitivity is suppressed

Lower corneal temperature, extensive innervation and movementofthe

aqueous humor across the cornea

Lowlevels ofangiogenicfactors under homeostatic conditions and during

avascular corneal wound healing

Lowlevels ofpro-angiogenic matrix metalloproteinases

Barrierfunction ofcorneal limbalcells

Active production ofpotent antiangiogenicfactors that counterbalance the

pro-angiogenic stimuli during homeostasis and avascular woundhealing

Manystudies have focused on understanding the mechanismsthat are operative

in maintaining corneal avascularity under homeostatic conditions and in avascular

woundhealing. These investigations suggest that corneal angiogenic privilege
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involves active cascadesandis not a passive process (Azar 2006). A balance exists

between angiogenic factors such as bFGF and VEGFandanti-angiogenic factors such

as TSP, angiostatin, endostatin, tissue inhibitor of matrix metalloproteinase,

Interleukin-1 receptor antagonist and pigment epithelium derived factor (PEDF).It is

suggested that the balance between angiogenic andanti-angiogenic factors may be

tilted following certain pathologicalinsults in favor ofNV due to up-regulation of

angiogenic factors or down-regulation of anti-angiogenic factors (Azar 2006; Chang

et al. 2001; Sottile 2004).

Though numerousanti-angiogenic factors have been localised in the cornea,

none of these is required for corneal avascularity during development as mice

deficient in either ofthem retain normal phenotypes, giving rise to the concept of

“redundant regulation” of corneal avascularity during development (Cursiefen 2007).

Cursiefen et al have shown that lack of anti-angiogenic factors TSP-1 and/or -2

resulted in no spontaneouscorneal angiogenesis. By contrast, TSP-1, more than TSP-

2, helps to suppress inflammation-induced corneal angiogenesispost-natally,

implying that angiogenicprivilege in the corneais actively maintained (Cursiefen et

al. 2004).

The corneal angiogenic privilege appears to be an early event during fetal

intrauterine development as shown in an analysis of humaneyes atgestational ages of

17 - 41 weeks. Normal human corneas were primarily avascular and devoid of both

blood and lymphatic vessels. This suggests early and strong expression of both

antiangiogenic and antilymphangiogenic factors in the human cornea during

development(Cursiefenet al. 2006).

The suggestion of active maintainance of corneal avascularity is further

highlighted by the presence of the potent pro-angiogenic factor, VEGF-A in an
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avascular cornea. This however appears to be boundto sflt-1 (soluble Fms-related

tyrosine kinase-1), an alternatively spliced, secreted isoform of the cell-surface

receptor membrane-boundflt-1 (mbflt-1) that can act as a ‘manacle’ for VEGF-A

(Ambati et al. 2006).

The angiogenic activity ofVEGF is mediated by two specific tyrosine kinase

receptors found on endothelial cells: Flt-1 (or VEGF receptor-1) and KDR/FIk-1

(kinase insert domain-containing receptor) (or VEGFreceptor-2). Alternative splicing

of the pre-mRNA encoding the F/t-/ gene results in the production of the membrane-

bound (mbflt-1) and the soluble (sflt-1) receptor variants. The soluble variant of the

flt-1 receptor, sflt-1, can neutralize the effects of VEGFin vitro, inhibit tumor growth

in vivo, and suppressretinal neovascularization.sflt-1 can inhibit the binding of

VEGFto flt-1 and can also form heterodimers with VEGF-receptor 2.sflt-1 is

currently the only known endogenously expressed selective inhibitor ofVEGF

(from:(Lai et al. 2001; Robinson and Stringer 2001)).

Lai et al demonstrated that adenovirus-mediated sflt-1 expression could inhibit

VEGFinducedproliferation of vascular endothelial cells in vitro andin vivo in an

animal model of corneal vascularisation (Lai et al. 2001). More recently Ambati etal

have shown that genetic, transcriptional and protein targeting suppressionofsflt-1

induces a phenotype with corneal vascularisation (Ambati et al. 2006). The

spontaneously vascularised corneas of corn] (mutations in destrin) and Pax6 ” mice

are deficient in sflt-1. In humans, Pax6 mutations are present in patients with aniridia,

and are associated with vascularised corneas. A reduced expression ofsflt-1 is noted

in these corneas and vascularised corneas from other causes (Ambatiet al. 2006;

Ambati et al. 2007). sflt-1 is expressed in normalcornealtissue andits expression is

restored with regression of corneal vascularisation (Ambati et al. 2007).
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The findingthat sflt-1 alone abolishes corneal avscularity is suprising, given the

presence of a multitude of anti-angiogenic factors in the avascular cornea. Recent

studies have shown that inhibition of VEGFaloneis not sufficient in preventing

corneal vascularisation completely (Papathanassiouet al. 2008; Yoeruek etal. 2007).

It is therefore more likely that a complex interplay of angiogenic and anti-angiogenic

factors is responsible for the development of corneal vascularisation.

Corneal NV is a sight threatening condition, and the only definitive

managementis penetrating keratoplasty (PK). The prognosis ofPK is poor in these

eyesas a result ofthe loss of the angiogenic and immuneprivilege of the eye (Koayet

al. 2005; Williamset al. 2006; Dana and Streilein 1996). Herpes simplex keratitis, a

result of infection with the Herpes simplex virus-1 leads to visual morbidity through

cornealscarring, thinning and neovascularisation.It is the most commoninfective

cause of unilateral blindness and the main infectious indication for a PK in many

developed countries (Liesegang 2001; Tullo 2003). It is hence an excellent model to

study the pathogenesis of corneal vascularisation and is discussed in further detail in

the next section.

1.11 Herpes simplex keratitis

Herpes simplex keratitis (HSK) has an incidence of 5.9 — 20.7 / 10° ofthe

population per year and a prevalence of 149/1 0° in developed countries (Liesegang

2001). Theinitial clinical features of herpetic eye involvement usually manifest as a

blepharitis, conjunctivitis or cornealepithelial keratitis. In contrast, recurrent disease

manifests predominantly as an ulcerative and/or stromalkeratitis. It is recurrent

disease, however, which has the main impact on vision through cornealscarring,

thinning and neovascularisation. Although predominantly unilateral, bilateral disease

occurs in 1.3-12% of cases, occurs in a younger age group and tends to be moreyounger ag p

64



severe. This maybe particularly acute for countries in the developing world, where a

younger age group maybe affected with more severe disease, compounded by the

presence of malnutrition and other diseases, as well as the lack of access to treatment

(Kaye and Choudhary 2006).

1.11.1 Herpes Simplex Virus-1

Herpes simplex virus -1 (HSV-1) is a large double-stranded DNAvirus with a

genomeof approximately 152 kb (Figure 1.14). It is an alpha herpes virus and belongs

to the human herpes virus (HHV)family, of whichit is the first member, also referred

to as HHV type 1 or HHV-1. The HSV-1 virion is 120-300 nm insize.It consists of

an electron-opaquecore containing the genome, a surrounding capsid, 100 nm in

diameter, a tegument and an envelope. Capsid architecture is among the most

characteristic feature of the herpes virus family. It comprises of 162 capsomeres

arranged to form an icosadeltahedron. The tegumentis an amorphousstructure

surroundingthe capsid that contains proteins and enzymessuchas the important

virion host shut-off protein. The envelope consists ofa lipid bilayer with about 12

embedded glycoproteins, which serve as attachmentproteins (gB, gC, gD, gH), fusion

proteins (gB), structural proteins and immuneescape proteins (gC, gE, gl). The

genomeis linearly divided into long and short regions of unique sequences, termed

ULand US, boundedbyregionsof internal and terminal repeats (Figure 1.15). It is

the variability in the numberofthese repeat regions, which leadsto the variability in

the size of the genome (Knipe and Howley 2001; Murrayet al. 2002).

1.11.2 Virus Replication

HSVattachesto cell receptors with subsequent fusion of the envelope with the

plasma membrane,leading to penetration ofthe virus into the cell and transport of the
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Figure 1.14 Electron microscopy of herpes simplex virions. Note the central capsid

containing the double stranded DNA surrounded by the tegument and envelope.

(Source: Kaye and Choudhary, 2006)
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Figure1.15 Linear representation of the HSV-1 genome.

TRL:Terminal long repeat, UL: unique long region, IRL and IRS: Intermediate long

and short repeats, US: unique short segment, TRS: terminal repeat short, gC:

Glycoprotein C, TK: thymidine kinase, UL4/: gene encoding virion host shutoff

protein (vhs), LAT:latency associatedtranscript, ICPO: infected cell protein 0. Region

coding for LAT overlaps butis on the opposite strand to ICP0. (Source: Kaye and

Choudhary, 2006)
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capsid to the nuclear pores with release of viral DNA into the nucleus. All of this is

mediated by the embedded glycoproteins and tegumentproteins. After entry into the

cell, the virion components, specifically the virions host shut-off protein (vhs), are

involved in the early shut-off of host macromolecular synthesis (Strelow and Leib

1995). Oneoftheearliest visible structural changesin the cell is enlargementofthe

nucleolus, and displacement towards the nuclear membrane whereit fragments.

Transcription of the viral genome,replication of viral DNA, and assembly of new

capsids takes place in the nucleus (Roizman and Knipe 2001). Viral gene expression

is coordinated as a sequential cascade and after packaging into preassembled capsids;

the virus matures and acquires infectivity by budding through the inner lamellae of the

nuclear membrane. The whole process takes approximately 18 - 20 hours. Although

local spread may occur from cell to cell, HSV-1 mayalso enter and be transported

along sensory nervesto establish latent infections and potential disease at othersites.

Viral protein synthesis occurs in the cytoplasm with the sequential expression of

approximately 80 viral proteins in 3 major kinetic classes: Immediate early (IE); Early

(E); and Late (L) genes. Thefirst to be expressed are the products of the alpha (a)

genes, the Immediate-Early (IE) proteins, the expression of which reaches peak rates

of synthesis at 2 - 4 hours post-infection and which continue to accumulate until late

in infection. The functionsofthese proteins are regulatory, that is, some of the

products of the IE genes, also termed the infected cell polypeptides (ICP) suchas,

ICPO, 4, 22, and 27 are the primary mediators of viral gene expression. Thebeta (f)

genes and their products, the Early (E) proteins are dependenton the presence of o

gene products and reach peakrates of synthesis at 5 - 7 hourspost-infection. They

include DNA polymeraseandviral thymidine kinase (TK). The early proteins are

involved in viral DNA synthesis and are required for maximum expressionoflate (y)
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genes, the products of which include virion structural proteins and viral glycoproteins

(Sears and Roizman 1990; Honess and Roizman 1975; Roizman and Knipe 2001).

HSV-1 spreadsusually by direct contact, entering the mucous membraneofthe

hostat the site of contact. Viral replication occurs at the site of inoculation, which

increases the contact with and entry into sensory nerve endings. Virus may reach the

eye by one of 2 main routes: the “Back-door” route (Tullo et al. 1982) characterized

by entry via the mouth with spreadto the eye; or the “Front-door”route (Kayeetal.

1992), with direct entry into the ocular surface with subsequent recurrence in the

cornea. Asymptomatic primary herpetic eye disease may be equally important for the

developmentof recurrent corneal disease. It is estimated that primary infections

manifest clinically in only 1-6% of occasions (Umene and Sakaoka 1999).

1.11.2.1 HSV-1 latency and recurrence

HSV-1 can establish both productive and latent infections. Productive infection

results in epithelial lesions, and mayleadto a latent infection in the trigeminal

ganglion (TG) and possibly in the cornea itself. When HSV-1 infects sensory neurons,

replication is limited, and the virus may be moreeasily maintained for the lifetime of

the host (Lilley et al. 2005).

An important discovery in the study of HSV wasthe finding of virus specific

transcripts in the central and peripheral nervous systems of mice and in human

trigeminal ganglia during HSV-1 latency (Stevenset al. 1987; Steiner et al. 1988).

Thesetranscripts, the latency-associated transcripts (LATs), originate from the repeat

regions, which are within the long intermediate (IRL) and terminal repeats (TRL).

Establishment and reactivation from latency involves the products of both the ICP0

and LAT genes and LATsappear to be important for reactivation from latency (Leib

et al. 1989a; Leib et al. 1989b). The LATregion has not been definitively shown to
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encode any proteins but has been implicated in a number of pathogenic functions,

including neuronalsurvival and suppression of apoptosis, virulence, suppression of

viral genes during latent infection, establishment of latency and as previously

mentioned, reactivation from latency.

The TGis likely the main site harbouring latent virus, but studies have shown

the presenceof viral antigens and LAT in corneas, suggesting that the cornea may

also harbourlatent virus (Kayeet al. 2000; Kayeet al. 1991). It is believed that cycles

ofHSV reactivation in latently infected neurons, accompanied by anterograde axonal

spreadto the cornea,lead to recurrentinfections and scarring of the cornea (Shimeld

et al. 1989; Shimeldet al. 1990). Importantly, however, recurrent ocular disease does

not entirely depend on anterograde transport, with some disease recurring from local

(corneal) reactivation (Polcicovaet al. 2005).

1.11.3 Clinical Manifestations

Herpes simplexkeratitis is a complex ocular disease presenting with a variety of

clinical manifestations secondaryto live viral infection, immune and inflammatory

responseandtheir sequalae. All levels of the cornea can be affected and the keratitis

can be broadly divided into epithelial, stromal and endothelial disease. Anterior

segmentdisease also includes uveitis and irido corneal endothelial syndrome.

The pathogenesis of HSV disease is dependent on a numberoffactors,

including the constellation of viral genes encoded byeachstrain working in concert to

determine the virulence phenotype ofthat particular strain and the genetic make up of

the host and host immune system.
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1.11.3.1 Epithelial keratitis

Corneal epithelium may be involved in up to two-thirds of cases with ocular

involvement (Gunderson 1936). The earliest lesions are fine or coarse granular spots

with epithelial bedewing forming a punctate epithelial keratopathy. Within 24 hours

the cell nuclei become laden with replicating virus and the infected cell swells up

prior to releasing the virus into adjacent areas (Edelhauseret al. 1969). Thisis

manifestedclinically as a raised dendritic lesion that initially displaces fluorescein to

produce‘negative staining’ (Binder 1977; Holland and Schwartz 1999; Liesegang

1999)and later progressesto a typical dendritic ulcer, the hallmark ofHSK (Figure

1.16). It is a true ulcer extending through the basement membraneandits features

include a branching linear shape with terminal bulbs and swollen epithelial borders

that contain live virus.

Enlargementofthe ulcer may occur, leading to a geographic (amoeboid) ulcer

(Figure 1.17) in up to 22% ofcases. Impairment of corneal sensation may lead to

neurotrophic keratopathy, with loss of corneal lustre and an irregularity of the corneal

surface.

1.11.3.2 Stromalkeratitis

Herpetic stromal disease accounts for 2% ofinitial presentations and 20-48% of

recurrent herpetic disease (Darougaret al. 1985; Norn 1970; Liesegang 1989). Viral

invasion of the stroma, either from reactivation oflatent virus in the supplying

sensory nerves, from direct invasion from the epithelium or from reactivation of latent

virus within the stroma, together with a marked immuneresponse, producesa stromal

keratitis. In a necrotizing keratitis there is necrosis, ulceration, and dense infiltration

of the stroma usually with an overlying epithelial defect. Greyish white homogeneous

abscesses with edema, keratic precipitates, severe iridocyclitis and raised IOP may
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Figure 1.16 Dendritic ulcer stained with Fluorescein. Note branching shape with

terminal bulbs and swollen epithelial borders a & b. (Courtesy: S B Kaye)

 

 

 

 

Figure 1.17 Geographic Ulcer. Note large corneal ulcer stained with rose Bengal(a)

and fluorescein (b) which is geographic in shape. (Source: Kaye and Choudhary,

2006)

 

Figure 1.18: Scarred and vascularised cornea secondary to HSK. Note stromal

scarring, calcium deposits, lipid keratopathy and vascularisation. (Courtesy: S B

Kaye)
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develop. Super-additive severe inflammatory response mayresult in a destructive

inflammation leading to thinning and perforation, especially where there is a

superaddedor associated bacterial infection. A non-necrotising stromalkeratitis

(previously referred to as an immunekeratitis) occurs in 20% patients with chronic or

recurrent disease (Darougaretal. 1985; Liesegang 1989). There may be no history of

previous symptomatic epithelial keratitis and the epithelium is usually intact. Stromal

inflammation, may be focal, multifocal or diffuse (Wilhelmus 1987) and there may be

an associated anterior uveitis. The inflammation may be chronic, recurrent or

recrudescentleading to stromal scarring, thinning, neovascularisation andlipid

deposition (Figure 1.18). Occasionally an immunering, representing an antigen-

antibody complementprecipitate, similar to a Wesselyringis seen in the central or

paracentral mid-stroma (Meyers-Elliott et al. 1980). Stromal neovascularisation may

be sectoral or diffuse and frequently occurs in several layers of the cornea (Liesegang

1999) (Figure 1.18).

1.11.3.3 Endothelial

HSK maybeassociated with an endotheliitis. Three phenotypic forms have

been identified according to the pattern of endothelial disease: disciform, diffuse and

linear. A disciform type endotheliitis is the most common form andis seen asa disc

shaped area of stromal oedemainthe central or para-central cornea, usually involving

the entire stromal thickness giving a ground glass appearance (Figure 1.19). Keratic

precipitates are present underlying the areas of stromal oedema and a mild to

moderateiritis is usually present. A diffuse endotheliitis or a linear endotheliitis is

much less common. Corneal endotheliitis may be associated with raised intraocular

pressure whichhas beenattributed to an associated trabeculitis (Amanoetal. 1999;

Liesegang 1999).
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1.11.3.4 Recurrent Infection

An important contributor to visual loss from HSV infection is its recurring

nature. Several factors have been suggested as potential triggers of recurrent ocular,

orofacial, or genital HSV disease, including upperrespiratory tract infection, fever,

sunlight, seasonal conditions, emotional factors, psychological stress, trauma, and

menstruation, although none of these were shown to be significant in the Herpetic Eye

Disease Study (HEDS) (HEDS 2000). In the HEDS, 35% developed one or more

recurrences over an 18 month period. Although previousepithelial keratitis did not

affect the risk of epithelial keratitis, previous stromal keratitis increased the risk of

further stromal keratitis 10 fold, and was strongly correlated with the numberof

previous episodes (HEDS 2001). A reasonable estimate of the recurrence rate ofHSK

after epithelial or stromal disease is approximately 10% per year (Kaye and

Choudhary 2006).

Theinitial infecting viral strain usually colonizes the sensory ganglia in most

cases and its reactivation is thought to be the cause of recrudescentinfections. Super-

infection with a newstrainis also possible and penetrating keratoplasty is a particular

risk factor (Remeijer et al. 2001; Remeijer et al. 2002).

1.11.4 Treatment

Both topical and systemic antivirals have been used in the treatmentof epithelial

and stromaldisease particularly acyclovir. Topical steroids are used in combination

for stromal disease. However, once a visually disabling corneal scar develops, options

for improving vision are limited to surgery either in the form of penetrating or

lamellar keratoplasty or rarely photokeratectomy.
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Figure 1.19 Disciform keratitis. Note the disc shaped area of stromal oedemain the

central cornea giving a ground glass appearance (Source: Choudhary et al, Cornea and

External eye diseases, 2008)

 
Figure 1.20 Recurrence of HSKin a corneal transplant. Note the recurrent corneal

ulcer at the interface (red arrowheads) andline of keratic precipitates with inferior

corneal oedema (white arrowheads) in a patient who had a cornealtransplant for

HSK.(Source: Kaye and Choudhary, 2006)
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1.11.4.1 Penetrating keratoplasty in HSK

One of the major problems following penetrating keratoplasty for HSK,is the

developmentof recurrent disease in the new cornea (Figure 1.20) and secondly

corneal transplant rejection following, or concurrent with, recurrent herpetic disease.

It is often difficult to differentiate one from the other.

The recurrence ofHSK in penetrating keratoplasty varies from 12% to 27%

compared to 10% per year following HSK (van et al. 2003; Fine and Cignetti 1977) .

The incidence ofnewly acquired HSVkeratitis after penetrating keratoplasty is 14

fold higher than in the population (Remeijeret al. 1997).

1.11.5 Pathogenesis of HSV-1 induced corneal vascularisation

The pathogenesis of corneal scarring and vascularisation in HSKisstill

uncertain. Corneal vascularisation in HSK requires active viral replication and

procedures that minimise angiogenesis may diminish the severity ofHSK (Leeetal.

2002; Zhenget al. 2001b; Zhenget al. 2001a). Angiogenesis has been demonstrated

as early as 24 hourspost infection, thereby supporting the role of corneal

vascularisation in the severity of HSK (Zhenget al. 2001b). HSV-1 differs from other

viruses in that it does not encode molecular mimics of any known angiogenic factors.

This suggests that HSV-1 infection maydisrupt the normal equilibrium between

angiogenic and anti-angiogenic stimuli leading to an “angiogenic switch”initiating

angiogenesis (Sottile 2004).

Oneofthe major events after HSV-1 infection is the production ofpro-

inflammatory cytokines and chemokinesand an invasion of the cornea by

polymorphonuclear leucocytes (PMN). This responsehelpsin clearing the virus but at

the sametime lends entry to various cytokines and angiogenic factors secreted by the
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PMN.Theangiogenesis cascade likely involves cytokine mediated and other

paracrineeffects.

HSV-1 infection can induce the production of many angiogenic factors such as

VEGF, MMP2 and9,platelet derived growth factor (PDGF), bFGF, macrophage

inflammatory protein-2 (MIP-2) and monocyte chemotactic protein-1 (MCP-1) (Lee

et al. 2002; Yanget al. 2003; Zhenget al. 2001a). Hypoxia due to corneal oedema

mayalso serve as an angiogenic stimulus. The source of these factors seems to be

mainly PMN but VEGFis also expressed in epithelial, endothelial and stromal cells

(Philipp et al. 2000; Zhenget al. 2001a). Interleukin (IL)-1 and IL-6 are potent

stimulators ofVEGF production and IL-1 receptor antagonist results in reduced

angiogenesis in HSV-1 infection (Biswaset al. 2004). VEGF expression appears to be

a paracrine effect as the cells expressing the protein do not necessarily express HSV-1

antigen (Zhenget al. 2001a). It has been shown that the genome of HSV,like the

genomeofbacteria but unlike the human genomecontains a number of CpG motifs

(the nucleotides cytosine and guaninein repetition) (Zhenget al. 2002). CpG motifs

have been shown to stimulate multiple cellular components of the immuneandcentral

nervous system (Klinmanet al. 2000). Zheng et al. were able to demonstrate that

potentially bioactive CpG motif in HSV DNA and/or its breakdown products

contribute to corneal angiogenesis by inducing the production ofVEGF (Zhengetal.

2002).

These angiogenic responsesare balanced by anti-angiogenic influences which

include cytokines such as IL-12 and IL-18, TGF , tissue inhibitors of

metalloproteinase (TIMP) and TSP-1 and -2 (Yanget al. 2003; Armstrong and

Bornstein 2003). IL-12 and 18 are up-regulated following HSV-1 infection and inhibit

angiogenesis by down-regulating VEGFexpression. In another study, Kim et al have
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shown that IL-18, an endogenousnegative regulator of HSV-1 induced angiogenesis,

results in reduced stromalkeratitis lesion severity (Kim et al. 2005). While some

chemokines, such as MIP-2, are angiogenic others such as CXC chemokineslacking

the E-L-R motifs, may have an angiostatic effect, and may function by binding to

heparan sulphate ontarget cells. As heparan sulphateis also involved in HSV-1 entry

into target cells it is likely that HSV maybind heparan sulphate, thus blocking the

angiostatic activity and driving the process towards angiogenesis (WuDunn and Spear

1989).

Moreover, HSV-1 can selectively suppress matrix protein synthesis including

that of fibronectin, collagen I and III, and thrombospondin in smooth muscle and

vascular endothelial cells (London etal. 1990; Lashgari et al. 1987; Ziaie et al. 1986;

Kefalides and Ziaie 1986). As outlined above (section 1.7) thrombospondinsare a

family of five glycoproteins the first two of which TSP-1 and TSP-2 are involved in

wound healing and are potent anti-angiogenic agents (Armstrong and Bornstein 2003;

Bornstein et al. 2004). Cursiefen et-al have shown that TSP-1 anil -2 help in

suppressing inflammation induced corneal angiogenesispost-natally, implying that

corneal angiogenic privilege is actively maintained (Cursiefenet al. 2004). Hence,

TSP-1 and -2 are well placed to play a role in HSV-1 induced corneal vascularisation.

1.11.5.1 Source of TSP in the cornea

Given that TSP-1 and -2 play an important role in corneal scarring and

vascularisation (see also section 1.7.2); the next question is their source in the cornea.

One mechanism could be by invading blood vessels in the cornea, which have been

shown to appear as early as 24 hoursafter herpes simplex virusinfection in vivo (Lee

et al. 2002). Scarring howeveralso develops in an avascular cornea, wherefibroblasts

and notplatelets are the predominantcells. This led to the search for a local reservoir
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of TSP in the cornea. Work from our lab has shownthis reservoir to be keratocytes,

which express TSP-1 and -2 in an in vitro stromal wound repair model (Armstrong et

al. 2002; Hiscott et al. 1999).

1.11.5.2 Phenotypes of cultured keratocytes

In cell culture, keratocyte transition closely recapitulates the changesin

phenotype of keratocytes during wounding. Keratocytes isolated from uninjured

stroma and maintained in serum free conditions, retain most of the in vivo

characteristics of quiescent keratocytes, including dendritic morphology and

interconnecting pseudopodia. Addition of serum and further passagingofthesecells

results in their activation involving the onset of features as described in section 1.9.

Important genetic signaling pathwaysarealtered ascells take on a fibroblast

phenotypeor in other words become “competent” to respond to certain stimulators

(Fini 1999). These changesinclude induction offibronectin and the matrix

metalloproteinase, collagenase.

1.11.5.3 Keratocyte synthesis of TSP

Keratocytes havethe ability to synthesize TSP-1, and do so in vitro under

conditions which simulate corneal stromal repair (pre-confluent cultures), but not

whenkeratocytes are in a syncytial arrangement(as in the normal cornea) (Hiscott et

al. 1996; Hiscott et al. 1999). This suggests that keratocytes are capable of

synthesising TSP-1 in a woundrepair phenotype, but do not appear to produce the

protein in the normal human adult cornea. Cultured keratocytes contain messenger

RNA (mRNA) for TSP-2 and TSP-3 (in addition to TSP-1), but not for TSP-4 or

cartilage oligomeric matrix protein (COMP; TSP-S). Keratocytes in the normal cornea

contain mRNA for TSP-1 but not for other TSPs. Keratocytes in the wound repair

78



phenotype (pre-confluent cultures) also produce TSP-2 and TSP-3 in addition to TSP-

1 (Armstronget al. 2002; Hiscott et al. 1996; Hiscott et al. 1999).

1.12 Hypothesis

Given that HSV-1 does not encode for any known angiogenic proteins, a

disruption of the normal equilibrium between angiogenic and anti-angiogenic stimuli

is thought to be responsible for HSV-1 induced stromal vascularisation. Moreover,

HSV-1 has been shownto upregulate the synthesis ofVEGF and suppress the

synthesis of thrombospondins in smooth muscle and endothelial cells. TSP-1 and -2

are potent anti-angiogenic agents, which can bind and inhibit the activity of potent

angiogenic agents like VEGF and play an importantrole in induced corneal

vascularisation. They are expressed by keratocytes in vitro and their synthesisis up-

regulated following various stromalinsults in vivo. They are hence well placed to play

a role in HSV-1 induced corneal vascularisation.

I hypothesise that the synthesis of thrombospondin -1 and -2 by keratocytes may

be inhibited by HSV-1 infection and such a mechanism maycontribute to corneal

vascularisation in HSK.

1.13 Aims

This project sets out to investigate the above hypothesis and with the hope that,

if this hypothesis is correct, then TSP fragments may be used adjunctively to prevent

HSV-1 induced corneal vascularisation.

The project examines six main questions and together these form the main aims

of the study:

a. To determine the expression of TSP-1 and -2 in normal human cornea and

in cultured human keratocytes

v9



. To determineifthe expression of TSP is any different in scarred and

vascularised human corneas secondary to HSV-1 infection

To determine the expression ofVEGF in normal human cornea and scarred

and vascularised human corneas and to compareits distribution to that of

TSP-1 and -2

. To determine the expression of TSP in human corneal keratocytesat

varying timeintervals following HSV-1 infection of keratocytes in vitro

To determine the expression of angiogenic proteins (VEGF) and bFGFat

varying time intervals after HSV-1 infection of keratocytes in vitro

To determine the expression of TSP-1 and -2 and VEGFat varying time

intervals in mouse corneas infected with HSV-1
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2 Materials and Methods

To investigate this premise, the presence of TSP-1 and -2 in normal versus

scarred corneas and corneas with a history ofHSK infection wasinitially investigated.

Further to this, the expression of TSP-1 and -2 in vitro in human keratocytes was

studied. I infected keratocytes with HSV-1 and studied the expressions of TSP-1 and -

2 and also VEGF and bFGFatdifferent time intervals after infection (0, 2, 4, 6, 8, 24,

48 and 72 hours). Expressions of HSV-1 proteins (immediate early (HSV-1:ICP27)

and late (HSV-1gD)) and glyceraldehyde-phosphate-dehydrogenase enzyme

(GAPDH)as a control were also studied. Having established an in vitro model of

HSV-1 infection the next step wasto note the effect in an in vivo model. Forthis I

acquired mouse eyes infected with HSV-1 and fixed at varying timeintervalsafter

infection. Expressions of TSP-1, TSP-2 and VEGFwere noted.

2.1 Fixation, embedding and immunohistochemistry of human corneas (normal

and scarred)

2.1.1 Acquisition of human corneal specimens

Normal humaneyes were obtained fromthe local eye bank (St Paul’s Eye Unit,

Royal Liverpool University Hospital). Human, formalin-fixed, paraffin-wax

embedded specimensfor normal and vascularised corneas with a history of HSK were

obtained fromthe local tissue bank (Department of Histopathology, Royal Liverpool

University Hospital, Liverpool, UK) in accordance with the local research ethics

committee (the RLBUH Trust R and D committee) and Declaration of Helsinki

(1975). As these corneas had been anonymised,it was not possible to relate them to

the original case notes of patients. The reason for corneal transplant is however
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mentioned on the form sent to histopathology. Only those corneas which specifically

mentioned HSK were included.

2.1.2 Principles of immunohistochemistry

Immunohistochemistry is the localisation of antigens such as proteins in tissue

sections by exploiting the principle of antibodies bindingspecifically to antigens in

biologicaltissues. It takes its name from the roots "immuno," in reference to

antibodies used in the procedure, and "histo," meaning tissue. The antibody-antigen

interaction can be visualised in a numberofways. In the most commoninstance, an

antibody is conjugated to an enzyme,such as peroxidase or alkaline phosphatase that

can catalyse a colour-producing reaction. This technique requires a chromogen which

producesa colouredprecipitate at the site of antigen-antibody binding by reacting

with the labeled enzymeor dye. The colour ofthe precipitate differs with the

chromogen, such as 3, 3° Diaminobenzidine (DAB) produces a brown precipitate and

Nova Redor Vector red producea red precipitate. Different chromogens can be

combined with different enzymes on the sameslide to identify more than one antigen

in the technique of “double staining”. Availability of different chromogensis also

useful for immunohistochemistry on pigmented specimens, wherea red precipitate

would be more easily visualised than brown.

Alternatively the antibody can also be tagged to a fluorophore, such as

Fluorescein isothiocyanate (FITC), rhodamineor Texas red or beattachedto colloidal

gold particles for electron microscopy. Otherlabels include radioactive elements, and

the immunoreaction can be visualised by autoradiography (www.ihcworld.com).

Coonset al. werethe first to label antibodies with a fluorescent dye, and useit to

identify antigens in tissue sections (Coons and Kaplan 1950; Coons 1951; Coons
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1959). Subsequently, peroxidase (Avrameas and Uriel 1966; NakaneandPierce,Jr.

1966) and alkaline phosphatase (Mason and Sammons1978) were introduced.

2.1.3 Tissue Preparation for inmunohistochemistry

2.1.3.1 Fixation

Tissue preparation is the cornerstone of immunohistochemistry. To ensure the

preservation oftissue architecture and cell morphology, prompt and adequate fixation

is essential. There is no one universalfixative that is ideal for the demonstrationofall

antigens. In general, many antigens can be successfully demonstrated in formalin-

fixed paraffin-embeddedtissue sections including the proteins that were studied in

this thesis. Formalin leadsto intra and inter-molecularcross-linking of the proteins in

the specimen. Though,this helps in preserving the molecular structure, the

antigenicity of the proteins, may be masked by formalin fixation and may require

antigen retrieval techniquesat times. These include enzymatic digestion (trypsin) and

high temperature heating, none of which were required for any specimensin this

project.

2.1.3.2 Sectioning of wax embeddedsections

Specimen blocks were cooled to + 4 °C and 5 um thick sections were obtained

using the rotary microkeratome (Shandon A5325) and a S35 Feather microtome blade

(Surgipath Europe, 08310E). Prior to taking these sections, 30 um sections were

obtainedtill a full corneal section was obtained which was confirmed

microscopically. Specimens werecollected in a heated water bath and transferred on

to 3% aminpropylethoxysilans (APES, Sigma) coated glass microscopeslides (see

below). Theslides wereair-dried overnight before immunohistochemical

examination.
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APEScoatedslides are used to help sections to stick on to slides and prevent

loss of section following immunohistochemistry. Most humantissues carry a negative

charge owing to a small excessofacidic over basic aminoacidsin the structural

proteins and can therefore be expected to adhere well to a glass surface that has been

treated in such a wayas to makeit positively charged. This is achieved bytreating the

slide with a solution of 3% APESin the presence ofcatalytic traces of water.

2.1.4 Standard techniques for immunohistochemistry

2.1.4.1 Direct method

The direct method of immunohistochemistry is a one step staining method, and

involvesa labelled antibody(i.e. FITC conjugated antiserum) reacting directly with

the antigen in tissue sections. This techniqueutilizes only one antibody and the

procedureis short and quick. However,it is insensitive duetolittle signal

amplification and rarely used since the introduction of the indirect method.

2.1.4.2 Indirect method

The indirect method of immunohistochemistry involves an unlabeled primary

antibody(first layer) which reacts with tissue antigen, and a labelled secondary

antibody (against the IgG of the animal species in which the primary antibody has

been raised - second layer) which reacts with the primary antibody. This method is

moresensitive because there is signal amplification through several secondary

antibody reactions with different antigenic sites on the primary antibody. The second

layer antibody can be labelled with a fluorescent dye such as FITC, rhodamineor

Texas red, and this methodis called the indirect immunofluorescence method.

Alternatively, the second layer antibody maybe labelled with an enzyme such as
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horse radish peroxidase (HRP), alkaline phosphatase (AP) or glucose oxidase, and this

methodis called the indirect immunoenzyme method.

The direct method wasnot usedin this thesis because ofits low sensitivity.

However,different indirect techniques were used, as described below,to find the best

technique. Manyvariations wereinitially tried for example varying the concentrations

and exposure timesfor antibodies, blocking agents, type of chromogensand dilution

and exposure times for chromogensas discussed below:

2.1.5 Basic procedure for immunohistochemistry

1. Dewaxing: Sections need to be de-waxedprior to immunohistochemistry to

removethe paraffin-wax used for fixation. Sections were dewaxed by sequential

dips in: xylene 1 (3 min), xylene 2 (3 min), 100 % ethanol (1 min), 90 % ethanol

(1 min), 70 % ethanol (1 min) and final wash in purified de-ionised water (ELGA

Lab water, Buckinghamshire, U.K.).

2. Blocking: Blocking is required to prevent background staining. Non-specific

staining may be dueto contamination of antibodies (especially polyclonal) with

other antibodies due to impure antigen used to immunizethe host animal or the

non-specific response of the animal’s immune system, or to non-immunological

binding of the specific immunesera by hydrophobic andelectrostatic forces to

certain sites within tissue sections, especially collagen. This form of background

staining can be reducedby application of normal serum. Endogenousperoxidase

activity is found in manytissues (which mayinterfere when using the peroxidase

immunoenzymemethod)particularly in lysosomal contents of somecells, and can

be eliminated by pre-treating the tissue section with hydrogen peroxide priorto

incubation of primary antibody.

The different blocking agents used were:
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1. Enzyme block (hydrogen peroxide 0.3% - 1%) - 10 minutes at room

temperature.

2. Non-serum block or 20% serum from the animal where secondary antibody

wasraised (goat/rabbit) - 20 to 30 minutes at room temperature.

. Incubation with primary antibody: Sections were incubated with the primary

antibody at room temperature for 30-60 minutes or overnight at 4°C. The different

antibodies used andtheir dilutions are mentioned in Table 2.1.

. Wash with wash buffer (0.05 M Tris-HCL, pH 7.6 containing 0.15 M NaCl and

0.05% Tween-20 [S3006; Dako Cytomation, Cambridge, U.K.]) thrice, each for

10 minutes. A modification to the technique was using 1% goat or rabbit serum

with the primary antibody and also for the first wash (with wash buffer) after

incubation with the primary antibody.

. Incubation with secondary antibody: The sections were incubated with a

secondary antibody (against the Immunoglobulin G (IgG) of the animal species in

which the primary antibody has been raised) labelled with an enzyme (peroxidase

or alkaline phosphatase) orfluorescent dye (FITC) at room temperature for 30 - 40

minutes. The different antibodies used and their concentrations are as mentioned

in Table 2.1.

. Wash with wash buffer thrice for 10 minutes each.

. Incubation with Chromgen: Chromogensproducea coloured precipitate at the

site of antigen-antibody binding by reacting with the labeled enzyme (HRP/AP).

Chromogensused with the peroxidase system were DAB(Serotac, Oxford, U.K.)

or Nova Red (Dako)for 1-5 minutes and Vector Red (Vector) for AP system for 5

minutes at room temperature. DAB producesa brown precipitate and Nova Red a
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10.

11.

red precipitate at sites of antigen-antibody binding in the peroxidase system.

Vector Red givesa red precipitate in the alkaline phosphatase system.

Washwith purified de-ionised water (Elga water) thrice for 10 minutes each

(for AP - use wash buffer)

Incubate with Mayer’s haematoxylin (5 seconds- | minute)

Dehydrate sections: (exceptplastic slides) Elga water, 70 % ethanol (1 min), 90

% ethanol (1 min), 100 % ethanol (1 min), xylene 1 (1 min), xylene 2 (1 min),

xylene 3 (1 min)

Mountsections — DPX (a mixture of Distyrene, a plasticizer, and xylene) (BDH,

Leicestershire, U.K.), a colourless synthetic resin mounting media was used for

DABor Novared stained glass slides. It preserves the stain and dries quickly.

Fluorostab (Euro-Path Ltd., Bude, U.K.), was used for immunofluorescence

preparations and aqueous mounting media (Dako Cytomation) was used with

immunohistochemistry onplastic slides.

The reagents and chemicals used andtheir source are detailed in Table 2.2

2.1.6 Different techniques used:

2.1.6.1 Immunofluorescence technique

As mentioned above, immunofluorescence methods use an antibody labeled

with a fluorescent dye, which can be examined by fluorescence microscopy.

Following steps 1-4 above, the section was incubated with the secondary antibody

labeled with the fluorochrome FITC (Antigoat IgG-FITC conjugated raised in rabbit,

Sigma), which was viewedat an excitation / emission wavelength of 490/525 nm. The

sections were then washed with wash buffer thrice for 10 minutes each and mounted

in Fluorostab mounting medium. Care wastakento protect sections from light
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following addition of fluorescent secondary antibody. The sections were viewed with

an epifluorescence microscope (Reichert Polyvar).

2.1.6.2 Immunoenzymetechniques

2.1.6.2.1 Polymeric method: Dako's EnVision'™ System

EnVision™systemsare based on dextran polymertechnology. This unique chemistry

permits binding of a large number of enzyme molecules (horseradish peroxidase or

alkaline phosphatase) to a secondary antibody via the dextran backbone (Figure 2.1).

The benefits are increased sensitivity, intensity of staining, minimized non-specific

backgroundstaining and a reduction in the total number of assay steps as compared to

conventional techniques. The technique wassimilar to the basic procedure mentioned

above.

2.1.6.2.2 Avidin-Biotin Complex (ABC) Method:

Avidin, a large glycoprotein, can be labelled with peroxidase or fluorescein and

has a very highaffinity for biotin. Biotin, a low molecular weight vitamin, can be

conjugated to a variety of biological molecules such as antibodies. The technique

involves three layers. Thefirst layer is unlabeled primary antibody. The second layer

is biotinylated secondary antibody. Thethird layer is a complex of avidin-biotin

peroxidase. The peroxidase is then developed by DABorother substrate to produce

different colorimetric end products (Figure 2.2).

2.1.6.2.3 Labelled StreptAvidin Biotin (LSAB) Method:

The LSAB methodis similar to the ABC methodbutis 5 to 10 times more

sensitive. Streptavidin, derived from streptococcus avidini, is a protein that has similar

binding properties to egg white avidin. Thestreptavidin molecule is uncharged
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Figure 2.1 Polymeric method: Dako's EnVision™ System. The EnVision system is

based on dextran polymer technology, which permits binding of a large number of

enzyme molecules to a secondary antibody via the dextran backbone.

(www.liv.ac.uk/ophthalmology/local_html)
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Figure 2.2 Horseradish peroxide labelled streptavidin biotin technique.

Streptavidin has highaffinity for biotin. The technique involves three layers:first is

unlabeled primary antibody, second is biotinylated secondary antibody (biotin

conjugated with antibody) andthird is Streptavidin conjugated with enzyme such as

peroxidase followed by application of chromogens, DABin this example (Source:

www.hmds.org.uk).
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relative to animaltissue, unlike avidin which hasanisoelectric point of 10, and

therefore electrostatic bindingto tissue is eliminated. In addition, streptavidin does not

contain carbohydrate groups which mightbindto tissue lectins, resulting in some

backgroundstaining (Haugland and You 2008).

Technique: Following steps 1- 4 in section 2.1.5 above, the sections were incubated

with biotinylated secondary antibody for 30 minutes. Sections were washed with WB

thrice and incubated with HRP-Streptavidin or Alkaline Phosphatase Streptavidin for

30 minutes. The antigen-antibody binding site was then visualised by the application

of DAB for HRP and Vector Red for Alkaline Phosphatase. The pH of Tris-HCL was

kept between 8.2-8.5 for making up the Vector Red substrate and was used up within

15 minutes of preparation. No endogenousperoxidase block was required for AP

technique.

2.1.7 Controls for immunohistochemistry:

Special controls mustbe run in orderto test the protocol and to check the

specificity of the antibody being used.

A positive control is used to test a protocol or procedure and makesure it works. A

positive control is a procedurethat is very similar to the actual experimentaltest but

which is known from previous experience to give a positive result. The positive

control confirmsthat the basic conditions of the experiment were able to produce a

positive result, even if none ofthe actual experimental samples produce a positive

result. Sections were stained for collagen IV (c1926, Sigma-Aldrich, Dorset, U.K.), as

it is is the major collagenous component of various basement membranesin the

anterior segmentofthe eye (Ishizaki et al. 1993; Rittig et al. 1990).

Negative control is used to test for the specificity of an antibody involved and

check that non-specific binding has been blocked. Negative controls can be: (a)
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omission of the primary antibody, (b) substitution of the primary antibody, (c) pre-

immuneserum and (d) primary antibody after absorption with purified antigen.(c)

and (d) are most commonly used. Non-immune IgG from the samespecies as the

primary antibody wasusedas a negative controlin this study.

2.1.8 Protocol for immunohistochemistry on human cornealsections

Formalin fixed, paraffin-wax embedded normaland vascularised (3 specimens

of each) human corneas wereobtained as described undersection 2.1.2. 5 wt thick

sections were obtained from each of the specimen blocksas described under section

2.1.3.2. All experiments were conductedin triplicate andat least 5 sections from each

specimen were studied for each antibody.

Aftera trial of all the above techniques the protocol that was carried out for

immunohistochemistry wasas follows:

Sections were immunohistochemically stained at room temperature. Sections

were incubated in 1% hydrogen peroxide (H2O2) (Dako Cytomation) for 10 minutes

and nonspecific protein binding was blocked with 1:5 rabbit serum (S-5000; Vector,

Burlingame, CA).They were then washed with wash buffer (0.05 M Tris-HCL, pH 7.6

containing 0.15 M NaCl and 0.05% Tween-20 [S3006; Dako Cytomation]) thrice. The

sections were then incubated with polyclonal goat primary antibodies raised against

synthetic peptides from regions of TSP-1, TSP-2 and VEGF(sc-12312, sc-7655 and

sc152G; Santa Cruz Technology, Santa Cruz, CA)diluted 1:100 (0.67 pg/ml) in wash

buffer (WB) with 1% rabbit serum for 50 min. Following three washes with WB,

sections were incubated with biotinylated anti-goat secondary antibody (BA 5000;

Vector, California, U.S.A) diluted 1:200 for 30 min. They were then washed with WB

three times and incubated with HRP conjugated streptavidin (SA 5004; Vector)

diluted 1:500 for 30 min. Following three more washes with WB,sections were
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incubated with diaminobenzidine (DAB; Dako Cytomation Envision kit™,

Cambridgeshire, U.K.) applied for 4 to 5 minutes. They were washed with Elga water

and counter stained with Mayer’s Haematoxylin for 7 seconds. Following de-

hydration slides were mounted in DPX mounting medium (BDH)and glass cover

slips (BDH)for light microscopy. Vascularised corneas were also

immunohistochemically stained for HSV-1 (ab933-Abcam, Cambridge, U.K.).

Negative controls were performed by replacing the primary antibody with non-

immunerabbit IgG (sc-2028; Santa Cruz) while keeping all other steps the same. The

antibodies and reagents used are listed in Tables 2.1 and 2.2.

2.1.9 Microscopy and photography

Sections were analysed by bright-field microscopy on a Nikon Optiphot-2

microscope (Nikon). For low magnification, bright-field microscopy, sections were

viewed through an x10 eye piece using either an x1.6 (Numerical aperture (NA) =

0.05, Leitz) or an x4 (NA = 0.13, Nikon) objective. For higher magnification imaging

an x10 (NA=0.25, Nikon) or an x25 (NA=0.65, Leitz) objective was used. Sections

were photographed with a NCB11 filter (Nikon) through a JVC TK-801E colour,

CCD video camera connected to a frame grabber card with a 486DX personal

computer. These images were then saved and archived using Aequitas I.D.A software

(Dynamics Data Links, Cambridge, U.K.)

Immunofluorescence specimens were viewed with an epifluorescent microscope

(Reichert Polyvar) equipped with both FITC interferencefilters.
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TSP-1 goat amino Santa Cruz,CA N20 1:100 Polyclonal

terminus of sc 12312 1:200

human TSP-1 1:300
TSP-2 goat amino Santa Cruz N20 1:100 Polyclonal

terminus of sc 7655 1:200
human TSP-2 1:300

VEGF goat N-terminus of Santa Cruz A-20 1:100 Polyclonal

human VEGF- sc152G
A

HSV-1 rabbit HSV-1 Abcam ab 933 pre- Polyclonal
diluted

non-immune goat - Santa Cruz sc 2028 1:200 Polyclonal

goat IgG 1:400
1:600

non-immune rabbit - Abcam ab27472 used Polyclonal
: rabbit IgG neat

Collagen IV mouse human Sigma-Aldrich, c1926 1:500 Monoclonal

| collagen IV Dorset
IgG, mouse Aspergillus Dako, x 0931 1:7 Monoclonal

niger glucose Cambridge

oxidase

Secondary

Envision™ kit goat mouse IgG Dako K4006 polyclonal

Anti-goat IgG rabbit goat IgG Dako p0449 1:100 polyclonal
HRP
conjugated
Anti-goat IgG rabbit goat IgG Dako p0454 1:50 polyclonal

| unconjugated
Biotinylated rabbit goat IgG Vector, CA BA 5000 1:200 polyclonal

anti-goat IgG

| Biotinylated goat rabbit IgG Vector, CA BA 5000 1:200 Polyclonal

anti-rabbit IgG
FITC rabbit goat IgG Sigma-Aldrich F2016 1:50 polyclonal conjugatedanti-goat IgG       
 

Table 2.1 Antibodies (including source and dilution) used for

immunohistochemistry on humancorneal specimens. TSP-1: thrombospondin-1,

TSP-2: thrombospondin-2, VEGF:vascular endothelial growth factor, HSV-1: Herpes

simplex virus-1, IgG: Immunoglobulin G, HRP: Horseradish peroxidase, FITC:

Fluorescein isothiocyanate
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Dewaxingand preparation, Dehydration

Xylene 1,23

Ethanol — 100%, 90%,

70%

Elga Water

Wash Buffer

PBS

Meyer’s Haematoxylin

Blocking

H20>

Rabbit serum

Goat serum

Non-protein Block

Third layer

HRP Streptavidin

AP Streptavidin

Chromogens

DAB

Nova Red

Vector Red

Tris-HCL

Mounting

DPX

Fluorostab

us mounti

BIOSEurope, Lancashire

BIOS

Elga Lab,

Bucki

Dako

Uni Ltd.,
Si

Dako s 2023

Dako x 0902

Dako x 0907

Dako x 0909

Vector SA 5004

Vector SA 5100

Serotec, Oxford

Dako

Vector

Vector

BDH,Leicester

Euro-Path Ltd, Bude

Dako Cytomation 
Table 2.2 Reagents and chemicals used and their source for

immunohistochemistry on human corneal specimens. HRP: horseradish

peroxidase, AP: Alkaline phosphatase, DAB: diaminobenzidine
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2.2 Cell culture techniques

Following the experiments using human corneasanin vitro model was

developed using human keratocytes.

2.2.1 Primary culture of human corneal keratocytes

Cell cultures ofhuman corneal keratocytes had previously been established

from donor corneas, obtainedlocally, not suitable for transplant (St Paul’s Eye Unit,

Royal Liverpool University Hospital, Liverpool, United Kingdom), in accordance

with the local research ethics committee and in accordance with the tenets of the

Declaration of Helsinki of 1975. Human corneal keratocytes (HCK) were harvested as

previously described by Hiscott et al (Hiscott et al. 1996).

Theintact globe was soaked for 10 minutesin sterile calcium- and magnesium-

free phosphate buffered saline (PBS), (Unipath Ltd., Basingstoke, UK), which

contained fungizone amphotericin B (2.5mg/ml), penicillin (50 U/ml) and

streptomycin (50 mg/ml) (Gibco Europe Ltd., Paisley, Scotland). The corneal

epithelium was scraped and exposed corneal stroma was washedin PBSthrice, to

removeanyepithelial cells. A 6 mm central stromal disc was trephinedto three-

quarters stromal depth and excised. 1 mm” fragments were cut and approximately 6

pieces were placed in 25 cm’tissue culture flasks (Gibco). The fragments were

allowed to adhere and coated with 1 mlof foetal calf serum (FCS, Gibco) followed by

4 ml of Dulbecco’s modified Eagle’s medium, Ham’s nutrient mixture F-12

(DMEM-F-12) 1:1. All media was supplemented with 10% FCSand contained 5 ml

each of glutamine, fungizoneandpenicillin/streptomycin. Cultures were maintained at

37 °C in 5% CO» and air.

Cells reached confluence (where cells were generally isolated from each other)

in 2-3 weeks time and were passaged on. Purity of monolayers had been evaluated by
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negative immunostaining for cytokeratins (to exclude epithelial contamination) and by

kite and spindle morphologyofcells in pre-confluent cultures (Hiscott et al. 1996).

For the purpose of the following experiments, primary human keratocytesthat

had been characterised previously and frozen were propagated.

2.2.2 Propagation and maintenanceof cultures

Keratocytes were grownto confluency and passagedat a 1: 3 ratio. The old

media was removedandcells were washed with ~ 10 ml sterile calcitum- and

magnesium- free PBS twice. This was undertaken to ensure that no media wasleft on

the cells, as FCS can de-activate trypsin. The cells were then trypsinised using 0.25%

trypsin and 0.02% Ethylenediaminetetraacetic acid (EDTA)in sterile PBS for 2

minutes to loosen them from the culture dish. The culture flask was examined under

the microscope to ensure most cells had loosened before adding complete culture

medium (Dulbecco’s modified Eagle’s medium, Ham’s nutrient mixture F-12

(DMEM:F-12) 1:1containing 10% FCS) and centrifuging for 10 minutes at 800 rpm

(Centaur 1, MSE, England). The supernatant was discarded andthecell pellet was re-

suspended in 10mlfresh culture media. Cell numbers and viability were determined in

a haemocytometer(section 2.2.4) Cells were then split equally between three tissue

culture flasks (pre-coated with FCS) and fed with fresh growth media and incubated at

37°C in 5% carbon dioxide (COz) andair.

Cells use up the nutrients in the media and metabolise this into waste products,

which accumulate in the media (“conditioned medium’’) culture. The media was

hence changed twice a week. Mostof the old media was removed, but some wasleft

as it contains vital products like growth factors produced by thecells.

Pre-confluent cultures between passages five and eight were used for the

experiments.
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2.2.3 Freezing and thawingcells

Cells which were not needed for analysis were stored in liquid nitrogen to keep

as a stock. Old media was discarded from the flask and cells were washed twice in

calcium- and magnesium- free PBS. Keratocytes were then detached from their flasks

with trypsin and EDTA, mixed with complete culture medium andcentrifuged for 10

minutes at 800 rpm as described in section 2.2.2. The supernatant was discarded and

cells were re-suspended in 1 mlof freezing media (containing 20% FCS, 70% culture

media and 10% dimethyl] sulphoxide (DMSO,Sigma). Care was taken to keep the

cells in freezing mediafor aslittle time as possible at room temperature. The cell

suspension wastransferred to a cryovial (Nalgene, Rochester, N.Y., USA) and placed

in acell freezer wheel, woundto the top. Cells were slowly cooled in liquid nitrogen

vapour by winding down four turns of the wheel every 1 hour, over a period of 6-8

hours. The vials were then stored in liquid nitrogen until required.

To retrieve frozen cells, cryovials were thawed rapidly at 37°C in a water bath,

and the contents mixed with 10 ml of complete culture media to neutralise the effects

of DMSO,which can harm cells when not at very low temperatures. The suspension

wascentrifuged for 10 minutes at 800 rpm; the supernatant discarded andthe cell

pellet re-suspended in complete culture media and addedto a sterile culture flask.

2.2.4 Countingcells

The cell pellet obtained after centrifugation, was suspended in complete culture

media. The Neubauer haemocytometer wasprepared for use by cleaning the surfaces

with 70 % ethanol.

The haemocytometeris a device which wasoriginally used to count bloodcells

but is now usedto countother cells and many types of microscopicparticles as well.

It consists of a thick glass microscopeslide with a rectangular indentation that creates
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a chamber(Figure 2.3a). This chamberis engraved with a laser-etched grid of

perpendicularlines. The device is carefully crafted so that the area bounded by the

lines is known, and the depth of the chamberis also known. Therefore it is possible to

count the numberofcells or particles in a specific volumeoffluid, and thereby

calculate the concentration ofcells in the fluid overall.

The ruled area of the haemocytometerconsists of several large, 1 x 1 mm (1 mm’)

squares whichare further subdivided in 3 ways: 0.25 x 0.25 mm, 0.25 x 0.20 mm and

0.20 x 0.20 mm.Thecentral, 0.20 x 0.20 mm marked, | x 1 mm square is further

subdivided into 0.05 x 0.05 mm squares (Figure 2.3 b). The chamberis covered by a

special coverslip which is held 0.1 mm up bytheraised edges of the

haemocytometer, giving each square a defined volume.

Using a pipette, a small amount of cell suspension was placed under the cover

slip (which spreadsinto the chamberbycapillary action). Cells were counted under a

microscopein each ofthe four 1 mm” corner squares taking care not to count the cells

touching the bottom orright borders (Figure 2.3 c). The cell count was calculated

using the equation: Cells/ml = n = 10* where n = averagecell countper1 mm” square.

2.2.5 Setting up Lab-Teks

For the purpose of experiments, keratocytes were cultured initially on 6-well

and 4-well glass and later 4-well plastic Lab-Teks (Lab-Teks, Nalge NUNCInc.,

Naperville, USA) at a seeding density of 10 x 10° cells/well / Lab-Tek. Cells were

detached enzymatically as previously described in section 2.2.2, counted using a

haemocytometer under a microscope and 4 = 10° cells in 5 ml of complete media were

seeded into each Lab-Tek. Both glass and plastic Lab-Teks were used to identify the

best procedure (Figure 2.4 a, b). Glass Lab-Teks were pre-coated with FCSto help the

keratocytes to adhere to the surface. The Lab-Tek slides were then transferred to
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Figure 2.3 Countingcells using a haemocytometer. (a) Haemocytometer consists of

a thick glass microscopeslide with a rectangular indentation that creates a chamber,

which is engraved with a laser-etched grid of perpendicular lines. The area bounded

by the lines is known, and the depth of the chamberis also known.(b) The ruled area

of the haemocytometer consists of several large, 1 x 1 mm (red) squares which are

further subdivided in 3 ways: 0.25 x 0.25 mm (yellow), 0.25 x 0.20 mm and 0.20 x

0.20 mm. Thecentral, 0.20 x 0.20 mm marked, | x 1 mmsquare is further subdivided

into 0.05 x 0.05 mm squares(blue). (c) Cells are counted in each of the four corner

squares. Cells touching the middle line on the top and left are counted andonly cells

within the innerline in the bottom andright are counted. (Source: liv.ac.uk)
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incubator and incubated at 37°C in 5% carbon dioxide (CO) and air. The cells were

fed every 3 to 4 days with complete media ((DMEM:F-12) 1:1containing 10% FCS),

and pre-confluent cultures were used for the experiments.

2.2.6 Phase contrast microscopy

Routine observations and photographsofliving tissue culture cells were performed

using an inverted phase contrast microscope (Diaphot, Nikon). Phase contrast

microscopy, is a contrast-enhancing optical technique that can be utilized to produce

high-contrast images of transparent specimens, suchasliving cells (as in tissue

culture), microorganisms and subcellular particles (including nuclei and other

organelles). It employs an optical mechanism to translate minute variations in phase

into corresponding changes in amplitude, which can be visualised as differences in

image contrast. One of the major advantages of phase contrast microscopyis that

living cells can be examinedin their natural state without previously being killed,

fixed, and stained. As a result, the dynamics of ongoing biological processes can be

observed and recorded in high contrast with sharp clarity of minute specimendetail.

Differences in light absorption are often negligible between living cells and

their surrounding nutrient medium, as well as between the variousintracellular

components and plasma membranes, rendering these entities barely visible when

observed by brightfield illumination. Phase contrast microscopy takes advantage of

minute refractive index differences within cellular components and between unstained

cells and their surrounding aqueous medium to produce contrast in these and similar

transparent specimens.
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Figure 2.4 (a) Glass Lab-Tek: The Lab-Tek™ IIT Chamber Slide™ products have

a biocompatible adhesive web design,easily distinguished by the blue mask. This

design allows removal of the medium chamberand adhesive from theslide, using

a componentseparation device. The blue hydrophobic borderofthe glass slide is

raised slightly andisolates the individual wells. A coverslip can be applied. (b)

Plastic Lab-Tek: Lab-Tek™ Chamber Slide™ design allows easy removalofthe

medium chamber, leaving a silicone gasket of the well format on the microscope

slide, to act as a barrier between each wellfor differential staining. The gasket is

removable allowing a coverslip to be applied.

(Source:http://www.nuncbrand.com)
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2.2.7 Immunocytochemistry on human keratocytes

2.2.7.1 Fixation techniques

To ensure free access of the antibodyto its antigen, the cells must be fixed and

permeablized. Perfect fixation would immobilize the antigens, while retaining

authentic cellular and subcellular architecture and permitting unhindered access of

antibodiesto all cells and subcellular compartments. Glass slides were fixed with:

10% neutral buffered formalin for 5-10 minutes or 5 minutes in -20°C acetone

followed by 5 minutes in -20°C methanol. Plastic slides were fixed with 10% NBF or

100% methanol for 10 minutes.

Both methanol and acetone removelipids and dehydrate the cells, while

precipitating the proteins on the cellular architecture. Cross-linking reagents (such as

formalin) form intermolecular bridges, normally through free amino groups, thus

creating a network oflinked antigens. Cross-linkers preserve cell structure better than

organic solvents, but may reduce the antigenicity of some cell components, and

require the addition of a permeablization step, to allow access of the antibodyto the

specimen as mentioned undersection 2.1.3.1. No permeablization step was required

for any of the experimentsin this study. Cells were washed with PBSprior to

immunohistochemistry.

2.2.7.2 Immunohistochemistry

The techniqueis similar to the protocol mentionedin section 2.1.5 and 2.1.8.

Monolayers were immunohistochemically stained at room temperature. Briefly,

following incubation with peroxidase block, monolayers were incubated with either1:

5 rabbit serum or goat serum for 30 minutes (depending on the source of the primary

antibody), followed by incubation with the primary antibody (TSP-1, TSP-2, VEGF)

102



for 1 hour. Following three washes with WB monolayers were incubated with

biotinylated secondary antibody for 30 minutes, washed with WBthrice and

incubated with HRP conjugated streptavidin for 30 minutes. Subsequently,

monolayers were washed in wash buffer thrice and incubated with DAB or Nova Red

and washed with Elga water. Glass Lab-Teks were dehydrated after

immunohistochemistry and mounted in DPX (BDH). Plastic Lab-Teks were notde-

hydrated and were mounted in aqueous mounting media (Dako Cytomation) for light

microscopy.

Keratocyte monolayers were stained with vimentin (m7020, Dako), a marker for

cells of mesenchymalorigin, known to be expressed by keratocytesin vitro (Jester et

al. 1994) as a positive control to test the procedure and non-immune IgG from the

samespecies, as the primary antibody,as a negative control.

The source and dilution of the antibodies used are listed in Table 2.3. The

reagents used were the sameas Table 2.2.

2.3 Keratocytes infections with HSV-1

2.3.1 Virus preparation

Wild type HSV-1 (strain H 239) isolated from a patient with Herpeslabialis was

propagated on Verocells (Department of Medical Microbiology, University of

Liverpool). Infected Vero cell monolayers were harvested whenviral cytopathic

effects were present on all cells. The cells were then freeze-thawed three times,

homogenized, and centrifuged at 1,500x g to removecell debris. The purified virus

was re-suspended in growth medium,divided into aliquots, and stored at -80 °C until

use. Virus titer was evaluated by a standard plaque assay and a stock suspension of
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10’ plaque formingunits/ml (pfu/ml) was used for inoculation (Kefalides and Ziaie

1986; Lashgariet al. 1987; Londonetal. 1990; Ziaie et al. 1986).

2.3.2 Infecting keratocytes with HSV-1

Monolayers were washed with PBS andinfected with a multiplicity of infection

(MOI) of 5 pfu/cell in accordance with previous studies (Kefalides and Ziaie 1986;

Lashgari et al. 1987; Londonet al. 1990; Ziaie et al. 1986). Unabsorbedvirusparticles

were removed 20 minafter inoculation and cultures were rinsed three times with PBS.

Cultures were then re-fed with growth medium andincubated in a 5% CO» humidified

atmosphere at 37 °C. The time of addition of virus inoculum wastaken as time point

zero. Monolayers were examined underthe phase contrast microscope for

cytopathological changesat different time intervals. For the purposeofthis study,

monolayers were examinedat 2, 4, 6, 8, 24, 48, and 72 h after infection (a.1.) because

the cytopathic effects of HSV are manifest in this time period (Kefalides and Ziaie

1986; Lashgari et al. 1987; Londonet al. 1990; Ziaie et al. 1986). Monolayers sham

treated with equal volumesofuninfected cell growth medium servedas controls.

Evidenceof infection was obtained by assessing the degree of cytopathic effects and

the expression ofviral proteins in keratocytes. Monolayers were also infected at a

MOIof20 pfu/cell to study the effect of the size of the virus inoculum on protein

synthesis. All experiments were repeated twice.

2.3.3 Preparation of specimens for immunohistochemistry

Infected monolayers in 4 well slides (4x10* cells) were washed twice with PBS

and fixed in methanolat -20 °C for 10 min at 0, 2, 4, 6, 8, 24, 48 and 72 hoursafter

infection. These preparations were immunohistochemically stained at room

temperature.
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TSP-1 goat amino Santa Cruz,CA N20 1:100 Polyclonal

terminus of sc 12312 1:200

human TSP-1

TSP-2 goat amino Santa Cruz N20 1:100 Polyclonal
terminus of sc 7655 1:200

human TSP-2

VEGF goat N-terminus of Santa Cruz A-20 1:200 Polyclonal

human sc152G

VEGF-A
pre-immune goat - Santa Cruz sc 2028 1:200 Polyclonal
goat IgG 1:400

Vimentin mouse human Dako, c1926 1:500 Monoclonal

vimentin Cambridge

IgG; mouse Aspergillus Dako x 0931 1:7 Monoclonal

niger glucose
oxidase

Secondary

Envision'™ kit goat mouse IgG Dako K4006 polyclonal

Biotinylated rabbit goat IgG Vector, CA BA 5000 1:200 polyclonal

anti-goat IgG

 

Table 2.3 Antibodies (including source and dilution) used for

immunohistochemistry on humancorneal keratocytes. TSP-1: thrombospondin-1,

TSP-2: thrombospondin-2, VEGF:vascular endothelial growth factor, IgG:

Immunoglobulin G
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2.4 Immunohistochemistry on infected specimens

The procedure wassimilar to that mentioned in sections 2.1.5, 2.1.8 and 2.2.7.2.

Briefly infected monolayers in 4 well plastic slides (4x10* cells) were washed twice

with PBS andfixed in methanolat -20 °C for 10 min at different time intervals after

infection. These preparations were immunohistochemically stained for TSP-1, TSP-2,

VEGFand non-immune IgG at room temperature. The antibodies and dilutions used

were as previously detailed in Table 2.1 and the reagentsas listed in Table 2.2.

Slides were analysed using bright-field microscopy on a Nikon Optiphot-2

microscope (Nikon)(see section 2.1.9).

2.5 Western blotting of infected keratocytes

Western blot (alternatively, immunoblot) is an analytical technique used to

detect specific proteins in a given sample of tissue homogenate or extract. The

proteins of the sample are separated using gel electrophoresis. Separation of proteins

maybebyisoelectric point, molecular weight, electric charge, or a combination of

these factors. The nature of the separation dependson the treatment of the sample and

the nature of the gel. By far the most commontypeof gel electrophoresis employs

polyacrylamide gels and buffers loaded with sodium dodecyl sulfate (SDS), which

wasusedin this project and is discussed under the next section. The proteins are then

electrophoretically transferred to a membrane(typically nitrocellulose or

Polyvinylidenefluoride) (section 2.5.1.4), where they are probed (detected) using

monoclonal or polyclonal antibodies specific to the target protein (section 2.5.2). The

method originated from the laboratory of George Stark at Stanford (Renart etal.

1979). The name western blot was given to the technique by W. Neal Burnette

(Burnette 1981).

106



2.5.1 SDS-PAGE

SDS-PAGEor sodium dodecyl sulfate polyacrylamide gel electrophoresis, is a

technique used to separate proteins accordingto their electrophoretic mobility (a

function of length of polypeptide chain or molecular weight as well as higher order

protein folding, posttranslational modifications and other factors). Sodium dodecyl

sulphate (SDS)is an anionic detergent which denatures proteins by "wrapping

around"the polypeptide backbone and SDSbindsto proteins fairly specifically in a

massratio of 1.4:1. In doing so, SDS confers a negative charge to the polypeptide in

proportion to its length i.e. the denatured polypeptides become "rods"of negative

charge cloud with equal charge or charge densities per unit length and moveto the

positively charged electrode through the acrylamide mesh ofthe gel. Smaller proteins

migrate faster through this mesh andthe proteins are thus separated accordingto size

(usually measured in kilo Daltons, kDa). The concentration of acrylamide determines

the resolution ofthe gel - the greater, the acrylamide concentration, the better the

resolution of lower molecular weight proteins and the lower, the acrylamide

concentration, the better the resolution of higher molecular weight proteins. Usually,

proteins travel only in one dimension along the gel for most blots thoughit is possible

to use a two-dimensional gel which spreadsthe proteins from a single sample out in

two dimensions(separated accordingto isoelectric point in one dimension, and

molecular weight in the second dimension).

Samplesare loaded into wells in the gel. One laneis usually reserved for a

markeror ladder, a commercially available mixture of proteins having defined

molecular weights, typically stained so as to form visible, coloured bands. When

voltage is applied alongthe gel, proteins migrate into it at different speeds. These
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different rates of advancement(different electrophoretic mobilities) separate into

bands within eachlane.

It is usually necessary to reduce disulphide bridges in proteins before they adopt

the random-coil configuration necessary for separation by size. This is accomplished

by a combination of biochemical and mechanical techniques. Assorted detergents,

salts, and buffers may be employed to encouragelysis ofcells and to solublize

proteins. Protease and phosphatase inhibitors are often added to prevent the digestion

of the sample by its own enzymes. The protein extraction technique used in this study

is mentionedin section 2.5.1.1.

The benefits of using SDS-PAGEare:it maintains polypeptides in a denatured

state once they have beentreated with strong reducing agents and thus allows

separation of proteins by their molecular weight. It is a synthetic gel, thermo-stable,

transparent, strong, relatively chemically inert, can be prepared with a wide range of

average pore sizes, can withstand high voltage gradients, feasible to various staining

and destaining procedures and can be digested to extract separated fractions or dried

for autoradiography and permanentrecording.

Asthe disulphide bondsin the protein are broken (reduced), this procedure is

called reducing SDS-PAGE.This technique wasparticularly useful as both TSP-1 and

-2 have very high molecular weights (450,000 Da) which would makeit difficult for

them to moveacrossan electric gradient. However, by reducingthe protein, the bands

are localised around 180 kDa (Figure 3.12).

2.5.1.1 Protein extraction

Infected monolayers were washed twice with PBS andthe cells were lysed and

proteins extracted in Laemmli lysis buffer (0.12 M B-mercaptoethanol, 40 mM Tris,

10% glycerol, 1% SDS, 0.01% bromophenolblue)at 0, 2, 4, 6, 8, 24, 48, and 72
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hours after infection. 200 ul of lysis buffer was used per well of the 4-well Lab-Tek.

Cells were scraped from the surface and the viscous extract wastransferred to a

labelled microfuge tube. Lysates were stored at -80°C until required.

Lysates were also obtained for sham-infected monolayers and normal human

keratocytes (called un-infected in the context of this thesis) nurtured in a similar

environmentto infected cultures for comparison.

Laemmli buffer was first created by Laemmli in 1970 (Laemmli 1970). The beta

2-mercaptoethanol reducesintra and inter-molecular disulfide bonds of the proteins to

allow proper separation not by shape but by size. The SDS detergent bindsto all the

proteinspositive charges which occurat a regular interval, thus giving each protein

the same overall negative charge so that proteins will separate based on size and not

by charge and also denatures the proteins and subunits to help separate them based on

size and not shape. Bromophenolblueservesas an indicator dye and migration

indicator where one can observethe dye front that runs ahead ofthe proteins and

makesit easier to see the sample during loading of the gel wells with protein sample.

Glycerol increases the density of the sample sothat it will fall to the bottom of the

well, minimizing puffing or loss of protein sample in the buffer, and layerin the

sample well.

2.5.1.2 Protein assay

The total protein contentofthe cell lysates from different time intervals

following infections was calculated using the Bicinchoninic Acid (BCA)protein assay

kit (Sigma). Samples werediluted at 1:100in triplicate and 2011 samples were added

to 200 ul ofBCA reagent in 96 well plates (Griener). A standard curve of 0, 25, 50,

100, 150, 200 and 250 pg/ml of bovine serum albumin wasincluded and samples
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were read at 570nm using a plate reader. Protein concentrations were calculated by

the Microplate Manager program.

2.5.1.3 Setting up SDS-PAGE

The electrophoresis unit (Scieplas apparatus) was assembled by aligning two

glass plates (a large and a smaller notched plate) with two side spacers and clamps.

The unit was placed upright on the bottom stand and checked for water tightness with

70% ethanol. 10% resolving polyacrylamide SDSTris-glycine gel (containing 2.5 ml

of 3 M Tris (pH 8.85), 0.25 M glycine, 3.33ml 30% acrylamide, 100u1 10% SDS,

100u1 Ammonium persulphate, 10u1 Tetramethylethylenediamine (TEMED)and

4.167 mldistilled water (dH20)) was made and poured to 3/4" height ofthe plates. A

thin layer of water saturated butanol was poured onthe top and the gel was allowed to

set for 15-30 minutes. Butanol was drained and the plates were rinsed with dH20. 4%

Stacking gel (containing 2.5 ml 0.25M Tris (pH 6.8), 0.65 ml 30% acrylamide, 50 pl

10% SDS, 50 pl] Ammonium persulphate, 10 ul TEMED and 1.85 ml dH20) was now

poured ontop ofthe resolving gel and combs wereinserted avoiding bubbles. The gel

wasallowedto set for 30 minutes and the combs were removed. The unit was now

removed from its stand and placed in the electrophoresis bath which wasfilled up

with 1 X running buffer (0.025M Tris, 0.25M glycine, 0.1% SDS). The infected

keratocyte lysates to be loaded were heated at 100 °C for 5 minutes andplaced on ice

before loading. 6ul of pre-stained molecular weight marker (Precision Plus Protein

Standards - Bio-Rad Laboratories, Inc., Hercules, CA) was placedin the first well and

20 - 50ul of samples from infected keratocytesat 0, 2, 4, 6, 8, 24, 48 and 72 hours

after infection were placed in the other wells. The gels were run at 100V for 3.5 hours.

Variations for VEGF and FGF:Asthese are smaller proteins a 15% resolving
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polyacrylamide SDSTris-glycine gel was used. Gels were run at 200V for 40 minutes

and transferred at 100 V for 30 minutes.

2.5.1.4 Electrophoretic transfer

In order to makethe proteins accessible to antibody detection, they were moved

from within the gel onto a membrane madeofnitrocellulose, according to a

previously described method (Towbinet al. 1979). The gel was removed from the

electrophoresis unit and placed in transfer buffer (0.125M Tris, 1.25M glycine,

0.5%SDS, 100% ethanol and dH2O) to remove SDS. 8 pieces of Whatman paper, 2

sponge padsand a piece ofNitrocellulose paper (N-2639; Sigma-Aldrich Corp., St

Louis, MO) werealso placed in transfer buffer along with the gel.

The transfer cassette was then assembled as follows: positive white electrode —

sponge pad — 4 sheets of Whatman paper — nitrocellulose membrane >

polyacrylamide gel — 4 sheets of Whatman paper — sponge pad — black negative

electrode (Figure 2.5). Care was taken to avoid entrapping any air bubbles between

the layers. The sandwich wasinserted into the electrophoresis tank and transfer was

achieved at 100 V for 2.5 hoursat 4 °C.

2.5.1.5 Checking for completion of transfer

The uniformity and overall effectiveness of transfer of protein from the gel to

the membrane can be checked by staining the membrane with 0.5% Coomassie

brilliant blue followed by destaining in 7% acetic acid and 15% methanol mixture.

2.5.2 Detection of proteins

Oncethe proteins have been immobilized by electrophoretic transfer to the

nitrocellulose membrane, the membraneis "probed"for the proteinsof interest using

specific primary antibodies directed against them. Subsequently a secondary antibody,
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Figure 2.5 Assembly of transfer cassette. The transfer cassette is assembled

submerged underthe transfer buffer. The sequence of assembleis (right to left) :

positive white electrode — sponge pad — 4 sheets of Whatman paper —

nitrocellulose membrane — polyacrylamide gel — 4 sheets of Whatman paper —

sponge pad — black negative electrode. Care is taken to removeall air bubbles.

(Source: www.peprotech.com)
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against the primary, conjugated to a reporter enzyme (such as HRP), are added

(section 2.5.2.2). Addition of a specific substrate for the coupled enzymeyields a

precipitate at the antigen-antibody site, which can be visualised by a colorimetric or

chemiluminescent method (2.5.2.3).

2.5.2.1 Blocking

Sincethe nitrocellulose membranehas been chosenforits ability to bind

protein, and both antibodies and the target are proteins, steps must be taken to prevent

interactions between the membrane andthe antibody used for detection ofthe target

protein. Blocking of non-specific binding is achieved by placing the membranein a

dilute solution of protein - typically Bovine serum albumin (BSA) or non-fat dry milk,

with a minute percentage of detergent such as Tween 20. Theprotein in the dilute

solution attaches to the membranein all places where the target proteins have not

attached.

After electrophoretic transfer the nitrocellulose paper was washed twice for 5

minutes each with wash buffer (0.2 M Tris NaCl pH 7.6, 0.1% Tween-20) and treated

with blocking buffer (5% non-fat dry milk in wash buffer) for 1 hour at room

temperature with gentle agitation.

2.5.2.2 Probing for proteins

Following blocking with blocking buffer, the membrane was incubated with the

appropriate primary antibody (TSP-1, TSP-2, VEGF, bFGF, HSV-1 (ICP27), HSV-

1gD) in 10 mlofblocking buffer for 1 hour at room temperature or overnight at 4 °C

with gentle agitation. The antibody source anddilutionsare detailed in Table 2.4.

Blots were subsequently washed in wash bufferthrice for 5 minutes each and

incubated in an appropriate horse radish peroxidase (HRP) conjugated secondary
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antibody in 10 ml of blocking buffer with gentle agitation for 1 hour at room

temperature (Table 2.4). This was followed by three more washesin wash buffer. The

proteins were detected using the chemiluminescent ECL™detection system as

mentioned in the next section.

2.5.2.3 Detection of labelled proteins

Different detection methods can be employed, for detection ofthe labelled

target protein, namely colorimetric, chemiluminescent, radioactive and fluorescent.In

the colorimetric method, the substrate reacts with the reporter enzyme, producing an

insoluble coloured precipitate, which can be quantified using densitometry or

spectrophotometry. Chemiluminescent detection method(asin this study), employs

the use of a substrate that luminesces when exposedto the reporter enzyme(such as

peroxidase) on the secondary antibody. Thelight is then detected by a photographic

film, and the image is analysed by densitometry, which evaluates the relative amount

of protein staining and quantifies the results in terms ofoptical density.

Radioactive detection requires radioactive labels which do not require enzyme

substrates, but rather allow the placement of medical X-ray film directly against the

western blot which developsas it is exposed to the label and creates dark regions

which correspondto the protein bandsofinterest. In fluorescent detection, a

fluorescently labeled probeis excited by light and the emission of the excitation is

detected by a photosensor such as a CCD camera equipped with appropriate emission

filters which captures a digital image of the western blot and allowsfurther data

analysis such as molecular weight analysis and a quantitative western blot analysis.

In the present study, immunoblots were detected using the enhanced

chemiluminescence ECL™detection system (ECL reagents-RPN 2209; Amersham

Biosciences, Buckinghamshire, UK). The procedure was performedin the dark room.
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TSP-1 goat amino Santa Cruz,CA N-20 1:100 Polyclonal

terminus of se 12312

human TSP-1

TSP-2 goat amino Santa Cruz N-20 1:100 Polyclonal
terminus of sc 7655

human TSP-2

VEGF goat N-terminus of Santa Cruz A-20 1:100 Polyclonal
human sc 152G

VEGF-A

bFGF goat amino Santa Cruz N-19 1:100 Polyclonal
terminus of sc 1390

human FGF-2

GAPDH mouse rabbit muscle Abcam 6CS5 1:2000 Monoclonal

GAPDH AB 8245

HSV-1 ICP27 goat HSV-1 ICP Santa Cruz vP-20 1:100 Polyclonal

27 sc 17544

HSV-1gD goat HSV-1 gD Santa Cruz vN-20 1:100 Polyclonal
sc-17540

Secondary

Anti-mouse goat mouse IgG Sigma A4416 1:2000 polyclonal

HRP conjugate

Anti-goat HRP rabbit goat IgG Sigma A 5420 1:1000 polyclonal

conjugate       
 

Table 2.4 Source and concentration of antibodies used in protein analysis. TSP-1:

thrombospondin-1, TSP-2: thrombospondin-2, GAPDH: Glyceraldehyde 3 phosphate

dehydrogenase, HSV-1 1CP27: HSV-1 infected cell protein, HSV-1gD: HSV-1

glycoprotein D, VEGF:vascular endothelial growth factor, bFGF:basic fibroblast

growth factor, HRP: horseradish peroxidase
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The membranes were exposed to equal volumes ofECL reagents for 1 min. They

were then wrappedin cling film, ensuring that no air bubbles were trapped in

between. The membrane wasplaced in a cassette and exposed to Hyperfilm ™

(Amersham). Corners of the membrane were marked onthe film and a cornerof the

film wascut off for correct orientation later. Exposure times were 5, 15, and 30

seconds. The Hyperfilm ™ wasfixed using Hypam fixer, washed in 2% acetic acid

and developed in PQ universal developer (Hargreaves, Liverpool, U.K.). It was then

washedin water and air dried.

2.5.2.4 Analysis of proteins

Usually multiple bandsare obtained for a single protein by reducing SDS-

PAGE.Size approximations are taken by comparing the stained bandstothat of the

marker loaded during electrophoresis. The process is repeated for a house keeping

gene (as mentioned in section 2.5.3) as an internal standard.

Relative protein abundance was determined by densitometric analysis. Signals

on the Hyperfilm ™were quantified using MCID basics software (Interfocus Limited,

Cambridge, UK).

2.5.2.5 Stripping and Re-probing membranes

Membranescanbestripped and re-probed for different antibodies. Membranes

were washedtwice in TBS-Tween(0.2M Tris, pH7.6, 0.1% Tween-20) for 5 minutes

each and incubatedin stripping mixture (3M Tris, 10% SDS, 2-mercaptoethanol and

dH20 — pH 6.7) at 50-65 °C for 30 minutes. Membranes were then rinsed with TBS-

Tween twice for 10 minutes each before re-probing.
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2.5.3 Controls for Western Blotting

Keratocyte lysates from sham infected cultures served as control for the

experiment. In addition one well was also loaded with un-infected keratocyte lysate

obtained from cells grown in a similar environment for comparison. An additional

control was the expression of Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH

6C5, Abcam, Table 2.4), which is one of the key enzymes involved in glycolysis and

catalyzesthe reversible oxidative phosphorylation of glyceraldehydes-3-phosphate.

The GAPDHgeneis thoughtto be constitutively and stably expressed at high levels

in almost all tissues and cells, including human corneal keratocytes (Jesteretal.

2005), and as suchis considered to be a “housekeeping” gene.

Housekeeping genesare genesthat arecritical to the activities that must be

carried out for successful completion of the cell cycle and play a keyrole in the

maintenance of every cell. Each tissue seems to have a specific expressionprofile of

house keeping genes (Warrington et al. 2000). In western blotting (or DNA/PCR

arrays) estimates ofthe relative expression of protein(s) of interest are often made by

comparison against the levels of signal observed for internal standards — housekeeping

genes such as GAPDH,cyclophillin, B-actin, B-tubulin and phospholipase-A2 to name

a few. Their use as internal standard allows normalisation of signals so that

expressions of proteins fromdifferent samples can be compared, eliminating

variations from technical reasons, such as differences in amount of sample, labelling,

or transfer efficiency (Fergusonet al. 2005; Warringtonet al. 2000).

2.5.4 Statistical Analysis

Statistical analysis for densitometric analysis was performed using the SPSS 11

software for windows(SPSSInc., Chicago, IL, USA). Student’s t test was used to
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compare variation in intensity for different time intervals. Significance was expressed

as p<0.05.

All Western blots were performed onat least three occasions for each antibody.

A mean ofthe densitometric analysis of the three best blots for each antibody was

taken for statistical analysis.

2.6 Acquisition and immunohistochemistry on mice corneas infected with HSV-1

2.6.1 Acquisition of infected mouse corneas

Infected mice eyes were obtained from the Bristol Eye Unit, U.K. 8 week old,

female NIH mice(originally from Harlan Olac, Bicester, United Kingdom, and then

bred within the School of Medical Sciences Animal House, Bristol) were anesthetized

with 100 mg ofketamine (Parke-Davis, Pontypool, United Kingdom)/kg of body

weight mixed with 10 mg of xylazine (Bayer, Bury St. Edmunds, United

Kingdom)/kg and infected. Using a 26-gauge needle, 10 strokes were made across the

surface of the right cornea through a 5-pl drop containing 10° or 10° pfu of HSV-1

SC16. This procedure was performed as a part of testing the potential of mucosal

adjuvants for intranasal immunisation with HSV-1 glycoproteins (Richardsetal.

2001). Eyes from mice immunised with mock glycoproteins were usedin this study.

Following infection, the mice were sacrificed at day 2, 4, 6 and 10 by lethal

injection together with perfusion ofthe fixative PLP (Paraformaldehyde / Lysine /

Periodate) in preparation for embedding in low temperature paraffin wax (Whiteland

et al. 1997; Whiteland etal. 1995) (see below). These werestored at -20 °C till use.

Briefly, the method for preparation of samples was:

PLP fixative was prepared by mixing 100 mllysine phosphate buffer (pH 7.4),

0.428g 0.02M sodium periodate and 3.15 ml of 0.25% paraformaldehyde/dextrose.
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The mice were anesthetised with 0.3 ml sagital (sodium pentobarbitone) such that

they were heavily sedated but the heart wasstill beating. 20 ml fixative was then

injected into the left ventricle. Eyes were removedinto fix either directly or ina

biopsy insert whichfits inside plastic processing cassettes (Raymond A LambLtd.,

East Sussex, U.K.). The samples were then left at 4 °C overnight. The samples were

then dehydrated by sequential washes in PBS, 70% Ethanol, 90% ethanol, 100%

ethanol and histoclear at 4 °C. They were embeddedbyinfiltration of low-temp

paraffin wax under vacuum at 54 °C for 30 minutes and orientated in paraffin wax and

block. Blocks were stored at -20 °C. Most control samples had been lost due to freezer

problemsat Bristol so only a few individual slides were received.

Normal mouseeyes (C 57 strain) formalin fixed and paraffin-wax embedded

were obtained locally from the Department of metabolic medicine, University of

Liverpool.

2.6.2 Immunohistochemistry on mouse corneas

Specimens for HSV-1 infected mouse eyes were obtained as previously

described in section 2.6.1. HSV-1 infected and normal mouse eyes were sectioned as

previously described in section 2.1.3.2 and stored at room temperaturetill

immunohistochemistry was performed. Two specimens each were obtained for

normal mouseeyes and day 2, 4, 6 and 10 infected mouse eyes. All experiments were

conductedin triplicate and at least 3 sections per specimen werestudied for each

antibody.

The technique for immunohistochemistry was similar to that described in

section 2.1.5 and 2.1.8. Briefly sections were dewaxed and washed with wash buffer

thrice. Endogenous block (Dako K4007) was applied for 10 minutes followed by

wash with WB and 30 minutes incubation with 20% rabbit serum (Dako X0902).
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Sections were incubated with primary antibody (goat polyclonal anti human TSP-1

and -2 (Santa Cruz), Goat IgG (Santa Cruz sc-2028), goat polyclonal anti VEGF

(Santa Cruz sc-152 G) diluted 1:100 for 1 hour at room temperature. These antibodies

were cross-reactive with TSP and VEGFofmouseorigin. Sections were washed in

WBwith 1% rabbit serum and incubated with biotinylated anti-goat secondary

antibody diluted 1:200 for 30 min followed by wash with WBandincubation with

HRP conjugated streptavidin diluted 1:500 for 30 minutes. Following three washes

with WB, immunoreactive sites were visualised brown with DAB.Slides were

washed with Elga water, dehydrated in sequential dips of 70 — 100% ethanol and

xylene and mounted in DPX.

Sections were also stained for HSV-1 antibodies using rabbit polyclonal

antibody. For this experiment sections were incubated with endogenous block

followed by 20% goat serum (Dako X0907), pre-diluted primary HSV-1 antibody

(Abcam ab933), 1: 200 biotinylated anti rabbit (Vector BA 1000) antibody, 1: 500

HRP streptavidin (Vector) and DAB chromogen (Dako). Table 2.5 lists the

antibodies and dilutions used.

120



 

 

 

 

 

       
 

 

  

TSP-1 goat amino Santa Cruz,CA N-20 1:100 Polyclonal
terminus of sc 12312

human TSP-1

TSP-2 goat amino Santa Cruz N-20 1:100 Polyclonal

terminus of sc 7655

human TSP-2

VEGF goat N-terminus of Santa Cruz A-20 1:100 Polyclonal
human sc 152G

VEGF-A

pre-immune goat - Santa Cruz sc2028 1:200 Polyclonal

goat IgG

HSV-1 rabbit HSV-1 Abcam AB 933 pre- Polyclonal
diluted

Secondary

Biotinylated rabbit goat IgG Vector, CA BA 5000 1:200 Polyclonal

anti-goat IgG

Biotinylated goat rabbit IgG Vector, CA BA 5000 1:200 Polyclonal

anti-rabbit IgG       
 

Table 2.5 Antibodies and dilutions used for immunohistochemistry on mouse

corneas. TSP-1: thrombospondin-1, TSP-2: thrombospondin-2, VEGF:vascular

endothelial growth factor, IgG: Immunoglobulin
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Results

3.1 Normal Human Cornea

3.1.1 Basic morphology of human cornea

Histological staining of the normal human cornea demonstrates that it consists

of five distinct layers — epithelium, Bowman’s layer, stroma, Descemet’s membrane

and endothelium (see Figure 3.1).

3.1.2 Initial immunohistochemical experiments

The direct method for immunohistochemistry was not employed,as it carries

low sensitivity becauseoflittle signal amplification and rarely used since the

introduction of the indirect method.

Ofthe indirect methods, no visible results were obtained with the

immunofluorescent technique or labeled streptavidin technique using Alkaline

Phosphatase enzyme. Immunoreactivity was visualised with the DAKO Envision™

system butthe stain was not very prominent (Figure 3.2). The optimal results were

obtained with the labeled streptavidin biotin technique using Horse Radish Peroxidase

enzyme. Of the chromogens, Nova Red gave too much background andthe best

results were obtained using DAB.Problems with backgroundstaining were resolved

by increasing the dilutions of primary and secondary antibody, using 20% serum

(from the animal where the secondary wasraised) for blocking and 1% serum when

incubating sections with the primary and the first wash.

Immunohistochemistry was performed on the anterior segment of the eye with

Collagen IV asa positive control. Collagen IV was expressed in the cornealepithelial

basement membrane, Descemet’s membrane, basement membraneofvascular

endothelial cells of iris and ciliary body and ciliary body muscle cells (Figure 3.3).
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Figure 3.1 Light micrograph of normal humancornea. Note the five corneal

layers (a) epithelium (b) Bowman’slayer (c) Stroma (d) Descemet’s membrane

(e) Endothelium. (haematoxylin and eosin, Magnification x 50)
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Figure 3.2 Photomicrographs showing TSP-1 and -2 expression using Dako

Envision'™™ system. Positive immunoreactivity was visualised (arrows) for TSP-1

(a) and TSP-2 (b) in normal human corneas using the Dako Envision™ system

using Nova Red (a) and DAB (b) chromogens. Better results were obtained with

DABchromogens compared to Nova Red. The stain however wasnot very

prominent with either chromogen(a, b Magnification x 10) and better results were

obtained with the labeled streptavidin biotin technique (see Figure 3.4).

   * .

mee

Figure 3.3 Photomicrographs showing Collagen IV expression in human

cornea, ciliary body andIris. Collagen IV was expressedin the epithelial

basement membraneofthe cornea (a, arrow Magnification x 25), basement

membraneofvascular endothelial cells of ciliary body andiris (b, c arrows,

Magnification x 25)
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3.1.3 Expression of TSP-1 and -2 in the normal human cornea

Immunohistochemistry was used to examine the expression and distribution of

thrombospondin -1 and -2 proteins, within the normal human cornea. TSP-1 (Figure

3.4 a,b) and TSP-2 (Figure 3.4 c,d) immunoreactivity was visualised in the

epithelium, Descemet’s membrane and endothelium of normal human cornea. No

visible immunoractivity were seen in the stroma and Bowman’s membrane. No

immunoreactivity was seen whenthe primary antibody was replaced with non-

immune IgG (Figure 3.4 e).

3.1.4 Expression of VEGF in normal human cornea

Immunohistochemistry was used to examine the expression of vascular

endothelial growth factor in the normal human cornea asit plays a majorrole in

vasculogenesis and pathologic neovascularisation. VEGF was expressed byepithelial

and corneal endothelial cells and by vascular endothelial cells of limbal vessels, and

weakly by somecells with the morphology of keratocytes in normal human cornea

(Figure 3.5 a,b). No immunoreactivity was visualised when primary antibody was

replaced with non-immune IgG (Figure 3.5 c,d).
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Figure 3.4 Photomicrograph showing expression of TSP-1 and TSP-2 in

normal humancornea using labeled (HRP) streptavidin biotin technique.

TSP-1 immunoreactivity was visualised brown in the epithelium (a, black arrows),

Descemet’s membrane(b, blue arrow) and endothelium (b, red arrow) of normal

human corneas. The stroma and stromal cells were devoid of the protein. TSP-2

distribution was similar to TSP-1 (c, d arrows). No immunoreactivity was seen in

sections, where primary antibody was replaced with non-immuneIgG(e). a,b

counterstained with Mayer’s haematoxylin. (Mag. x 25)
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Figure 3.5 Photomicrograph showing expression ofVEGF in normal human

cornea. VEGF immunoreactivity was visualised brown in the epithelium (a, black

arrows) and endothelium (b, red arrow) of normal human corneas. It wasalso

expressed weakly by somecells with the morphology of keratocytesin the stroma

(a,b, blue arrows). No immunoreactivity was seen in sections, where primary

antibody wasreplaced with non-immuneIgG (c, d counterstained with Mayer’s

haematoxylin). (Magnification. a, b x 25, c, d x 10)
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3.2 Scarred and vascularised cornea

Three vascularised corneas with a history ofHSK were immunohistochemically

stained for TSP-1, TSP-2, VEGF and HSV-1. 5 sections from each specimen were

stained for each antibody. A change in morphology wasseen in the scarred and

vascularised corneas compared to normal cornea. The epithelium and stroma were

thickened. The stroma showed numerousinflammatory cells and new blood vessels

lined with vascular endothelium (Figure 3.6 a,b).

3.2.1 Expression of TSP-1 and -2 in scarred and vascularised cornea

TSP-1 and -2 immunoreactivity was visualised in the epithelium,

Descemet’s membrane and endothelium similar to normal corneas. TSP-1 and -2 were

also expressed in the stroma, stromal cells with the morphology of keratocytes,

stromal scars and vascular endothelium of new blood vessels in the stroma (Figure 3.6

a-d). Differences in expression of TSP-1 and -2 between normaland scarred and

vascularised corneasare listed in Table 3.1. No immunoreactivity was visualised in

specimensstained with non-immuneIgG (Figure 3.6 g, h).

As mentioned undersection 1.8, TSP-1 and -2 have been shown to be expressed

in the stroma of non HSV-1 scarred corneas.

3.2.2 Expression of HSV-1 in scarred and vascularised cornea

Sections were also immunohistochemically stained with a polyclonal antibody

to HSV-1 which reacts with all major glycoproteins present in the viral envelope as

well as somecore proteins (ab933, Abcam). Immunoreactivity was visualised in the

epithelium and stromaof scarred and vascularised corneas (Figure 3.7a). No

immunoreactivity was visualised in specimens stained with non-immune IgG (Figure

3.7b)
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Figure 3.6 Photomicrograph showing TSP-1 and -2 expression in scarred and

vascularised cornea. TSP-1 (a,c,e) and -2 (b,d,f) were expressed in the

epithelium, Descemet’s membrane and endothelium (black arrows) similar to

normal corneas. TSP-1 and -2 were also expressed in the stroma cells with the

morphology of keratocytes (red arrows), vascular endothelial cells of new vessels

(green arrows)andestablished stromal scars (yellow arrows). (Magnificationa, b,

g: x 10, c, d, h: x 25, e, f: x 40). No staining was observedin the negative control

(g, h Mag. x 25). a - f counterstained with Mayer’s haematoxylin.
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Figure 3.7 Photomicrograph showing expression of HSV-1 in scarred and

vascularised cornea. HSV-1 antigens were expressed in the epithelium and

stromaof scarred and vascularised cornea (a, arrows). No immunoreactivity was

visualised with the negative control (non-immune IgG)(b). a,b counterstained

with Mayer’s haematoxylin. Magnification a x 25, b x10.

 

Normal Human Cornea
 

 

 

 

 

 

 

 

  

Epithelium Stroma Descemet’s Endothelium Vascular

membrane endothelialcells

TSP-1 ++ - ++ ++ ++ (limbal)

TSP-2 ++ - ++ ++ ++ (limbal)

VEGF ++ + “ ++ ++ (limbal)

Scarred and Vascularised Human Cornea

Epithelium Stroma Descemet’s Endothelium Vascular

membrane endothelial cells

TSP-1 ++ ++ ++ ++ ++

TSP-2 ++ ++ + ++ ++

VEGF +++ ++ “ ++ +++     
 

Table 3.1 Expression of TSP-1, TSP-2 and VEGFin normaland vascularised

human corneas.

Staining intensity: -, negative; +, weak; ++, moderate; +++,intense
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3.2.3 Expression of VEGFin scarred and vascularised cornea

VEGFwasexpressedin the corneal epithelial cells, endothelial cells and by

cells with the morphology of keratocytes, as in normal human cornea (Figure 3.8 a-d).

VEGFwasalso expressed moderately to strongly in the vascular endothelialcells of

newly formed vessels and stromal scar tissue (Figure 3.8 a-e). No immunoreactivity

wasvisualised in samples where the primary antibody was replaced with IgG (Figure

3.8 f).

Table 3.1 lists the expressions of TSP-1, TSP-2 and VEGFin normal human

corneas andscarred and vascularised human corneas.
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Figure 3.8 Photomicrograph showing VEGFexpression in scarred and

vascularised corneas. VEGF was expressed in the epithelium (a,b,c black

arrows), endothelium (b,d red arrows), cells with the morphology of keratocytes

(d, green arrow), stromalscars (a,c yellow arrows) and vascular endothelium of

new vessels (a,c,e blue arrows). No immunoreactivity was visualised in the

negative control (f). a - d counterstained with Mayer’s haematoxylin.

Magnification a,b x 10, c,d x 25, e x 40, fx 10.
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3.3 Humancorneal keratocytes

Initial experiments on scarred and vascularised corneas secondary to HSK

showed immunorectivity for TSP-1 and -2 in the corneal stroma. Normal corneas did

not show immunoreactivity for TSP-1 and -2 in the stroma. The source for TSP-1 and

-2 in the stroma of scarred corneas could be the new vessels and/or inflammatory

cells. However, new vessel formationis likely to be a late event in HSV-1 infection

and given that a change in the angiogenic environmentis the likely pathogenesis of

HSV-1 induced corneal vascularisation,it is unlikely that the source of TSP-1 and -2

are the new vessels.It is likely that TSP-1 and -2 are produced locally in response to

HSV-1 infection, and this is an early event leading to formation of new vessels. It was

difficult to judge the time span ofthe infection and hence draw any conclusionto the

initial events following infection with HSV-1, as these human specimens were

archived. As mentioned before, keratocytes play an important role in corneal wound

healing (see section 1.9) and can synthesise TSP-1 in a wound repair phenotype

(1.11.5.3). An in vitro model of HSV-1 infection using human corneal keratocytes

was henceset up to lookat the early events following HSV-1 infection.

3.3.1 Primary culture of human corneal keratocytes

Primary cultures of human corneal keratocytes were successfully established

from pre-characterised, frozen human keratocytes (section 2.2.1). The optimal media

combination for keratocyte culture was found to be a combination of Dulbecco’s

modified Eagle’s medium, Ham’s nutrient mixture F-12 1:1 supplemented with 10%

foetal calf serum. Cells were passaged in a 1:3 ratio and pre-confluent cultures

between passagesfive and eight were used for the experiments. A preliminary study

was doneto assess what seeding density worked best. A seeding density of 4x 10°

keratocytes per Lab-Tek was foundto be best for conducting experiments. Plastic
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Lab-Teks were better than glass Lab-Teks, as keratocytes adhered better to the

former.

3.3.2 Morphology of normal cultured human corneal keratocytes

Keratocytes were characterised in vitro by their kite and spindle morphology as

shown in the phase contrast microscope images and H&Elight microscopy (Figure

3.9). Budding cells were seen within 2-3 days of passaging and progressed from a pre-

confluent state to confluent and post-confluentstate (Figure 3.9). A monolayer usually

formed within 7 days of seeding. Thecells did not appear to exhibit any particular

contactinhibition and cell mounds readily formed on the surface of the culture flask.

As thrombospondin production is suppressed in post-confluent keratocytes, care was

taken to use only pre-confluentcells for the experiments (Hiscott et al. 1996; Hiscott

et al. 1999).

The purity of keratocyte stocks had previously beenestablished by negative

staining for cytokeratins (to exclude epithelial cell contamination). Additional

characterization for keratocytes was obtained by staining them for vimentin,a

memberofthe intermediate filament family of proteins. Immunoreactivity for

vimentin was visualised in cultured keratocytes. Immunoreactivity was localised as

filamentous, cytoplasmic distribution with a peri-nuclear ring (Figure 3.10).
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Figure 3.9 Morphology of cultured human keratocytes.

Phase contrast micrograph showing budding keratocytes (a), pre-confluent(b),

confluent (c) and post-confluent (d) cultured human corneal keratocytes.

Keratocytes were characterised in vitro bytheir kite and spindle morphology as

seen in the photomicrograph stained with haematoxylin (e). Magnification a-d x

10, e x 25

1AFf



 
Figure 3.10 Photo micrograph of humancorneal keratocytes immunostained

for vimentin. Immunoreactivity was localised as filamentous, cytoplasmic

distribution with a peri-nuclear ring (a-c, arrows). No immunostaining was seen

with IgG, (d). (Magnification x10 a, x25 b, x40 c,d)
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3.3.3 Expression of thrombospondin -1 and -2 in cultured humancorneal

keratocytes

Immunohistochemical analysis was performed on keratocytes cultured on Lab-

Tek slides using the HRP labeled streptavidin technique with DAB as chromogen.

Initially glass Lab-Teks were used butthe keratocyteslifted off from the surface of

the Lab-Tek during immunohistochemistry. Foetal calf serum coated glass Lab-Teks

weretried which helped to some extent but increased backgroundstaining. Following

adhesion problems with glass Lab-Teks, plastic Lab-Teks were used which were

muchbetter and the keratocytes adhered well to their surface. Of the fixation

techniques employed, cells fixed with 10% formalin tended to lift away from the

surface following immunohistochemistry. Methanol fixation at -20 °C retained the

integrity of the cell layer for immunohistochemistry.

Immunoreactivity for both TSP-1 and -2 wasvisualised in cultured keratocytes.

Immunoreactivity was localised in a diffuse granular peri-nuclear pattern and punctate

staining in the cell periphery. No staining was seen in preparations in which the

primary antibodies were replaced with non-immuneIgG (Figure 3.11).

3.3.4 Expression of thrombospondin -1 and -2 protein in cultured keratocytes

Western blot analysis was employedto identify the expression of TSP -1 and -2

proteins by cultured keratocytes. Immunoblotanalysis by reducing SDS-PAGE

showed 180kDa bands for both TSP-1 and -2 which are the expected sizes following

reduction of the proteins. As mentionedin section 2.5.1, page 107, TSP-1 and -2 are

large proteins with molecular weights of 450,000kDa,but following reduction are

reduced to smaller peptides which can beidentified by immunoblots. Varying sample

sizes were loaded (20 — 50ul). Bands were neater with 20 pl sample but more intense

with 50ul sample (Figure 3.12).
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Figure 3.11 Photomicrograph showing expression of TSP-1 and -2 in cultured

human corneal keratocytes. Immunoreactivity for both TSP-1 (a) and -2 (b) was

visualised in cultured keratocytes. Immunoreactivity was localised in a diffuse

granular peri-nuclear pattern and punctuate staining in the cell periphery (c). No

staining was seen in preparations in which the primary antibodies were replaced

with non-immuneIgG (d,e). Magnification a,b,d,e x 25, c x 40)
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Figure 3.12 Expressions of TSP-1 and -2 protein in cultured humancorneal

keratocytes. Immunoblot analysis by reducing SDS-PAGE showed 180kDa bands

(arrows) for both TSP-1 (a) and -2 (b) which are the expected sizes following

reduction of the proteins. The marks ontheleft are representative of the molecular

weight ladder obtained with the Precision plus protein standards with the thick

reference bands (25, 50 and 75 kDa). Bands were more defined with 201] samples

(lane 1).
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3.3 Virus infections

Human corneal keratocytes were infected with Herpes simplex virus-1 to study

the early molecular changes after HSV-1 infection in human keratocytes and an in

vitro model for HSV-1 infection was successfully established.

3.4.1 Multiplicity of infection of virus

A multiplicity of infection of 5 pfu/keratocyte and 20 pfu / keratocyte were used

as in previousstudies (Kefalides and Ziaie 1986; Ziaie et al. 1986) in order to be able

to titrate the dose-response curve. However, at a MOIof 20 pfu / keratocyte the cells

did not survive the length of the experiments and hence an MOIof 5 pfu/keratocytes

wasused for the experiments.

3.4.2 Morphology of infected keratocytes

Human corneal keratocytes supported the growth of HSV-1at all times after

infection. Cells in infected cultures appeared refractile, rounded, and retracted leading

to increased intercellular spaces as early as 4 hours after infection. By 72 hours some

cells had detached from the surface of the Lab-Tek (Figure 3.13 a-c). No such cells

were detected in sham infected cultures (Figure 3.13 d). Further proof for infections

wasobtained by analyzingthe infected cell lysate for expressions of immediate early

(HSV-1:ICP27) and late (HSV-1:glycoprotein D) viral proteins by western blotting

(section 3.4.5).
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Figure 3.13 Photomicrograph showing morphology of infected keratocytes.

Human corneal keratocytes supported the growth of HSV-1at all times after

infection. Cells in infected cultures (stained with Mayer’s haematoxylin) appeared

refractile, rounded, and retracted leading to increased intercellular spaces as early

as 4 hours after infection (a). By 72 hours somecells had detached from the

surface of the Lab-Tek™ (b,c). No such cells were detected in sham infected

cultures (d). Magnification a x 25, b,d x 10, c x 40.
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3.4.3 Effect of HSV-1 infection on TSP-1 and -2 expressions

The effect of HSV-1 infection on TSP-1 and -2 expression was determined by

immunohistochemical analysis of keratocytes infected with HSV-1 at varying time

intervals after infection (0, 2, 4, 6, 8, 24, 48, 72 hours). Western blotting was used to

study the expression of TSP-1 and-2 proteinsat different time intervals. Sham

infected cultures served as control.

3.4.3.1 Immunohistochemistry

Immunohistochemical detection of TSP-1 and -2 was performed on labtaks

fixed at varying timeintervals (as above) following infection with HSV-1. Maximum

immunoreactivity for TSP-1 and -2 were noted at 0 and 2 hoursafter infection. By 4

hoursafter infection there wasa visible reduction in the intensity of the signal for both

TSP-1 and -2 to almost a total absenceat 6 hoursafter infection (Figure 3.14 a-d; 3.15

a-d). No staining was observed whenthe primary antibody was replaced with non-

immune IgG. There was no changein the expressionsofthe proteins in sham infected

cultures (Figure 3.14e, 3.15e).
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Figure 3.14 Photomicrograph showing expression of TSP-1 in cultured

humankeratocytes infected with HSV-1. (a) TSP-1 expression at 0 hoursafter

infection; immunoreactivity waslocalised in a diffuse granular peri-nuclear

pattern and punctuate staining in the cell periphery (b) 2 hours after infection there

was no changein the intensity of the signal (c) a clear reduction in staining was

seen by 4 hoursafter infection to almost a complete absence 6 hours (d) after

infection. No reduction in signal was noted in sham infected cultures at 6 hours

after infection (e). Magnification a - d x 10, e x 25.
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Figure 3.15 Photomicrograph showing expression of TSP-2 in cultured

humankeratocytes infected with HSV-1. TSP-2 immunoreactivity was

visualised in a diffuse granular peri-nuclear pattern and punctuate staining in the

cell periphery at 0 hours after infection (a). There was no changein the intensity 2

hoursafter infection (b). A reduction in signal intensity was noted by 4 hoursafter

infection (c) to an almost complete absence by 6 hoursafter infection (d). No

changein signal intensity was seen in sham infected cultures at 6 hours after

infection (e). Magnification a-d x 25, e x 40.
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3.4.3.2 Western Blotting

Protein expressions of TSP-1 and -2 were determined by western blotting using

a 10% resolving polyacrylamide SDSTris-glycine gel. Keratocyte lysates from 0, 2 ,

4, 6, 8, 24, 48 and 72 hoursafter infection were analysed and TSP-1 and -2 expression

measured by densitometric analysis of chemiluminescent probes. Sham infected

cultures (as mentioned in section 2.3.2) served as a control. In addition keratocyte

lysate from normal humankeratocytes (un-infected) nurtured in a similar environment

to the infected keratocytes were also used for comparison. Expression of GAPDH was

employed as a reference protein for densitometric analysis (section 3.4.5). Following

earlier problems of sample inter-mix between wells, finer tips (Costar Gel loadingtips

0.5 - 200 pl, Corning, NY) were used.

TSP-1 and -2 were expressed as 180 kDa bandsin cell lysates from 0 through to

24 hoursafter infection and the expression was almost invisible at 48 and 72 hours

after infection (Figures 3.16 and 3.17). The densitometric analysis is shown intables

3.2 and 3.3. As can be seen there was a 50% reduction in the expression of each

protein by 8 hoursafter infection (p<0.002) to almost a complete absence by 24 hours

andall later times after infection. There was no significant change in the expressions

of TSP-1 and -2 in sham infected cultures at any time (p>0.05; Figure 3.18, Table

3.4). Suppression of these proteins commenced before the expression of HSV-1

immediate early proteins (6 hours) as can be seen in Figure 3.20.
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Figure 3.16 Expression of TSP-1 protein in cultured human keratocytes

infected with HSV-1. (a) and (b) Expression of TSP-1 protein wasvisualised as a

180kDa band (arrow) by reducing SDS-PAGE.Expected molecular weights are

listed on the left and time intervals post-infection above the respective lanes (UI:

un-infected). A clear reduction in signal was visible with increasing time after

infection to almost a complete absence by 24 hours. Signal intensity was

quantified by densitometric analysis (Table 3.2). No changein signal wasvisible

with sham infected cultures (Figure 3.18)
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TSP-1 (infected samples)

Time(hours) Density (-) Change in

density (%)

Un-infected 0.62

0 0.58 0

2 0.52 10.3

4 0.52 10.3

6 0.37 36.2

8 0.30 48.3

24 0.16 72.4

48 0.11 81

72 0.11 81  
 

Table 3.2 Densitometric analysis of TSP-1 expression in infected keratocytes.

A 50% reduction in signal was noted by 8 hoursafter infection to almost a

complete absence by 48 hours. No changein signal density was noted in sham

infected cultures (Table 3.4).
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Figure 3.17 Expression of TSP-2 protein in cultured humankeratocytes

infected with HSV-1 (a) and (b) Expression of TSP-2 protein was visualised as a

180kDaband (arrow) by reducing SDS-PAGE. Expected molecular weights are

listed on the left and time intervals post-infection above the respective lanes. A

clear reduction in signal was visible with increasing time after infection to almost

a complete absence by 24 hours. Signal intensity was quantified by densitometric

analysis (Table 3.3).
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TSP-2 (infected samples)

Time (hours) Density (-) Change in

density (%)

Un-infected 0.50 0

0 0.50 0

2 0.49 2

4 0.48 4

6 0.37 26

8 0.28 44

24 0.13 74

48 0.11 78

72 0.11 78  
 

Table 3.3 Densitometric analysis of TSP-2 expression in infected keratocytes.

A 50% reduction in signal was noted by 8 hoursafter infection to an almost

complete absence by 48 hours.
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Figure 3.18 Expression of TSP-1 protein in cultured human keratocytes sham

infected with HSV-1. Expression of TSP-1 protein was visualised as a 180kDa

band (arrow) by reducing SDS-PAGE.Expected molecular weights are listed on

the left and time intervals post-infection above the respective lanes. No significant

changein signal intensity was noted at any timeafter infection (Table 3.4).

 

 

 

 

 

 

 

 

 

TSP-1 (sham infected samples)

Time(hours) Density (-) Change in

density (%)

0 0.69 0

2 0.62 10.1

7 0.68 15

6 0.66 43

8 0.68 15

a 0.68 15

48 0.66 43     
 

Table 3.4 Densitometric analysis of TSP-1 expression in sham infected

keratocytes. No significant change in signal density was noted at any time after-

infection.
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3.4.4 Effect of HSV-1 infection on GAPDHexpression

The expression of Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH), a

house-keeping gene (section 2.5.3) was noted in the infected keratocyte lysates as a

proofofcell survival, loading control and as a reference protein for densitometric

analysis. GAPDH wasexpressedby keratocytesat all timesafter infection and was

visualised as a 36 kDa band following immunoblot analysis (Figure 3.19). There was

no significant change in the expressionofthe protein at any time (p>0.05) as can be

seen from the densitometric analysis (Table 3.5)

3.4.5 Expression of HSV-1 proteins in infected keratocytes

Expressions of immediate early (HSV-1:ICP 27) and late (HSV-1 GD)viral

proteins werenoted in infected keratocytes, thereby providing evidence for the growth

of HSV-1 in keratocytesat all times after infection.

HSV-1:ICP 27 protein wasvisualised as a 59 kDa band following immunoblot

analysis. It could be detected first at 6 hours reaching maximumintensity at 24 hours

after infection. Thereafter the expression reduced overthe next 48 hours (Figure 3.20,

Table 3.6).

Expression of HSV-1:GlycoproteinD wasvisualised as a band between 59 — 62

kDa by immunoblotanalysis. Initially a monoclonal antibody to HSV-1gD (Virogen

020-A) was used but no immunoblots were visualised. Following this experiment, a

polyclonal antibody (Santa Cruz sc-17540) was used and bands could be visualised

starting at 24 hoursafter infection and reaching maximum intensity at 72 hours after

infection. A greater than ten fold increase in signal intensity was noted by 24 hours

after infection (Figure 3.21, Table 3.7).

Noviral proteins were detected in sham infected cultures.
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Figure 3.19 Expression of GAPDH protein in humankeratocyte cultures

infected with HSV-1. Expression of GAPDHwasvisualised as a 36kDa band

(arrow) by reducing SDS-PAGE.It was expressed by keratocytes at all times

after-infection. Expected molecular weightsare listed on the left and time

2 4 6 8 24 48

intervals post-infection above the respective lanes. No significant change in signal

intensity was noted at any time after infection (Table 3.5).

 

 

 

 

 

 

 

 

   

GAPDH

Time(hours) Density (-) Changein
density (%)

° 0.69 0

2 0.68 14

’ 0.68 14

6 0.65 57

$ 0.68 14

a 0.68 wl

48 0.62 10.1  
 

Table 3.5 Densitometric analysis of GAPDH expression in infected

keratocytes. No significant changein signal density was noted at anytime after-

infection.
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Figure 3.20 Expression of HSV-1(ICP27) protein in keratocyte cultures

Z2 6 8 24 48 72

infected with HSV-1. Expression of HSV-1 early protein (ICP27) was visualised

as a 59 kDa band(arrow) by reducing SDS-PAGE.Expected molecular weights

are listed on the left and time intervals post-infection above the respective lanes. It

could be detectedfirst at 6 hours reaching maximum intensity at 24 hours after

infection.

 

 

 

 

 

 

 

 

    

HSV-1:1CP27

Time(hours) Density (+) Change in

density (%)

0 0.08 0

7 0.07 -12.5

S 0.20 150

: 0.26 195

i 0.78 875

a 0.38 375

i 0.23 187.5  
 

Table 3.6 Densitometric analysis of HSV-1:1CP27 expression in infected

keratocytes. A 10 fold increase in signal was noted at 24 hoursafter infection,

which gradually reduced over the next 48 hours.
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Figure 3.21 Expression of HSV-1:Glycoprotein D protein in human

keratocyte cultures infected with HSV-1. Expression of late HSV-1 protein

(HSV-1gD) wasvisualised as band between 59 — 62 kDa(arrow) by reducing

SDS-PAGE.Expected molecular weights are listed on the left and time intervals

post-infection above the respective lanes. It could be detected starting at 24 hours

after infection and reaching maximum intensity at 72 hoursafter infection.

 

 

 

 

 

 

 

 

    

HSV-1:gD

Time (hours) Density (+) Change in

density (%)

+ 0.07 0

6 0.11 571

8 0.12 714

24 0.75 971.4

36 0.74 957.1

48 0.74 957.1

72 0.82 1071.4  
 

Table 3.7 Densitometric analysis of HSV-1 glycoprotein D expression in

infected keratocytes. A greater than ten fold increase in signal intensity was

noted by 24 hoursafter infection.
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3.4.6 Effect of HSV-1 infection on expressions of VEGF and bFGF

To elucidate the differential effects of HSV-1 infection on angiogenic andanti-

angiogenic proteins, the expressions of vascular endothelial growth factor (VEGF)

and basic fibroblast factor (bFGF), potent angiogenic agents were studied in infected

keratocytes at varying timeintervals (0, 2, 4, 6, 8, 24, 48, 72 hours) after infection.

Expressions were noted by immunohistochemistry and western blotting.

3.4.6.1 Immunohistochemistry

Immunohistochemical detection ofVEGF was performed on Lab-teksfixed at

varying time intervals (as above) following infection with HSV-1. The results for

expression of VEGF (polyclonal antibody) by immunohistochemistry were

inconclusive in normal keratocyte cultures. However, somepositive immunostaining

wasnoted in infected keratocyte cultures from 2 hoursafter-infection (Figure 3.22 a).

Theintensity of the staining was more intense at 6 hours compared to 2 and 4 hours

(Figure 3.22 b). Immunoreactivity was localised in a diffuse granular peri-nuclear

pattern. Immunostaining for bFGF wasnot attempted. No immunostaining was

observed when primary antibody was replaced with non-immuneIgG (Figure 3.22,c).
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Figure 3.22 Photomicrograph showing expression of VEGF in HSV-1 infected

keratocytes. Immunoreactivity for VEGF wasvisualised (brown, arrows) as a

diffuse granular peri-nuclear pattern at 2 hours after infection (a). A slight increase

in signal intensity was notedat 6 hours after infection (b). No immunoreactivity

wasvisualised with non-immuneIgG (c). Magnification a,b x 40, c x 10.
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3.4.6.2 Western Blotting

Protein expressions of VEGF and bFGF were determined by reducing SDS-

PAGEaspreviously mentioned for TSP-1 and -2 (section 3.4.3.2). Keratocyte lysates

from 0,2 , 4, 6, 8, 24, 48 and 72 hoursafter infection were analysed and VEGF and

bFGFexpressions measured by densitometric analysis of chemiluminescent probes.

Keratocyte lysate from normal human keratocyte cultures nurtured in a similar

environmentto the infected keratocytes were used for comparison. Expression of

GAPDHwas employedasa reference protein for densitometric analysis (section

3.4.5).

Expression of VEGFwasvisualised as a 21 kDa band by immunoblotanalysis

using polyclonal VEGFantibody (Figure 3.23). VEGF was expressed by normal

human keratocytes (un-infected) in vitro. There was no reduction in the expression up

until 48 hours after infection (Table 3.8). A significant reduction was howevernoted

at 72 hours (p < 0.005). The expression of VEGFpersisted following the suppression

of TSP-1 and -2 expressions.

Expression of bFGF wasalsovisualised as a 21 kDa band by immunoblot

analysis (Figure 3.24). It was expressedat all times up to 48 hoursafter infection

persisting beyond the expression of TSP-1 and -2. There was minimal reduction in the

expression with time (Table 3.9).

Initial experiments using a 10% gel with 3.5 hours run and 2.5 hourstransferat

100 V did not give any positive results. The low molecular weight markers in these

gels were notvisualised either. Results were obtained using a 15% gel with run at

200V for 40 minutes and transfer at 100V for 30 minutes.
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Figure 3.23 Expression of VEGFprotein in cultured human keratocytes

infected with HSV-1 (a) and (b) Expression ofVEGFprotein was visualised as a

21 kDa band (arrow) by reducing SDS-PAGE.Expected molecular weights are

listed on the left and time intervals post-infection above the respective lanes (UI:

un-infected). VEGF was expressed by normal human keratocytes (un-infected)

keratocytes in vitro (lanel, a). There was no reductionin the expression up until

48 hoursafter infection (Table 3.8).
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VEGF(infected samples)

 

 

 

 

 

 

 

  

Time(hours) Density (-) Change in

density (%)

: 0.49 0

4 0.48 a1

0.48 a

8 0.41 163

= 0.42 14.3

48 0.40 18.4

72 0.15 604   
 

Table 3.8 Densitometric analysis of VEGF expression in infected keratocytes.

Nosignificant reduction in the density ofVEGF expression wasnoted up to 48

hoursafter infection. A significant reduction in signal was noted at 72 hoursafter

infection.
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Figure 3.24 Expression of bFGFprotein in cultured human keratocytes after

HSV-1 infection. Expression of bFGF protein was visualised as a 21 kDa band

(arrow) by reducing SDS-PAGE. Expected molecular weightsare listed onthe left

and timeintervals post-infection above the respective lanes. It was expressedatall

times up to 48 hoursafter infection. There was minimalreduction in the

expression with time (Table 3.9).

 

 

 

 

 

 

 

 

   

bFGF(infected samples)

Time (hours) Density (-) Change in

density (%)

0 0.52 0

2 0.49 5.8

4 0.46 11.5

6 0.46 11.5

8 0.37 28.8

24 0.39 ps

48 0.32 38.5  
 

Table 3.9 Densitometric analysis of bFGF expression in infected keratocytes. A

minimalreduction in signal was noted with time.
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Figure 3.25 A collage showing changein expression ofall proteins studied after

keratocyte infection with HSV-1.

As can be noted HSV-1 infection selectively down-regulated the expressions of TSP-1

and -2 with a concomitant increase in the expression of viral proteins (HSV-1 ICP and

gD) during the same period. VEGF and bFGF expressions persisted beyond TSP-1

and -2 expressions. There was no changein the expressions of GAPDH and TSP-1 in

sham infected cultures.
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Figure 3.26 Graphillustrating the change in signal density with time for

expression of proteins.

bFGF:basic fibroblast growth factor, VEGF: vascular endothelial growth factor, IgD:

HSV-1glycoprotein D, ICP: HSV-1 infected cell protein, GAPDH: glyceraldehyde 3-

phosphate dehydrogenase, TSP-1 c: thrombospondin-1 control (sham infected), TSP-

2: thrombospondin-2, TSP-1: thrombospondin-1.
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3.5 Normal mouse cornea

3.5.1 Basic morphology of normal mouse cornea

Histological staining of the normal mouse cornea demonstrated three layers, the

epithelium, stroma and endothelium (Figure 3.27). Bowman’s membrane and

Descemet’s membrane werepresent but were not as well defined as in a human

comea.

3.5.2 Expressions of TSP-1 and -2 in normal mouse cornea

Immunohistochemistry was used to examinethe expression and distribution of

thrombospondin -1 and -2 proteins, within the normal mouse cornea. TSP-1 (Figure

3.28 a) and TSP-2 (Figure 3.28 b) immunoreactivity was visualised weakly in the

epithelium of normal mouse cornea. Novisible immunoractivity were seen in the

Bowman’s membrane, stromaor stromal cells (keratocytes), Descemet’s membrane

and endothelium. No immunoreactivity was seen whenthe primary antibody was

replaced with non-immuneIgG.

3.5.3 Expressions of VEGF in normal mouse cornea

Immunohistochemistry was attempted to examine the expression ofVEGF in

normal mouse cornea. However, no positive immunoreactivity was visualised.

3.6 HSV-1 infected mouse cornea

3.6.1 Basic morphology of HSV-1 infected mouse cornea

Histological staining of mouse corneas infected with HSV-1 showed anulcer at

the site of scarification, abundance of inflammatory cells underlying the ulcer and in

the stroma and thickening of the stroma (Figure 3.29). There was extensive

inflammatory exudate in the anterior chamberas well (Figure 3.29).
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Figure 3.27 Light micrograph of normal mouse cornea. Note the three corneal

layers epithelium, stroma and stromal cells (keratocytes, white arrows) and

endothelium. Bowman’s layer and Descemet’s membrane are less distinct

(haematoxylin Mag. x 50).

 

Figure 3.28 Photomicrograph showing expression of TSP-1 and TSP-2 in

normal mouse cornea. (a) TSP-1 immunoreactivity was visualised weakly in the

epithelium (black arrow) ofnormal mouse cornea. No visible immunoractivity

were seen in the Bowman’s membrane, stroma or stromal cells (keratocytes),

Descemet’s membrane and endothelium. TSP-2 distribution was similar to TSP-1

(b). a,b counterstained with Mayer’s haematoxylin. Magnification a,b x 25.
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Figure 3.29 Light micrograph of HSV-1 infected mouse cornea.Histological

staining of mouse corneas infected with HSV-1 showed an ulcerat the site of

scarification (a,b,c black arrows), abundance of inflammatory cells underlying the

ulcer andin the stroma (b,c) and thickening of the epithelium and stroma(a). The

inflammation was more pronouncedby day7 (c) and 10 (d) with necrosis of the

epithelium and stroma and extensive inflammatory exudate in the anterior

chamber(d, blue arrow). a - d counterstained with Mayer’s haematoxylin.

Mag. ax 10, b x 40, c, d x 25.
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3.6.2 Expression of TSP-1 and -2 in HSV-1 infected mouse corneas

Initial experiments were performed using polyclonal TSP-1 and -2 antibodies.

Immunoreactivity for TSP-1 and -2 wasstrongly positive in the corneal epithelium

and weakly in the endothelium of day 2 specimens of infected mouse corneas (Figure

3.30 a,b, 3.31 a). Immunoreactivity was visibly reduced in day 4, 7 and 10 specimens

(Figure 3.30, 3.31). Weak to no immunoreactivity for TSP-1 and -2 were visualised in

the corneal stroma in day 10 specimens. However, most of the day 4 and day 7

specimensdid not did notstay fixedto the slide surface, despite using APES coated

slides and hence immunohistochemistry had to be abandoned on many occasions.

Another problem encountered wasthe uptake of diffuse stain by the entire cornea

irrespective of the primary antibody in later experiments. This was thoughtto be a

result of excessive backgroundstaining and other blocking sera were tried. However

the problem persisted. Monoclonal antibodies to TSP-1 and -2 and VEGF weretried

but no conclusive results were obtained. The experiments were hence abandonedasit

appearedthatall proteins had de-natured, giving intense non-specific staining.

Western blotting was not performed due to un-availability of more infected

mouse eyes from Bristol.

3.6.3 Expression of HSV-1 in infected mouse corneas

Sections were also immunohistochemically stained with a polyclonal antibody

to HSV-1 (ab933, Abcam). Immunoreactivity was visualised at the point of

scarification and ulcer in the epithelium from day 2 specimensandthereafter in the

stroma and endothelium. Inflammatory exudates and/or erythrocytes were seen in the

anterior chamber (Figure 3.32).
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Figure 3.30 Photomicrograph showing expression of TSP-1 in mouse corneas

following infection with HSV-1. (a, b) TSP-1 immunoreactivity was visualised

strongly in the corneal epithelium (black arrow) and weakly in the endothelium

(blue arrow) ofday 2 specimens. (c) Immunoreactivity was less pronounced for

day 7 and day 10 (d, e) specimens. Weak or no immunoreactivity was visualised

in the stroma from day 10 specimens(e, red arrow). a — e counterstained with

Mayer’s haematoxylin. Mag. a,d x 10, c,e x 25, b x 40.
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Figure 3.31 Photomicrograph showing expression of TSP-2 in mouse corneas

following infection with HSV-1. (a) TSP-2 immunoreactivity was visualised

strongly in the corneal epithelium (black arrow) and weakly in the endothelium

(blue arrow) ofday 2 specimens. (b) Immunoreactivity was less pronounced for

 
day 4, day 7 (c) and day 10 (d, e) specimens. Weak or no immunoreactivity was

visualised in the stroma from day 10 specimens (e, red arrow). a-e counterstained

with Mayer’s haematoxylin Mag. a,d x 10, c,e x 25, b x 40.
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Figure 3.32 Photomicrograph showing expression of HSV-1 in infected mouse

corneas. (a, b) day 2 specimen and (c) day 10 specimen. Immunoreactivity was

visualised at the pointofscarification and ulcer (black arrows) in the epithelium

and in the stroma, endothelium (blue arrow). Inflammatory exudate and/or

erythrocytes are seen in the anterior chamber (red arrow). Mag. a, c x 25, b x 10.
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Discussion

4.1 Summary of Principal findings

The principal findings of the investigations presented in this thesis may be

summarised as follows. The stroma and stromalcells (keratocytes) of the normal

human cornea did not express TSP-1 and 2. TSP-1 and -2 were, however, expressed in

the stroma, stromal scars and endothelium of blood vessels in vascularised corneas

secondary to HSV-1 infection. An in vitro model of HSV-1 infection was successfully

set up using human corneal keratocytes to determine if HSV-1 infection alters the

expression of TSP-1 and -2. These investigations revealed that TSP-1 and -2 were

expressed by normal human corneal keratocytes in vitro and their synthesis was

selectively down-regulated by HSV-1 infection as early as 4 hours after infection to a

50% reduction by 8 hours and a complete absence by 24 hoursafter infection. VEGF

and bFGFexpression persisted beyond TSP-1 and -2 expressions. Moreover there was

a concomitant increase in the expression ofviral proteins during the same period that

TSP-1 and TSP-2 expression decrease. Further experiments in an in vivo HSK mouse

model showed that TSP-1 and -2 were expressed only weakly in the epithelium of

normal mouse corneas, but were strongly expressed in the epithelium and weakly in

the endothelium of day 2 infected mouse corneas. The expression of TSP-1 and -2

appeared to be reduced with the time after infection. TSP-1 and -2 were expressed

weakly (to none) in the stroma of day 10 specimens. However, the results in mouse

eyes were not conclusive due to technical problems.

The findings of this investigation suggest that TSP-1 and -2 may play a key role

in HSV-1 induced corneal vascularisation and this opens up the possibility that

addition of these proteins or their angio-active peptides in early stages ofHSK therapy

maybe an important adjuvantin controlling HSV-1 induced corneal vascularisation.
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4.2 Maintenanceof corneal transparencyin the normal human cornea

Asthe major refractive element of the eye, the cornea mustfulfill the criteria for

all optical lenses: adequate smoothness, spherical shape and internal transparency

(Klyce and Beuerman 1988). Corneal scarring and vascularisation canalter all these

parameters leading to degradation of the optical performance of the cornea. Corneal

transparency depends on manyfactors including its anatomical features, avascularity

and angiogenic and immuneprivilege (Azar 2006; Changet al. 2001; Streilein 1999).

It is believed that a constant interplay of angiogenic (such as VEGF, bFGF) andanti-

angiogenic factors (such as TSP-1 and -2, angiostatin, endostatin, sflt-1) is important

in the maintenance of corneal avascularity and that this balance can be altered by

HSV-1 infection leading to corneal neo-vascularisation (Changet al. 2001; Sottile

2004). TSP-1 and -2 are matricellular proteins that have potent anti-angiogenic

properties and havethe ability to modulate cell-matrix interactions. Analysis of the

normal human cornea has shown that TSP-1 and -2 are absent from the normal

corneal stroma (Hiscott et al. 1997) but are expressed in the stroma from injured

corneas and by keratocytesin an in vitro wound repair model (Armstronget al. 2002;

Hiscott et al. 1996).

In order to understand their role in HSV-1 induced stromal vascularisation, this

study commenced with an investigation of the expression of TSP-1 and -2 in normal

human cornea and scarred/vascularised human corneas secondary to HSK.

4.3 Expression of Thrombospondin -1 and -2 in normal and scarred/vascularised

corneas

4.3.1 Distribution of TSP-1 and -2 in normal human cornea and mouse cornea
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Previously, immunohistochemical evaluation of TSP-1 and 2 in normal human

cornea has shown it to be expressed in the endothelium, and in a less consistent

pattern, the basal corneal epithelium. The corneal stroma and stromalcells

(keratocytes) however are normally devoid of these proteins (Hiscott et al. 2006),

although keratocytes contain TSP-1 (but not TSP-2) mRNA (Armstronget al. 2002).

The current study used specific affinity purified polyclonal goat antibodies

generated against a peptide mapping near the amino terminus of thrombospondin -1

and -2 of human origin. Immunoreactivity was visualised in the epithelium,

Descemet’s membraneand endothelium of normal human corneaconsistent with the

previousstudies (Hiscott et al. 1997; Hiscott et al. 2006). Although the antibodies

wereraised against specific epitopes from TSP-1 and -2, a similarity in their

distribution in the normal cornearaisesthe possibility that there might be an element

of cross-reactivity (Bornstein 1992). However, in skin woundsdifferent results have

been obtained for TSP-1 and -2 depending on the phase of woundhealing (as

discussed in section 1.7.2)(Bornstein et al. 2004). This observation suggests that

distribution of the two proteins might be similar in the eye.

The proclivity of TSP-1 protein for basement membranesand/orcells adjacent

to basement membranesisillustrated in its expression in the corneal epithelial

basement membrane, endothelium, posterior Descemet’s membrane,the trabecular

meshwork,lens epithelium, retinal pigment epithelium and blood vessels of normal

adult mammalian eyes (Hiscott et al. 2006; Wight et al. 1985). Someofthese sites are

wherethe cells are responsible for growth of their basement membrane throughout

life (Weale 1973). Given the ability of TSP-1 to regulate enzymes and growth factors

it seemsplausible that the protein is involved in regulating the local micro-

environment during the ongoing formation of such ophthalmic structures asthe

172



Descemet’s membrane (Hiscott et al. 2006). The current study found that TSP-1 or 2

were expressed weakly in the epithelium of normal mouse corneas, but was absentin

Descemet’s membrane and endothelium. The distribution of TSP-1 and -2 in normal

mouse corneais not clear from previousstudies. Unoet al used a monoclonal

antibody against TSP-1 and could demonstrate TSP-1 expression only in the

endothelium of normal mouse corneas (Unoetal. 2004). Yan et al on the other hand

used a polyclonal antibody against TSP-2 (similar to the present study) and noted

weak expression in the basal epithelium of normal mouse corneas (Yan et al. 2007).

Theresults from the present study would thus be consistent with thelatter study.

Hiscott et al have previously shownthat while expression of TSP-1 in bovine corneas

is similar to human corneas, TSP-1 is not expressed in any layers of the rabbit cornea

(Hiscott et al. 1997).The difference in expression of TSP-1 and -2 is mouse corneas

compared to human corneas mightreflect species variation or perhaps masking of

antigenic TSP-1 determinants in various basement membranes(Hiscott et al. 1997).

4.3.2 Distribution of TSP-1 and -2 in scarred and vascularised human corneas

and mouse corneas

In contrast to normal human corneas TSP-1 and -2 were expressed in the

stroma, stromal scars and around the endothelium of blood vessels of vascularised

human corneas. The origin of TSP-1 and -2 in these corneas could be from the

invading blood vessels in the cornea since endothelial cells can synthesise both

proteins while platelets contain TSP-1. However, the expression of TSP-1 and -2 was

also noted in the stroma away from the zonesofvascularisation. The cells expressing

TSP-1 and-2 in the stroma had the morphology of keratocytes though they could

represent inflammatory cells such as macrophages or Langerhanscells. This suggests

that there may be a local source of TSP-1 and -2 in the cornea. This is further
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supported by the observation that mostrepairs in the tissues of the visual axis remain

avascular. Such responsesinclude central corneal fibrosis, lens capsular fibrosis and

proliferative vitreoretinopathy most of which also lack a consistent macrophage

component (macrophagesare another potential source of TSP-1). Hence a vascular or

macrophagic source for TSP-1 is usually not available for reparative processes in the

avascular ophthalmic tissues (Hiscott et al. 2006). Munjal et al have shown that

corneal endothelial cells can produce TSP -1 and this synthesis is increased following

endothelial injury (Munjalet al. 1990). Another local source could be the corneal

epithelium as TSP-1 was detected in the basal epithelium of normal corneas. Yet

another possibility is the tear film, although it has been reported that tear TSP-1 levels

are very low (Crombieet al. 1998; Hiscott et al. 1999). Stromal keratitis in HSK may

be associated with epithelial and endothelial involvement but can also occurin the

absenceofepithelial or endothelial involvement. None of the scarred and vascularised

corneasused in this experiment had an active epithelial ulceration though endothelial

involvement cannot be excluded. TSP-1 and -2 appeared to be expressed in the stroma

of these corneas butit seems unlikely that epithelium, endothelium or tear derived

TSP-1 is the source as thrombospondinsbind tightly to matrix (Mosher 1990).

Moreover, evidence suggests that a cell must be actively synthesising TSP-1 forit to

bind the glycoprotein (Hiscott et al. 1999; Lahav 1993). Taken together, these

findings suggestthat the likely source of TSP-1 and -2 in scarred and vascularised

corneasis keratocytes.

Indeed, as mentioned in section 4.3, keratocytes have the mRNA for TSP-1 (but

not TSP-2). Moreover, in an organ culture model of corneal wounds, TSP-1 and -2

were produced by keratocytes within 4 hoursof injury (Hiscott et al. 1999). This

suggests that where a vascular source is not available, local synthesis of TSP
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production is activated within a few hours of injury. As vascularisationis likely to be

a later event, local synthesis of TSP-1 and -2 (by keratocytes) appears to be more

important in corneal wound healing. However, as mentioned undersection 3.4.3 and

dicussed under section 4.5, keratocyte expressions of TSP-1 and -2 were selectively

down-regulated by HSV-1 infection early after infection, and hence the expression of

TSP-1 and -2 in the stroma of these corneasis not explained.

As these were archived human corneasthe duration of infection and hence the

time after HSV-1 infection could not be deciphered.It is therefore difficult to

ascertain the early events leading to vascularisation in HSK.It could be that TSP-1

and -2 might have been suppressed early after HSV-1 infection, and hence missed (as

these corneas had established corneal scars and vascularisation) and the keratocytes

expressing TSP-1 and -2 in these corneas were those that were in the repair mode and

hence expressed TSP-1 and -2 as part of the wound healing response.

The results from mouse eyes though inconclusive did suggest early up-

regulation of TSP-1 and -2 in the epithelium followed by a reduction by day 10. The

probable late expression of TSP-1 and -2 in the stroma from day 10 samples might

suggest a wound healing response in mouse keratocytes similar to human corneas.

Previous studies have shown an up regulation of TSP-1 expression in the stroma and

endothelium of mouse corneas following epithelial wound healing which resolves

with re-epithelisation (Unoet al. 2004). Yan et al noted the expressions of TSP-2 and

VEGFin a mouse modelof corneal alkali burn. TSP-2 expression was up-regulated in

the epithelium early after wounding andfluctuated inversely with VEGFexpression

(Yan et al. 2007). The early up-regulation of TSP-1 and -2 following wounding may

hence represent a corneal response to maintain avascularity.
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Since keratocytes appear to be the likely source for TSP-1 and -2 in corneal

wound healing and angiogenesis, further experiments were conducted on an in vitro

keratocyte model of HSV-1 infection.

4.3.3 Possible role of TSP-1 and -2 in corneal wound healing and angiogenesis

Expression of TSP-1 and -2 in the stroma of scarred and vascularised corneas

suggests that TSP-1 and -2 play an importantrole in corneal woundhealing.

Woundhealing consists of a series of overlapping phasesthat include

inflammation, proliferation, and remodelling. The classic example is cutaneous

woundhealing. The participation of TSP-1 and -2 is suggested by their dynamic

expression during the course of cutaneous woundhealing. TSP-1 is foundin platelets

and is secreted by inflammatory cells such as monocytes and macrophages, and thus

is present in high levels in early wounds. Following haemostasis and resolution of

acute inflammation, the levels of TSP-1 drop during the proliferative phase and

cannotbe detected in the re-modelling phase. TSP-2 is secreted mostly by fibroblasts

andis not present shortly after wounding.It can be detected initially in the

proliferative phase and its expression dominates the remodelling phase (Bornsteinet

al. 2004). Skin woundsdiffer from corneal wounds with regard to local TSP-1

production. In cutaneous woundsthe primary source of TSP-1 is platelets which may

suppress local TSP-1 synthesis whereas such a mechanism would notbe possible in

avascular woundrepair as in the cornea (Hiscott et al. 1999).

Expression of TSP-1 in established corneal scars suggests a disparity between

skin and corneal wound healing. This observation is consistent with the conceptthat

ocular repair is often protracted and disorganised compared to cutaneoushealing

(Hiscott et al. 1999). Persistence of TSP-1 during the late stages of ocular repair might

help to maintain locally anti-angiogenic environment, hence helping to maintain
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avascularity and transparency of the ocular media. Nevertheless, TSP-1 and -2 were

found in vascularised corneal scars in this experiment. This would suggest that TSP-1

and -2 probably have other roles in corneal wound repair such as modulatingcell-

matrix interactions during the reparative process.

It has already been shown that TSP-1 expression is increased during corneal

epithelial and endothelial wound healing (Munyjalet al. 1990; Unoet al. 2004).

Interestingly, TSP expression in the stroma appeared within 8-16 hours of corneal

epithelial wounding and disappeared completely after re-epithelisation from the

stroma, though persisted in the endothelium (Unoetal. 2004). In the present study,

expression of TSP-1 and 2 were noted in the stroma manyyears after the initial insult,

which suggests that stromal woundhealingis different from epithelial wound healing.

Indeed, stromal woundhealing is associated with scar formation and occasionally

vascularisation which is absent from epithelial wound healing. This finding might

suggest that TSP-1 expression during epithelial wound healing is similar to cutaneous

woundhealing.

Furtherinsightinto the role of TSP-1 and -2 in wound healing has been gained

by analysing the healing response in TSP-1- and TSP-2- null mice (Bornstein etal.

2004). Cutaneous wounds in TSP-1 null mice heal at a slower rate but surprisingly,

given the anti-angiogenic activity of TSP-1, do not show increased angiogenesis. This

mightbe a result of an impaired inflammatory response,and as result recruitmentof

fibroblasts and blood vessels, in the absence of TSP-1. On the other hand, woundsin

TSP-2 null mice heal faster, display increased vascular density, are more cellular and

contain an abnormal, loosely organised extracellular matrix. An increase in wound

vascularity is not surprising given the role of TSP-2 in anti-angiogenesis. TSP-1 and 2

inhibit migration and proliferation of vascular endothelial cells, induce apoptosis, and
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block capillary tube formation (Armstrong and Bornstein 2003). TSP-1 and TSP-2

can bind and inhibit the activity of potent pro-angiogenic factors such as bFGF,

VEGF, MMP9, and MMP2in the cornea and chick chorioallantoic membrane assays

(Armstrong and Bornstein 2003; Rodriguez-Manzanequeet al. 2001; Volpert etal.

1995; Iruela-Arispe et al. 2004).

Wound healing response in double-null mice resembles that of TSP-1 null mice,

and despite the lack of TSP-2, woundsare not excessively vascularised. This suggests

that TSP-1 is a critical factor in dictating the rate of progression and nature ofthe

wound healing process (Bornstein et al. 2004).

The foreign body responseis, however, different from the wound healing

response. The foreign body response occurs following the implantation of

biomaterials, and resembles a chronic granulomatousreaction. Foreign body response

wassimilar to wound healing response for TSP-2 null mice, with an increase in

vascularity and changesin the extracellular matrix. However, surprisingly contrary to

the wound healing response, TSP-1 null mice show increased neovascularisation in

response to a foreign body. Moreover, TSP-1 persists late into the proliferative andre-

modelling phases during the foreign body response. This difference in the expression

of TSP-1 appears to be becauseofthe chronic inflammatory reaction to the protracted

presence of a biomaterial that the bodyis trying to reject. As a result, there is

continued synthesis and release of TSP-1 and cytokines by inflammatorycells

(Bornstein et al. 2004).

The foreign body response might explain the persistence of TSP-1 late into the

re-modelling phase in corneal stromal woundhealing. Persistence of an inflammatory

stimulus (such as the herpes simplex virus) might cause the continued expression of

TSP-1 in the cornea. All the corneas examinedin this study did show an increase in
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inflammatory cells and HSKis partly an immunologic disease. However,it is still not

clear as to why vascularisation should proceed in the presence of TSP-1 and -2. This

might be explained by the matricellular concept ofthese proteins, in that their

functions are contextual and depend onthe availability of receptors and binding

partners in a giventissue at a particular time. So, it could be that even though TSP-1

and -2 are present their anti-angiogenic functions might be counteracted by an

increase in angiogenicproteins,or there might be a selective decreasein their

expressionin the initial phases of HSV-1 infection which mightbe dictating the

course of the disease. Indeed, Cursiefen et al. have demonstrated in a murine model

that developmental corneal avascularity is redundantly regulated, but induced

adult/postnatal corneal vascularity is dependent on TSP-1 and TSP-2 with TSP-1

playing the major role. They concluded that if postnatal pro-angiogenic stimuli exceed

the threshold of protection provided by otherinhibitors, the absence of TSP-1 and

TSP-2 permits induced corneal neovascularisation to proceed (Cursiefen et al. 2004).

TSP-2 null mice show changesin un-injured skin as well, suggesting a role in

haemostasis of dermal tissues (Kyriakideset al. 1998). Similarly TSP-1 and 2 might

play a role in maintaining the avascularstate of the cornea. TSPs have been reported

in the normal trabecular meshwork,sclera and limbal stroma.It is possible that limbal

TSP-1 and TSP-2 also contribute to the maintenanceofthe avascular state of the

normalcentral cornea (Armstronget al. 2002; Hiscott et al. 1997; Tripathietal.

1991).

Thoughin vitro andin vivo experimentscan revealthe intrinsic properties of

TSP-1 and -2,they do not necessarily yield biologically relevant information.

Observationsin the phenotypes of TSP-1 and TSP-2 null mice support the notion that

functions of TSP-1 and 2 are dictated primarily by their spatio-temporal patterns of
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expression. Hence, real time models retaining the temporal and spatial specificity of

TSP-1 and -2 need to be designedin order to ascertain their complex interactions.

The present data suggests that knocking out TSP-1 and -2 might be beneficial

for corneal stromal woundsas there wouldbeless fibrosis. As both TSP-1 and -2 are

potent anti-angiogenic agents, knocking them out wouldtip the balance in favour of

angiogenesis resulting in a vascularised scar. However,as specific peptide fragments

subserve diverse functions, it might be possible to manipulate both corneal scarring

and vascularisation in the future (Adams and Lawler 2004; Lawler 2000).

4.4 Expression of thrombospondin -1 and -2 by human keratocytes

The peripheral punctate and peri-nuclear localisation of TSP-1 and 2 in the

cultured keratocytes were similar to that previously reported for TSP-1 (Hiscottetal.

1996). This distribution is similar to the pattern observed in other cell types producing

TSP-1 in vitro andis thoughtto represent peri-nuclear TSP-1 and -2 synthesis and

peripheralintracellular TSP-1 and -2 aggregates (Lawler 1986; Raugiet al. 1982).

These peripheral aggregates might be released from the cell into the medium or

extracellular matrix or rebound onthe cell surface and be endocytosed (Hiscott etal.

1996).

It has been shownpreviously that cultured keratocytes express TSP-1, TSP-2

and TSP-3 (Armstronget al. 2002). As mentioned in section 4.3, TSP-1 and -2 are not

expressed in the normalstroma but are expressed in damaged cornea.Indeed,it was

noted that keratocytes expressed TSP-1 and -2 in pre-confluent cultures, but as the

cells reached confluence the expressions of TSP-1 and 2 ceased. This suggests that

keratocytes in a syncytial arrangement(as in normal cornea) do not synthesise TSP-1

and -2. As the culture environment maybe regarded as a simple model of wound

healing, this study’s findings suggest that TSP-1 and-2 are produced in a wound
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repair phenotype. This suggests that a post-transcriptional regulation of some kindis

responsible for an absence of TSP-1 protein in normal cornea, and that the same

processis reversed in the damaged cornea.

Indeed, Fini et al have devised a cell culture model for activation of keratocytes

that closely recapitulates the change in phenotype of a keratocyte during wounding.In

this model, keratocytes are isolated from uninjured stroma and maintained in serum

free condition in which they retain manyofthe in vivo characteristics of quiescent

keratocytes. Addition of serum and further passaging of these cells results in their

“activation”similar to the changethat occurs as keratocytes are activated to the repair

fibroblast phenotype by wounding (Fini 1999). Important genetic signalling pathways

are altered ascells take on the fibroblast phenotype or in other words become

“competent” to respondto injury. A battery of new genesis activated including genes

encoding repair-type ECM componentssuchas fibronectin, proteinases such as the

matrix metalloproteinase (MMP)collagenase, the cell:ECM adhesion molecule a5

integrin (Fini and Stramer 2005) and TSP-1 and 2 as we know from the present study.

The expressions of TSP-1 and -2 by keratocytes in a wound repair phenotype

have important implications in corneal wound healing. Any stromal insult may result

in the local synthesis of TSP-1 and -2 by keratocytes which in turn could modulate

cell-matrix interactions during reparative processes in the cornea. Both TSP-1 and -2

have potent anti-angiogenic activities and can modulate the effective levels of MMPs.

In addition TSP-1 can activate TGF-B1 and TSP-2 plays an importantrole in the

regulation ofcollagen fibrillogenesis (Bornstein et al. 2004). Thus it appears that

TSP-1 and -2 play an importantrole in avascular corneal woundhealing.
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4.5 Alteration of protein expression by HSV-1 infection in humankeratocytes

4.5.1 HSV-1 infection in human keratocytes

Keratocytes supported the growth of HSV-1 at all times after infectiontill cell

death at 72 hours. This project successfully sets up an in vitro model, to study the

early molecular events after HSV-1 infection. Changes in morphologyofinfected

keratocytes, correspond to the morphological changes noted in HSV-1 infection of

humangingival cells. Gingivalcells show loss of cytoplasm, cellular rounding,

disruption ofthe cell sheet, giant cells, and cellular contraction 24 hours after HSV-1

inoculation. By 48 hours there is increased nuclear pyknosis, cytoplasmic

condensation with vacuolization, and giant cell formation and by 72 hours, the

gingivalcells are extensively pyknotic (markedly condensed chromatin) and most of

the cytoplasm is lost causing most cells to detach from the glass surface by this time

(Fletcheret al. 1975). Similar cytopathic morphological changes were noted in

infected keratocytes thereby supporting establishmentof active viral infection. HSV-1

virus infection of gingival cells (MOIof4 pfu/cell) incubated at 35°C inhibited

mitosis two hoursafter infection, the eclipse phase was 5 hours andreplication of the

virions reached a peak at 18 hours (Fletcheret al. 1975). HSV-1 infection in rabbit

comeal cells (MOI 10 pfu/cell), showed an eclipse phase of 6 hours for epithelial cells

and 8 hours for keratocytes and endothelial cells, with the logarithmic phase persisting

beyond 24 hours for keratocytes (Cook and Brown 1986). As virus yield was not

determinedin the presentstudy,it is difficult to say if the growth kinetics for HSV-1

were similar for human keratocytes. However, expression of HSV-1 glycoprotein D, a

structural and late protein, wasfirst noted around 24 hoursafter infection

suggesting, that virus assembly occurred aroundthat time.
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The changes in the morphologyofcells infected with HSV-1 in vitro represent

the molecular events following HSV-1 infection. Viral entry involves binding ofviral

glycoproteins B and C to host cell membranereceptors, usually cell surface heparin

sulphate (HS) proteoglycans (WuDunn and Spear 1989). This leads to a

conformational change, bringing viral glycoprotein D to the binding domain ofhost

cell surface gD receptors. Thereafter a concentrated action involving gD andits

receptor and otherviral glycoproteins (gB, gH, gL) triggers fusion ofthe viral

envelope with the cell plasma membrane,virion protein release, and capsid transport

to the nuclear pore, where viral DNAis released into the nucleus (Tiwariet al. 2006).

HSV- 1 replication requires efficient and ordered expression of several classes of the

approximately 79 viral genes in a tightly regulated, coordinated cascade fashion in

vitro (and in vivo). These include the expression of IE genes (a genes) which occurs

in the absenceofprior viral protein synthesis followed by the early (6) genes which

are initiated by products of o genesandfinally late (y) genes which requiresviral

DNAsynthesis mediated by the B proteins. High levels ofDNA replication

irreversibly commita cell to producing virus, which eventually results in cell

destruction. Assembled viral capsids bud through the nuclear membrane,are

surrounded by tegument proteins, and are enveloped as they pass through the inner

lamella of the nuclear membrane. Progeny virus spread from cell to cell via virus-

mediated fusion (accounting for plaque formation) and can potentially enter dendritic

termini in vivo (Miller et al. 1998).

Further support ofactive virus replication in infected keratocytesin the present

study was shown bythe expression of HSV-1 ICP27 (immediate early protein), which

first appeared around 6 hoursafter infection and reached maximumintensity 24 hours

after infection. Moreover, expression oflate viral protein (HSV-1 glycoprotein D)

183



began 24 hoursafter infection and reached maximum intensity 72 hours after

infection.

The sequential stages of HSV-1 infection are lytic infection, latency,

reactivation, and recurrence. Usually, infection in non-neuronalcells leads to viral

replication and subsequent death of the host cell. When HSV-1 infects sensory

neurons,replication is limited, and the virus may be moreeasily maintained for the

lifetime of the host thereby establishing latency with subsequentreactivation leading

to recurrent disease (Lilley et al. 2005). HSV-1 infection in vitro, however, results in

cell death by 48-72 hoursirrespective of the cell line.

Recently, evidence has been published that HSK mayalso result from virus

which has becomelatent orpersists in an infectious state within the cornea (Polcicova

et al. 2005). Althoughit is possible that HSV could potentially leave the cornea with

trafficking immunecells and then return at a later time with these cells, there are

numerousobservations of HSV either persistent or latent in human corneas (Kayeet

al. 1991; Kayeet al. 2000). This raises the question ofthe likely site for the latency

and could be explained by three possibilities: (1) virus is truly latent in cornealcells

(2) virus persists within corneal tissue as a chronic low grade infection and/or (3) the

virusis transported to corneal cells from another source, namely the trigeminal

ganglion prior to explantation of the cornea. In-vitro models of latency have been

used in an attemptto elucidate the mechanisms of HSVlatency. A latent viral state

can be inducedin infected cells by antiviral agents with or without interferon and

maintained by temperature elevation. Cooketal studied the lytic cycle of HSV-1

infection in rabbit cornealcells (epithelial, keratocytes and endothelial cells) in vitro

and foundthat viral growth rate wasfastest in epithelial cells, intermediate in

keratocytes and slowest in endothelial cells. Virus latency could be establishedinall
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cells under heat shock conditions (temperature 41.5°C) and, in addition, epithelial

cells exhibited a chronic low grade infection. The MOI wascritical, with an MOI of

1pfu/cell being cytocidal for most cells within 7 days of infection, particularly for

keratocytes and endothelial cells (Cook and Brown 1986). The cells were incubated at

37° C and the MOIusedin the present study was 5 pfu/units which explainscell death

by 72 hoursafter infection.

Previously, it has been proposed that HSV-1 travels from the corneal epithelium

to sensory ganglia and then returns to the stroma to cause stromal disease. However.

Tiwari et al have recently identified 3-O sulfated HS receptor, a receptor for HSV-1

gD on human cornealfibroblasts, which appears to be the key receptorfor entry of

HSV-1 into corneal fibroblasts. Entry was completely abolished by heparinase

enzymesand could notbe restored by spinoculation, implying that HS removal was

affecting HSV-1 fusion to corneal fibroblasts (Tiwariet al. 2006). This suggests that

HSV-1is capable of infecting corneal keratocytes directly, independent of the mode

of entry into the cornea, a concept that is further supported by the successful

establishment of HSV-1 infection in vitro in corneal keratocytes in the present study.

The present data suggests further evaluation into the modeofentry andsite of

non-neuronallatency in the cornea would bejustified.

4.5.2 Expression of TSP-1 and -2 following HSV-1 infection in keratocytes

HSV-1 infection caused selective suppression of TSP-1 and -2 in human

keratocytes as early as 4 hoursafter infection to a complete absence by 24 hours after

infection. The suppression wasselective as there was no change in the expression of

GAPDHduring this time. Ziaie et al, as early as 1986, showed that HSV-1 infection

of human umbilical vein endothelial cells caused an early suppression of synthesis of

matrix proteins such asfibronectin, type IV procollagen and thrombospondin,and that
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the degree of suppression was dependentonthe size of virus inoculum.In addition,

the time for complete suppression varied with the protein (Ziaie et al. 1986). They

analysed both cell monolayers and medium fractions. The decrease in the expression

of TSP in the medium fraction was not as pronouncedasthat of fibronectin and type

IV collagen. However, this wasnot the case for infected cell fractions, which might

suggest that there is a time-dependent release of TSP in the medium.In the present

study, expressionsofall proteins were notedin the infected cell fractions. Another

important finding wasthat though the level of cellular proteins decreased, new species

of proteins, corresponding to HSV-1 polypeptides, appeared in infected cultures

during the sametime (Ziaie et al. 1986). Similar results were noted in the present

study where a decline in TSP-1 and -2 syntheses wasparalleled by a rise in HSV-1

immediate early protein, HSV-1ICP27. Ziaie et al also noted that the degree of

suppression was dependenton the size of the inoculum,at 6 and 10 hours after

infection, decrease in TSP was 33.3% and 68% at a MOI of 5, and 91.5% and 99.4%

at an MOIof20 pfu/cell (Ziaie et al. 1986). In the present study, keratocytes were

infected at a MOI of 5 and 20 pfu/cell, but at a MOI of 20the cells did not survive

beyond 24 hours, and henceall experiments were conducted at a MOIof 5 pfu cell.

At 6, 8 and 24 hours after infection, TSP-1 expression reduced by 40.3%, 51.6% and

74.2% and TSP-2 by 26%, 44% and 74%. Ziaie et al, studied the expression of TSP,

whichis likely to mimic TSP-1 expression in the present study and hencetheresults

are comparable. Ziaie et al also noted that the inhibition of hostcell protein synthesis

varies with the particular protein (Ziaie et al. 1986). Similar results were obtained in

the present study wherein the expression of TSP-1 and -2 ceased before the expression

ofVEGF and bFGF.
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It is suggested that early suppression of protein synthesis is virion protein

dependentand a delayed shut off requires virus protein synthesis. To determineif an

early and late phase exists, and if it is dependent on virus protein synthesis, Kefaldies

and Ziaie noted the suppression of matrix protein synthesis at 4-6 hours (early) and 12

hours (late) after infection with HSV-1. Indeed, suppression of matrix protein

synthesis was noted as early as 4 hours after infection, but so was appearance of

newly synthesized viral proteins. To elucidate if virus protein synthesis was necessary

for early suppression of host-cell protein synthesis; further experiments were

conducted using intact and ultraviolet in-activated HSV-1. Suppression of host-matrix

protein synthesis was noted with both intact and in-activated virus, though viral

polypeptides were not expressed with the latter. They confirmed these results by

infecting cells in the presence of actinomycin-D,an inhibitor ofRNA synthesis,

which did not affect suppression of host protein synthesis (Kefalides and Ziaie 1986).

Hence,it is likely that inhibition of early host protein synthesis occurs at a

translational level and does not require new viral protein synthesis. The delayed

shutoff, however, is dependent on virus protein synthesis (Kefalides and Ziaie 1986).

Brinkeret al further demonstrated that during the first 5 hours after infection, there is

a rapid decrease in the synthesis of extracellular proteins, though the levels of

corresponding mRNAsremain high. The mRNAshoweverprogressively decline to

levels of less than 20% by 13 hours post-infection (Brinkeret al. 1991). Further

experiments on HSV-1 infection in human smooth muscle cells, showed a 50%

decreasein the level of hybridisable RNA at 2 hours after infection. This was not

altered even in the presence of actinomycin D (Londonetal. 1990). Jn vitro

translational assays were performed on the RNAisolated from mockand virus

infected cultures in the presence and absence of actinomycin D. The block in
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transcription resulting from actinomycin D treatmentdid not lessen the virus induced

depression of mRNAlevels relative to mock levels, which suggests that reduction of

hybridisable transcripts may beattributable to virion-competent RNA degradation

rather than inhibition of transcription (Londonetal. 1990). These findings suggest

that in the early hoursthere is alteration of the translatability of the hybridisable

message followed by degradation in the later hours by meansofa virion-competent

mechanism(s).

Theability of suppressing early host protein synthesis, in the absence of new

viral protein synthesis, appearsto be specific for the neurotrophic alpha herpes viruses

(i.e. HSV-1, HSV- 2 and Varicella Zoster virus). For example, human herpesvirus 5

also known as human cytomegalovirus (HCMV)infection, a beta herpes virus, causes

a decreased expression of TSP-1 and/or TSP-2 protein and mRNAin humanforeskin

fibroblasts, astrocytomacells andretinal glial cells, but this inhibition is absent when

cells are infected with ultra violet (UV) light -inactivated virus. Further, this

suppression of TSP-1 can be prevented by treatment with antisense oligonucleotides

against HCMV immediate early mRNA,butnot ganciclovir, a specific inhibitor of

DNAreplication and consequently late gene expression, which suggests that

HCMV-IE proteins regulate TSP-1 expression (Cinatl, Jr. et al. 1999; Cinatl, Jr. et al.

2000; Zhuet al. 1998).

This ability of HSV-1 to suppress host protein synthesis in the absence ofviral

gene expression is known asearly or also virion-associated host shutoff (vhs) to

emphasizethat it is mediated by a componentof infecting virions (Fenwick and

Walker 1978; Fenwick and McMenamin 1984; Schek and Bachenheimer 1985). The

componentis a 58-kDa phosphoprotein encoded by the viral UL41 gene whichis

known asthe vhs protein. Shutoff of macromolecular synthesis in HSV-infectedcells
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occurs through two apparently independent mechanisms. Early shutoff occurs in the

absenceofviral gene expression andis due to the presence of approximately 200

copies of the vhs protein within the tegumentof the infecting virus. Shutoff can

therefore occur immediately after viral infection, even though UL41 itself is

expressedas a late gene. A secondary shutoff which requires viral gene expression

occurs late during infection and appears to be dependenton the presence ofthe

immediate-early protein ICP27. Both host and viral RNAsare rapidly destabilized by

an unknown mechanism in the presence of vhs. All three temporal classes of viral

messages and mostcellular messagesare destabilized by vhs, with the exception of

rRNAsand cultured peripheral neurons, in which nosignificant shutoff of protein

synthesis was observed following infection with HSV-1 up to 50 hourspost-infection

(Strelow and Leib 1995). Jn vitro and in vivo studies of vhs mutants have shown that

althoughvhsis notessential for virus replication, it plays an importantrole in the

pathogenesis andestablishmentof latency of HSV-1 (Strelow and Leib 1995). HSV-1

mutants lacking vhs function have a reducedability to replicate and invade the cornea,

and secondarily the nervous system, and show an impaired ability to establish and re-

activate from latency (Smith et al. 2000; Strelow et al. 1997). These findings suggest

that the vhs gene plays an importantrole, in the early molecular events following

HSV-1 infection andthatits role, specifically with regards to establishment of corneal

vascularisation should be elucidated further. However,the virion host shut-off appears

to be a complex process involving many other genes such as the immediate early

proteins ICP4, ICPO, ICP27, «22 and «47.It is still not clear as to whythe virus

should suppress certain proteins more andearlier compared to others. For example in

the present study TSP-1 and-2 expressions were suppressed earlier in comparison to

VEGF, bFGF and GAPDH.This suggeststhat there must be a complex interplay
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betweenthe virus and the host cell, eventually leading to establishment and

progression ofviral disease.

Early suppression of host extracellular proteins might have important

implications for tissue response to injury and repair followingviral infection. A

knowledge of which cellular genes were up-regulated and which are down-regulated

following HSV-1 infection might help in understanding the molecular basis for HSK,

and identify candidate cellular genes and pathwaysassociated with ocular scarring

and neovascularisation. Such genes and pathways may be amenableto therapeutic

manipulation.

There are reports on the cellular gene expression following HCMV infection

(Zhuet al. 1998), but to date there are no reports onthe alteration of the cellular gene

expression following HSV-1 infection, and this is an area that should be explored in

the future. Zhu et al used DNAarray technology to monitor the level of 6,600 human

mRNAsin uninfected and HCMV infected human foreskin fibroblast cells. The levels

of 258 mRNAschangedby a factor of 4 or more before the onset of viral DNA

replication; 124 increased and 134 decreased after infection. Amongst the mRNAs

that decreased were TSP-1 by a factor of 21 and TSP-2 bya factor of 13, twenty four

hoursafter infection (Zhu et al. 1998).

Another important finding with regards to suppression of host protein synthesis

by HSV-1 has come from the work by Ziaie et al from the effect of Lithium Chloride

(LiCl) on HSV-1 infected cultures of endothelial cells (Ziaie and Kefalides 1989;

Ziaie et al. 1994). These experiments were conducted following the observation that

patients taking LiCl for psychiatric illnesses had fewer and less severe recurrences of

HSV-1 and 2. Addition of LiCl reduced thelevels of viral polypeptides and

maintained the synthesis of host proteins in HSV-1 infected cultures, and was more
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effective when added with the virus or within the first 3 hours after infection (Ziaie

and Kefalides 1989). If added 6 hoursafter infection, the inhibitory effect of LiCl on

virus production diminished and it was no longereffective in salvaging the synthesis

of host proteins. The effect of LiCl appears to occur after virion adsorptionto host cell

and coincident with or before viral RNA synthesis (Ziaie et al. 1994). There have

been no further reports on the use of LiCl for HSV infection. The transition process

from the host to viral macromolecular synthesisis crucial in the infection cycle, and

appearsto be altered by LiCl. Moreover, results from the present study suggest that

early suppression of host proteins may have important implications in deciding the

outcome of HSV-1 infection, which suggests that the use of LiCl should be explored

further in HSV-1 infections.

4.5.3 Expressions of VEGF and bFGFfollowing HSV-1 infection in keratocytes

Both VEGFand bFGFare mitogensfor endothelial cells (Dvorak et al. 1995;

Friesel and Maciag 1995). In the cornea bFGF has been postulated to be a major

factor in the induction of corneal angiogenesis (Adamiset al. 1991). VEGF protein is

one of the major growth factors responsible for normal vasculogenesis and angiogenic

remodelling and also an important mediator of pathological angiogenesis (Ferrara et

al. 2003). Moreover both VEGF and bFGFhave been implicated in the pathogenesis

ofHSK (Gamuset al. 1996; Kim et al. 2004; Kim et al. 2006; Zheng et al. 2001a).

Hence, their expressions were also noted in infected keratocytes.

In the present study keratocytes expressed VEGF and bFGF,andtheir

expressions were suppressed by HSV-1 infection. However, the effect was not as

pronouncedas for TSP-1 and -2. At 24 hoursafter infection, VEGF and bFGF

expressions reduced by 14% and 25% respectively compared to 74% for TSP-1 and -

2. Zhenget al noted the expression ofVEGF in mousecorneas infected with HSV-1.
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They found that VEGF expressions appearedas early as 12 hoursafter infection and

peaked around 10 daysof infection. Both epithelial and stromal cells expressed

VEGF,but these were mostly cells that were not detectably infected with virus, and

wereclose to virus-infected cells. Surprisingly, at no stage in their experiments was

HSV-1 detected in stromal cells. Moreover, VEGF was produced predominantly by

inflammatory cells in the stroma and a paracrine mechanism involving pro-

inflammatory cytokines released by the infected cells is thought to be responsible for

VEGFexpression (Zhenget al. 2001a; Biswaset al. 2006). This would be in contrast

to my findings, as VEGF was expressed in infected keratocytes which was shown

both by immunohistochemical examination and western blotting. My results suggest

that in addition to inflammatory cells, keratocytes may serve as a local source for

VEGFin the early stages of infection. VEGF expression, however, has been noted in

normal and inflamed and vascularised human corneas whereit is expressed

moderately to strongly by epithelial cells and endothelial cells and weakly to

moderately by keratocytes (Philipp et al. 2000). Hence, expression ofVEGF by

keratocytes might represent a species variation between mice and human keratocytes.

Keratocyte expression of bFGF has been noted before in a mouse model of

excimerlaser keratectomy, where it was expressed both in normaland treated corneas

(Faktorovichet al. 1999). Gamuset al showedthe beneficial effect of bFGF on HSV-

1 induced stromal disease. They, however, did not study the expression of endogenous

bFGF during infection. Though bFGF wasable to attenuate herpetic stromalkeratitis,

the change in corneal vascularisation between bFGFtreated eyes and controls was not

statistically significant (Gamuset al. 1996). As bFGF modulates wound healing and

extracellular matrix deposition after injury, its expression in infected keratocytes

might suggest an endogenous mechanism of counteracting virus infection.

192



4.5.4 Mechanism for HSV-1 induced cornealvascularisation and potential role of

TSP-1 and -2

The mechanism behind HSV-1 induced angiogenesis is poorly understood.

Unlike some other viruses (such as human herpesvirus 8) HSV-1 does not encode for

any angiogenic proteins (Zhenget al. 2001a), which suggests that infection alters the

balance betweenpro and anti-angiogenic factors in tissues.

Zhenget al found evidence of angiogenic sprouting from limbal vessels as early

as 24 hours after infection with HSV-1 in a mouse model. Around8 daysafter

infection, angiogenesis had advanced halfway across the cornea. In the alkali burn

model, mild angiogenesis was seen at 24 hours but resolved within 2-3 days. Similar

transient level of mild corneal angiogenesis was seen when UV-inactivated virus was

used for infection, which suggests active viral replication is required for HSV-1

induced angiogenesis (Zhenget al. 2001a).

Anti-angiogenic therapies directed against known angiogenic factors such as

VEGFminimise angiogenesis and HSKseverity but the effect is not complete (Zheng

et al. 2001a), indicating that other factors are involved. Indeed, HSV-1 infection has

been shown to induce the expression of several known angiogenic factors in the

cornea. These include VEGF, bFGF, MMP-9 and E-L-R motif containing chemokines

(Biswas and Rouse 2005). However, the source and stimulus for the induction of these

factorsis still uncertain. Much ofthe present evidence suggests that mainly

inflammatory cells and to some extent un-infected cells adjacent to infected cells, are

the main source of angiogenic factors such as VEGF and MMP-9 (Leeet al. 2002;

Zhenget al. 2001a). Moreover, this appears to be a paracrine effect of molecules

released from virus infected cells. These stimuli could include pro-inflammatory

cytokines such as IL-1, IL-6 and TNFa which are upregulated following HSV-1
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infection (Biswas and Rouse 2005). Blocking IL-1 with an IL-1 receptor antagonist,

results in compromised angiogenesis (Biswaset al. 2004). Most of the present

literature focuses on the expression of angiogenic factors following HSV-1 infection.

Others have shown that over-expression of anti-angiogenic factors inhibit

angiogenesis by down regulating VEGF expression. These include cytokines such as

IL-12 and IL-18 (Biswas and Rouse 2005). The present study hence addsto the

currently available, limited literature on the pathogenesis of HSV-1 induced corneal

vascularisation. Results from the present study suggest, that a selective suppression of

anti-angiogenic factors, TSP-1 and -2 and over expression of angiogenic factors such

as VEGFand bFGFin the early hours following HSV-1 infection may pave the way

for the development of corneal vascularisation. Moreover, keratocytes appear to be an

additional or perhaps the major source of these growth factors.

The role of TSP-1 and -2 can be further highlighted in view of the observations

by Cursiefen et al. They noted that developmental corneal avascularity is redundantly

regulated, but induced adult/postnatal corneal vascularity is dependent on TSP-1 and

TSP- 2 with TSP-1 playing the major role (Cursiefen et al. 2004). They concluded

that if postnatal pro-angiogenic stimuli exceed the threshold of protection provided by

other inhibitors, the absence of TSP-1 and TSP-2 permits induced corneal

neovascularisation to proceed. This suggests that selective and persistent suppression

of TSP-1 and 2, early after HSV-1 infection, as noted in the present study mayplay a

part in HSV-1 induced stromal vascularisation. Theselectivity of the effects of HSV-1

on TSP-1 and TSP-2 production is further highlighted by the observation that HSV-1

upregulates angiogenic factors such as VEGF(Philipp et al. 2000; Zhengetal. 2001a)

and MMP9 (Leeetal. 2002) by several cell types.
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The regulation of angiogenesis by TSP-1 appears to be a complex process

involving direct and indirect effects on endothelial cells. The indirect effects are

mediated by TSP-1 induced activation of inflammatory cells and myofibroblasts

(BenEzraet al. 1993). Direct effect of TSP-1 and -2 on endothelial cells include

modulation of adhesion, suppression of migration, inhibition ofproliferation and

signaling of apoptosis of endothelial cells via CD36 (Armstrong and Bornstein 2003).

Theindirect effects appear to stimulate angiogenesis, and can overcomethedirect

inhibition of endothelial cell function by TSP-1, which suggests that inhibition of

endothelial cell function by TSP-1 can be overcome by angiogenic stimuli from other

cells (BenEzraet al. 1993; Lawler 2002). This observation would support the theory

of alteration of angiogenic stimuli, being responsible for HSV-1 induced corneal

vascularisation. Moreover, the type-1 repeats (TSRs) of TSP-1 and -2 can directly

bind and modulate the activity of various proteins such as VEGF, bFGF, TGF8,

Hepatocyte growth factor and MMPs(Guptaet al. 1999; Lawler 2002; Rodriguez-

Manzanequeet al. 2001; Taraboletti et al. 1997). Yet another mechanism for the anti-

angiogenicactivity of TSP-1 and -2 appearsto be their ability to displace growth

factors from proteoglycans on endothelial cell surface. The N-terminal of TSP-1 binds

to heparin, heparan sulphate and chondroitin sulphate. The binding sites within

heparin are shared by growth factors such as VEGF, bFGF , FGF-2 and TSP-1 may

inhibit angiogenesis by competing for heparan sulphate sites on the cell surface

proteoglycansthat act as co-receptors for these growth factors (Armstrong and

Bornstein 2003; Guptaet al. 1999; Taraboletti et al. 1997; Vogelet al. 1993). The

findings from the present study taken together with the mechanisms underlying the

anti-angiogenic function of TSP-1 and -2, suggest an important role of TSP-1 and -2

in HSV-1 induced corneal vascularisation.
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Interestingly, heparan sulphate is also involved in HSV-1 entry into targetcells.

Binding of HSV-1 to cell surface heparan sulphate appearsto be an initial step in

HSV-1 infection of a cell. Agents that can block this interaction effectively block

HSVadsorption and infection (WuDunn and Spear 1989). Thusit is conceivable that

HSV-1 maybind heparan sulphate and block the angiostatic activity of TSP-1 and -2.

Howeveras angiogenic factors also compete for heparan sulphate,it is likely to be a

more complex interaction and a combination of many events that pave the way for

corneal angiogenesis.

Corneal vascularisation is an early and important event in the development of

stromal HSK and angiostatic factors have a beneficial effect on the severity of

infection (Leeet al. 2002; Zhenget al. 2001a; Zhenget al. 2001b). Treatment with

angiogenesis inhibitors from the outset of infection significantly reduces the severity

of HSV-1 stromal keratitis and vascularisation in an animal model (Zhengetal.

2001a; Zhenget al. 2001b). Our results indicate that addition of TSP-1 and TSP-2

peptides, in the early stage of the disease may enhanceexisting or providealternative

anti-angiogenic therapy in HSK andother conditions that lead to corneal stromal

vascularisation. However, as TSP-1 induces production ofTGF B, addition of TSP-1

would theoretically induce scar formation. This suggests that specific angio-active

peptides from TSP-1 and -2 haveto be designedto geta selective anti-angiogenic

effect. Indeed, such peptides are available and are discussed further underanti-

angiogenic therapies.

4.5.5 Role of HSV-1 genes in severity of HSV-1 induced vascularisation

It is known that the severity of HSKis linked to the ability of a HSV-1 strain to

cause corneal vascularisation (Leeet al. 2002; Zhenget al. 2001a; Zhengetal.

2001b). This suggests that the genetic composition ofthe virus plays an importantrole
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in the ability of a strain to induce vascularisation and/or corneal disease. These genes

are called virulence genesas they give the virus a capacity to cause increased disease

severity, allow it to infect a higher percentage of the population, to infect a new host

species, or to effect a combination of these factors (Brandt 2004). A constellation of

genes encodedbya givenstrain determine the severity of infection and combining

different genes within a particular virus can generate different outcomes (Brandt

2005; Zhenget al. 2001a). This has indeed been proved, by studies on oncolytic HSV

viruses which have been designed, such that they havelost their ability to induce

vascularisation.

HSV G207 has been undertrial as an oncolytic virus (Markert et al. 2000;

Markert et al. 2006). Although, it is suggested thatthis strain has anti-angiogenic

activity (Cinatl, Jr. et al. 2004), there are speculations that it might retain the ability of

wild-type HSV to inhibit TSP-1 and TSP-2 expression or stimulate VEGF and MMP-

9 expression by infected cells, resulting in increased tumorvascularity and therefore

tumor growth (Aghiet al. 2007). Aghi et al investigated the effect of oncolytic HSV

infection on the expression of these factors and the resultant tumor microvessel

density and foundthat the oncolytic HSV G207 infection of U87 gliomacells reduced

TSP-1 and TSP-2 levels without affecting VEGF and MMP-9levels and this caused

an increase in microvessel density in vivo, with an associated delayed resumption of

tumor growth. This effect of viral infection on TSP-1 and TSP-2 levels was not seen

whenusing the oncolytic HSV G476 (Todoet al. 2001), whichis derived from G207

by deleting the viral gene a47 and the promoterregion of viral gene US/1 (encodes

virulence gene ICP47), nor by combining G207 with an exogenously administered

TSP-1 derived peptide (Aghi et al. 2007). This paper supports the findings from the

present study and suggests that viral gene ICP 47 or the promoterregionofviral gene
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US11 mayplaya role in the ability of HSV-1 to alter the expression of TSP-1 and -2

and more importantly angiogenesis. They are hencetargets for future studies in order

to determine the molecular basis for HSV-1 induced corneal vascularisation.

Previous studies have shown thatactive virus replication is required for HSV-1

induced vascularisation. Hence HSV-1 virulence genes, required for replication

should affect the ability of the strain to induce vascularisation. Some of these genes

that have definitely been implicated in corneal disease include the HSV-1 alpha genes

ICPO and a22, beta genes UL9, UL30, thymidine kinase (UL23), ribonucleotide

reductase (UL39, UL 40) and gamma genes UL41 (vhs), ULS3 (gk), US4 (gG), US

7(gl) and US8 (gE). However, noneofthese genes have been directly linked to the

ability of the strain to cause vascularisation. The role of these genes should hence be

explored in the pathogenesis of HSV-1 induced vascularisation.

In orderto derive therapies of preventing or controlling HSV-1 induced corneal

vascularisation,it is important to study the molecular basis of HSV-1 induced corneal

vascularisation but also the pathogenesis of angiogenesis as discussed underthe next

section.

4.6 Anti-Angiogenic therapy

Asdiscussedin the introduction, angiogenesis in contrast to vasculogenesis

(formation of new blood vessels whenthere are no pre-existing ones from endothelial

precursorcells) is the formation of new blood vessels from pre-existing vessels.

Pathologic angiogenesis is associated with major causes of human blindness such as

corneal neovascularisation, diabetic retinopathy and age-related maculopathy. In

recent years great progress has been madein understanding the mechanismsand the

regulation of angiogenesis, which suggests that it is a complex system of angiogenic

and anti-angiogenic factors. Results from the present study also suggest a causal role
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of an alteration in the angiogenic balance in corneal vascularisation. Increasing

knowledge about angiogenesis improves the chancesofa causal anti-angiogenic

therapy in neo-vascularising eye diseases. There exist several potential ways of ocular

anti-angiogenic therapy (Cursiefen and Schénherr 2008):

1 Blockadeof ocular angiogenic factors such as vascular endothelial growth factor.

2 Interference with the interaction between the endothelial cells of the newly

forming vessels and their extracellular matrix.

3 Strengthening local, pre-existing anti-angiogenic factors.

In recent years, anti-angiogenic therapy has been targeted for the treatment of various

cancers with promising results. Though mostofthese treatments are currently not

available for neo-vascularising ocular diseases, most of these drugs have been tested

for their anti-angiogenic capabilities in the mice corneal micro-pocket assay (Fournier

et al. 1981). Extensionofthesetrials to ophthalmology will result in new causalanti-

angiogenic drug therapy with promising prospects for the treatment of ocular neo-

vascularising diseases.

4.6.1 Blockade of ocular angiogenic factors

Thefirst pharmacological way to influence the process of angiogenesisis the

blockade of angiogenic factors.

Following the discovery ofVEGF in 1989 (Ferrara and Henzel 1989), it has

been shown that one of the key mediators of physiological and pathologic

angiogenesis is VEGF-A (Ferrara etal. 2003). Early studies show that VEGF-Ais

increased in the eye fluids of patients with ischemicretinal disorders (Aiello etal.

1994) or in neovascular membranesofpatients with age-related macular degeneration

(AMD)(Lopezet al. 1996). Two VEGFinhibitors, pegaptanib (Ng et al. 2006) and
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ranibizumab,(Ferrara et al. 2006) have been approved by the United States Food and

Drug Administration (FDA)for the therapy of neovascular AMD. Bevacizumab,an

anti-VEGF-A humanized monoclonal antibody (mAb), has been approved by the

FDAasa treatment for metastatic colorectal and nonsquamous, non-small-cell lung

cancer, in combination with chemotherapy (Ferrara et al. 2007), and has also been

administered off label to patients with AMD andproliferative diabetic retinopathy

(Avery et al. 2006b; Avery et al. 2006a).

It has been shown that VEGFis required for wound- and inflammation- related

corneal neo-vascularisation in a rat model (Amanoet al. 1998) and is also important

for corneal neo-vascularisation associated with herpes simplex virus infection or CpG

oligodeoxynucleotides (Kim et al. 2004; Zheng et al. 2001a). Results from the present

study also support a role of angiogenic factors such as VEGF and bFGFin HSV-1

induced corneal vascularisation. More recently, Bock et al showed that Bevacizumab

is a potent inhibitor of inflammatory corneal angiogenesis and lymphangiogenesis in

an animal model (Bocketal. 2007).

Bevacizumabhasalso been used as drops and sub-conjunctival injection in

patients with corneal neo-vascularisation secondary to numerouscauses. The data is

limited to small case-series and suggests that inhibiting VEGF decreases the extent

and to some degree the density of the vascularised corneal area and stops further

outgrowthsofpre-existing vessels (Awadein 2007; Bahar et al. 2008; Bocketal.

2008; Uyet al. 2008). The series by Bahar etal included 3 patients with HSK related

comeal vascularisation, 2 ofwhom showeda significant though not complete

regression of corneal vessels (Bahar et al. 2008). Most reports suggestthat

Bevacizumabhaslittle or no effect on established vessels, though one suggests that

Bevacizumab inducesregression of immature vessels and perfusion ofpersisting



vessels to some extent (Bocket al. 2008). Most times, the results were short-lived and

there is no effect on corneal haze (Awadein 2007).

This observation has been supported by studies in an animal modelof corneal

vascularisation where early administration of Bevacizumab proved very effective in

preventing neo-vascularisation compared to late administration. However, early

treatment did not prevent the development of corneal vascularisation (Papathanassiou

et al. 2008; Yoeruek et al. 2007). Kim et al demonstrated that oral immunization with

recombinant S. typhimurium harboring murine VEGFreceptor tyrosine kinase

(VEGFR-2) could break peripheral T cell tolerance and induce immuneresponse

against self-antigen, VEGFR-2. This VEGFR-2-specific immuneresponseresulted in

reduction of HSKlesion severity by its anti-angiogenic effects. Though there was a

significant reduction in angiogenesis, the effect was not complete (Kim et al. 2006).

Although VEGFR-2is thought to be the principal VEGFreceptor involved in

angiogenesis, VEGFR-1orflt-1 has 10 fold higher binding affinity for VEGF. Singh

et al designed an “flt-1 intraceptor” i.e. receptor sub unit coupled with endoplasmic

reticulum retention-signaling sequence to target VEGFintracellularly and hence

sabotage VEGFsecretion andintracellular autocrine loops. Theflt-1 intraceptor

significantly suppressed hypoxia induced VEGFsecretion by corneal epithelial cells

in vitro and injury induced upregulation of VEGF,leucocyte infiltration and corneal

vascularisation in vivo in a mouse model (Singhet al. 2005). Moreovertheflt-1

intraceptor binds VEGFR-2 and inducesfactors associated with endothelialcell

apoptosis and the unfolded protein response (Singh et al. 2006). Plasmid delivery of

siRNA against VEGFhasrecently been used to suppress intracellular VEGF

expression and corneal vascularisation in a murine model (Singh etal. 2007).

Althoughthese interventions can reduce VEGFexpression by 55% and corneal
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vascularisation by 50 - 70%, none of these therapies prevent the development of

corneal vascularisation (Singh et al. 2005; Singh et al. 2006; Singh et al. 2007). In

view ofthe role ofsflt-1 in maintaing corneal avascularity (section 1.10) its use

should be explored as a therapeutic target for preventing corneal vascularisation.

It appears from these studies that blocking “a” single agent might not be

sufficient to completely block the angiogenesis cascade. Moreover, the effects are

short-lived and work best when givenat the outset of an angiogenic challenge. A

magnitude of growth factors and cytokines are released in response to an

inflammatory stimulus (such as TGF a, TGF B, bFGF, PDGF, TNF-a and

Interleukins), VEGF being only one of them, hence blocking a single agent might not

be sufficient. Even more so, the mosaic of angiogenic factors differs between different

diseases hence “a combination” might not workforall diseases. Therefore the specific

underlying pathology for every ocular neo-vascularising disease has to be established

together with the locally active “cocktail” of angiogenic factors before in a “multiple

warhead”strategy a specific anti-angiogenic cocktail for each disease entity can be

applied (Cursiefen and Schénherr 2008).

4.6.2 Interference with the interaction between the endothelialcells and their

extracellular matrix

Outgrowing endothelial cells degrade extracellular matrix in their surrounding

and adhereto extracellular matrix (ECM)proteins. These adhesion proteins vary

depending on the angiogenic factor which stimulates the endothelial cell: VEGF

induces expressionofthe integrin alphavbetaS and FGF induces the expression of the

integrin alphavbeta3. Pharmacological blockade of these binding proteins can inhibit

endothelial cell attachment to the ECM andinduce apoptosis (programmedcell death)

of the outgrowing endothelial cells. At least six integrin inhibitors such as Vitaxin are
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being evaluatedin clinical trials for cancer (Tucker 2006) and have also shown

promise in preventing corneal vascularisation in an animal model (Muetheretal.

2007). Factors which interfere with the ECM-degrading proteases such as Batimastat,

an inhibitor of MMP and TIMPs1-3 (tissue inhibitors of matrix metalloproteases),

which normally clear the way for the outgrowing ECs, could act here as well (Raffetto

and Khalil 2008). MMPinhibitors mayplay a role in ocular neo-vascularisation as

suggested by some animalstudies (Daset al. 1999; Stuart et al. 2004). As both MMPs

and TIMPhave been implicated in experimental HSK they mightbe a future target for

HSKinduced corneal scarring and vascularisation (Yanget al. 2003).

4.6.3 Strengthening preexisting anti-angiogenic factors

A third approachof anti-angiogenic therapy would be the reactivation of the

locally preexisting anti-angiogenic factors, which are down regulated, asin this study,

where I wasable to show that HSV-1 infection selectively down-regulated TSP-1 and

-2 production. As TSP-1 and-2 can acton all levels of the angiogenesis cascade,

targeting them asanti-angiogenic agents might be a better option then targeting

individual angiogenic factors (Armstrong and Bornstein 2003).

The anti-angiogenic effects of TSP-1 and -2 have been explored in cancer

therapy. However, the large size (450 kDa), scarcity, and multiple biological activities

of TSP-1 and -2 madetheir direct use impractical as a cancer therapeutic. This led to

the search for small peptide mimetics of TSP-1, which were potent as well as specific.

As early as 1999, Dawsonetal. reported that the heptapeptide 1, NAc-Gly- Val-Dlle-

Thr-Arg-Ile-ArgNHEt,a structurally modified proteolytic fragment derived from the

secondtype-1 repeatin the stalk region of TSP-1, inhibited VEGF induced endothelial

cell migration in vitro, and decreased bFGF induced neo-vascularisationin a rat

cornea model (Dawsonetal. 1999). However, heptapeptide 1 underwentrapid



clearancein rodents. Further refinements weretried and tested in an in vitro model,

rodents, dog and monkey. Anti-angiogenic potential were tested in a rat cornea model

or a Matrigel plug mouse model (Havivet al. 2005). Systematic structural variations

of heptapeptide 1, led to the discovery oftwo nonapeptides ABT-526 and ABT-510

(Abbott Laboratories), both of which were shown to inhibit angiogenesis in vivo.

ABT-526 and ABT-510,are thefirst in the class of potent inhibitors of angiogenesis

that mimic the anti-angiogenic function of TSP-1 while avoiding the potentially

deleterious side effects associated with the other functional domainsofthis

glycoprotein.

ABT-510 (NAc-Sar-Gly-Val-DalloIle-Thr-Nva-Ile-Arg-ProNHEt)is a

nonapeptide analogue (approximate molecular weight 1 kDa) of an anti-angiogenic

sequence from thrombospondin-1, and a single D-amino-acid substitution confers

1,000-fold greater anti angiogenic activity. ABT-510 competes with thrombospondin-

1 for binding to endothelial cells, induces Fas ligand expression in endothelialcells,

and inhibits VEGF- and basic fibroblast growth factor—stimulated migration ofhuman

microvascular endothelial cells. ABT-510 has shown a favourable safety profile and

linear and time-independent pharmacokinetics with biologically relevant plasma

concentrations (>100 ng/mLlasting at least 3 h/d) in Phase I andIItrials, on its own

or in combination with other anti-cancer treatments for cancer. The most common

treatment-related toxicities (reported for >10% of patients receiving single-agent

ABT-510) were injection site reaction, injection site inflammation, ecchymosis,

headache, nausea, and asthenia (Gietemaet al. 2006; Hoekstra et al. 2005; Hoekstra et

al. 2006; Ebbinghauset al. 2007; Markovic et al. 2007). ABT-510 wasnotas effective

in phase-II trials on its own, as it was in combination therapy (Ebbinghausetal. 2007;

Markovicet al. 2007). Recently Bevacizumab has been used in combination with
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ABT-510 in a PhaseI trial of solid tumours with encouragingresults and a phaseII

trial has been proposed (Uronis et al. 2007). Results from the present study suggest

that addition of these peptides early in the course of HSV-1 infection may prevent

corneal vascularisation.

From the presentliterature on anti-angiogenic therapies, it appearsfirstly, that a

single angiogenic factor alone is not responsible for pathologic angiogenesis in a

definite disease. This implies that a cocktail of anti-angiogenic factors will probably

be necessary to achievesufficient inhibition of angiogenesis. Secondly, the

“orchestra” of angiogenic factors probably varies between different organs and

different pathologic entities. This means that the anti-angiogenic cocktail will vary for

different ocular neo-vascularising diseases,e.g. a different set of anti-angiogenic

factors will be used for proliferative diabetic retinopathy than for corneal

neovascularisation after HSK. Thirdly, the effect of angiogenic factors is contextual,

which meansthat the effect of a certain angiogenic factor varies depending on its own

concentration, the concentration ofits naturally occurring antagonists and other

angiogenic factors, whichinfluencethe action ofthe first factor, and depending on

proteins of the ECM presentat the specific disease location. Therefore the

fundamental mechanisms underlying each ocular neo-vascularising disorder need to

be studied in detail before a specific and effective anti-angiogenic therapy can be

established.

4.7 Artificial and bio-engineered cornea

Keratoplasty is currently the only effective method providing recovery of vision

after corneal blindness. Although donated corneal tissue currently meets the needs of

mostrecipients in developed countries, it is usually impractical in the developing

countries. There is a risk of rejection ofthe allograft, which is accentuated in scarred
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and vascularised corneas secondary to HSK. Moreover, the supply of donor corneas

may soon be reduced bythe increasing numberofrefractive surgeries and the poor

quality expected in view of the increasing donor age (UKTdata).

Because of these problems, there is significant interest in development of

artificial and bioengineered corneas. For a replacement tissue to be successful as a

transplant, complete integration with the host’s tissues is essential. Depending on the

conditionofthe patient, scaffolds fabricated for transplants should be either populated

by cells that migrate in from the host or pre-seeded with cells (autologouscells,

allogenic donor primary cells, or stem cells). Griffith et al. have demonstrated that

corneal equivalents generated from the three corneal cell layers mimic human corneas

in key physical and physiological functions. These studies used immortalized cell

lines transformed with retrovirus, consequently not suitable for transplantation

(Griffith et al. 1999; Griffith et al. 2002).

Focushas therefore turned to stem cells as a sourceoftissues for use in cell-

based therapy and corneal tissue engineering. Stem cells have self-renewalability as

well as the capability for multilineage differentiation and in vivo functional

reconstruction of several tissues (Verfaillie 2002). Embryonic stem cells derived from

the inner cell mass of the blastocyst are pluripotentcells that can be propagated

indefinitely in an undifferentiated state. Stem cells exist in many adult tissues as well.

Compared with embryonicstem cells, tissue-specific stem cells have less self-renewal

ability. However, recent studies suggest that tissue-specific stem cells can

differentiate into lineages otherthanthetissue oforigin (Jiang et al. 2002). Adult stem

cells occur in small numbers compared with the somaticcells of the tissue, and

isolation can be difficult.
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Stem cells have been identified in human corneal epithelium (de Paivaet al.

2005) and cultured autologousand allogenic limbal epithelial stem cell therapy is now

available for somecases of ocular surface (Shortt et al. 2007b; Shortt et al. 2007a). Du

et al have identified a population of cells from the human corneal stroma which

exhibits many aspects of stem cells, including clonal growth in vitro, extended life

span,andthe ability to differentiate into several different cells types, including

keratocytes of the cornea. Moreover, they recently reported that these stem cells,

cultured as scaffolding-free pellets, differentiate into cells expressing a gene profile

similar to that of human keratocytes and deposit tissue-like ECM with a composition

and structure similar to that of the corneal stroma (Duet al. 2005; Duet al. 2007).

Stromal connective tissue exhibits a numberofunique biophysical properties

essential for vision. Secretion ofthis tissue, however,is a volatile feature of the

keratocyte phenotype. It has long been observed that humanstromalcells rapidly

becomefibroblastic in vitro. Recent studies showedthat keratocytes maintained some

aspects oftheir differentiated phenotype if cultured on amniotic membrane,butlost

even that after several population doublings (Espanaet al. 2003). These in vitro

findings are consistent with the long-term persistence offibrotic tissue in human

cornea (Funderburghetal. 2003). Presumably, the fibroblastic cells that generate such

tissue are not replaced with keratocytes, even after extended periods of time. Access

to cells in which the keratocyte phenotype can be induced will allow geneprofiling

and subsequentelucidation ofthe molecular events that controlthis differentiation

pathway. The ability to expand stromal stem cells in vitro may provide material for

cell based therapy for stromal scarring. Accessibility to an essentially unlimited

supply of differentiated keratocytes also opensthe possibility of producing stromal
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tissue for use in bioprosthetic corneas that may be as well or better tolerated than the

whole-tissue allografts now in use (Duet al. 2005; Duetal. 2007).

4.8 Summary andfuture directions

The results presented in this thesis have shown that TSP-1 and -2 are expressed

in the stromaofscarred and vascularised corneas but absentin the stroma of normal

corneas. TSP-1 and -2 are expressed by humankeratocytes in vitro, and their

expression is selectively inhibited following HSV-1 infection. This effect is noted

early in the course of infection, before the expression ofviral proteins. Keratocytes

also expressed VEGFand bFGF,and their expression continuedtill after TSP-1 and-

2 expressions had ceased. The mechanism for HSV-1 inducedearly shut-off of TSP-1

and -2 is uncertain and future studies need to be directed at the molecular basis for

HSV-1 induced vascularisation and the viral genes implicated in the process. The

results from this study also suggest that addition of TSP-1 and-2, or their angio-active

peptides, in the early stage of the disease may enhanceexisting or provide alternative

anti-angiogenic therapy in HSK andother conditions that lead to corneal stromal

vascularisation. TSP-1 anti-angiogenic peptides are already being usedin clinical

trials for control of tumor angiogenesis. Results from the present study suggestthat

thesetrials should be extended to encompass corneal stromal vascularisation.

4.8.1 Resolution of technical problems

Attempts were madein this project to study the expressions of TSP-1 and -2 in

scarred and vascularised human corneas secondary to HSK.As these were archived

corneasthe age and hencetimeafter infection could not be deciphered. Moreoverit

wasnotpossible to look back at the notes and confirm a diagnosis of HSK. The study

relied on the information stored in the Department of Histopathology regarding these
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corneas. The morphology of these corneas suggested previous HSK. Labeling for

HSV-1 however, was not very convincing. True HSV immunoreactivity in the

epithelium of these corneasin the absence of active disease would be unlikely and is

morelikely to represent non-specific staining. A monoclonal antibody against HSV-1

wasused but no positive immunoreactivity was seen. It would have been useful to

design a prospective study using fresh corneas following a PK. The ethics for the

study howeverdid notallow this and time constraints meant a fresh application could

not be submitted.

Attempts were also made to study the expression of TSP-1 and-2 in an in vivo

model of HSK. However,results were only obtained for some day 2 samples and a

few day 7 and day 10 samples only in a single experiment. Though suggestive of a

role of TSP-1 and -2 in HSV-1 induced keratitis, no conclusive results could be

drawn. Different techniques and antibodies were attempted, but it appeared that the

proteinsin the samples had de-natured as symmetrical diffuse staining was obtained

for all samples, irrespective of the antibody or technique used. Moreover, only a few

control slides (normal cornea) were obtained from Bristol as most of their samples

had beenlost or displaced in a freezer breakdown. Further samples were requested

from Bristol, but the contact was unable to locate any more. One reason for the de-

naturation of the proteins could be problems during storage and transportation.It

would have been useful to attempt the in vivo experimentsin house, but time

constraints and absenceofan onsite licence for such work, meant that these

experiments could not be pursued.

4.8.2 Ideas for future direction of research

Review of the present literature and the results presentedin this thesis suggest

that future studies should be directed at understanding the molecular basis for HSV-1
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induced corneal vascularisation so as to design therapies aimed at preventing corneal

vascularisation. Further, the potential of TSP-1 anti-angiogenic peptides should be

explored in the managementofthis condition.

4.8.2.1 Understanding the molecular basis of HSV-1 induced corneal

vascularisation

It would be useful to identify candidate cellular genes and pathwaysassociated

with ocular scarring and neovascularisation. Knowledge about the key viral genes

involved in the process of HSV-1 induced corneal vascularisation could lead to the

developmentof future therapies targeting these genes or their products. The

generation of recombinant viruses and their testing in animal modelshas elucidated

the roles of viral genes in specific stages in pathogenesis and lead to the description of

virulence genes (Brandt 2004). As discussed under section 4.5.5 some of these genes

are directly linked to the severity of HSK.It will be useful to study the effect of HSV-

1 infection in keratocytes on the expression of TSP-1 and -2 using HSV-1 mutants for

known virulence genes such as vhs and ICPO0. As noneofthe virulence genes have

directly been implicated in HSV-1 induced angiogenesis, this study would addto the

understanding of the pathogenesis of HSV-1 induced vascularisation. Moreover, as

Aghiet al noted that the oncolytic HSV G476strain (derived by deleting viral gene

a47 and promoter region of US11) fails to induce TSP-1 and -2 suppression and

associated angiogenesis, the role of the viral gene 047 and US11 should also be

explored in corneal vascularisation (Aghi et al. 2007). Further experiments could be

conducted using the in vitro model of HSV-1 infection, as in this study and comparing

the effect of wild type HSV-1 and HSV-1 mutants on protein expressions in infected

keratocytes. Use of quantitative rtPCR in addition to western blotting would be useful

in allowing a quantitative comparison of the mRNAandprotein expressions between
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groups. As an in vitro model cannotrecapitulate all the changes occurring in vivo, it

would be useful to study the effect of wild type HSV-1 and HSV-1 mutants in an in

vivo mouse model of HSK. Moreover, in addition to studying the expression of TSP-

1, TSP-2, VEGF and bFGF, expressions of MMPand TIMPshould also be studied as

they have been implicated in the pathogenesis of HSV-1 corneal vascularisation

(Yanget al. 2003).

To understand the complex interplay between pro-angiogenic factors, anti-

angiogenic factors, cytokines, chemokines, matrix proteins, metalloproteinases and

their inhibitors in HSV-1 induced corneal vascularisation, it is important to design

future studies on global gene expression profiling. Experiments could be conducted to

mapthe expression ofcellular genes in human keratocytes infected with HSV-1, using

DNA microarrays and bioinformatics. Thefirst step would be isolation of total RNA

from infected keratocytes at different time intervals after infection (4, 8, 16, 24 and 48

hoursas in the present study) and hybridization on the Affymetrix Human Genome

arrays. The patterns of gene responses could thenbe identified over the course of

infection to discover individual genesthat are either up-regulated or down-regulated.

Functionalinterpretation of these differentially expressed or co-expressed genes will

help identify biological processes associated with particular genelists. The expected

outcomeis a molecular mapofcellular pathways/networksassociated with HSV-1

infection of keratocytes. The second phase would be to design and validate a bespoke

HSV-1 microarray to profile the expressionofall viral genes at 4, 8, 16, 24, and 48

hours post-infection in keratocytes. Total RNA isolated from infected keratocytes will

be screened for viral gene expression on the virus microarray platform. By comparing

which viral genes are switched onat different times post-infection with cellular

markers of angiogenesis (obtained from the use of high density Affymetrix arrays) it
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would be possible to map the expression of viral genes with angio-modulatory

properties. Howeverthis approach needsclose collaboration between an

ophthalmologist, virologist and DNA microarray experts. The Department of

Microbiology and Virology at Liverpool University is a core microarray facility, and

hence has the necessary bioinformatics andstatistics expertise required for this study.

4.8.2.2 Exploring the potential of TSP-1 anti-angiogenic peptides in controlling

HSV-1 induced cornealvascularisation

Results from this study suggest that addition of TSP-1 and -2 anti-angiogenic

peptides, in the early stage of HSK, might enhance existing or provide alternative

anti-angiogenic therapy. As TSP-1 anti-angiogenic peptides are currently involved in

phaseII trials for their anti-angiogenic role in cancer therapy (Ebbinghausetal.

2007), their potential should be explored for HSV-1 induced corneal vascularisation,

and other conditions of ocular neo-vascularisation. Further studies could be centred on

the potential of TSP-1 peptide as anti-angiogenic therapy for corneal vascularisation.

Initial experiments should be aimedat studying the safety profile of the drug on

cultured human cornealcells (epithelial, keratocytes and endothelial cells) and

deriving a concentration-toxicity profile. Subsequently, ocular pharmacokinetics of

the drug needs to be determined andthis can be done using high performanceliquid

chromatographyusingan artificial anterior chamber. It might be useful to compare the

safety profile and pharmacokinetics of the TSP-1 mimetic with presently available

anti-angiogenic therapies such as anti-VEGFtherapies as there are big differences in

the molecular weights of these peptides (TSP-1 peptide - 1 kDa, Bevacizumab - 149

kDa and Ranibizumab - 48 kDa). Once a safety profile has been established use of the

drug could be exploredin an in vivo model of HSK. Applying the drug at varying time

intervals after infection will help in determining the best timing for the treatment.
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Subsequently its use could be explored for other models of ocular vascularisation such

as diabetic retinopathy, age related macular degeneration and ocular melanoma.

Moreover,as a single anti-angiogenic therapy is often not enough, addition ofanti-

VEGFtreatment with TSP-1 peptide might be an option in the future. If animal

experiments suggest, then these trials could be extended to humans.

4.8.2.3 Explore the role of Lithium Chloride in HSV-1 infection

It has been reported that patients taking LiCl for psychiatric illnesses had fewer

and less severe recurrences of HSV-1 and 2. Ziaie et al noted that addition of Lithium

Chloride, in the early hours, to HSV-1 infected cultures of endothelial cells reduced

the levels of viral polypeptides and maintained the synthesis of host proteins in HSV-

1 infected cultures (Ziaie and Kefalides 1989; Ziaie et al. 1994). There have been no

further reports on the use of LiCl for HSV-1 infection. As results from the present

study suggest that early suppression of host proteins may have important implications

in deciding the outcome of HSV-1 infection, use of LiCl should be explored further in

HSV-1 infections. Further experiments could be conducted using the in vitro model of

HSV-1 infection in keratocytes and noting the expressions of TSP-1 and TSP-2 and

other angiogenic proteins with and without addition of LiCl. Subsequently similar

studies could be conducted in an in vivo mouse model ofHSK.A safety profile of

LiCl would also need to be established on human cultured corneal cells and an

artificial anterior chamber.

4.8.2.4 Explore the role of Heparan sulphate in HSV-1 infection

Heparan sulphate appears to be an important receptor for HSV-1 entry into

target cells (WuDunn and Spear 1989). Moreover, TSP-1 and -2, and other angiogenic

factors such as VEGFalso bind to heparan sulphate. Thus it is conceivable that HSV-
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1 may bind heparan sulphate and block the angiostatic activity of TSP-1 and-2.

Further study could look at the binding and displacement assay for TSP, HSV-1,

VEGFand bFGFin heparitinase treated and untreated cultured human corneal cells.

An affinity co-electrophoresis (similar to (Gupta et al. 1999)) to assess the binding

affinity of heparan to the above might also be useful. These experiments could

provide further insight into the complex interplay between host cell receptors, host

cell proteins and HSV-1 in the early hours of infection.
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