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GLYCOPROTEIN 340 EXPRESSION IN DRY EYE DISEASE AND OCULAR
SURFACE INFECTION

KWAKU ANTWI OSEI
VISION SCIENCE
ABSTRACT

Glycoprotein 340 (Gp340) is a 340-kDa multi-domain pattern recognition
receptor (PRR) belonging to the scavenger receptor cysteine-rich superfamily of
proteins. On the ocular surface, Gp340 is expressed in the tear film, lacrimal gland,
cornea, and conjunctiva. By their nature, PRRs detect pathogen-associated molecular
patterns (PAMPs) on microbial organisms and damage-associated molecular
patterns (DAMPs) released from injured, stressed, necrotic, and apoptotic cells. This,
in turn, induces the expression of nuclear factor-«B- and the interferon regulatory factor-
dependent expression proinflammatory cytokines and chemokines, eliciting both innate
and adaptive immune response activation.

Thus, as a PRR, Gp340 has the potential to modulate microbial infection and
inflammatory processes on the ocular surface. Consistent with this hypothesis, Gp340
expression in tear fluid has been shown to be dysregulated in dry eye, an ocular surface
disease that is characterized by tear hyperosmolarity and chronic inflammation. In
addition, Gp340 inhibits twitching motility of P. aeruginosa and promotes corneal
epithelial wound healing. These findings suggest that Gp340 plays an important role in
the pathophysiology of dry eye disease and could modulate events related to ocular

surface infection.



The goals of this dissertation research were to (1) investigate the expression of
Gp340 in human corneal epithelial cells (HCECs) under hyperosmolar stress,
and its role in the pathophysiology of dry eye inflammation, (2) determine the effect of
Gp340 on the adhesion of infectious P. aeruginosa and S. aureus strains to contact lens
polymers, and (3) examine the expression pattern of Gp340 in HCECs infected with P.
aeruginosa and S. aureus, two major microbial keratitis etiological agents.

Chapter 1 presents an overview of dry eye disease, Gp340, and Gp340’s known
roles in dry eye, infection, and contact lens-related adverse events. It highlights the
justification and need for this research, specific aims, and hypotheses. Chapter 2 is
an extensive review of the expression and roles of Gp340 in wet-surfaced mucosal
immunity and on the ocular surface. Chapters 3 — 5 described studies on the three specific
aims which tested the hypotheses of the proposed research. Summary and conclusions are

provided in Chapter 6 with an outlook for future research.

Key words: glycoprotein 340, dry eye, hyperosmolar stress, inflammation, contact

lens, infection
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CHAPTER 1 - INTRODUCTION
The Ocular Surface
The ocular surface consists of structures of the eye and its adnexa. These include
the tear film, cornea, conjunctiva, eyelids, eyelashes, lacrimal glands, and meibomian
glands.' The ocular surface is covered by a continuous sheet of epithelium that lines the
cornea, the anterior globe and tarsi and extends to the mucocutaneous junctions of the lid

margins.??

Tear film

Tears are produced by the main lacrimal gland and the accessory glands of
Krause and Wolfring in the conjunctiva. The main lacrimal gland is innervated by both
parasympathetic and sympathetic nerves.*® These nerves are located in close proximity to
acinar, ductal, and myoepithelial cells, and blood vessels.*® Stimulation of the lacrimal
gland and secretion occur via the cornea-trigeminal nerve-brain stem-facial nerve-
lacrimal gland reflex arc.’ This stimulation of the ocular surface activates the afferent
corneal and conjunctival sensory nerves, which subsequently results in activation of the
efferent parasympathetic and sympathetic nerves to stimulate secretions from the acinar
and tubular cells in the lacrimal gland.®” There are four types of tears, namely: basal,
reflex, emotional, and closed-eye. The basal, reflex, and emotional tears are all produced
by the lacrimal glands via the neural arc, whereas the basal tears are constitutively

produced to coat the ocular surface, and in addition, the reflex type is produced when



either the ocular surface or the reflex arc is stimulated.® Tear turnover rate is
approximately 16 + 5%/min.°

The tear film consists of three indistinct layers. These are the lipid, muco-
aqueous, and glycocalyx (Figure 1). A loss of homeostasis in tear production and
2,6

biochemistry can results in a dysfunctional ocular surface."

Lipid

Muco-
agqueous

Glycocalyx #" P aHE

Epithelium §8

.‘ Membrane-spanning mucin ,.— Immunoglobulin A
# Cleaved membrane-spanning mucin @  Lysozyme
. Gel-forming mucin @ Transferrin
% Galectin-3 &  Trefoil factor

Figure 1. The structure of the precorneal tear film.

The tear film consists primarily of lipid and mucoaqueous layers linked to the ocular
surface epithelium at the glycocalyx. The lipids are derived from meibum produced by
the meibomian glands. The mucoaqueous layer consists of aqueous secretions from the
main and accessory lacrimal glands, and gel-forming mucins produced by the
conjunctival goblet cells. The glycocalyx is composed of transmembrane mucins such as
MUCI1, MUC4, MUCI16.

Note: From “TFOS DEWS II Tear Film Report” by Willcox et al., 2017, Ocular Surface,
15:3, p. 380. Copyright 2017 by the Ocular Surface. Reprinted with permission.

Firstly, the lipid layer consists of polar and non-polar lipids derived from meibum
that is secreted by the meibomian glands. Meibum is composed of approximately 95%

non-polar lipids and 5% polar lipids.® The non-polar lipids in humans consist of 30 — 50

mol% of wax esters, 30 — 45 mol% of cholesterol esters, and about 2 mol% of



triglycerides.>®®° The most abundant polar lipid in meibum secretion is the (O-acyl)-o-
hydroxy fatty acids, which constitute about 4 mol% of total meibum.®® On the other
hand, the 5% polar lipids are known to decrease the surface tension of the air-tear
interface and enhance the spread of the lipid layer. The non-polar lipids are also known to
increase the compressibility and stability of the lipid layer.

Secondly, the mucoaqueous layer contains ions and numerous proteins derived
from the lacrimal gland, and gel-forming mucins that are secreted by the conjunctival
goblet cells. Currently, approximately 1800 proteins have been identified in the tear
film.® While over half of the proteins are intracellular or plasma membrane-associated,
those that are differentially modulated in ocular surface diseases are largely extracellular
in nature.® Most importantly, the ionic concentrations of the tear film constitute tear
osmolarity.>®

Thirdly, the glycocalyx is the boundary between the ocular surface epithelium and
the tear film. It consists of several transmembrane glycoproteins including the membrane-
associated mucins, MUC1, MUC4, MUC16.2° The glycocalyx protects the ocular surface
against mechanical and chemical damage, prevents pathogen entry, reduces friction

during blinking, and maintains the hydrophilicity of the ocular surface.>®

Conjunctiva
The conjunctiva is a mucous membrane composed of non-keratinizing squamous
epithelium, intermixed with goblet cells, Langerhans’ cells, and melanocytes.>!%!! It

guards against microbial invasion of the ocular surface and plays a role in immune

surveillance. The conjunctival epithelium consists of both tight and adherens junctions.?



These protect the ocular surface against shear stress and act as a barrier against the
external environment. The conjunctival epithelial cells produce water, electrolytes,
mucins, and functional proteins including aquaporins that are involved in water
translocation between the conjunctiva and the tear film.>!%!3

The conjunctival goblet cells are plump, rounded cells scattered throughout the
epithelium, and extending the entire thickness of the stratified epithelium to the apical
surface.>!° They secrete the gel-forming mucin, MUCS5AC, which has a high water-
binding potential and hence convert the aqueous tears into a mucoaqueous gel that form
the bulk of the tear volume and moisturize the ocular surface.?!° The mucin component

of the mucoaqueous layer have other functional roles such as inhibiting microbial

attachment to the epithelium and binding antimicrobial proteins and peptides.>!'*

Cornea

The cornea is the anteriormost part of the eyeball, comprising about one-sixth of
the total size of the eyeball. The cornea is horizontally oval, measuring approximately
11-12 mm horizontally and 9—11 mm vertically. The corneal horizontal diameter
averages 11.71 £ 0.42 mm. The corneal diameter ranged from 11.04—12.50 in males and
10.7-12.58 in females. '>!¢ The cornea is approximately 0.5 mm thick at the center and
gradually increases in thickness toward the periphery.!” The shape of the cornea is
prolate; flatter in the periphery and steeper centrally, where the anterior curvature is 7.8
mm and posterior curvature is about 6.5 mm. "

The cornea is made up of both cellular and acellular components. The cellular

components include the epithelial cells, keratocytes, and endothelial cells. The acellular



component includes collagen and glycosaminoglycans.!® The human cornea consists of
five layers, namely — epithelium, Bowman's layer, stroma, Descemet's membrane, and

endothelium (Figure 2).

Epithelium. The epithelium is the first barrier to the outside environment.
Embryologically, the corneal epithelium is derived from surface ectoderm between five
and six weeks of gestation. It is composed of nonkeratinized, stratified squamous
epithelium that is 4 to 6 cell layers thick, approximately 40 — 50 um'’, and is
characterized by extreme uniformity from limbus to limbus. The corneal epithelium has a
close symbiotic relationship with the overlying tear film both anatomically and
physiologically, where the gel-forming mucins produced by the conjunctival goblet cells
interact with the corneal epithelial glycocalyx that allows the hydrophilic spread of tears
on the ocular surface.>!” Positioned between basal epithelial cells and the stroma is the
corneal epithelial basement membrane (BM). This is a specialized extracellular matrix
that anchors the epithelial cells to the stroma and provides scaffolding during embryonic
development, migration, and differentiation.'® The BM is 40—60 nm in thickness and is

made up of Type IV collagen and laminin secreted by basal cells.!?

The Bowman’s layer. The Bowman’s layer is an acellular, non-regenerating layer
beneath the epithelial basement membrane, approximately 8—12 um in depth and
decreases in thickness over time. It is made up of Type I and V collagen as well as
proteoglycans.!>!® The collagen fibrils are distributed such that their posterior surfaces

merge with the anterior stroma, leaving a smooth anterior surface. '®!° This Bowman’s



layer contributes to maintaining the shape of the cornea and may also play a role in

18

protecing the subepithelial nerve plexus.

Epithelium ‘D‘D TS e
Bowman's ___ 3 ooaoo.o_op‘fo"o"' té'q

layer

Stroma o= - === e

P T _— o Descemet's
BN E U e membrane

Figure 2. A cross-sectional schematic representation of the human cornea.

The corneal epithelium is highly regenerative and consists of non-keratinized, stratified
squamous epithelium that is 4 — 6 cell layers thick, approximately 40 — 50 um. The
Bowman’s layer is an acellular, non-regenerating layer composed primarily of Type I and
V collagen as well as proteoglycans. Contributing about 90% of the corneal thickness, the
stroma is about 500 um thick and composed of keratocytes and extracellular matrix. The
Descemet’s membrane is essentially the basement membrane of the corneal endothelium,
consisting banded and non-banded layers. The endothelium is a single polyhedral cell
layer that maintains the cornea’s state of deturgescence via ionic pumps.

Note: From “LCAT, ApoD, and ApoA1 Expression and Review of Cholesterol
Deposition in the Cornea” by Flores et al., 2019, Biomolecules, 9:12, p. 785. Copyright
2017 by Biomolecules.

Stroma. The stroma is approximately 500 um in thickness and represents an
estimated 90% of the corneal anterior—posterior axis. The stroma provides structural
support to the cornea and transparency by facilitating the passage of light through the
collagen fibrils in a manner that prevents scattering. The stromal layer is made up of
keratocytes and extracellular matrix (ECM). The keratocytes maintain the ECM
environment by synthesizing collagen, glycosaminoglycans, and matrix metalloproteases,
which are all crucial components in preserving stromal homeostasis.!”!® The ECM is

composed of Type I, III, V, VI collagens and glycosaminoglycans, water, and inorganic



salts.!>!8 These glycosaminoglycans in the stroma are predominantly composed of

keratan sulfate, and to a much lower extent, chondroitin sulfate, and dermatan sulfate.

Descemet’s membrane. The Descemet’s membrane is the basement membrane of
the corneal endothelium. It is relatively homogenous with a fine granular appearance. It is
about about 3 pum thick in children and thickens to about 10 pm in adults. '7!® This
membrane is composed of two layers — an anterior banded layer, and a posterior non-
banded layer. The banded layer is developed by collagen lamellae and proteoglycans and
detected the fetal cornea as early as 12 weeks of gestation.'®2° The collagen fibrils in this
layer demonstrate a lattice-like configuration with periodic banding at 110 nm intervals.
The non-banded layer is laid down by endothelial cells and thickens over decades.'® The

Descemet’s membrane contributes to maintaining corneal dehydration.

Endothelium. The corneal endothelium consists of a single layer of flat,
polygonal cells lining the posterior cornea. These cells are approximately 5 um thick and
20 pm in diameter.'® Endothelial cell density continues to change throughout life, from
second to eighth decades of life.!>!”?! Adjacent cells share lateral interdigitations and
possess gap and tight junctions along their lateral borders. These lateral membranes have
a high density of Na”/K*"ATPase pump sites.!?>. The basal side of the endothelium
contains several hemidesmosomes that promote endothelial adhesion to the Descemet
membrane. These endothelial cells keep the corneal stroma in a state of deturgescence

(78% water content).!”?>2* This dehydration is mediated by a pump—leak mechanism as


https://www.sciencedirect.com/topics/immunology-and-microbiology/descemet-membrane
https://www.sciencedirect.com/topics/immunology-and-microbiology/endothelium

fluid moves from the corneal stroma down the osmotic gradient from a relatively hypo-

osmotic stroma toward a relatively hypertonic aqueous humor.!”-?*23

Dry Eye Disease: Definition and Classification

The definition of dry eye has evolved over the years. Based on a consensus from
the NEI/Industry working group on Clinical Trials in Dry Eye, dry eye was first defined
in 1995 as a disorder of the tear film resulting from tear deficiency or excessive tear
evaporation which causes damage to the interpalpebral ocular surface and is associated
with symptoms of ocular discomfort."?® As understanding of the pathophysiology of dry
eye improved, the Tear Film and Ocular Surface (TFOS) Dry Eye Workshop (DEWS), in
2007, redefined dry eye as a multifactorial disease of the tears and ocular surface that
results in symptoms of discomfort, visual disturbance, and tear film instability with
potential damage to the ocular surface, and characterized by increased osmolarity of the
tear film and inflammation of the ocular surface.?’ Realizing the need to recognize the
multifactorial nature of dry eye and the fact tear film instability, hyperosmolarity, ocular
surface inflammation and damage play crucial etiological roles, TFOS DEWS II, in 2017,
provided a revised dry eye definition as “a multifactorial disease of the ocular surface
characterized by a loss of homeostasis of the tear film, and accompanied by ocular
symptoms, in which tear film instability and hyperosmolarity, ocular surface
inflammation and damage, and neurosensory abnormalities play etiological roles.”"

Based on underlying etiologies, dry eye disease is classified into three main types,
namely, aqueous deficient dry eye (ADDE), evaporative dry eye (EDE), and mixed dry

eye."?"? The aqueous deficient type arises from decreased tear volume due to deficient


https://www.sciencedirect.com/topics/medicine-and-dentistry/ocular-surface
https://www.sciencedirect.com/topics/medicine-and-dentistry/multifactorial-disease
https://www.sciencedirect.com/topics/nursing-and-health-professions/osmolarity
https://www.sciencedirect.com/topics/medicine-and-dentistry/multifactorial-disease

lacrimal function (secretion or drainage).>?"-?%3%3! The etiologies of ADDE include
Sjogren’s syndrome, intrinsic lacrimal gland deficiency, advanced age, inflammatory and
other lacrimal gland infiltration, and lacrimal gland obstruction.">?” On the other hand,
EDE is due to rapid evaporation of tears resulting from decreased quality of the tear lipid
layer. It is mainly caused by diseases of the meibomian glands which include meibomian
gland dysfunction (MGD), genetically determined meibomian gland diseases
(ectrodactyly syndrome, Turner syndrome, meibomian agenesis and dystichiasis,
anhydrotic ectodermal dysplasia, etc), and disorders of lid aperture, congruity, dynamics
(example: Parkinson's Disease).">?”?° Mixed dry eye arises from the combined
involvement of the lacrimal and meibomian glands, and it exhibits features of both
ADDE and EDE.'*?

Evidence from epidemiological and clinical studies suggest that the
preponderance of dry eye is evaporative in nature.'>*? Either ADDE or EDE can occur
without any signs of the other. However, as dry eye progresses, it is increasingly likely

that characteristic signs of both ADDE and EDE will become evident.'-*3

Epidemiology of Dry Eye Disease
Several studies have reported the prevalence rates for dry eye, and there exists a
high variability in these reports.*?**4° Two main reasons account for this variability.
Firstly, different dry eye definition criteria are used in epidemiological studies. While
some studies define dry eye based only on symptoms, others rely on the results of dry eye

diagnostic tests, or a combination of both.*? Secondly, there exists heterogeneity of the



populations investigated in these studies.? These hinder the generalizability of the
reported prevalence rates.

Studies profiling the prevalence of dry eye based on symptoms (symptomatic dry
eye) define dry eye using criteria such as frequency of symptoms, self-reported diagnosis,
and cut-off value of dry eye symptom questionnaires.*? Based off symptoms, population-
based studies in the Southeastern parts of Asia reported dry eye prevalence rates ranging
from 20 to 52.4%.333¢-3840 In the United States, Spain, and the United Kingdom,
prevalence rates of 14.5%* and 18.4,>” and 20.8* respectively, have been reported. Two
studies in Ghana also reported prevalence rates of 44.3 — 69.3% for symptomatic dry
eye.**% On the basis of clinical signs alone, a highly variable prevalence rates ranging

d.3233:37:39:45.50 Similarly, studies that defined dry eye on

from 5.8 — 77% have been reporte
the basis of both symptoms and signs also reported variable prevalence ranging from 8.7
to 30%°2374+46 Given that MGD is the most common etiology of dry eye,>*>>! the
prevalence of MGD has also been investigated. Across different age, sex and race
cohorts, prevalence rates ranging from 38 to 68% have been reported in adults over the
age of 40 years.>>36374041 Ip general, MGD appears to be more common in Asian
population cohorts compared with Caucasian.*!#?

The prevalence of dry eye generally has a significant linear association with
age.>>34 This association, however, is higher with diagnosis based on clinical signs
compared with symptoms-based diagnosis.>? To a large extent, there exists a positive
association of dry eye with the female sex as majority of studies reported 1.33 — 1.74

times higher prevalence in women.36-38:4043:4547 I general, the sex difference in dry eye

prevalence is significant only when age is factored in.*?
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Tear Osmolarity and Pathophysiology of Ocular Surface Inflammation and Damage
Tear Osmolarity

Tear film osmolarity is an important variable in the pathophysiology of dry eye. It
is a measure of the ionic concentration of the tear film. The bulk of tear osmolarity is
contributed by the most abundant ions; sodium, potassium, and chloride.*In a healthy
(non-dry) eye, tear osmolarity measured in the lower tear meniscus is considerably
stable.%** Thinning of the tear film due to evaporation during blink intervals leads to an
increased tear osmolarity (hyperosmolarity).>>* Based on available data, tear osmolarity
value of 302 + 9.7 mOsm/L is considered physiological, with a modest variation between
the right and left eyes (6.9 + 5.9 mOsm/L).>**> The mean tear osmolarity values for mild —
to — moderate dry eye , and severe dry eye have been reported as 315 + 10 mOsm/L and
336 + 022 mOsm/L, respectively.>>

Mathematical modeling suggests that a slight osmolar differential exists between
the tears and menisci such that the osmolarity of the tear film is higher than that of the
menisci in the steady state.>”. This suggests that measuring osmolarity at the tear
meniscus underestimates the osmolarity of the tears overlying the ocular surface
tissues.>>’ This differential increases considerably in dry eye.? Hence, although the values
for tear meniscus osmolarity measured clinically in dry eye are usually below 500
mOsm/L, it is likely that levels achieved at the ocular surface are much higher than this,
especially at sites of tear film breakup. Consistent with this, Begley et al., suggested that
local fluctuations in the tear film thickness induce hyperosmolarity “hot-spots” with
significantly higher concentrations than the average tear value.>*%" In a study

investigating the link between increased tear osmolarity and tear instability, Liu et al.
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observed that an osmolarity threshold of 450 mOsm/L was required for the induction of
symptoms, while 800—900 mOsm/L was needed to mimic symptoms induced by tear
film breakup.®! This is significantly higher than that measured in the meniscus in dry eye

patients.>®!

Ocular Surface Inflammation and Damage

Tear hyperosmolarity plays a critical factor in the pathogenesis of dry eye."? It
arises from decreased lacrimal secretion or increased evaporation of the tear film. The
increased tear osmolarity induces a desiccating stress which serves as a stimulus for
immune response on the ocular surface.>%? Dry eye is characterized by both innate and
adaptive immune responses.>®** These responses, arising from hyperosmolar stress
contribute to ocular surface impairment through a cascade of damaging inflammatory
response.? The response includes the recruitment of inflammatory cells to the ocular
surface, which tend to become an additional source of inflammatory mediators.>®* The
inflammatory response leads to decreased synthesis of glycocalyx mucins, apoptotic
death of ocular surface epithelial cells, and loss of goblet cells.?

Tear hyperosmolar stress also induces corneal epithelial cell death through non-
apoptotic processes. In fact, altered expression of glycocalyx mucins is considered a
possible basis for ocular surface epithelial staining observed in dry eye as it impairs
ocular surface wetting and can result in an early tear film breakup.? This can either
exacerbate or initiate ocular surface hyperosmolarity, resulting in a vicious circle that

perpetuates the disease.
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Innate Immune Response in Dry Eye

The healthy, non-desiccated ocular surface has mechanisms to maintain its
integrity. These include the presence of gel mucins in the tear film, the glycocalyx, the
epithelium, and a host of antimicrobial proteins such as lactoferrin, lysozyme, lipocalin,
and trefoil peptides, and surface molecules such as defensins.? These defense
mechanisms, however, can be impaired when the ocular surface undergoes hyperosmolar
stress.

Tear hyperosmolarity activates mitogen-activated protein kinases (MAPK), which
subsequently activates the master regulator, NFkB, the translation of inflammatory
cytokines, IL-1 (IL-1a; IL-1B), IL-6, and tumor necrosis factor-a (TNF-a).26%%¢ These
induce a cascade of downstream mediators and cellular signals that intensify the
inflammatory immune response.? IL-1, IL-6, and TNF-a then result in an increased
production of proteases, such as matrix metalloproteinase 9 (MMP9) from the corneal
epithelial cells which can damage the corneal epithelial barrier.267-¢

Two critical steps are involved in the amplification of the inflammatory immune
response on the ocular surface. The first is the production of soluble and membrane-
bound signals that recruit both innate and adaptive inflammatory to the site of
inflammation.? They include chemokines and adhesion molecules. Chemokines generated
during ocular surface inflammation include CCL3, CCL4, CCL5, CXCL9, CXCL10, and
CX3CLI1 that can bind macrophages, dendritic cells, neutrophils and activated T cells in
which the respective chemokine receptors are up-regulated.>’® The other step is the
expression of endothelial adhesion molecules such as the conjunctival and corneal

epithelial-expressed intracellular adhesion molecule-1 (ICAM-1).2 ICAM-1 binds
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inflammatory cells expressing the ligand, integrin leukocyte functional antigen 1 (LFA-1)
and causes rolling, transmigration, and activation at the site of migration.?

Evidence also suggests that pattern recognition receptor (PRR) activation is also
involved in the innate inflammatory response in dry eye.>’!"’> Stimulation of these
receptors have been shown to correlate with an increased production of IL-1, IL-6, and

TNF-q.>7%7

Adaptive Immune Response in Dry Eye

A body of evidence suggests that adaptive immunity plays a role in the pathology
of dry eye.?*% The adaptive immune response is initiated when antigens at the site of
inflammation are processed and presented by professional antigen-presenting cells
(APCs) that in turn migrate to regional lymphoid tissue to activate and expand antigen-
specific effector T cells.? The antigens that initiate the adaptive response in dry eye is
largely unknown. However, it is speculated that the expression of auto-antigens
stimulates inflammatory epitheliopathy observed in Sjogren’s syndrome.? The hypothesis
that antigen presentation is the initiating step in the adaptive immune response is
supported by a study that reported a correlation between accumulation of mature CD11c
APCs and the activation of antigen-specific CD4" T cells in draining lymph nodes during
desiccating stress, and the reduction of CD4" T cell infiltration in animals depleted of

ocular surface macrophages and APCs.>%*
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Dry Eye and Ocular Surface Infection

In dry eye, the quantitative reduction or qualitative alteration of the tear film
results in the downregulation of certain proteins that have antimicrobial functions.>”®
These proteins include lysozyme, lactoferrin, and immunoglobulins. Also, in dry eye,
there is alteration in ocular surface mucins and chronic inflammation that can disrupt the
ocular surface epithelial barrier and allows the entry of pathogenic microbes.>’¢ Based
upon these, it is expected that dry eye would increase the susceptibility to infection.”®
However, existing literature is not supportive of an increased risk of infection in dry eye
patients. In fact, the few studies that have suggested an association between dry eye and
microbial infection had some confounding factors which preclude the establishment of a
definite association between dry eye and infection. For instance, Jhanji et al. examined
the microbiological and clinical profile of patients with microbial keratitis living in
nursing homes and observed the presence of dry eye in 26% of patients.”” However, 81%
of these patients also had rheumatoid arthritis and were on concurrent use of steroid
treatment.”’ Steroid use is associated with increased risk of infection due to its
suppression of the immune system.”® Also, while a study reported conjunctival
Chlamydia trachomatis infection in approximately 40% of dry eye patients,” an earlier
pilot study also showed that the successful treatment of chronic follicular conjunctivitis
caused by chlamydia infection reduced dry eye.®® This suggests that an ocular surface
infection can predispose a person to dry eye, rather than dry eye increasing one’s risk for
infection.

The lack of strong evidence establishing an association between dry eye and

ocular surface infection could partly be attributed to the beneficial effects of immune
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response. In dry eye, hyperosmolar stress on the surface of the eye stimulates an
inflammatory response and lead to the induction of immune cells.>”® These cells can

mount a surveillance against invading pathogenic microbes. %!

Pattern Recognition Receptors and Dry Eye Disease

As mentioned in an earlier section, available evidence suggests that PRRs play
crucial roles in the pathophysiology of inflammation that characterize dry eye disease. A
component of the immune system, PRRs are germ line-encoded proteins that recognize
both pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs) and stimulate innate immune response.®?* These PAMPs are
molecules with conserved motifs on the surfaces of pathogenic microbes, and they
include lipopolysaccharide, lipoteichoic acid, peptidoglycan, flagellin, unmethylated
bacterial CpG DNA, fungal mannan, and yeast’s zymosan.?>% The DAMPs, also known
as danger-associated molecular patterns and alarmins, are endogenous molecules released
by stressed, damaged or necrotic cells that act as endogenous danger signals to promote
and exacerbate the inflammatory response.®¢-*® Examples of DAMPs are high-mobility
group box 1, S100 proteins, and heat shock proteins, nucleic acids (DNA, RNA), and
purine metabolites including ATP and uric acid.***7%% With a few exceptions, the sensing
of PAMPs or DAMPs by PRRs upregulates the transcription of genes involved in
inflammatory response.””

These genes encode proinflammatory cytokines, type I interferons (IFNs),
chemokines and antimicrobial proteins, proteins involved in the modulation of PRR

signaling, and other less-characterized proteins.”® The inflammatory response is mediated
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by proinflammatory cytokines such as tumor necrosis factor (TNF), interleukin (IL)-1,
and 1L-6.3133%° These cytokines are proteins with multiple effects, and they regulate the
death of inflammatory cells and tissues, modify vascular endothelial permeability, recruit
blood cells to inflamed tissues, and induce the production of acute-phase proteins.”
Toll-Like Receptors

Toll-like receptors (TLRs) are a class of PRRs expressed in innate immune cells
such as dendritic cells and macrophages as well as non-immune cells such as fibroblast
cells and epithelial cells. They are characterized by N-terminal leucine-rich
repeats (LRRs) and a transmembrane region followed by a cytoplasmic Toll/IL-1R
homology domain.”®*! Based on their localizations, TLRs are classified into two
subfamilies; cell surface and intracellular. Cell surface TLRs include TLR1, TLR2,
TLR4, TLRS, TLR6, and TLR10, whereas intracellular TLRs are localized in the
endosome and include TLR3, TLR7, TLRS, TLR9, TLR11, TLR12, and TLR13.7"2 The
possible role of toll-like receptors in the dry eye inflammatory signaling has been the
focus of many investigations.”!7>93:%4

Spachidou et al. first observed TLR1-4 expression and upregulation of CD54,
CD40 and MHC I in response to TLR activation in epithelial cells sampled from labial
salivary gland biopsies.”> Additionally, TLR1, 2 and 4 expressions were higher in the
cells from Sjogren’s syndrome (SS) patients. These findings were corroborated by
Kawakami et al. who studied TLR expression in the labial salivary glands from SS
patients and observed an increased expression of TLR2-3, and the adaptor molecule,

MyD88.%* This study also found that TLR agonists stimulated production of IL-6 and
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expression of CD54 (ICAM-1) and thus hypothesized that TLR activation may contribute
to the inflammatory responses in SS.

Given that severe dry eye characterizes SS, these findings suggest the possible
involvement of TLR signaling in the pathophysiology of dry eye, and therefore became
the basis for future investigations into the possible roles of TLR signaling in dry eye.

He et al., thus, explored the potential participation of TLRs in dry eye inflammation by
examining whether the TLR2-mediated nuclear factor-kappa B (NF-«xB) signaling
pathway contributes to the inflammatory process of dry eye associated with chronic graft
versus host disease (cGVHD).” The study reported that TLR2 mRNA in the peripheral
blood from patients with cGVHD-related dry eye increased significantly compared with
the controls. In addition, TLR4 activation increased the translation of NF-xB, a
downstream target of TLRs. This correlated with elevated levels of TNF-o mRNA and
protein. More important, increased TLR2 level strongly correlated with dry eye
symptoms and the amount of tear secretion.

Redfern and colleagues also investigated the expression and possible function of
TLRs in dry eye inflammation using experimental dry eye model in mice.””> They
reported an increased expression of TLRs in the conjunctiva (TLR 2-4, 9), cornea (TLR
2, 3,9), and lacrimal gland (TLR 2, 5). Similar trends were observed for these TLRs at
the level of protein translation. It was also observed that treating cornea with TLR agonist
resulted in corneal epithelial loss, a critical ocular sign of dry eye.

Seeking to understand TLRs’ potential role in dry eye inflammation, Redfern et
al. subsequently investigated the modulation of toll-like receptors in dry eye disease and

dry eye-mimicking conditions.”® Exposing primary human corneal epithelial cells

18



(HCECs), SV40 immortalized HCECs, and human conjunctival epithelial cells to
hyperosmolar stress condition (400-500 mOsm/kg) for 24 hours, the authors observed in
the SV40 HCECs, an upregulation of TLR4 (8.18 fold), downregulation of TLRY (0.58
fold) at mRNA level. At the level of protein expression, there were reduced expressions
of TLR4 and TLRY by 67.7% and 72% respectively. TLR4 mRNA was also significantly
upregulated by up to 9.70 and 3.36 folds in the primary HCECs and conjunctival cells,
respectively. In response to desiccating stress, TLR4 and TLR5 mRNA transcription
were significantly upregulated by 4.81 and 2.51-fold respectively, while TLR9 mRNA
was downregulated by 0.86-fold in HCECs. A similar trend for TLR4 and TLRY protein
was observed. Among dry eye subjects, the authors also reported a downregulation of
TLR9 mRNA transcription in the conjunctival epithelium.

Put together, these results suggest that TLR expression could play a role in ocular
surface inflammation related to dry eye given that TLRs are involved in the inflammatory

process in mucosal tissues and surfaces.

NOD-Like Receptors

Nucleotide oligomerization domain (NOD)-like receptors (NLRs) are a
specialized group of intracellular cystolic PRRs.®' The recognition of PAMPs and
damage-associated molecular patterns (DAMPs) from microbial structures or self-or
environment-derived molecules leads to the induction of the innate immune response.
NLRs act as scaffolding proteins that assemble signaling platforms that trigger nuclear
factor-kB and mitogen-activated protein kinase signaling pathways and control the

activation of inflammatory caspases.”
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Among NLRs, the expression patterns of NOD-1 and NOD-2 in ocular surface
inflammation have been well characterized. NOD-1 and NOD-2, upon detecting DAMPs
and PAMPs, mediate proinflammatory responses through nuclear factor kappa B (NF-
kB) and MAP kinase activation, leading to the production of proinflammatory cytokines.
A few studies have examined NOD-like receptors’ expression in dry eye and their
possible functional roles in the dry eye inflammatory response.”®*®

Kim et al. recently investigated the expression pattern of NOD-like receptors in
dry eye and their correlation with clinical dry eye markers.”” The study found that
patients with SS-dry eye higher dry eye symptoms (ocular surface disease index, OSDI)
and corneal fluorescein staining scores, and lower tear breakup time and Schirmer test
scores compared with non-SS-DE patients. Compared with the control group, both the
SS-DE and non-SS-DE groups showed higher levels of NOD-1 at both mRNA and
protein levels. Similarly, there was an upregulation of IKKa and NF-kB at gene and
protein levels. In dry eye subjects, the expression of NOD-1 correlated significantly with

OSDI, Schirmer test score, and fluorescein staining. These findings suggest that NOD-1

receptor activation may play a role in initiating the inflammatory response in dry eye.

Other Pattern Recognition Receptors

Aside from TLRs and NOD-like receptors, other PPRs have been studied
extensively in other mucosal tissues. These include the scavenger receptor class of PRRs
consisting of proteins such as glycoprotein 340, stabilin-1, macrophage receptor with
collagenous structure, lectin-like oxidized low-density lipoprotein receptor 1, CD36,

lymphotoxin alpha.”
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Glycoprotein 340. Glycoprotein 340 (Gp340) is a well-characterized member of
the scavenger receptor cysteine-rich (SRCR) superfamily of proteins that is expressed in
mucosal tissues like the ocular surface, gastrointestinal tract, brain, salivary gland, spleen,
lung, and vaginal cavity.!%%!% [t is also a normal component of mucosal fluids such as
tears, breast milk, saliva, and vaginal fluid.!?%!94198 With a theoretical molecular weight
of 340 kDa, the protein has extensive O- and N-linked posttranslational glycosylation that
accounts for 25 — 40% of its mass.!?>19119 Gp340 has been shown to be potentially
involved in the pathophysiology of such wet-surfaced inflammatory conditions as nasal
polyposis, inflammatory bowel disease, and Crohn’s disease.''"!'? Given that the
mechanisms of inflammation on wet-surfaced mucosae are similar, Gp340 has been
hypothesized to be involved in the pathophysiology of ocular surface inflammatory

diseases, including dry eye.!%

Gp340 Dysregulation in Dry Eye Disease
Two studies have profiled the expression of Gp340 in the tears of subjects with
dry eye. The first was a study by Nichols & Green-Church that analyzed tear film
proteome using mass spectrometry to identify potential protein biomarkers for contact
lens-related dry eye (CLDE).!'!? Relative to normal (non-dry eye) subjects, the level of
tear Gp340 in CLDE was found to be upregulated. In the second study, Perumal et al.
conducted a proteomic analysis of tears of subjects with aqueous-deficient, evaporative,

113

and the mixed types of dry eye.''* Contrary to the earlier findings, > this study reported

a downward expression of Gp340 in aqueous-deficient and the mixed dry eye forms.
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The differences in the design of the two studies could partly account for the
different regulation patterns reported by these two. Firstly, the two studies investigated
different forms of dry eye. The dry eye subjects in Nichols & Green-Church’s study were
contact lens wearers while those investigated by Perumal et al. did not wear contact lens.
Contact lens- and non-contact lens-related dry eye have some differences in their
underlying pathophysiology given that contact lens wear, on its own, can alter the
physiology and biochemistry of the tear film and enhances the risk of dry eye and
inflammation on the ocular surface.!'>!"” Secondly, the method of tear sampling differed
between the two studies. While Nichols & Green-Church used microcapillary tubes for
tear sampling, Perumal et al. employed Schirmer strips for tear collection. Different tear

collection techniques can yield different concentrations of the same protein.!2%12!

Gp340 and Contact Lens-Related Adverse Events
As stated earlier, Gp340 can enhance the pathogenesis of microbial infections when it
adsorbs or associates with a mucosal surface or tissue.!?192122123 The deposition of tear
proteins on contact lens promotes the adhesion of pathogenic bacteria to the lens and has
been associated with the occurrence of certain contact lens-related adverse events such as
contact lens discomfort, contact lens-related peripheral ulcer, contact lens-acute red eye,
and microbial keratitis.'?*12¢ Gp340, in a previous study, was found to bind to soft
contact lens materials such as lotrafilcon B.!?” Based off these facts, Osei et al. speculated
that Gp340 can enhance contact lens-related adverse events such as microbial infection

when it binds to a worn contact lens.'®
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Preliminary findings from a study by Osei et al. showed that the deposition of
Gp340’s first SRCR domain to contact soft contact lens polymers increased total
adhesion of certain strains of P. aeruginosa (PA 6206, PA 6296) and S. aureus (SA 31
and SA 38) that are commonly associated with contact lens adverse events like microbial
keratitis and contact lens-induced peripheral ulcer (Osei et al. IOVS 2019;60 ARVO E-

abstract 6333).

Statement of the Problem and Justification of the Study

Dry eye affects 5-50% of the population worldwide and is a leading cause of
outpatient visits.*? It reduces workplace and non—job-related performances, and correlates
with reduced quality of life.!?®13° The annual cost of dry eye management in the United
States is estimated to be $3.84 billion.!*! Despite the frequent occurrence of dry eye, the
pathophysiology underlying the inflammation that characterizes the disease continues to
puzzle many ocular surface investigators. Given the unique role of PPRs in ocular surface
inflammation, research into PRR signaling in dry eye has become imperative since it
could lead to the development of novel therapeutic targets for the disease. Investigations
targeting PRR signaling, however, have focused largely on the TLRs and NLRs!-
739798132 and have, to a larger extent, yielded equivocal results. This necessitates the need
to target yet-to-explored ocular surface PRRs.

Among the non-TLR PRRs, Gp340 has been shown to be implicated in wet-
surfaced mucosal inflammatory conditions such as nasal polyposis, ulcerative colitis and

ethmoid sinusitis.''""!1? Also, Gp340 mRNA transcription in the intestinal epithelial cells

(IECs) correlates with the severity of inflammation in inflammatory bowel disease.!'! In
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addition, in the presence of the proinflammatory cytokine, TNF-a, the expression of
Gp340 is activated in IECs.!3* Nichols & Green-Church reported an upregulation of
Gp340 expression in the tears of subjects with contact lens-related dry eye.''* Contact
lens wear is a factor intricately linked to ocular surface inflammation,!!6-!17:134

Taken together, these findings provide indirect evidence of the inflammatory
signaling potential of Gp340. As a PRR, Gp340’s activation could stimulate ocular
surface inflammation and could be targeted in the therapeutic management of dry eye.
Thus, the primary goal of the dissertation was to investigate the expression of Gp340
mRNA and protein under dry eye-related conditions and to elucidate Gp340’s role in the
pathophysiology of dry eye inflammation.

Aside from inflammation, Gp340 also modulates mucosal infection processes in a
manner related to its conformation. In the soluble form, Gp340 is protective against oral
HIV-1 infection and helps in the aggregation and clearance of oral microbial
pathogens.'?® Thus when pathogenic microbes such as bacteria, virus and fungi invade
the ocular surface, Gp340, as a PRR, could stimulate the recruitment of innate immune
cells such as macrophages, neutrophils, and natural killer cells against the microbes. This
is consistent with a study which found tear Gp340 to suppress the virulence of P.
aeruginosa and promote corneal wound healing.!*>1*¢ Investigating the regulation pattern
of Gp340 in ocular surface infection is therefore crucial to exploring the protein as
potential biomarker and therapeutic target for ocular surface infections.

Tear Gp340’s potential protective role against infection on the ocular surface in
general, however, is complicated by the fact the beneficial effect of Gp340 in infection

appears to be reversed or lost when the protein adsorbs on/associates with a mucosal
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surface or tissue. 92105123137 Thys, although Gp340 could have a beneficial/antimicrobial
effect on the ocular surface, the same cannot be said in the case of contact lens wear
considering that the protein binds to contact lens polymers.'?7137

On the account of the aforementioned dual roles of Gp340 in infection, the
secondary goal of the dissertation was to determine the effect of Gp340 in bacterial

adhesion to contact lens polymers and to preliminarily examine the expression pattern of

Gp340 in ocular surface infection.

Specific Aims and Hypotheses
Specific Aim la
To examine Gp340 mRNA transcription and protein expression in human corneal

epithelium in dry eye-associated hyperosmolar stress condition.

Hypothesis la

In dry eye, hyperosmolar stress can stimulate the expression of pattern recognition
receptors (PRRs).>"!"73 Gp340 is a PRR whose expression has been shown to be
modulated in dry eye.!'*!'* It is therefore hypothesized that Gp340 mRNA transcription
and protein translation are upregulated in corneal epithelial cells under hyperosmolar

stress.

Specific Aim 1b
To determine the effect of Gp340 expression on the production of the proinflammatory

cytokines, IL-1B, IL-6, IL-8, and TNFa.
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Hypothesis 1b

In dry eye, there is increased expression of the proinflammatory cytokines — IL-1f3, IL-6,
IL-8, and TNFo.? Since PRR activation triggers downstream inflammatory response, it is
hypothesized that Gp340 expression increases the production of IL-18, IL-6, IL-8, and

TNFa.

Specific Aim 2
To determine the effect of Gp340’s SRCR domain on bacterial adhesion to soft contact
lens. The SRCR domain and the full-length Gp340 behave similarly relative to their

interactions with bacteria.

Hypothesis 2

Gp340 is a normal component of tears that has been shown to bind to contact len