Curr Allergy Asthma Rep (2013) 13:322-328
DOI 10.1007/s11882-012-0321-0

ALLERGIC AND IMMUNOLOGIC DISORDERS OF THE EYE AND NERVOUS SYSTEM (CH KATELARIS, SECTION EDITOR)

New Agents for Treating Dry Eye Syndrome

Simon E. Skalicky + Con Petsoglou - Avinash Gurbaxani -
Clare L. Fraser - Peter McCluskey

Published online: 6 November 2012
© Springer Science+Business Media New York 2012

Abstract Dry eye syndrome (DES) is characterized by an
inadequate volume and/or quality of tears resulting in chronic
ocular surface irritation and inflammation. Affecting up to 30 %
ofadults, DES has a considerable impact on visual function and
quality of life. DES may complicate allergic ocular disease and
allergy medication may exacerbate DES. The pathophysiology
of DES involves osmotic, mechanical and inflammatory insults
to the tear film, epithelium and subepithelial nerve plexus.
Various immune-related molecular targets have been the focus
of research aimed at developing new therapeutic agents for
treating DES. This article provides an overview of established,
new and future agents for treating DES.
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Introduction

The tear film is a trilaminar structure with a superficial lipid
layer principally from Meibomian gland secretions, an aque-
ous midphase from lacrimal and accessory lacrimal gland
secretions and a mucin basal layer [1]. Dry eye syndrome
(DES) is characterized by an inadequate volume and/or
quality of tears resulting in chronic dryness of the cornea
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and conjunctiva associated with abnormalities of all layers
of the tear film [2, 3°].

According to the Dry Eye Workshop Report, the preva-
lence of DES ranges from 5 to 30 % in people aged 50 years
and older, of whom approximately two-thirds are women [4,
5]. In recent years, there has been an increase of DES preva-
lence due to the general ageing of the population as well as
increased exposure to exacerbating factors such as low hu-
midity environments, contact lens wear, prolonged computer
use and certain drugs such as antidepressants, antihistamines
and antihypertensives [6—11].

Common symptoms of DES include dryness, irritation,
foreign body sensation, light sensitivity and itching. Ocular
surface abnormalities, often best detected using fluorescein to
stain the ocular surface, may include superficial punctate
erosions, epithelial defects, corneal filaments and in severe
cases, corneal ulcers, thinning or perforation [12, 13¢]. DES
has a considerable impact on visual function, daily activities,
social and physical functioning, workplace productivity and
quality of life [14, 15].

DES results from either decreased aqueous tear produc-
tion or excessive tear evaporation; the two frequently co-
exist [16]. The former, also known as keratoconjunctivitis
sicca, is characterized by lacrimal gland hyposecretion and
may be due to Sjogren’s syndrome or other inflammatory
causes, and is treated by surface lubricants, punctual occlu-
sion and anti-inflammatory agents. Excessive tear evapora-
tion is primarily due to Meibomian gland dysfunction
resulting in rapid break-up of the tear film despite normal
aqueous production, and is principally treated by improving
the flow and quality of Meibomian gland secretions. This
paper focuses on DES due to aqueous deficiency.

The pathophysiology of DES is complex and multifacto-
rial involving osmotic, mechanical and inflammatory insults
to the tear film, epithelium and sub-epithelial nerve plexus.
Elevated tear osmolarity activates desiccating stress-
associated pathways in ocular surface epithelial cells, namely
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mitogen-activated protein kinases c-Jun N-terminal kinase,
extracellular signal-related kinase and p38 [17-19]. Stimula-
tion of transcription factors (nuclear factor kB and activator
protein 1), and then production of pro-inflammatory cytokines
(IL-1, IL-6 and TNF-«), chemokines, and matrix metallopro-
teases leads to activation of antigen presenting cells [19, 20ee].
A predominantly T-cell-mediated immune response is initiat-
ed particularly involving CD4+ helper T-cell (Ty) subsets 1
and 17 [21]. Epithelial dysfunction, squamous metaplasia,
decreased epithelial barrier function and reduced goblet cell
density lead to further surface instability [22—25]. This results
in sub-epithelial corneal nerve plexus exposure to mechanical
and inflammatory insults, decreased density and altered mor-
phologic structure of the corneal sub-basal nerves [26, 27].
Traditional treatments of DES due to aqueous deficiency
include lubricating eye drops, ointments and punctual occlu-
sion. These are commonly used initially to provide symptom-
atic relief. More recently, there has been significant research
using topical therapeutics that decrease ocular surface inflam-
mation and promote a healthy tear complex [3¢]. There is a
range of potential molecular targets implicated in DES includ-
ing cytokine, chemokine and matrix metalloproteases in the
tear film and epithelial cells, ocular surface expression of
major histocompatibility complex antigens, cell adhesion
molecules and pro-secretory adenosine receptor agonists [28,
29, 30-34]. This paper aims to outline some of the newer
treatments available, their benefits and risks, as well as other
agents that may be used in the future treatment of DES.

Agents Used to Treat Dry Eye Syndrome

Several anti-inflammatory agents have an established role in
the treatment of DES and more are currently undergoing eval-
uation in clinical trials.

Ocular Lubricants

Lubricating eye drops (artificial tears) are commonly used to
treat DES and can control symptoms in most cases. Various
formulations are available; these contain similar ingredients
(lubricants, water, electrolytes and buffers) with differing for-
mulations and all act to moisturise the ocular surface. Hydra-
tion and viscosity are determined by polysaccharide additives
that polymerize; generally a more viscous solution has a
longer duration of action but causes optical blur (Table 1)
[35, 36]. Most available solutions contain preservatives
(Table 1); in severe cases, treatment with non-preserved eye
drops (dispensed in small plastic minims) is mandatory to
avoid preservative toxicity when using the eye drops at fre-
quent intervals. Some products are believed to improve ocular
surface wetting by counteracting hypertonicity [37], dilute and
physically remove surface inflammatory agents [38], prevent

Table 1 Commonly used artificial tears and lubricants, and commonly
used preservatives

Commonly used artificial tears and lubricants
Viscosity Active ingredient
Low Hydroxypropyl methylcellulose
Glycerin
Polyvinyl alcohol
Polyethylene glycol
Sodium hyaluronate
Medium Carboxylmethylcellulose sodium 1 %
Carbopol
Paraffin
Mineral oil
White petrolatum
Commonly used preservatives
Purite® (Allergan, Irvine, CA, USA)
Polyquad® (Alcon, Fort Worth, TX, USA)

Sodium perborate

High

Preservative

Sodium chlorate

Benzalkonium chloride

tear evaporation by adding a lipid emulsion [39], or supple-
ment the mucin layer [40].

Corticosteroids

Corticosteroids exert their immunosuppressive effect pri-
marily by binding to and activating the cytosolic glucocor-
ticoid receptor, inhibiting pro-inflammatory and promoting
anti-inflammatory gene expression in leucocytes, and addi-
tionally stimulating lymphocyte apoptosis [41]. Corticoste-
roids have a proven efficacy in the treatment of DES with
supportive laboratory and clinical evidence, improving both
subjective and objective features of the condition (Table 2)
[42—45]. Due to complications such as ocular hypertension,
cataract and opportunistic infection, they are not ideal for
long-term treatment; however, they may have a role as brief
courses for exacerbations of DES. Certain agents have
poorer ocular penetration and as such have a reduced effect
on cataractogenesis and ocular hypertension [46].

Non-Steroidal Anti-Inflammatory Drugs

Topical non-steroidal anti-inflammatory drugs reduce ocular
surface inflammation in a variety of ocular inflammatory
conditions, but have not been consistently shown to be
effective in treating DES [44, 47¢]. Furthermore, their use
is limited by ocular complications such as corneal melt and
reduced corneal sensitivity. For these reasons, they are not
routinely used in DES [48].
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Table 2 Commonly used topical corticosteroids, and non-steroidal
anti-inflammatory agents

Topical corticosteroids

Mild Fluoromethalone 0.1 %
Hydrocortisone acetate 0.5 or 1 %

Moderate Fluoromethalone acetate 0.1 %
Loteprednol etabonate 0.2 or 0.5 %
Prednisolone phosphate 1 %
Rimexolone 1 %

Strong Dexamethasone 0.1 %

Prednisolone acetate 1 %
Topical non-steroidal anti-inflammatory drugs
Diclofenac sodium 0.1 %
Flurbiprofen sodium 0.03 %
Ketorolac tromethamine 0.5 %

Agent

Tetracycline Derivatives

In addition to their antibacterial properties, tetracyclines have a
therapeutic effect in DES principally through improvement of
Meibomian gland dysfunction by matrix metalloprotease inhi-
bition [49]. They also exert an anti-inflammatory influence on
the ocular surface that may be modestly beneficial in aqueous
deficiency [20e¢]. Minocycline inhibits expression of pro-
inflammatory cell-surface antigens such as MHC Class II
[50]. Doxycycline inhibits the osmotic stress-related
cell-signaling pathways c-Jun N terminal kinase and
extracellular signal-related kinase mitogen-activated pro-
tein kinase in epithelial cells [51]. Consequently, the
pro-inflammatory cytokines produced by these cell-
signaling pathways are reduced. Oral administration is
the most common route; however, topical formulations
are available, and there is experimental evidence that
liposomal-bound topical doxycycline may be useful in
increasing bioavailability of topical preparations [52].
Topical azithromycin 1 % has a role in treating dry
eye related to meibomian gland disease and contact lens
wear [53, 54]

Secretagogues

By lubricating the corneal and conjunctival epithelial surface,
mucin is a critical component of the basal layer of the tear film.
Secretagogues improve mucin secretion and thereby reduce
tear film instability and associated surface inflammation.

1. Diquafosol tetrasodium
Diquafosol tetrasodium, a mucin secretagogue, is a
topical P2Y, receptor agonist that improves symptoms
and ocular surface features of DES [55]. Activation of the
Gq protein-coupled P2Y, receptor, a member of the aden-
osine triphosphate receptor family, results in non-
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glandular secretion of mucin and water via chloride chan-
nel activation [56¢]. A 3 % topical diquafosol formulation
(Diquas® (Inspire Pharmeceuticals, Raleigh, NC, USA)
has gained approval for DES in Japan in 2010.

2. Brombhexine

Bromhexine, an oral mucolytic agent, reduces the vis-
cosity of mucous secretions of the respiratory tract. It has
also been shown to improve symptoms and objective signs
of ocular surface disease in Sjogren’s Syndrome [57].

3. IB-MECA (CF101)

An oral purine receptor agonist, IB-MECA (CF101) has
been investigated as a potential treatment for DES. By
binding to the adenosine receptor, this agent initiates down-
stream signal transduction to down-regulate protein
kinases and TNF-o production [58]. In a phase II multi-
center, randomized, double-masked, placebo-controlled tri-
al involving 68 subjects, CF101 resulted in improved
corneal staining, breakup time and meniscus height after
12 weeks [59].

Autologous Serum

Autologous serum (AS), compounded from patients’ own
blood, is another key therapy in the treatment of DES as well
as other ocular surface conditions, such as persistent epithelial
defects, superior limbic keratoconjunctivitis and neurotrophic
keratopathy [60]. A ready source of the crucial tear film con-
stituents of epidermal growth factor, neurotrophic growth fac-
tor, fibronectin, vitamin A, and lysozyme, AS provides key
molecular and trophic factors to optimize the ocular surface
[61]. Tt is used relatively commonly and can be prepared
through an office centrifuge or at a dedicated blood-bank
service. Patients donate 1—2 units of blood, from which the
serum is extracted and stored in small plastic minims with or
without dilution, that can be used immediately or frozen; this
process is repeated 6—12 monthly; methods have been devel-
oped to optimize stability of growth factors in preparation and
storage [62]. It is indicated in recalcitrant cases of ocular surface
disease and DES. Several randomized clinical studies have
reported a superior effect over non-preserved artificial tears in
treating DES [63, 64].

Cyclosporine A

Since FDA approval in 2003 of a 0.05 % ophthalmic emulsion
(Restasis; Allergan, Irvine, CA, USA), topical cyclosporine A
(CsA) has been commonly used in treating patients with DES
[65]. CsA acts as an immunosuppressive agent by binding with
intra-cytoplasmic chaperone proteins cyclophilins A and D.
The cyclosporine-cyclophilin A complex inhibits the calci-
neurin phosphatase pathway responsible for transcription
of T-cell stimulating cytokines such as IL-2 [66]. The
cyclosporine—cyclophilin D complex inhibits mitochondrial
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permeability preventing the release of pro-apoptotic enzymes
such as cytochrome ¢ important in caspase-mediated apoptotic
pathways [67]. Administration of topical CsA for 3—6 months
has been shown to reduce levels of surface expression of the
immune activator marker HLA-DR and apoptosis markers
CD40, CD40 ligand and Fas [68, 69]. These levels are in-
creased in DES patients with and without Sjogren’s syndrome.
CsA reduces squamous metaplasia, promotes goblet cell den-
sity and increases tear production possibly through promotion
of parasympathetic-associated neurotransmitter release [70,
71]. In clinical evaluation, a randomized, double-masked,
placebo-controlled, dose-ranging clinical trial demonstrated
CsA to provide significant improvement in symptoms and
signs with the 0.05 % dosage most effective [72, 73].

CsA is a hydrophobic peptide with four intramolecular
hydrogen bonds that impart high rigidity to its cyclic structure
[74]. For this reason, it has very low aqueous solubility, causing
highly variable and incomplete absorption from conventional
topical formulations [3e, 75]. Several methods of improving
bioavailability have been attempted. Benzalkonium chloride as
a preservative enhances corneal penetration but increases sur-
face irritation [76]. Cyclodextrins, micelles, microspheres, lip-
osomes and nanoparticles have been used—each system
working by surrounding the hydrophobic CsA to enhance
corneal penetration; however, these do not provide significant
CsA levels at the ocular mucosa for an extended period of time
[77-80].

Calcineurin Phosphate Inhibitors

Tacrolimus (Protopic; Astellas, Tokyo, Japan) and pimecroli-
mus (Elidel; Novartis, Basel, Switzerland) are commercially
available topical calcineurin phosphate inhibitors. By forming a
complex with macrophilin-12, an intracellular protein, these
agents inhibit calineurin-related transcription of T-cell activat-
ing cytokines [81]. Topical tacrolimus was initially used in the
treatment of atopic dermatitis [82]; there is some clinical evi-
dence of good efficacy in DES [83]. LX-214 (voclosporin) was
well tolerated in a phase I study [84]. None has yet received
FDA approval for DES. Systemically administered calcineurin
phosphate inhibitors have been implicated in carcinogenesis,
particularly post-transplant lymphoproliferative disorder and
non-melanoma skin cancers [85]. It is difficult to know if this
risk translates to topical administration; however, systemic
absorption occurs to a certain extent with all topical ophthalmic
preparations and can be minimized by punctual occlusion. It
has been suggested that topical skin preparations can be used on
the eyelids to improve meibomian gland function.

Essential Fatty Acids

Orally-administered essential polyunsaturated fatty acids
(FAs) omega-3 («-linolenic acid) and omega-6 (linolenic

acid) have a demonstrated positive effect in various inflam-
matory conditions including rheumatoid arthritis, ulcerative
colitis and Sjogren’s syndrome [86]. Essential fatty acids are
eicosanoid precursors (prostaglandins, prostacyclins, throm-
boxanes and leukotrienes) involved in immunomodulation;
omega-3 is predominantly anti-inflammatory while omega-6
is pro-inflammatory [87¢]. Clinical and experimental data
support the anti-inflammatory effect of omega-3 when ap-
plied topically [88, 89]. At the cellular level, Omega-3 FAs
reduce pro-inflammatory eicosanoids prostaglandin E2, leu-
kotriene B4 and cytokines IL-1 and TNF [89, 90]. Topically
administered Resolvin E1, an omega-3 FA derivative, pro-
moted tear production, corneal epithelial integrity, and de-
creased COX-2 expression in a murine model of DES [91].
It has completed Phase II investigation in a clinical trial
[92].

Mucoprotective Agents

Rebamipide is a mucoprotective agent used in the treatment
of gastric ulcers and stimulates mucus secretion by inducing
prostaglandin E2 production [93]. There is experimental
evidence that it improves ocular surface mucin secretion,
and it is currently under Phase III investigation for DES
[94¢]. Ecabet sodium is another medication targeting mucin
secretion via the prostaglandin E2 pathway and used for the
treatment of gastrointestinal ulcers for which phase III trials
are currently underway for DES [94-].

Future Directions

With an exponential increase of information regarding the
immunopathogenesis of DES, the success of new systemic
anti-inflammatory agents including biological agents in
treating inflammatory disease and the continued discovery
of potential inflammatory molecular targets there is hope of
new therapeutic agents to treat DES in the near future. A
thorough review of the current therapeutic targets under
investigation is beyond the scope of this article. To name a
few, tasocitinib (CP-690,550; Pfizer, New York, NY, USA),
a Janus kinase 3 (JAK) inhibitor, has had some promising
results in theumatoid arthritis and increasingly there is sup-
portive evidence on other inflammatory diseases [95]. JAKs
are receptor-associated kinases found only in immune
cells that are involved in signal transduction for pro-
inflammatory cytokines [96]. Aquaporins contribute to fluid
secretion by the lacrimal gland, and their expression in
Sjogren’s disease is altered [97¢]; aquaporin as a therapeutic
target in DES is yet to be elucidated. Other molecular targets
that have been implicated in DES immunopathogenesis,
including integrin 431 and the Ty17 subset of lympho-
cytes, may be promising [98, 99].
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Conclusions

DES is a common, chronic ocular surface disorder associat-
ed with reduced visual function and often poor quality of
life. With increased understanding of the predominantly
inflammatory pathogenesis, new molecular targets are being
identified and may lead to new therapeutic developments.
Hopefully, new immunomodulatory and tear film-enhancing
agents will lead to overall improved treatment of this
condition.
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