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Abstract

Previous studies using animal models and human clinical trials have demonstrated that the use of
low oxygen transmissible contact lens materials produce corneal epithelial surface damage
resulting in increased Pseudomonas aeruginosa (PA) adhesion and raft-mediated internalization
into surface corneal epithelial cells. These findings led to the testable clinical predictions that: (1)
microbial keratitis (MK) risk is expected to be greatest during the first 6 months of wear; (2) there
is no difference between 6 and 30 night extended wear; and (3) that wear of hyper-oxygen
transmissible lenses would reduce the reported incidence of infection. Subsequent epidemiological
studies have confirmed the first two predictions; however, increased oxygen transmissibility with
silicone hydrogel (SiHy) lens wear has not altered the overall incidence of MK. In this review,
more recent clinical and basic studies that investigate epithelial alterations and bacterial adhesion
to corneal epithelial cells following wear of SiHy lenses with and without concomitant exposure to
chemically preserved multipurpose solutions (MPS) will be examined. The collective results of
these studies demonstrate that even in the absence of lens-related hypoxia, MPS induce ocular
surface changes during SiHy lens wear which are associated with a pathophysiological increase in
PA adherence and internalization in the corneal epithelium, and therefore, predict an increased risk
for PA-MK. In addition, new data supporting an interactive role for inflammation in facilitating
PA adherence and internalization in the corneal epithelium will also be discussed.
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Introduction

The corneal epithelium is a continuously renewing, stratified epithelial sheet that provides
the frontline of defense against invading ocular pathogens and a smooth refractive surface
essential for vision. In the absence of a contact lens, pre-existing ocular trauma or disease,
the epithelium maintains an insurmountable defense against attacks from pathogenic
microorganisms, affording a high level of resistance against microbial invasion. These
innate defense mechanisms include antimicrobial proteins and surfactants in tear fluid, along
with the inherent self-defense properties of the epithelium: apoptotic shedding of bacterially
infected cells from the corneal surface, ZO-1 mediated tight junctions along apical epithelial
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cells, and the secretion of mucins which act in a “trapping” fashion to sequester and
facilitate removal of microbial invaders. 17 The breakdown of these unique defenses
through alterations in the natural biology of the epithelium, such as those reported during
contact lens wear, predispose the normally resilient cornea to infection.

Contact lens-related microbial keratitis (MK) is the most visually devastating complication
associated with contact lens wear and for more than three decades, Pseudomonas aeruginosa
(PA) has been consistently identified as the primary infectious pathogen.8-11 Early studies in
the late eighties established the annualized incidence of contact lens-related MK to be 4.1
per 10,000 wearers per year for daily wear and 20.9 per 10,000 wearers per year for
extended wear with overnight wear on either a regular or occasional basis identified as the
leading risk factor.12: 13 These findings were re-confirmed ten years later by a study in the
Netherlands that had similar results with 3.5 per 10,000 wearers per year for daily wear and
20 per 10,000 wearers per year for extended wear.1* The collective results of this work
allowed for the establishment of a hierarchy of clinical risk of infection stratified by lens
type and wearing mode with extended wear > daily wear soft lenses > daily wear, rigid gas
permeable (RGP) lenses.12 14-16 This also led to the recognition that chronic hypoxia arising
from low-oxygen transmissibility lens materials was a critical mediator in contact lens-
induced epithelial damage and stagnation, which coincided with the development of new
and improved lens polymers and designs in the quest to improve corneal physiology and
maximize lens safety.

While the widespread acceptance of hyper-oxygen transmissible silicone hydrogel (SiHy)
lenses have eliminated several of the complications previously associated with hypoxia, a
robust population-based surveillance study in Australia recently re-evaluated the absolute
risk of MK with the conclusion that the optimal enhancement of oxygen to the corneal
surface failed to produce the much anticipated reduction as had been hoped.1’ Moreover, the
incidence and risk of inflammatory events have been shown to be greater with SiHy lens
wear,18-20 yunderscoring a critical need for the evaluation of the independent and interactive
effects of the mechanical, chemical and inflammatory stressors imposed by lens materials
and care solutions on the corneal epithelium. The goal of this review is to re-visit previous
data evaluating the effects of lens-induced hypoxia on the corneal epithelium and to
investigate the effects of SiHy lenses and interactions with care solutions, using PA
adherence and cellular internalization as outcome measures indicative of corneal epithelial
damage and increased risk of microbial keratitis.

The effects of silicone hydrogel lens wear on the corneal epithelium

In contrast to the non-lens wearing eye, the presence of a contact lens significantly alters the
normal biology of the corneal epithelium. At the cellular level, all forms of lens wear,
regardless of lens type or modality of wear, have been shown to impart differential effects
on epithelial homeostasis, particularly with extended wear.21-30 This includes the inhibition
of basal cell proliferation within the central cornea,23 24 31 delayed vertical migration as
cells move towards the ocular surface,?? and a reduction in apoptotic-mediated surface cell
desquamation.25: 26. 28-30 These changes are detailed in a series of studies that were
conducted to systematically investigate the effects of lens wear on the corneal epithelium.
Importantly, this work stratified the experimental lens as a function of oxygen and lens
material and established for the first time that central corneal epithelial proliferation is
mediated in part by lens oxygen transmissibility, with silicone hydrogel lenses exerting the
least response on short term proliferation (—33.8% SiHy compared to —40.8% with hydrogel
lens wear).23 Interestingly, as the authors point out in their report, both rigid and soft lenses
consisting of hyper-oxygen transmissible lens materials negatively impacted central corneal
epithelial proliferation rates, indicating that the mechanical presence of the lens, irrespective
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of oxygen, is enough to alter the epithelial homeostatic response when compared to the no
lens wear, open-eye condition.

Clinical studies have further reported on the effects of SiHy lenses on epithelial
desquamation, surface epithelial cell size, and corneal sublayer thickness following daily
and extended wear.28-30. 32 These studies employed the use of an ocular irrigation chamber
to gently collect exfoliated cells from the human ocular surface and tandem scanning
confocal microscopy for quantitative assessment of changes in surface epithelial cell area
and central corneal epithelial thickness. The findings from this work demonstrated that all
soft lens wear, hydrogel and SiHy, adversely affected the corneal epithelium. While greater
epithelial thinning was reported with extended hydrogel lens wear, indicating partial
dependence on oxygen transmission, the increase in surface epithelial cell size and
corresponding reduction in surface cell desquamation were greatest in the SiHy lens group.
When compared with the even greater reductions seen in the RGP lens group, these effects
indicate a more mechanical etiology likely related to changes in lens modulus of the first
generation SiHy lens materials, as opposed to hypoxia. A summary of these findings is
detailed in Table 1.

While relatively uncommon, contact lens wear remains a causative factor in patients
presenting with limbal stem cell deficiency.33-37 Importantly, within this select patient
group, contact lens-induced keratopathy has only been reported to occur with soft contact
lenses and not RGP lens wear. This is likely due to the inherently larger size of the soft lens
as it crosses the limbal region. Confocal analysis suggests that soft contact lenses may alter
the limbal basal cell morphology through an increase in cell size (1.58 fold increase).38
These effects were not apparent in the central cornea. Tight fitting lenses, reduced tear flow
under the soft lens, and increased buildup of inflammatory debris are all likely contributors.
A more recent report evaluated the effect of silicone hydrogel lenses on the rabbit limbal
epithelium when used in a therapeutic modality for up to 30 days. In this study the authors
failed to detect any cellular changes in limbal epithelia; however, the short duration of lens
wear in this study prohibits any meaningful long term changes.3°

Unfortunately, very little work has been done in recent years to further our knowledge on
the effects of SiHy lens wear on corneal epithelial homeostasis. Thus it remains to be
answered, how, in the absence of lens-induced hypoxia, does the resultant mechanical and
inflammatory stress imposed by SiHy lens wear result in an uncoupling of homeostatic
events (ie: proliferation and desquamation with resultant epithelial thinning) and the
differential phenotypes seen as a result of lens wear. Moreover, questions remain, regarding
the relationship between contact lens-induced alterations in corneal epithelial homeostasis
and susceptibility or predisposition of the cornea to microbial infection.

The role of hypoxia on PA adherence and internalization

A significant body of evidence exists supporting a role for lens-induced hypoxia in
mediating corneal epithelial surface damage. Early animal studies in the rabbit have shown
that contact lens wear creates corneal surface damage proportional to the oxygen
transmissibility of the lens.40 These studies further showed that rigid lenses inherently
produce more damage to surface corneal cells than soft lenses at the same level of oxygen
transmission.40 Paradoxically, despite less evident surface damage, soft lenses induce
significantly greater bacterial binding than RGP lenses, confirming that hypoxia alone is not
the only driving factor in bacterial adherence to the cornea. Later studies using the same
rabbit model demonstrated that discrete membrane domains known as lipid rafts formed in
the surface epithelium in response to hypoxic contact lens wear.#1-44 Quantitative analysis
of PA invasion following 24 hours of PMMA lens wear resulted in a 3 fold increase in raft-
mediated internalization of PA, compared to the control eye.*! A similar small, but
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significant effect was also seen with prolonged hypoxia following wear of a low Dk lens
over three days, compared to eyelid closure in the absence of a lens, which resulted in a
similar equivalent oxygen percentage at the corneal surface.*2

Fleiszig et al were the first to demonstrate PA adherence to surface epithelia during
extended contact lens wear.4® Utilizing similar methodology, a series of robust prospective
clinical trials evaluated the effect of lens-oxygen transmissibility on the corneal epithelium
and PA binding to exfoliated corneal epithelial cells as a function of lens type (RGP vs
soft).28-30 In these trials, neophytes and established lens wearers following a 1 month
washout period underwent for 4 weeks of daily lens wear using a PHMB-based (Renu,
Bausch & Lomb) multipurpose solution (MPS). An important caveat however, as will be
addressed in the following section, is that patients whom successfully completed the initial
daily lens wear test arm were subsequently switched into extended wear and followed for 12
months without an additional washout period.

The cumulative results of these studies demonstrated that all soft lens wear significantly
increased PA binding in daily and extended wear compared to RGP lenses, which was
consistent with the proposed risk hierarchy (extended wear > daily wear soft lenses > daily
wear RGP); however, the increase in PA adherence was greater following lower oxygen-
transmissible hydrogel lens wear than that seen with either silicone hydrogel lens tested.
Unexpectedly, when followed over 1 year, after 6 months of extended lens wear, all lenses
began to show signs of adaptation back to baseline values. These findings led to the testable
predictions that (1) MK risk is greatest during the first 6 months of wear; (2) there is no
difference between 6 and 30 night extended wear; and (3) that increased lens oxygen
transmissibility would reduce the reported incidence of infection. More recent
epidemiological studies have confirmed the first two predictions; however, increased lens
oxygen disappointedly failed to lower the overall incidence of MK as predicted.1’

Silicone hydrogel contact lenses and chemically-preserved care solutions

Due to the high potential for interactions between SiHy lenses and care solutions, solution
effects must be taken into account when evaluating the effects of SiHy lenses on the corneal
epithelium. Epithelial toxicity stemming from the use of chemically preserved MPS and
buffered lens packing solutions, both of which undergo uptake into the lens for later release
on the corneal epithelium, have been heavily evaluated in both in vitro cell culture models
and human clinical trials. 46-60 Similarly, experiments using SV-40 transformed corneal
epithelial cell monolayer cultures have assessed PA adherence to corneal epithelial cells
following incubation with a panel of MPS.59 Using quantitative PA adhesion assays, the
authors concluded that specific MPS increase PA adherence to corneal cells under these in
vitro conditions. These findings were further supported by a small, crossover clinical trial
that evaluated PA adherence to exfoliated cells following direct instillation of MPS in the
absence of a lens, which also suggested a potential role for MPS in mediating PA
adherence.53

More recently, a 12 month clinical trial evaluated PA adherence during both daily and
extended wear of silicone hydrogel lenses with identical outcome measures to those reported
in earlier studies.32 Following a one month washout period, patients were dispensed lenses
for bilateral wear according to FDA approved wearing schedules. In contrast to the prior
studies, a peroxide based solution (Clear Care, CIBA Vision) was used in place of a PHMB-
based MPS product. When evaluated following either daily or extended lens wearing
schedules, no significant increase in PA adherence was detected with any of the three
silicone hydrogel lenses tested regardless of wearing modality, indicating the absence of any
clinically significant epithelial surface damage. The failure to detect an increase in PA
adherence with extended SiHy lens wear differed from the prior studies using Balafilcon A
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and Lotrafilcon A lenses. Since the Lotrafilcon A lens worn over 30 days of continuous
wear was evaluated in both the current and previous clinical trial, 12 month binding curves
were re-plotted for direct comparison (Figure 1).

When evaluating differences in these data, there is a critical distinction between the two
curves in the 0 to 1 month time period. For the top curve, the extended wear study which
incorporated MPS, the 1 month extended wear data is obtained following 4 weeks of daily
lens wear and concurrent MPS use. This becomes important when interpreting this binding
curve as daily use with MPS may contribute to the increase in PA adherence detected when
switched into extended wear. In contrast to this, all patients initiating overnight wear in the
bottom curve, representing the extended wear study which utilized peroxide, began lens
wear directly following a 30 day washout period and thus had not been exposed to MPS.
Subsequent comparison of PA binding rates over 4 weeks of daily silicone hydrogel lens
wear further demonstrate significant increases when used with MPS compared to peroxide,
indicate that removing MPS from the care regimen eliminated preservative-induced
epithelial damage associated with daily silicone hydrogel lens wear (Figure 2). In support of
this view, an early pilot study evaluating PA adherence to exfoliated corneal epithelial cells
that also used a peroxide-based solution (AOSEPT, CIBA Vision) reported similar results,
with an increase in PA binding seen with wear of a hydrogel lens but no corresponding
increase with wear of the Balafilcon lens material .61 Collectively, these data indicate that
MPS use during the initial phase of lens wear in the prior hypoxia studies may represent a
confounding variable contributing to the increase in PA adherence reported with silicone
hydrogel lens wear, nullifying the expected decrease in PA-MK expected with silicone
hydrogel lenses.

To further investigate the effects of MPS during SiHy lens wear on the corneal epithelium,
recent studies in our laboratory have used the rabbit contact lens model to monitor
intracellular invasion by PA in response to lens-solution-induced corneal epithelial damage.
The results of these studies indicate that 2 hours of SiHy lens wear in conjunction with
certain MPS will induced a significant increase in PA internalization into the rabbit corneal
epithelium, the response of which appeared much greater than the earlier effects reported by
hypoxia (unpublished data). Unexpectedly, these studies further suggest the potential for a
sympathetic response with use of a specific MPS on the ocular surface which may be
important when designing clinical trials, although significantly more work is required to
confirm that finding. When coupled with the findings from the human clinical trials, these
data provide strong evidence to support that some chemically-preserved care solutions
increase PA adherence and internalization into the corneal epithelium. This results in an
increased infectious burden in the corneal epithelium and indicates that solution-induced
chemical damage is a risk factor for MK. This is further supported by recent epidemiological
data, supporting that peroxide lowers risk for MK approximately 2.5x (OR 0.41, 95% CI
0.22 - 0.75, p=0.004).%

The clinical significance of PA adherence to exfoliated corneal epithelial cells or
intracellular invasion by PA, as performed in these studies, are that they provide an
objective measure of epithelial damage that facilitates PA uptake into the epithelium, and by
extension, increased risk for MK. However, while clinical data predicts that elimination of
hypoxia and concurrent MPS usage would result in a reduction in MK, since PA challenge
was performed ex vivo in these assays, these findings do not take into account alterations in
tear fluid, the accumulation of cellular byproducts in the post lens environment, and the
corresponding effects of inflammation in the presence of a lens with bacterial challenge.
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Inflammation: a permissive traveler or contributing co-conspirator?

Conclusion

Neutrophils are the primary effector cells of the innate immune system that are recruited to
the site of infection to remove pathogenic bacteria. Estimated to live only a few hours in
inflamed tissue,52 the short life span of neutrophils is essential to reduce proteinase-induced
tissue damage that can result in scarring and vision loss. In the contact lens wearing eye,
animal studies have demonstrated robust neutrophil infiltration in response to bacterial
challenge during lens wear.%3 While a deficient or inadequate neutrophil response is
associated with severe corneal infection, a prolonged or deregulated response results in the
accumulation of necrotic neutrophil debris in the post lens environment.44 64 Recently,
necrotic neutrophil debris has been reported to enhance PA adherence to both hydrogel and
silicone hydrogel contact lens surfaces in vitro.%%: 6 This occurs through electrostatic
interactions generated between negatively charged F-actin and DNA and positively charged
histones that are released by dying cells, forming a scaffold that promotes PA
adherence.7-69 Importantly, PA adherence to the lens surface is thought to be an initial
event in infection, thus the ability of PA to exploit the neutrophil response to colonize the
contact lens and/or inhibit bacterial clearance may contribute to the pathobiology of the
disease process.

The concomitant use of DNase, which targets extracellular DNA, and a soluble polyanionic
amino acid, which facilitates dissociation of DNA from F-actin and further functions to
disaggregate actin bundles, has been shown to disrupt F-actin:DNA complex formation and
inhibit PA adherence to contact lens surfaces.®% 70 When tested in vivo using intracellular
invasion assays, the simultaneous use of these compounds in the lens wearing rabbit eye
resulted in a significant reduction in internalized PA (Figure 3).85 While much work remains
to be done to establish the mechanism by which dissolution of these complexes in the post
lens microenvironment results in a reduction in intracellular PA, these findings provide
evidence supporting a linkage between the persistent inflammatory response and risk for
contact lens-related MK.

The adverse effects on corneal physiology in response to wear of conventional hydrogel
lenses appear to have been largely overcome with the introduction of silicone hydrogels; yet,
overall MK rates remain unchanged and inflammatory events are on the rise. Lens-solution
incompatibilities have now been identified as a contributing factor, as inherent differences in
lens polymers and surface coatings differentially interact with the currently available
chemically-preserved care solutions and the corneal epithelium. The full effects of these bio-
incompatibilities on the epithelium are still uncharacterized and the reported inconsistencies
between human clinical trials and in vitro cell culture data further clouds our current
understanding of the interactive nature of the lens-solution-cornea relationship. Since animal
models in contact lens wear are limited, the development of a standardized cell culture
model that correlates with clinical outcomes is urgently needed.

In summary, the overall strategy to reduce MK remains an interactive approach
accomplished by an effective reduction in lens-associated bioburden with minimal epithelial
surface damage and preservation of intact innate defense mechanisms. Even in the absence
of frank lens-solution epithelial damage, the host inflammatory response may still contribute
to bacterial colonization on the lens surface and subsequent epithelial internalization.
Therefore, the prevention of silicone hydrogel lens-induced, solution-induced and
inflammatory-mediated epithelial surface damage that results in epithelial compromise
becomes a zero sum game in which lens type, wearing modality, solution, and inflammatory
effects must all be optimized (Figure 4).
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Figure 1.

PA adherence to exfoliated corneal epithelial cells over 12 months of extended wear.
Composite graph showing data re-plotted from original studies investigating changes in PA
binding during 30-night extended wear of the Lotrafilcon A lens.2% 32 Solid line represents
data from the 2001 study which incorporated MPS. Dotted line represents data from the
2008 study which utilized a peroxide care solution. A significant increase was reported from
baseline to 1 month of extended wear in the MPS study; this difference was not detected in
the peroxide study. Comparison of study protocols suggests that an additional 4 weeks of
daily wear with MPS usage prior to initiating extended lens wear may contribute to the
increase in PA adherence detected in the MPS study.
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Figure 2.

PA adherence to exfoliated corneal epithelial cells during daily wear. Composite graph
showing data re-plotted from original studies investigating changes in PA binding following
four weeks of daily wear.3%: 32 Daily wear of both hydrogel and silicone hydrogel lenses
showed a significant increase in PA adherence to exfoliated corneal epithelial cells when
used in conjunction with MPS. In contrast, a significant increase in PA adherence was not
detected following wear of silicone hydrogel lenses in conjunction with peroxide-based care
products, similar to daily RGP lens wear. ACU: Acuvue 2; PV: PureVision; ND: Night and
Day; MZ: Menicon Z, alignment fit; AA: Acuvue Advance; O2; O2 Optics; NP: non-
preserved care solution.
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Figure 3.

Inflammation contributes to PA internalization in the rabbit corneal epithelium. Rabbits
were fit with PMMA lenses for 24 hours in both eyes, followed by inoculation with PA and
lens wear for an additional 24 hours. Treatment with DNase and D-Asp30 to dissolve
scaffolds formed from necrotic neutrophil debris resulted in a significant reduction in
internalized PA in the rabbit corneal epithelium in vivo; contralateral eye treated with
vehicle only control (n=6, p=0.03). Figure adapted from Robertson et al., /OVS2011;%5
copyright /OVS.
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Zero-sum model for silicone hydrogel lens wear. In the absence of lens-induced hypoxia,
solution incompatibilities and inflammatory effects contribute to breakdown of the corneal
epithelial defense mechanisms and a subsequent increase in infectious burden in the corneal
epithelium.
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Table 1

Summary of central epithelial thickness and surface epithelial cell size changes as a function of lens wear.28-30

Central Epithelial Thickness (% decrease compared to baseline)

Lens Type 4 WK DW M EW 12M EW
Tisilfocon A 10% 17% 10%
Etafilcon A no change 5% 6%
Balafilcon A no change 4% 3%
Lotrafilcon A no change 4% 4%

Surface Epithelial Cell Size (% increase compared to baseline)

Tisilfocon A 111% 123% 129%
Etafilcon A 103% 109% 111%
Balafilcon A 102% 106% 115%
Lotrafilcon A 102% 105% 117%

Surface Cell Desquamation (% decrease compared to baseline)

Tisilfocon A 51% 59% 63%
Etafilcon A 62% 75% 31%
Balafilcon A 46% 59% 49%
Lotrafilcon A NR ™ 52% 60%

*
Not Reported
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