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INTRODUCTION
The cornea is a highly specialized part of the eye, and its transparency is a requirement for

good visual acuity. Corneal infections can damage the integrity of the ocular surface thereby

disturbing the transparency of the cornea, leaving scars and decreasing visual acuity. Anti-

microbial mechanisms of the eye try to prevent ocular surface infections, whereas anti-in-

flammatory mechanisms try to limit damage by the immune system. The occurrence of

bacterial corneal infections is increasing with the increasing use of contact lenses. Especially

bacterial corneal ulcers are a challenge to the ophthalmologist and immediate and strong an-

tibacterial treatment is needed to prevent further visual loss and ocular complications. An-

other frequent ocular surface infection is the herpetic keratitis, which forms a serious

ophthalmologic problem. Because of its latency and recurrences, the herpes simplex virus

(HSV) can cause severe damage to the cornea. For a long time, HSV infection was one of

the leading causes for corneal transplantation, which decreased after the introduction of

strong antiviral medications.1

CORNEAL ULCERATIONS
Infectious corneal ulcers have the potential to perforation the cornea and are therefore a se-

rious threat for the eye.2,3 In the Western World the incidence of infectious corneal ulcers is

about 11 cases per 100.000 inhabitants;4 however, in other parts of the world like for instance

Southern India the incidence can be up to 113 cases per 100.000 inhabitants.5 In Western Eu-

rope, the major causes of infectious corneal ulcers are contact-lens wear, trauma, and ocular

surface diseases such as chronic blepharitis, dry eye syndrome, and eyelid pathology. Ocular

trauma is the cause of corneal ulceration in 20% of the cases, in 30% the corneal ulcer is con-

tact-lens related.6 Extended-wear contact lenses are associated with a higher chance to de-
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Figure 1.On the left a bacterial corneal ulcer with severe anterior chamber reaction. On the right a herpes simplex

keratitis staining with fluorescein with characteristic dendritic shape.



velop corneal ulcers than daily-wear contact lenses (20.9% versus 4.1% corneal ulcers per

10.000 contact lens wearers).7 Recently, a decrease in the incidence of contact-lens related

corneal ulcers was seen, despite an increase of the contact-lens wearing population and is

probably due to the shift from extended-wear contact lenses to daily-wear contact lenses.8

Few reports exist about the incidence of corneal ulcers in patients with daily disposable

contact lenses, but it seems that the chance is very low.8 Other risk factors for corneal ulcers

in individuals with contact lenses are overnight wear and improper lens care.8,7,9

Culturing the pathogens that cause the corneal ulcer is important for diagnosis and subse-

quent treatment. However, in 30% to 50% of the cases the bacterial cultures taken in aca-

demic centres are negative,10,11 probably because antibiotic therapy had already been started

by the general practitioner. Most commonly found bacteria are Staphylococcus aureus,

Staphylococcus epidermidis, and Pseudomonas aeruginosa.6,10 Acanthamoeba can also be

found; this is an opportunistic parasite that has the ability to transform from trophozoites to

cysts and vice versa. The cysts can survive under extreme conditions such as high temper-

ature, high osmolarity, and nutrition-poor environments; the cysts are also resistant to many

antimicrobial agents.

Treatment with antibiotics must be started as soon as possible, since the internal eye is an

ideal environment for bacterial growth and since Pseudomonas aeruginosa and Staphylo-
coccus aureus are able to perforate the cornea within 24 hours.12 In the absence of the out-

come of positive cultures initial therapy must be with broad spectrum antibiotics. A

combination of polymyxin B, neomycin, and gramicidin,10 or cefazolin and gentamicin13 is

effective. In cases of positive cultures the antibiotics must be aimed at the pathogen found.

In case of acanthamoeba keratitis, treatment consists of chlorhexidine, polyhexamethylene

biguanide, neomycine, and propamidine isethionate (Brolene).14

Risk factors that are associated with penetrating keratoplasty, evisceration or enucleation are:

older age, delay in referral to ophthalmologist, larger size of ulcer, central location of the

ulcer, topical steroid treatment, prior ocular surgery, and poor vision at presentation.15,16

HERPES SIMPLEX KERATITIS

Herpes simplex virus (HSV) type 1 mostly causes facial infection, while HSV type 2 is pri-

marily situated in the genital area. Although the site of the infection is different, the clinical

signs and symptoms overlap. The HSV viruses are known for their latency and frequent re-

currences. In primary infections, the HSV virus infects epithelial cells and spreads further

through the tissue; some HSV particles enter the axons of sensory neurons. Via retrograde

transport, HSV migrates to the neuronal cell body, where it can remain latent for a long

time. The ability of the HSV virus to evade the immune system is the cause of its latency.

By infecting the nervous system (ganglia), the HSV has gained access to a tissue that is rel-

atively inaccessible for the immune system because of the low expression of Major Histo-

compatibility Complex (MHC) on neuronal cell surfaces. During the latency period in the

ganglia, the viral metabolism is shut down and viral protein expression on the cell surface

is down-regulated. The HSV-1 virus usually acquires latency in the trigeminal ganglion and

can be found there in almost 100% of individuals above the age of 60.17 Serum antibodies

can be found in 45% to 88% of a population; a positive serology is influenced by sex, age
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and social economic status.18 The best known recurrent HSV-1 infection is herpes labialis;

about 17-30 % of the western population suffer from this dissease.19,20,21 Ocular HSV-1 in-

fection has a lower prevalence of about 0.15%,22,23 but can have a greater social-economic

impact, since recurrent infections can cause blindness.22 Reactivation of ocular HSV from

its latent state in the trigeminal ganglion can be caused by a variety of stimuli such as local

trauma or tissue damage, stress, ultraviolet light exposure, illness, or hyperthermia.24,25,26,27

Transmission of HSV virus is usually caused by close contact with mucosal tissue; even

corneal transplants can be a source of ocular HSV infection transmission,28,29,30,31 and it has

been suggested that the cornea is an extraneural site for HSV latency.32,33 Primary ocular in-

fections result in conjunctivitis, blepharitis with vesicles, and epithelial keratitis. Herpetic

epithelial keratitis can recur and occurs as a dendritic or geographical shape. A more severe

recurrent disease is herpetic stromal keratitis, which is mainly an immunological reaction.

Besides infecting the ocular surface HSV is capable of causing trabeculitis, uveitis, and

acute retinal necrosis.

The current treatment for herpetic epithelial keratitis is local treatment with aciclovir, a

purine-nucleoside analogue that is able to disrupt viral DNA replication. In patients with

herpetic stromal keratitis topical prednisolon is used to downregulate the immune system.

For severe recurrent disease prophylactic treatment with oral valaciclovir (Zelitrex) is used

to reduce the frequency of recurrences. Since the availability of aciclovir, the number of

corneal transplants for HSV infections has decreased.1

PROTECTION OF THE EYE

The eye is protected against infections by a combination of anatomical, mechanical, antimi-

crobial, and immunological factors. The intact conjunctival and corneal epithelium forms a

barrier against pathogens; once the integrity is broken by trauma or contact-lens wear,

pathogens have a chance to infect the deeper layers. Mechanical factors include eyelid blink-

ing and the continuous flow of tears, thereby diluting and removing pathogens such as bac-

teria, viruses, and parasites from the anterior eye surface. Tears transport metabolic products

like oxygen and carbon dioxide, and allow passage of leucocytes after injury. Besides the

mechanical function, tears have antimicrobial capabilities. Lysozyme and lactoferrin are

tear proteins that are part of the innate immune system and form the first line of defence.

Both proteins are known to inhibit growth of bacteria. The adaptive immune system is

formed by plasma cells secreting immunoglobulin A or G in the lacrimal gland and the T-

cell system. The IgA and IgG secreting plasma cells are probably former B-cells that under-

went antigen sensitisation in the gut-associated lymphoid tissue and bronchus-associated

lymphoid tissue.34,35 The conjunctiva but not the cornea is provided with blood vessels and

lymphatic vessels, through which T cells can be transported. Blood vessels will invade the

cornea in cases of more serious corneal infections, bringing the immune system closer to the

site of infection. However, the immune response can seriously damage the cornea, and can

even be more destructive than the infection itself.

Under normal circumstances the conjunctiva is densely populated with bacteria; it has been

suggested that the normal conjunctival flora has an inhibitory effect on more pathogenic

bacteria.36,37 However, some of these bacteria can be cultured from corneal ulcers or from
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infections after surgery.38,10

OCULAR IMMUNE PRIVILEGE

To protect the micro-anatomical structures of the eye against a potential devastating immune

response, the eye is an immune-privileged site. The cornea lacks blood and lymph vessels,

which are usually used by the immune system to gain access to an infectious site. Intra-

ocular immune privilege exists in the anterior chamber and is known as the Anterior Cham-

ber Associated Immune Deviation (ACAID), that is able to suppress delayed type

hypersensitivity and complement-fixing antibody reactions against anterior chamber anti-

gens. Soluble factors in the anterior chamber (TGF-beta2, alpha-MSH, MIF, IL-10) can sup-

press T cells or NK cell activities.39 Furthermore, eye tissues express Fas-ligand (CD95L)

that is able to induce apoptosis in activated T-cells.40,41

INNATE IMMUNE SYSTEM
The innate immune system consists of soluble factors and leucocytes excluding the T and

B cells, and forms the non-specific first line of defence. Invasion of tissue by either bacteria

or viruses will activate the complement system, macrophages, neutrophils, and NK cells,

which are all components of the innate immune system since they use “broad-spectrum”

mechanisms and not antigen-specific mechanisms as the T and B cells to cope with infection.

Macrophages play a role in the phagocytosis of bacteria or virus particles, thereby processing

the pathogen and activating the immune system. In bacterial infections most bacteria are

cleared by phagocytes like macrophages and neutrophils. Natural killer (NK) cells are pri-

marily involved in intracellular infections like HSV,42 as can be illustrated by the occurrence

of more severe HSV infections in patients with genetic defects in NK cell function.43 NK

cells recognise infected cells through opsonization of target cells with virus-specific antibod-

ies in an MHC-independent way. Furthermore, HSV induces MHC class I down-regulation

in the infected cell thereby making the cells more prone to NK-cell mediated killing.44 The

soluble factors of the innate immune system include lactoferrin, lysozyme, the complement

system, interferons (IFNs), and other cytokines or chemokines. Lactoferrin has both antiviral

and antibacterial properties and is discussed later in this chapter. Lysozyme is effective

against bacteria by perforating the bacterial surface. The complement system can cause di-

rect killing of bacteria, opsonization of bacteria or infected cells, and can act as a chemotactic

factor. IFNs (alpha and beta) are cytokines that are able to increase the resistance of cells to

viral infections and are produced by infected cells.

ADAPTIVE IMMUNE SYSTEM
The adaptive immune system uses antigen-specific recognition to clear bacterial or viral in-

fections, and can be divided in a humoral response with antibodies (B cells) or a cellular re-

sponse by T cells. In viral infections, antibodies against the virus can bind to the infected cell

and cause cell death through either formation of a membrane-attack complex with comple-

ment or through NK-cell killing by recognition of the antibody by the NK cell. The latter is

also called antibody-dependent cell-mediated cytotoxicity (ADCC), which is a critical mech-
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anism in the antiviral defence against the HSV virus.45 In bacterial infections, antibodies

can interfere with the motility of bacteria and can block bacterial toxins. The most important

effect of antibodies against bacteria is its ability to increase the effectiveness of complement

targeting, and to act as an opsonin to make phagocytosis more effective.

The T-cell system consist of CD4- and CD8-positive T cells, which recognise viral antigen

in association with major histocompatibility complex (MHC) molecules II and I, respec-

tively. In infected cells, viral particles are degraded and processed on MHC class I on the

cells surface for recognition by CD8 positive T cells. MHC class II cells are usually anti-

gen-presenting cells such as macrophages and dendritic cells which present phagocytosed

particles in an MHC class II-restricted manner for communication with CD4-positive T

cells. CD4-positive T cells act as helper cells that help to induce CD8-positive T cell clones

and recruit macrophages. The CD8-positive T cells are cytotoxic T cells, that can cause

MHC class I-restricted apoptosis of infected cells. When a CD8-positive T cell recognizes

an antigen on the surface of a cell in combination with MHC class I than the target cell will

be programmed for apoptosis. For viral infections, the adaptive immune system is crucial

for clearance of the virus. For HSV infections both the CD4-positive and the CD8-positive

cells are crucial in the clearance of the virus,46,47 which is further supported by the occurrence

of more severe herpes infections in patients with AIDS.48

LACTOFERRIN
Lactoferrin is an important protein in the non-specific defence,49,50 and can be found in tear

fluid, saliva, milk, airway surface liquid, and in intestinal and vaginal secretions.49,50,51 The

main lacrimal gland produces the lactoferrin that can be found in tears. Granules of neu-

trophils also release lactoferrin during an inflammatory response.52 Human lactoferrin con-

tains 692 amino acids, and is folded into two symmetrical lobes (C and N terminal lobe).53

It is active against many pathogens like gram-negative and positive bacteria, viruses, and

fungi.54,55 Besides the antimicrobial effects, lactoferrin also has immuno-modulatory and

anti-inflammatory characteristics.56 The bacteriostatic effect of lactoferrin is partly explained

by its iron-binding capacity,57,58,59 decreasing the local iron concentration, which is essential

for bacterial growth. Lactoferrin also has non-iron-dependent antibacterial, antifungal, and

antiviral capabilities.60,49,50,61 It has been shown that the N-terminal cationic domains of lacto-

ferrin have anti-bacterial activity through depolarization of bacterial membranes and by in-

creasing bacterial membrane permeability.62 Residues 1-47 of the N-terminus are responsible

for the antibacterial effect.63,64

The antiviral effect of lactoferrin is primarily due to the interference of the lactoferrin protein

with the binding of the virus to the cell surface.65 The lactoferrin protein has a high affinity

to heparan sulfate, which is a key glycosaminoglycan for the herpes virus to enter the

cell.66,67,68 The affinity of lactoferrin to bind to heparan sulfate is influenced by size and

charge of the lactoferrin protein. Furthermore, in vitro, lactoferrin is able to inhibit infections

with human herpes viruses, such as human cytomegalovirus and HSV-1.69,70 Lactoferrin

also suppresses HSV infection on the mouse cornea when applied prior to virus inoculation.69

Lactoferrin has the largest effect in the initial stages of virus infection, and seems to prevent

the herpes simplex virus to enter the cell. The N-terminal lobe of the lactoferirn protein
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plays a pivotal role in the inhibition of viral infections.71 High concentrations of lactoferrin,

around 1 mg/ml, are needed to efficiently suppress viral infection, which is the case in human

tears (about 2 mg/ml).72

Lactoferrin polymorphisms encoding amino acids at positions 29 and 561 of the N-terminal

alpha-helical region have already been reported.73,74 In Chapter 8 and 9 we report about a sin-

gle nucleotide polymorphism encoding amino acid at position 11 of the lactoferrin gene.

The polymorphic forms of the human lactoferrin are defined as Ala11Thr, Lys29Arg, and

Asp561Glu, in which Ala = alanine, Thr = threonine, Lys = lysine, Arg = arginine, Asp =

aspartic acid, and Glu = glutamic acid. Moreover, it has been reported that lactoferrin

Lys29Arg polymorphisms exerts different antibacterial and transcriptional activation activ-

ities.74,75 Chapter 8 and 9 of this thesis investigates the potential role of the three lactoferrin

single nucleotide polymorphisms in the development of corneal ulcers or HSV keratitis.

IL-10
IL-10 is a multi-functional cytokine with strong anti-inflammatory and immunosuppressive

properties.76 Cells that are capable of producing IL-10 include macrophages, Th2 cells, neu-

trophil, and resident corneal cells.77,78,79

Especially in HSV infections, the effect of IL-10 has been wel established. In animal models,

IL-10 knock-out or IL-10 depletion by antibodies is associated with an increase in HSV

corneal disease severity.79 Similarly, topical IL-10 treatment significantly decreases corneal

pathology induced by primary infection with HSV.80,81,82 Besides the primary infections, IL-

10 also seems to play a protective role in recurrent HSV infections in animal models.83 IL-

10 exerts its protective effect by downregulating pro-inflammatory cytokines and thereby

decreasing the number of destructive lymphocytes during a stromal HSV infection, i.e. CD4-

positive T cells and neutrophils.83,84,80,81,79

In infectious corneal ulcers IL-10 seems to have a protective effect for both gram positive

and negative bacterial corneal ulcers.85,86 It can especially prevent corneal perforation in an-

imal models, indicating that the immune system itself also contributes to the corneal dam-

age.

Many single nucleotide polymorphisms (SNP) exist in the promoter region of the IL-10

gene and some are associated with different IL-10 expression levels,87,88,89 and these IL-10

promotor SNPs are involved in numerous types of infections.90-98 Regarding HSV infections,

people homozygous for the ATA IL-10 haplotype seem to be more resistant to HSV based

on serum antibodies.94 In Chapter 10, we have investigated four key SNPs of the IL-10 pro-

motor gene region, -C819T, -G1082A, -A2763C, and -A2849G, in patients with infectious

corneal ulcers.

Combinations of different single nucleotide polymorphisms can form haplotypes. Of the

four above mentions SNPs five frequently occuring haplotypes can be inferred; haplotype

IL10.1 CGAA, haplotype IL10.2 CACG, haplotype IL10.3 CGAG, haplotype IL10.4 TACG,

and haplotype IL10.5 CGCG. These IL-10 haplotypes are associated with IL-10 production

in vitro. Haplotypes IL10.1 and IL10.3 are associated with lower IL-10 production, where

IL10.2 and IL10.5 are associated with higher IL-10 production. Haplotype IL10.4 is both

associated with high and low IL-10 production.99 Whether the IL-10 haplotypes also influ-
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ence the continuous production of IL-10 in resident corneal cells79 and thereby corneal dis-

ease is not known. These IL-10 haplotypes are also investigated in the infectious corneal ul-

cers patients group in Chapter 10.
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