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Abstract The eye and its associated tissues including the

lacrimal system and lids have evolved several defence

mechanisms to prevent microbial invasion. Included

among this armory are several host-defence peptides.

These multifunctional molecules are being studied not only

for their endogenous antimicrobial properties but also for

their potential therapeutic effects. Here the current

knowledge of host-defence peptide expression in the eye

will be summarised. The role of these peptides in eye

disease will be discussed with the primary focus being on

infectious keratitis, inflammatory conditions including dry

eye and wound healing. Finally the potential of using host-

defence peptides and their mimetics/derivatives for the

treatment and prevention of eye diseases is addressed.
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Abbreviations

HDP Host-defence peptide

hBD Human b-defensin

mBD Mouse b-defensin

HNP Human neutrophil peptide

LL-37 Human cathelicidin

CRAMP Cathelin-related antimicrobial peptide

LPS Lipopolysaccharide

Expression and distribution of host-defence peptides

in the eye and associated structures

Several studies over the past 10–15 years have confirmed

that, like many tissues in the body, the eye and its asso-

ciated structures (lids and lacrimal system for example)

express a variety of host-defence peptides (HDPs). Prior

review articles have primarily focused on HDPs at the

ocular surface; here current knowledge of their expression

by related structures and internal components is also

addressed. Figure 1 summarises the current understanding

of HDP distribution in the human eye. As can be readily

seen, HDPs of the b-defensin (hBD) family and the cath-

elicidin LL-37 are commonly found.

For details on the chemical characteristics, basic biology

and general mechanisms of antimicrobial, immunomodu-

latory and other actions of these and other HDPs, the reader

is referred to other articles in this volume and recent

reviews [1–5].

Ocular surface

The ocular surface comprises the cornea, conjunctiva and

tear film. The cornea is the transparent window covering

the pupil and provides the major refracting surface of the

eye. The conjunctiva is a thin mucous membrane har-

bouring immune cells, which covers the sclera, the white

tough covering of the eye. The tear film coats the entire

exposed surface of the eye providing lubrication and

protection.

A squamous epithelium forms the outermost layer of

both the cornea and conjunctiva, and these cells are known

to express a number of HDPs in keeping with their role as a

major barrier to invading organisms. Both corneal and

conjunctival epithelial cells constitutively express hBD-1,
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whereas expression of hBD-2 is variable with it being

found in normal tissue only occasionally [6–11]. hBD-2 is

found more frequently in infected/inflamed ocular surface

tissue, which is in keeping with in vitro studies with cul-

tured corneal and conjunctival epithelial cells showing that

bacterial products such as lipopolysaccharide (LPS) and

pro-inflammatory cytokines such as interleukin (IL)-1b
upregulate hBD-2 expression [8, 10–17]. These ocular

surface epithelial cells also constitutively express hBD-3,

which some have found to be upregulated in response to

cytokines [10, 11, 17, 18]. Expression of hBD-4 has also

been investigated in a number of studies, and while its

expression is common in cultured ocular surface cells, it

was found only infrequently in actual tissue samples [17–

19]. hBD-9 was also recently found to be expressed by

corneal and conjunctival epithelial cells [20, 21]. However,

while expression of several other members of the b-de-

fensin family has been sought, none appear to be present

[18, 19].

Although members of the a-defensin family, human

neutrophil peptides (HNP)-1, 2, 3, have been detected in

the corneal stroma (the thick collagen layer that forms the

bulk of the cornea), their source is the neutrophils infil-

trating the cornea in response to inflammatory signals

rather than the resident corneal cells themselves [22]. Other

a-defensins, human defensin (HD)-5 and 6, were not

present [7, 23].

LL-37, the sole member of the human cathelicidin

family, is also expressed by corneal and conjunctival

epithelial cells [18, 24]. This peptide is derived from a

larger precursor, hCAP-18, and like hBD-2, its expression

is upregulated in response to bacterial challenge [15, 16,

25]. LL-37 is also found in neutrophil granules [26] so

recruitment of these cells to the ocular surface in response

to inflammation/infection would be expected to contribute

to an increase in local levels of LL-37 (and indeed pos-

sibly several other neutrophil-derived antimicrobial

molecules).

While defensins and LL-37 are the most widely

studied of the ocular surface HDPs, the expression of

several other peptides and proteins with antimicrobial

activity has been reported. These include liver-expressed

antimicrobial peptide (LEAP)-1 (also known as hepcidin)

and LEAP-2 [18], although another study failed to detect

these HDPs [19]. The antimicrobial phosphoprotein

statherin is also expressed as are MIP-3a and thymosin

b-4 [19, 27] and some ‘‘antimicrobial cytokines’’ such as

CCL28 and CXCL-1 [28–30]. Psoriasin (S100A7) is

Fig. 1 Expression profile of

host-defence peptides in the

eye. The diagram summarises

the pattern of expression of the

major HDPs in the human eye.

These data are derived primarily

from studies to detect peptide

expression that have been

performed on cultured cells in

vitro and on tissue/tear fluid

samples from human donors

(these studies are summarised

and references given in the

section ‘‘Expression and

distribution of host-defence

peptides in the eye and

associated structures’’).

Lacrimal gland and lacrimal

drainage are not included but

are discussed in the section

‘‘Associated ocular structures’’
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constitutively expressed in cornea and conjunctival epi-

thelial cells, and its expression is upregulated in response

to some bacterial products [31]. Most recently,

Mohammed et al. 2011, reported the expression of

RNase-7 in cornea and conjunctiva and observed its

upregulation in response to IL-1b [32]. It should be

cautioned that some of these other molecules have only

been reported at the mRNA level, and so confirmation of

their expression awaits experiments addressing protein

levels. Further, for many of these, while they have been

shown to have antimicrobial activity, this is sometimes

relatively weak activity and it is likely that contributing

to innate defence is not their primary role at the ocular

surface. They may, however, be more directly involved

in other activities recently ascribed to HDPs such as

immunomodulation.

Studies in laboratory animals also confirm the exis-

tence of HDPs at the ocular surface with mice expressing

a range of corneal and conjunctival defensins as well as

cathelin-related antimicrobial peptide (CRAMP), the

homologue of human LL-37 [17, 33–36]. However, care

should be taken in extrapolating from mouse to human as

mice have many more b-defensins than humans, and

equivalency in terms of numerical designation cannot be

assumed, for example, the mouse orthologue of hBD-3 is

mBD-14 [37], not mBD-3.

The tear film is a complex structure comprising an

outermost lipid layer to limit evaporation; it overlays a

mix of possibly over 500 different proteins, electrolytes

and mucins, with the latter increasing in concentration

toward the ocular surface and interacting with the gly-

cocalyx of the superficial corneal and conjunctival

epithelial cells so adhering the tears to the cells [38]. It

has long been established that tears contain important

antimicrobial molecules such as lysozyme, phospholipase

A2 and lactoferrin [39]. Recent studies also show that

HDPs are present. These may arise from the main and/or

accessory lacrimal glands, ocular surface epithelial cells

or come from neutrophils that are naturally found in the

tears in small numbers, particularly upon eye-opening

[40]. a-Defensins HNP1–3, whose source is neutrophils,

are present at low levels in normal human tears and are

increased after ocular surface surgery [7, 41]. Recently

the presence of hBD-2 and 3 has also been reported [17].

Again, here the levels were low and were less than

would be needed for antimicrobial activity based on the

results of in vitro studies, but these samples were normal

tears, and it is possible that much higher levels may be

seen in samples from patients with active infections

(unfortunately such samples are very hard to come by).

Preliminary reports have shown that tears contain psori-

asin [31] and the antifungal peptide histatin 5 [42] and

most recently dermcidin was detected [43].

Internal ocular components

HDP expression by internal ocular structures has not been

intensively studied. A study by Lehmann et al. [9] revealed

that most samples of human lens capsule (which surrounds

the crystalline lens) and iris (the coloured part of the eye)

expressed mRNA for hBD-1 but not hBD-2. hBD-1 mes-

sage was also detected in ciliary body (a highly

vascularised structure surrounding the ciliary muscle that is

involved in aqueous humour production and anchors the

lens via the zonular fibers), but again hBD-2 and also

a-defensins HD-5 and 6 were absent [44]. Retinal pigment

epithelium and ciliary body epithelial cell lines did not

express hBD-1 or 2 at baseline, but the latter was upreg-

ulated after cytokine treatment. Further, immunoblotting

showed that while samples of both vitreous and aqueous

humour were positive for hBD-1 (although levels were

estimated to be quite low), no hBD-2 was present. These

studies suggest that hBD-1 is constitutively expressed

inside the eye, while hBD-2 is not normally present but

may be expressed in response to inflammation. Elucidation

of the specific roles of these HDPs inside the eye awaits

further investigation, but it was suggested that, owing to its

broader spectrum of activity and higher potency, hBD-2 is

a stronger candidate for antimicrobial defence inside the

eye than hBD-1 [44].

Associated ocular structures

A number of structures external to the eye are important for

normal ocular function, including the main and accessory

lacrimal glands which supply the bulk of the aqueous

component of the tear film, the lacrimal drainage system

which conducts tears away from the ocular surface and the

eyelids which serve a protective role and have glands that

supply some tear film constituents. Haynes et al. [7]

reported the presence of hBD-1 message in lacrimal gland,

but hBD-2 and a-defensins HD-5 and 6 were not found.

The lacrimal sac and nasolacrimal duct are major compo-

nents of the lacrimal drainage system and harbour mucosa-

associated lymphoid tissue. In keeping with this protective

role, they also express HDPs [45]. hBD-1 was detected in

several samples of nasolacrimal duct epithelium obtained

by biopsy from both healthy patients and those with dac-

ryocystitis. hBD-2 on the other hand was only detected in

dacryocystitis patients. HNP1–3 were also detectable, with

infiltrating neutrophils being the source in both healthy and

diseased tissue. Messenger RNA for defence proteins

bactericidal/permeability-increasing protein and cationic

antimicrobial protein-37 was present, however that for HD-

5 and 6 was not, and interestingly mRNA for hCAP-18, the

precursor to LL-37, was absent too. Some of these data

have recently been confirmed, and the studies extended to
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include hBD-3 and 4 [17]. hBD-4 was not found in the

lacrimal gland or nasolacrimal ducts. hBD-3 protein,

however, could be detected by ELISA and immunostain-

ing, although RT-PCR failed to detect any mRNA. The

glands of Moll (also referred to as ciliary glands) are

apocrine glands located at the margin of the eyelids and

secrete lipid onto the lid, which becomes incorporated into

the tear film. Recently hBD-1 and 2 and LL-37 were

detected in the secretory end-pieces of the glands and are

presumed to protect the glands themselves from infection,

with the material being released into the gland lumen being

protective in the ducts, eyelash shaft and ocular surface

[46]. b-Defensin expression has also been observed in the

glands of Moll in non-human primates [47] and in various

glands of the porcine eyelid [48].

This brief overview reveals a broad expression of

HDPs in ocular and related structures. The value of some

studies is a little limited due to experiments being

restricted to investigation of message rather than actual

protein, also a number were conducted before the study of

HDPs came into vogue and before the discovery of the

extent of the HDP repertoire. Thus, it will be of interest

to revisit the area of HDP expression in intra-ocular and

associated tissues and extend these investigations to

additional defensins such as hBD-9 and other HDPs. The

expression of HDPs suggests their participation in main-

taining normal ocular health and function through their

antimicrobial action as well as any/all of the myriad of

activities they have been found to perform in other tissues

such as modulating immune responses and wound healing

[3, 49]. However, in the eye, only defensins and cath-

elicidin have been studied in any depth, and the focus of

these investigations has been the ocular surface and in

particular the cornea. Therefore, these particular HDPs

and this location form the basis for the following dis-

cussions on the role of endogenously expressed HDPs in

eye diseases and their clinical potential as ocular

therapeutics.

Role for endogenous host-defence peptides in eye

diseases

Defence against infection

The majority of studies investigating the role of HDPs in

preventing ocular infection have focused on microbial

keratitis. This affects the cornea, the primary refracting

surface of the eye, and if not treated promptly and ade-

quately may result in permanent vision loss. Microbial

keratitis may be caused by bacteria, viruses, fungi and

protozoa, with contact lens wear and corneal trauma being

common risk factors.

Pseudomonas aeruginosa and Staphylococcus aureus

are two of the most common causes of bacterial keratitis

with P. aeruginosa being the most common cause in con-

tact lens wearers [50, 51]. P. aeruginosa is a particularly

dangerous and dreaded ocular pathogen and induces very

severe disease, which, if not quickly treated or if unre-

sponsive to treatment, rapidly progresses to inflammation,

neovascularisation and liquefactive necrosis of the cornea.

As discussed above (section ‘‘Ocular surface’’), ocular

surface epithelial cells express defensins and the cathelic-

idin LL-37, and infection and exposure to bacterial

products in vitro increase expression of some of these,

although in contrast hBD-9 is decreased in infection [6–12,

15–17, 20]. Ocular surface–expressed HDPs are also

active, to varying degrees, against common ocular bacterial

pathogens [19, 24]. hBD-1 is the least effective defensin

having relatively moderate antimicrobial activity against

P. aeruginosa but being poorly effective against Staphy-

lococcal strains. hBD-2 has good antimicrobial activity

against P. aeruginosa although its activity towards

S. aureus is limited. hBD-3 and LL-37 on the other hand

have good bactericidal activity against both P. aeruginosa

and S. aureus. The level of HDPs detected in vivo and in

cultured cells is generally much lower than is required for

antimicrobial activity in vitro. For example, Zhou et al.

[41] reported that normal tear film levels of HNPs are in the

range 0.2–1 lg/ml and rise to a maximum of 20 lg/ml

after ocular surgery. This latter level would be expected to

result in mild to at best moderate antibacterial activity

depending on the target strain. Garreis et al. [17] recently

quantitated levels of hBD-2 and hBD-3 in human cornea,

conjunctiva, lacrimal gland and tears. The peptides were

present in picogram amounts, and highest levels were in

the cornea. Unpublished data from our laboratory also

show hBD-2 to be present in normal tear fluid at

329 ± 154 pg/ml. These levels are far below those

required for antibacterial activity in vitro, but it should be

noted they are reflective of the normal ocular surface, and

levels would be expected to rise somewhat in response to

infection. However, in vitro HDPs show effective anti-

bacterial activity at concentrations of several micrograms

per millilitre and above, and so it is questionable that such

high amounts are actually present at the ocular surface in

vivo even after induction by pathogens. Rather, as has been

suggested for other tissues [52, 53], within the environment

of the tear film and epithelial layer as yet undefined

mechanisms are likely to exist to raise the local concen-

tration of HDPs to effective levels.

It has long been recognised that because of their mode

of antibacterial action, i.e. electrostatic interaction with

negatively charged microbial membranes, cationic HDPs

are subject to varying degrees of sensitivity to physiolog-

ical salt concentrations [3]. This is of particular concern at
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the ocular surface, which is bathed in tear fluid. Huang

et al. investigated the antibacterial activity of various HDPs

expressed by ocular surface epithelial cells in the presence

of human tears and observed that activity of hBD-1 and

hBD-2 was markedly reduced, whereas that for hBD-3 and

LL-37 was much less affected [19, 25]. Furthermore, while

some of the loss of activity was attributable to salt effects,

MUC5AC, the major gel-forming mucin of the tear film,

was also found to inhibit the antipseudomonal activity of

hBD-2 [54]. Together, these current in vitro findings sug-

gest that, at the human ocular surface in vivo, hBD-3 and

LL-37 are the HDPs most likely to have significant inde-

pendent antibacterial activity. Others such as hBD-1,

hBD-2 and HNP1-3 may have roles to play under cir-

cumstances when high concentrations can be achieved or

when they can interact synergistically with other HDPs and

antimicrobial molecules as both situations would be

expected to help temper the effects of high salt and perhaps

that of other interfering tear film components [55–57].

A number of animal studies provide compelling

evidence to support a role for HDPs in defence against

P. aeruginosa infection at the ocular surface. Huang et al.

[33] showed that mice deficient in CRAMP, the murine

homologue of LL-37, have increased susceptibility to

bacterial keratitis as manifest by delayed P. aeruginosa

clearance, increased numbers of neutrophils, an altered

cytokine profile and worse clinical score. Subsequently,

roles for some defensins have also been revealed, as mice

in which expression of mBD-2 or mBD-3 (an orthologue of

hBD-2), but not mBD-1 or mBD-4, was knocked down

with siRNA also showed increased susceptibility to

P. aeruginosa infection [35, 36]. Further, flagellin pretreat-

ment has been found to reduce inflammation and improve

clinical outcome in experimental murine P. aeruginosa

keratitis, an effect that, at least in part, was attributable to the

upregulation of antimicrobial molecules including CRAMP

[58]. In these aforementioned models, the cornea is scratched

to facilitate infection. A recent study by Augustin et al. [59]

shows that the unscratched ocular surface of mice deficient in

mBD-3 has reduced capacity to clear P. aeruginosa and

increased susceptibility to colonisation, indicating for the

first time that HDPs are important in prevention of bacterial

keratitis and not just after the infection has been initiated.

Thus, while more in depth investigation is required to fully

understand the role of specific HDPs in bacterial keratitis in

humans, animal models conclusively show that despite

potential confounding factors of low concentrations and

interference from tear film components, HDPs do function to

defend the cornea against P. aeruginosa infection.

The role of HDPs in other forms of microbial keratitis

has not yet been investigated in depth. Herpes simplex

virus (HSV) and adenovirus are two common ocular viral

pathogens. There are some 20,000 new cases of ocular

HSV infection in the USA each year and, owing to viral

latency, an additional 28,000 reactivations [60]. Infection

can lead to a very robust inflammatory response with the

formation of classic dendritic corneal ulcers making HSV

keratitis the most frequent cause of corneal blindness in the

USA. Adenoviruses are the most common cause of viral

conjunctivitis and keratoconjunctivitis. While typically not

as serious as HSV keratitis, these infections are highly

contagious and cause significant morbidity and discomfort.

Despite the serious nature and frequency of viral infections,

a role for HDPs has not been investigated. It is known

however that a-defensins and LL-37 have activity against

both HSV-1 and adenoviridae in vitro suggesting they may

be active against these pathogens in vivo [24, 61, 62].

Fungi are a significant cause of keratitis particularly in

warm humid climates and developing countries where they

may account for 40% or more of microbial keratitis cases

[51, 63–66]. Common culprits are Fusarium solani,

Aspergillus fumigatus and Candia albicans [64, 66–71].

These infections are very difficult to treat and are charac-

terised by corneal oedema and ulceration leading to

scarring and profound vision loss. That various HDPs have

activity against a range of fungi is well established, and

fungi have been shown to modulate the expression of HDPs

in a variety of epithelial cells [72–86]. However mice

deficient in CRAMP, the homologue of LL-37, did not

show increased susceptibility to C. albicans in an intra-

dermal infection model, leading the authors to conclude

that cathelicidins may be most effective as a superficial

barrier to infection [77]. Recent studies have started to

address a role for HDPs in fungal keratitis. Yuan et al. [87]

investigated the expression of various HDPs in a mouse

model of Candida keratitis and found that CRAMP was

markedly increased in response to the infection. Further,

Gao et al. [88] have shown that mice deficient in CRAMP

have more severe Candida keratitis than wild type mice.

These positive results in comparison to the earlier study of

Lopez-Garcia et al. [77] in a skin model of C. albicans

infection may reflect the more ‘‘superficial’’/mucosal nat-

ure of the corneal infection [88]. Overall, these studies

indicate a potential role for LL-37 in particular, but pos-

sibly also other HDPs, in preventing/limiting fungal

keratitis in humans.

Acanthamoeba keratitis is relatively uncommon, but is

of interest as there was a recent outbreak of A. castellanii

keratitis associated with a particular contact lens solution

[89]. An early study investigated amphibian magainins and

found them to have activity against the trophic and cystic

stages of A. polyphaga [90]. More recently Otri et al. have

observed that A. castellanii stimulated the expression of

several HDPs including hBD-3 and LL-37 in cultured

corneo-limbal epithelial cells but decreased expression of

hBD-1 [91]. Together these studies suggest that HDPs may
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play a role in the innate response to Acanthamoeba kera-

titis, but this needs to be investigated further.

That external risk factors such as contact lens wear and

trauma predispose an individual to corneal infection are

well established. The issues relating contact lens wear to

infection are complex, and currently patient compliance

with cleaning routines is an area of intense study. Inter-

esting results from a recent in vitro study also reveal

additional novel avenues for investigation [92]. Here it was

found that contact lenses impaired the ability of human

corneal epithelial cells to secrete hBD-2 in response to

exposure to P. aeruginosa antigens, implying that lens

wear per se may interfere with the ocular surface HDP

innate response. Also, little is known about individual

genetic variation in the host response that increases sus-

ceptibility to corneal infection. Recent research suggests

copy number variation and/or polymorphisms in HDP

genes (defensins in particular) contribute to susceptibility

to infection and may underlie the onset of chronic

inflammatory diseases such as psoriasis and Crohn’s dis-

ease [93–95]. Interestingly, Carter et al. [96] reported a

case of bilateral endophthalmitis associated with the hBD-1

genotype -44CC, an allele previously shown to be associ-

ated with a predisposition to infection. Endophthalmitis is a

rare complication of cataract surgery. Most cases are due to

infection and result in vision-threatening inflammation of

the intraocular cavities. A subsequent study by the same

group with a larger patient cohort showed the -44CC

genotype to be more common in patients who have had

endophthalmitis suggesting a potential genetic risk factor

that reduces innate immune defences in this intra-ocular

infection [97]. An association between such genetic vari-

ations and microbial keratitis has not yet been investigated

but could provide novel insight into an individual’s pre-

disposition to infection that could be incorporated into a

genome-based approach to treatment in which care (e.g. the

recommendation to wear contact lenses or not) is tailored

to individuals based on their specific genetic make-up.

Inflammatory conditions

Dry eye syndrome is a very common ocular surface con-

dition resulting from decreased tear secretion or increased

tear evaporation and is one of the leading causes for visits

to an eye doctor [98]. It is a multifactorial condition in

which inflammation plays a major role. Tear fluid hyper-

osmolality and tear film instability stimulate an increase in

pro-inflammatory cytokines and the resulting inflammation

further exacerbates the response leading to damage to the

ocular surface and symptoms of dryness, irritation and pain

[99–104]. We observed that hBD-2 was specifically

upregulated in the conjunctiva of patients with dry eye

[11]. This was also confirmed in patients with Sjogren’s

syndrome, which results in a very severe form of dry eye

due to autoimmune destruction of the lacrimal gland [105].

Pro-inflammatory cytokines IL-1b and TNFa are known to

be elevated in dry eye and were able to stimulate hBD-2

expression in human conjunctival epithelial cells in culture

leading to the suggestion that they may be responsible for

the elevated expression in dry eye patients [11]. However,

when this was investigated further, a hyperosmolar culture

environment was actually found to blunt IL-1b stimulation

of hBD-2 production [106] suggesting that this cytokine

may not have a major role to play in modulating ocular

surface hBD-2 expression in dry eye. Interestingly, while

hBD-1 and 3 were unchanged and hBD-2 upregulated in

patients with dry eye, another defensin, hBD-9, was found

to be decreased [20]. Murine models have been important

in elucidating the mechanisms underlying dry eye, however

when defensin expression was examined in the cornea and

conjunctiva of mice with experimental dry eye, the changes

compared to normal mice were not dramatic [34]. Thus, the

mechanisms underlying modulated defensin expression in

dry eye have yet to be established. Further, the specific role

of these HDPs in dry eye is also still a subject for inves-

tigation. That enhanced expression of hBD-2 will give

additional antimicrobial protection is a logical speculation

and is in keeping with observations that dry eye patients

(with the exception perhaps of those with Sjogren’s

syndrome [107]) do not commonly present with infection

despite having a disrupted ocular surface. On the other

hand, hBD-9 is not expected to have a major antimicrobial

effect, therefore its reduced expression in dry eye is not

likely to compromise innate immunity [20]. HDPs are of

course known to have a wide range of activities in addition

to their antimicrobial actions, thus their altered expression

in dry eye may influence several aspects of the disease

process, for example through their chemotactic effects,

they may help mediate T cell recruitment [108].

Hida et al. [109] found that a-defensins were elevated in

the tears of patients with ocular allergies complicated by

the presence of corneal lesions and speculated that this may

help prevent secondary infection in these patients. How-

ever, as the elevated levels were only seen in patients with

lesions, this observation appears to be linked to corneal

injury (discussed in section ‘‘Wound healing’’) rather than

the allergic response per se. Ikeda et al. [110] noted that

mRNA expression for mBD-1 was unchanged but that of

mBD-2 was decreased compared to normal mice in a

model of allergic conjunctivitis. The authors note that

patients with ocular allergies are susceptible to infection

and extrapolate from their findings to suggest that this may

be associated with reduced hBD-2 expression. However as

mBD-2 does not appear to be an orthologue of hBD-2, the

ultimate significance of the findings in this mouse model

are unknown.
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An early-discovered property of LL-37 is that it binds

and inactivates LPS, a component of the cell wall of Gram-

negative bacteria that stimulates a strong inflammatory

response through activation of TLR4 [111, 112]. Thus,

endogenously expressed LL-37 may actually help reduce

ocular inflammation associated with bacterial infection.

Ohgami et al. [113] reported that hCAP-18 (the LL-37

precursor) suppressed the acute inflammatory response in a

rat model of LPS-induced uveitis and suggested that this

peptide may be a promising agent for the treatment of

inflammation. Interestingly, Jager et al. [114, 115] recently

detected the presence of cationic amino acid transporters at

the ocular surface and lacrimal apparatus and suggested

there is a functional relationship between them and

b-defensins in a regulatory circuit via which the balance

toward b-defensin production could be shifted to treat

atopic and inflammatory diseases. An alternative role for

endogenous HDPs, although one that has yet to be inves-

tigated, is that some may actually exacerbate an

inflammatory response so contributing to disease

processes. This may be mediated through HDP cytotoxic

effects (cytotoxic levels may be reached for peptides whose

expression is upregulated by pro-inflammatory cytokines),

ability to induce mast cell degranulation [116, 117] and

influence cytokine secretion [25, 118–121] and leukocyte

migration [122–124].

Wound healing

The most commonly studied ocular tissue in terms of

wound healing is the ocular surface, in particular the cor-

nea. This is because rapid healing of the cornea is essential

to restore a smooth surface for refraction of light and

barrier function to prevent pathogen penetration, which

may otherwise lead to fulminant infection and permanent

vision loss. Studies carried out over more than two decades

have shown a substantial redundancy in terms of endoge-

nous factors capable of modulating wound healing at the

ocular surface, a testament to the importance of having

healing happen rapidly and effectively [125]. Recent

studies provide evidence that HDPs may also contribute to

these processes.

The expression of some HDPs, such as hBD-2 and

LL-37, is increased, and neutrophils, a source of a-defensins

and LL-37, are known to infiltrate the cornea after injury

[25, 126]. Notably several studies have found that these

HDPs can modulate activities such as migration, prolifer-

ation and cytokine production, all of which are essential for

accurate and timely ocular surface healing [125]. For

example, through activation of formyl peptide receptor-like

1 and transactivation of the epidermal growth factor

receptor, LL-37 stimulated migration and cytokine secre-

tion by corneal epithelial cells [25]. Notably, LL-37 also

promoted wound closure in a corneal epithelial cell

monolayer scratch model and promoted healing in a cor-

neal organ culture model in which a high glucose

environment was used to slow healing so mimicking the

delayed corneal re-epithelialisation seen in diabetic

patients [127]. Further, HNP-1, hBD-2 and hBD-3 were

found to stimulate cytokine production by conjunctival

epithelial cells, and HNP-1 and hBD-2 enhanced prolifer-

ation and collagen gene expression and modulated matrix

metalloproteinase production by conjunctival fibroblasts

[128, 129]. Overall these findings support a role for

defensins and LL-37 in modulating cell migration and

proliferation during corneal wound healing and tissue

remodeling, effects that may be direct receptor-mediated

actions or indirect via cytokine production. In most tissues,

neovascularisation is an important component of wound

healing. However, the development of new blood vessels in

the cornea reduces corneal transparency resulting in visual

dysfunction. It is of significance therefore that, while

LL-37 is pro-angiogenic, HNPs are antiangiogenic [130–

132]. Thus, the relative levels of LL-37 (from epithelial

cells and infiltrating neutrophils) and HNPs (from infil-

trating neutrophils) may contribute to maintaining corneal

avascularity after injury. Although not tested at the ocular

surface, HNPs inhibited neovascularisation in the retina,

another ocular tissue in which pathological vessel growth

in conditions such as diabetic retinopathy can lead to

profound visual loss, even blindness [132].

That endogenously expressed peptides can influence and

stimulate the various cell behaviours important for wound

healing at the ocular surface also suggests that HDPs or

their derivatives/mimetics may be useful as topical agents

to promote corneal healing responses in diseases such as

diabetes and following accidental injury or elective pro-

cedures such as refractive surgeries that involve damage to

the ocular surface.

Host-defence peptides as therapeutics for eye diseases

To date the majority of studies of HDPs as potential ther-

apeutics for eye diseases have focused on their anti-

infective properties for microbial keratitis. As discussed

earlier (section ‘‘Defence against infection’’) this affects

the cornea, the major refracting surface of the eye, and if

not adequately and rapidly treated may result in permanent

loss of vision. As is the case in many infectious diseases,

the emergence of resistant strains is a growing issue in the

treatment of microbial keratitis and is driving the search for

novel antimicrobial agents. As discussed by others, through

their mechanism of action, HDPs have reduced potential

for development of resistance [133], thus several studies

have investigated the potential of using HDPs or their
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derivatives/mimetics in a variety of therapeutic paradigms

for treating or preventing corneal infection.

Topical application

Ease of access to the cornea makes it an ideal candidate for

topical drug application, and there have been a small

number of studies investigating HDP efficacy in animal

models of microbial keratitis. Employing synthetic pep-

tides containing partial sequences from cecropin A (an

insect peptide) and melittin (from bee venom), Nos-Bar-

bera et al. [134] noted reduced inflammation and less

corneal damage compared to vehicle control in a rabbit

model of P. aeruginosa keratitis. Also, retrocyclin 2, a

synthetic h-defensin, had antiviral activity in a murine

model of HSV-1 keratitis when given prophylactically,

although not when administered for an established infec-

tion [135]. However, in contrast to these at least somewhat

successful studies, a synthetic peptide COL-1, which had

potent antimicrobial activity in vitro, did not show a clin-

ical benefit in a rabbit model of P. aeruginosa keratitis.

Rather the peptide-treated animals showed more inflam-

mation than controls [136]. This latter study highlights two

major issues, namely lack of efficacy and toxicity.

Although the reason for the lack of effect with COL-1 is

not known, it is possible that it may have been the result of

inactivation of the peptide by components in the tear film.

Studies have shown that tears do interfere with the anti-

microbial activity of some HDPs [19, 25, 137]. Also as

discussed earlier (section ‘‘Defence against infection’’),

while this is in part attributable to the salt content of tears,

MUC5AC also dramatically reduced the activity of hBD-2

against P. aeruginosa [54]. Notably tears, over and above

the effects of salt, also inhibited the antibacterial activity of

hBD-1, whereas hBD-3 and LL-37 were substantially less

affected [19, 25]. These observations highlight the need for

thorough investigation into the potential detrimental effects

of tears on HDP activity before embarking on in vivo

studies. We also observed that various artificial tear solu-

tions also reduced HDP antimicrobial activity [138]. This is

of some concern as these over-the-counter preparations are

commonly used to relieve the symptoms of dry eye, and

patients may inadvertently be suppressing the innate

response so increasing the risk for ocular infection.

Another issue with the use of HDPs as ocular therapeutics

is toxicity. Although HDPs show selectivity for microbial

membranes, for some peptides, this is lost at higher con-

centrations and they become toxic to mammalian cells [3].

This is an obvious issue as high peptide concentrations may

be warranted to overcome the effects of interfering entities

such as tear film salt and mucins. Recent studies have

shown that lowering the hydrophobicity of linear hBD-3

analogues reduces cytotoxicity to ocular surface epithelial

cells while maintaining antimicrobial efficacy, so revealing

one possible approach to overcoming the toxicity issue

[139, 140]. Covalent dimerisation and multivalent forms of

HDPs are a further strategy to help address issues such as

cytotoxicity [141]. We have observed that tethering of an

HDP (in our case a derivative of the cathelicidin LL-37) to

a ‘‘surface’’ greatly enhances its efficacy against ocular

pathogens compared to peptide in solution [142–144].

Thus, we believe that attachment of an HDP to a surface

(such as a contact lens as described in section ‘‘Antimi-

crobial contact lenses’’) or a nanoparticle scaffold such as a

liposome or dendrimer is much more likely to result in

potent non-cytotoxic antimicrobial activity at the ocular

surface than simply applying the peptide in solution and so

represents a very promising mode of delivery.

Corneal preservation media and contact lens care

solutions

Corneal transplants are the most common and most suc-

cessful solid tissue transplant performed in the US, with

more than 40,000 being performed per year. After removal

from the donor, the tissue is placed into a preservation

medium which helps prevent bacterial growth while the

cornea is in storage at 4�C until it is used for transplanta-

tion. Again, the spread of organisms resistant to the

traditional antibacterial agents contained within these

preservation media has led to a search for alternative

components. Schwab et al. [145] tested defensin antimi-

crobial activity against common ocular pathogenic bacteria

in the corneal preservation medium OptisolTM and found it

to be effective at 4�C so revealing the potential of defen-

sins as preservatives for corneal storage. In a related study,

the bovine peptide BNP-1 was found to help preserve

endothelial cell (essential for normal corneal transparency)

viability in stored corneas [146]. Thus HDPs, when added

to corneal storage media, may have dual benefits. Notably,

BNP-1 as part of a mix of trophic factors has also been

found to improve kidney preservation [147].

As noted previously, contact lens wear is a major risk

factor for the development of microbial keratitis, particu-

larly that caused by P. aeruginosa. An important factor in

minimising this risk is adequate disinfection of the lenses

during cleaning and overnight storage. Cecropin D5C, a

synthetic insect antimicrobial peptide, has been shown to

augment the antimicrobial activity of contact lens solutions

against P. aeruginosa so supporting a potential use of

HDPs as effective contact lens disinfectants [148]. The

mid-2000s saw outbreaks of both Fusarium and Acantha-

moeba keratitis related to contact lens wear and use of

specific contact lens solutions, highlighting the need for

improved contact lens hygiene practices and contact lens

disinfectant test regimens [89]. Notably, a number of HDPs
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have potent antifungal activity [72–80], and the amphibian

peptide magainin has been found to have activity against

Acanthamoeba [90]; thus, they may be useful as novel

disinfectants for elimination of potentially vision-threat-

ening pathogens such as Fusarium and Acanthamoeba.

One potential factor limiting the use of HDPs in these

sorts of clinical applications is that relatively large volumes

would be required and this is likely to be prohibitively

expensive. It may however be possible to circumvent some

of this cost by tethering an HDP to a nanoparticle so

enhancing its efficacy and reducing the amount of peptide

needed and/or using the shortest peptide sequence required

for optimal antimicrobial activity.

Antimicrobial contact lenses

As contact lens wear is associated with increased risk for

corneal infection there has been significant interest in the

development of contact lenses with antimicrobial, and

specifically antipseudomonal, properties. Contact lens–

associated microbial keratitis is the result of colonisation of

the lens surface which then leads to contamination of the

cornea upon insertion of the lens into the eye. Thus, major

efforts are being directed toward development of lenses

which prevent bacterial adherence and biofilm formation.

Many potential agents have been investigated but devel-

opment of microbial resistance is an issue as is loss of

activity after covalent attachment, inability to sterilise the

lenses after attachment of the antimicrobial and toxicity to

ocular surface cells. Nevertheless, some agents have been

identified that hold particular promise, and those currently

under investigation include selenium [149], quorum-sens-

ing inhibitors such as fimbrolides [150] and antimicrobial

peptides [151, 152]. In regards to the latter, Willcox et al.

[151] developed a synthetic cationic peptide termed meli-

mine which combined active but minimally cytotoxic

sequences from mellitin (from bee venom) and protamine

(from salmon sperm). This hybrid peptide, when adsorbed

or covalently linked to contact lenses, reduced colonisation

by P. aeruginosa and S. aureus by 70–80%. Notably,

melimine did not induce resistance after repeated exposure

of the organisms to sub-inhibitory concentrations of the

peptide and was heat-stable. Subsequently, the effective-

ness of melimine covalently incorporated into silicone

hydrogel lenses was tested in animal models in vivo [152].

In a guinea pig model of contact lens acute red eye induced

by P. aeruginosa, animals fitted with melimine-coated

lenses had significantly less ocular inflammation, chemosis

and discharge compared to animals fitted with control

lenses. Corneal infiltrates were also markedly reduced.

Similarly, melimine-coated lenses performed favourably in

a rabbit model of contact lens–induced peripheral ulcer

caused by S. aureus. Here rabbits fitted with the melimine-

coated lenses had significantly lower scores for ocular

inflammation and a threefold reduction in the presence of a

corneal epithelial defect compared to those wearing control

lenses. These studies highlight the potential of HDPs and

derivatives thereof as coatings for antimicrobial contact

lenses. Also it is encouraging that, although no antimi-

crobial contact lens has yet been approved, in a very

closely related arena, antimicrobial contact lens cases,

which exploit the antibacterial activity of the well-known

biocide silver, are now on the market.

Summary

In summary, eye and associated tissues such as the lacrimal

apparatus express a range of HDPs which help prevent

infection and are likely involved in wound-healing

responses and tissue remodeling. These endogenous HDPs

may also be involved in ocular inflammatory and immune

responses although much remains to be discovered about

such roles. Development of an HDP or derivative/mimic

thereof for therapeutic purposes is an attractive proposition,

and because of ease of application (topical or local injec-

tion), which reduces some of the confounding factors

associated with systemic delivery, is indeed a viable

option.
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