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The ocular surface epithelial barrier and other

mechanisms of mucosal protection: from allergy to

infectious diseases
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Purpose of review

Studies completed in the last decade provide new insights into the role of the epithelial glycocalyx in
maintaining ocular surface barrier function. This review summarizes these findings, their relevance to
allergic and infectious disease, and highlights the potential benefits of exploiting the modulation of barrier

integrity for therapeutic gain.

Recent findings

The molecular components sealing the space between adjacent ocular surface epithelial cells, such as tight
junctions, have been extensively characterized, and their contribution to the paracellular barrier
established. A second layer of protection — the transcellular barrier - is provided by transmembrane
mucins and their O-glycans on the glycocalyx. Cell surface glycans bind carbohydrate-binding proteins to
promote formation of complexes that are no longer thought to be a static structure, but, instead, a dynamic
system that responds to extrinsic signals and modulates pathogenic responses. Although functioning as a
profective mechanism to maintain homeostasis, the glycocalyx also restricts drug targeting of epithelial

cells.

Summary

The traditional model of intercellular junctions protecting the ocular surface epithelia has recently been
expanded to include an additional glycan shield that lines apical membranes on the ocular surface.
A better understanding of this apical barrier may lead to better management of ocular surface disease.

Keywords

epithelial barrier, galectin-3, glycocalyx, ocular surface, transmembrane mucin

Mucosal surfaces, which comprise more than
400m? of the total surface area in humans, are by
far the largest area of contact with the external
environment [1] and represent the main gateway
for both allergens and pathogens to access the body.
Hence, great interest and research efforts have been
made to understand the molecular components that
constitute the first line of mucosal defense — from
mucus secretion to the junctions between epithelial
cells — and their alteration in disease. The latest
evidence indicates that the glycocalyx on apical
membranes of epithelial cells, which result from a
complex organization of large, membrane-tethered
glycoconjugates, is more robust than previously
realized [2""]. Unfortunately, the many components
that prevent damage to the corneal and conjuncti-
val epithelia can be disrupted under several patho-
logical conditions. Here, we review recent advances
in our understanding of the ocular surface epithelial
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barrier, focusing on the role of the glycocalyx in
ocular surface allergy and infectious disease, and its
relevance to ocular surface drug delivery.

The ocular surface is directly exposed to the outside
environment, wherein it is especially subject to
desiccation and interaction with a myriad of
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KEY POINTS

e Junctional complexes exist at different depths of the
stratified epithelia and include tight junctions,
desmosomes, adherens junctions, and gap junctions.
Their role is to provide paracellular barrier function and
mediate intercellular communication at the
ocular surface.

e Transmembrane mucins and galectin-3, a B-galactoside-
binding lectin, are among the most highly expressed
glycogenes at the ocular surface. Their association on
the apical glycocalyx of the most apical cell layer
contributes to the maintenance of epithelial infegrity
and the transcellular barrier.

e Glycan-dependent interactions on the epithelial
glycocalyx are dynamic events that contribute to the
maintenance of homeostasis, but can also promote
pathological responses when dysregulated.

pathogens and allergens. The tear film plays an
important janitorial role by continuously washing
noxious agents out of the ocular surface. Intercel-
lular junctions of the corneal (and to a lesser extent
conjunctival) epithelium also contribute to the first
line of protection against the entrance of these
agents. In cornea, four types of junctions have been
identified and include tight junctions (zonula occlu-
dens), desmosomes (macula adherens), adherens
junctions (zonula adherens), and gap junctions.
These junctional complexes exist at different depths
of the stratified epithelia (Fig. 1) [3].

The foremost apical layer of the epithelium con-
tains tight junctions that appear as a series of focal
connections between adjacent cells, and serve as a
barrier to the diffusion of molecules through the
paracellular pathway by sealing the intercellular
space. These junctions are assembled by a net-
work of integral transmembrane proteins (claudins,
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occludin, junctional adhesion molecule-A) and are
connected to actin filaments through zonula occlu-
dens adaptor proteins such as ZO-1 [4,5]. In corneal
epithelium, the resistance barrier is primarily pro-
vided by the tight junctions [6,7]. Desmosomes,
which are abundant in the wing cell layers of normal
corneal epithelium, adherens junctions throughout
the different layers, and hemidesmosomes in the
basal cell layers, provide structural integrity and
anchoring function by linking the cytoskeletons of
adjoining cells and maintain adhesion to the under-
lying substrate [3]. Gap junctions in the basal cell
layers mediate intercellular communication and play
an important role in cell differentiation [8]. Develop-
ment of the corneal epithelial barrier function is
regulated at multiple levels, starting with gene
expression of transcription factors, such as KlIf4, a
member of the conserved family of Kriippel-like fac-
tors [97].

Although the paracellular barrier function of the
intercellular junctions has been clearly defined,
research performed during the last decade has been
redefining the contribution of apical cell mem-
branes on superficial cells as an additional layer of
protection for the ocular surface epithelia. The
stratified epithelium of the cornea and conjunctiva
produces the heavily O-glycosylated transmem-
brane mucins MUC1, MUC4 and MUC16 [10].
MUCI16, which localizes on the tips of the surface
microplicae, is the largest of all of them. Indeed,
with 22152 amino acids, MUC16 is the largest
human gene product after titin, a key component
in the assembly and functioning of striated muscles
(http://www.uniprot.org). It is now known that sup-
pression of MUC16 expression in corneal epithelial
cells leads to loss of surface protection, as shown by
dye penetrance and adherence of Staphylococcus
aureus [11]. A mechanism by which transmembrane
mucins provide surface protection is through
association with carbohydrate-binding proteins.
Interaction of galectin-3, a B-galactoside-binding
lectin, with carbohydrate residues on MUC1 and
MUC16, contributes to the integrity of the epithelial
barrier [12]. A model has been proposed by which
galectin-3 forms multivalent complexes on the
apical glycocalyx of the stratified ocular surface
epithelia (Fig. 1), based on findings showing that
galectin-3 can polymerize through its N-terminal
domain in the presence of carbohydrate ligands
[13]. These complexes help organize transmem-
brane mucins into a physical barrier that regulates
the transcellular flux of extracellular components.
Both mucins and galectin-3 are among the most
highly expressed glycogenes at the ocular surface
epithelia, making this apical barrier a major com-
ponent of the ocular surface [14].
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The prevalence of allergic disease has dramatically
increased over the last few decades. Ocular allergy,
which includes distinct clinical conditions such as
seasonal or perennial allergic conjunctivitis (SAC
and PAC), vernal keratoconjunctivitis (VKC), and
atopic keratoconjunctivitis (AKC), represents a
common disorder encountered in clinical practice
[15,16]. SAC is the most common form of ocular
allergy and, together with PAC, represents a mild,
self-limiting disease that spares the cornea and
generally does not carry any risk of long-term effects
on visual function. However, both VKC and AKC
constitute more severe forms that are not limited to
the conjunctiva, but also affect the cornea and may
cause permanent opacities that impair vision [15].

The differences in severity between the different
types of allergic responses have traditionally been
ascribed to different pathogenic mechanisms and
immune responses against allergens. More recently,
attention has focused on the dysregulation of the
epithelial barrier and its contribution to allergen
uptake as a primary defect in the pathogenesis of
allergic reactions [17,18]. At the ocular surface,
breakdown of epithelium barrier function has been
associated with severe corneal damage in severe
allergic eye diseases [19]. Research in a mouse model
of allergic conjunctivitis indicates that the trans-
membrane mucin Muc4 responds in a coordinate
fashion to allergen challenge, although the clinical
relevance of mouse models to severe allergic con-
junctivitis is uncertain [20]. More recently, clinical
data on the integrity of the epithelial glycocalyx on
the most severe forms of ocular allergy have been
reported. These findings indicate that MUC1, 4, and
16 mRNA expression is significantly upregulated in
eyes with AKC [21,22]. It has been proposed that
increased expression of transmembrane mucin may
represent a defense mechanism to compensate for
the loss of the goblet cell mucin MUCSAC in these
patients [21,23]. Alternatively, it is possible to specu-
late that severe allergic eye disease may alter the
glycosylation of transmembrane mucins and impair
their affinity towards galectin-3, thereby decreasing
the barrier function of the glycocalyx. This hypo-
thesis, however, remains to be tested in the different
forms of ocular allergy.

To date, it remains unclear what role galectin-3
of epithelial origin would have on ocular allergic
response. It has emerged that carbohydrate-binding
proteins recognize glycan antigens on allergens
and parasitic helminths, which may contribute
to the orchestration of immune responses [24,25].
Epithelial galectin-3 might also contribute to the
regulation of inflammatory activities in the allergic

1528-4050 © 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins
Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

The ocular surface epithelial barrier Mantelli et al.

response by binding to IgE, as previously shown in
monocytes [26].

A number of defense mechanisms, from individual
tear components to maintaining an intact epi-
thelium, contribute to the prevention of the sight-
threatening event of infectious keratitis. In tears,
proteins such as lysozyme, immunoglobulins, and
lactoferrin — and likely the normal bacterial flora
itself — play a crucial role in limiting the growth of
pathogenic species [27]. Moreover, the gel-forming
mucins act as counter receptors for pathogens, pre-
venting their binding to corneal epithelium and
potentially promoting their clearance through the
lacrimal drainage system [28].

In the epithelial glycocalyx, studies using mice
lacking the transmembrane mucin Mucl have
yielded controversial results on the role of this
mucin in infection. Kardon et al. [29] showed a
marked propensity for development of blepharitis
and conjunctivitis in those knockout mice. On the
contrary, llene Gipson’s laboratory showed no
ocular surface phenotype in response to deletion
of Mucl, attributing the differences to housing con-
ditions, mouse strain variation, pathogen strain
variation, and environmental or epigenetic differ-
ences [30]. More definitive evidence on the role of
transmembrane mucins and their O-glycans in
maintaining glycocalyx barrier function comes from
studies using multilayered human corneal epithelial
cell cultures. Abrogation of MUC16 expression
using siRNA, or interference with mucin O-glyco-
sylation using the chemical primer benzyl-GalNAc,
has been shown to increase adherence of Staphylo-
coccus aureus to these three-dimensional cell culture
systems, indicating that transmembrane mucins
and their O-glycans in the glycocalyx prevent
adhesion of pathogens [11,31]. More recently, it
has been shown that epidemic disease-causing
species of Streptococcus pneumoniae secrete a pro-
tease, ZmpC, that selectively induces ectodomain
shedding of MUCI16, suggesting a mechanism by
which bacterial enzymes remove transmembrane
mucins to compromise the glycocalyx barrier and
gain access to epithelial cells to cause infection
[32™].

As mentioned previously, a mechanism by
which transmembrane mucins provide surface pro-
tection is through association with galectin-3 at the
ocular surface. It is worth noting that galectins on
cell surfaces can also be exploited by viruses to allow
entry and replication [33]. Indeed, recent data
indicate that herpes simplex virus type 1 (HSV-1)
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directly binds human galectin-3, and that targeted
disruption of galectin-3 impairs HSV-1 infectivity in
human corneal epithelial cells, suggesting that HSV-1
uses the lectin to increase binding avidity for host
cells [34"]. In this scenario, however, transmembrane
mucins decrease viral infectivity, most likely by
masking galectin-3 on the epithelial glycocalyx
[34%]. It is possible to speculate that impairment of
cell surface glycosylation and enhanced galectin-3
expression during repair, following epithelial
abrasion [35-37], are important molecular events
that lead to increased availability of attachment sites
for HSV-1, potentially triggering successful infection
of the cornea. Similarly to HSV-1, Pseudomonas aeru-
ginosa lipopolysaccharide also binds galectin-3,
suggesting a similar role for the lectin in modulating
bacterium-host interactions at the ocular surface [38].

Several pathologies of the ocular surface are charac-
terized by disruption of the epithelial barrier. These
include dry eye, a disease affecting more than
5 million people in the United States [39]. Altera-
tions in the ultrastructural morphology of the apical
epithelium, as well as changes in the content
and character of transmembrane mucins and their
O-glycans in the glycocalyx, have been widely
reported in patients with drying diseases [40—43].
Dry eye disease is additionally associated with loss
of the enzymes responsible for adding carbo-
hydrates to mucin protein backbones [44], and with
reduction of signaling proteins involved in mucin
biosynthesis, such as the Notch signaling pathway
[14,45]. Alterations in transmembrane mucin bio-
synthesis have also been reported in pseudophakic
bullous keratopathy [46], complete androgen insen-
sitivity syndrome [47], and pterygium [48].

Although galectin-3 has gained attention in
recent years as a modulatory molecule in many
epithelial disorders, data on its roles in ocular sur-
face disease and epithelial barrier dysfunction are
still scarce. Based on the regional specificity and
reactivity profiles, galectins have been proposed as
useful markers to detect ocular disease alterations
[49]. This potential use is exemplified by a study [50]
with a very limited cohort of patients with ocular
inflammation who showed increased levels of
galectin-3 in the tear fluid.

The resistance to apical internalization of the cor-
neal epithelium, although important to reducing

566 www.co-allergy.com

the risk of developing an allergic reaction or
infection, also impairs the delivery of therapeutic
components into the eye. The majority of pharma-
cologic management of ocular disease involves the
topical application of solutions to the surface of
the eye in the form of drops. However, only 1-5%
of a topically applied drug permeates the cornea
and reaches intraocular tissues [51]; therefore,
improving permeability has been a major goal of
drug-delivery research. Key reasons for such low
bioavailability arise from the rapid elimination of
the ophthalmic solution from the precorneal area
through the nasolacrimal duct, the systemic absorp-
tion by the highly vascularized conjunctival stroma,
and the multiple permeability epithelial barriers,
which include the apical glycocalyx [52,53].

Several strategies have been developed to
increase the residence time of drugs in the precor-
neal area, including the use of mucoadhesive poly-
mers [54]. Recent methodological advances using
purified transmembrane ocular mucins and
recombinant galectin-3 have allowed a better
understanding of the interactions between these
molecules and adhesive biopolymers that may con-
tribute to enhanced retention on apical membranes
[55,56]. An alternative approach to improving drug
bioavailability entails a transient increase in trans-
epithelial penetration using penetration enhancers
or promoters [57]. Other than modifying the phys-
icochemical properties of drugs, this approach
focuses on the reversible modification of the epi-
thelial barrier structure [58]. Administration of
amphiphilic substances or chelating agents can be
used to transiently modify the integrity of the cor-
neal epithelium [59]. In addition, preservatives and
surfactants such as benzalkonium chloride have
been added to eye drop formulations to improve
drug penetration by targeting primarily the tight
junctions [60]; however, there is still concern about
their toxicity and the development of toxic corneal
ulcers [61,62]. It is possible to envision that transient
abrogation of the ocular surface glycocalyx barrier
with competitive inhibitors of galectin-3 binding
could also be used as a therapeutic target for drug
delivery at the ocular surface.

Polarized cells on mucosal surfaces have developed
distinct apical and basolateral surfaces that form
selective permeability barriers between biological
compartments [63]. In the stratified ocular surface
epithelia, apical surfaces on the most apical cell
layer are directly exposed to the outside environ-
ment, whereas their basolateral surfaces face both
adjoining and underlying cells. These two plasma
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membrane domains have almost completely differ-
ent compositions and organizations, and serve
their own functions. The apical glycocalyx contains
transmembrane mucins that provide transcellular
barrier function through association with the carbo-
hydrate-binding protein galectin-3. The basolateral
surfaces contain junctional complexes that promote
paracellular barrier function. Alteration of glycoca-
lyx composition and structure are associated with a
number of ocular surface epithelial diseases, and
may contribute to an increased risk of developing
an allergic reaction or infection. Recent advances in
the molecular understanding and modulation of
the epithelial glycocalyx are contributing to the
development of new therapeutic strategies.
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