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ABSTRACT

The cornea is a transparent, dome-shaped structure that transmits and refracts light, and
serves as a physical barrier against ocular pathogens. As the outermost tissue of the
eye, the cornea is vulnerable to injury, an underreported and globally significant cause of
vision loss. While superficial wounds stimulate rapid regeneration of the corneal
epithelium, extensive injury can delay or overwhelm the ability of the cornea to heal
completely. Even with our current medical and surgical treatment strategies, visual
prognosis after severe corneal injury often remains guarded. Increasing our
understanding of corneal wound healing mechanisms is therefore critical for
development of improved therapies for corneal injury.

The work in this dissertation employs a mouse model of corneal injury to
investigate wound healing mechanisms that we hypothesize could be targeted to
accelerate recovery in human patients. We focus on the role of neprilysin (NEP), a
widely distributed ectoenzyme that modulates inflammation by catalyzing the
degradation of vasoactive and neuroinflammatory peptides. Though NEP has been
identified in the human cornea, the function of this enzyme in the cornea is unknown.
Using genetic and pharmacologic approaches, we characterized the contribution of NEP
to homeostatic maintenance of the uninjured cornea and to repair of the chemically
injured cornea.

We first established functional expression of NEP in the mouse cornea, where
the enzyme most strongly immunolocalizes to the epithelial layer. Clinical examination, in
vivo ocular surface imaging, and histological analysis of corneal tissue reveal no
differences between NEP-deficient (NEP™) and wild-type (WT) control mice in
circumcorneal vasculature, corneal thickness, epithelial cellularity, or gross appearance
of the ocular surface. However, NEP” mice have increased corneal innervation

compared to WT controls. Collectively, these data indicate that loss of NEP activity does



not disrupt corneal homeostasis but may influence development or maintenance of
corneal innervation.

To investigate the effect of NEP on corneal wound healing, we modeled chemical
corneal injury and evaluated wound healing with slit lamp imaging over 1 week. By 3
days post-injury, NEP” mice had significantly smaller corneal defects compared to WT
controls. We extended these findings by showing that daily intraperitoneal administration
of the NEP inhibitor thiorphan also accelerates corneal epithelial wound healing in WT
mice by 1 week post-injury without increasing inflammation, scarring, or
neovascularization. Interestingly, in vitro wound healing assays with the TKE2 mouse
corneal epithelial cell line suggest that thiorphan does not affect cell migration. Overall,
these results provide insight into corneal wound healing mechanisms and identify NEP

as a potential therapeutic target for treating severe corneal injury.



PUBLIC ABSTRACT

The cornea is a transparent, dome-shaped structure that focuses incoming light and
provides a physical barrier against infection and damage to the eye. As the outermost
tissue of the eye, the cornea is vulnerable to injury, an underreported and globally
significant cause of vision loss. While superficial wounds are easily and rapidly repaired,
extensive injury can overwhelm the ability of the cornea to heal normally. This can result
in scarring, ulceration, and ultimately, compromised visual acuity. Depending on the
extent of injury, both medical and surgical interventions may be required to restore
corneal transparency. However, visual prognosis after severe corneal injury often
remains guarded, even with our current treatment strategies. Increasing our
understanding of corneal wound healing mechanisms is therefore critical for
development of improved therapies for corneal injury.

The work in this dissertation employs a mouse model of corneal injury to
investigate wound healing mechanisms that we hypothesize could be targeted to
accelerate recovery and improve outcomes in human patients. We focus on the role of
neprilysin (NEP), an enzyme involved in modulating inflammation throughout the body.
Using genetic and pharmacologic approaches, we characterize the contribution of NEP
to maintenance of the uninjured cornea and to repair of the chemically injured cornea.
Overall, we provide insight into corneal wound healing mechanisms and identify NEP as

a potential therapeutic target for treating severe corneal injury.
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CHAPTER 1: INTRODUCTION

Overview of the Ocular Surface

The tunica fibrosa oculi comprises the outermost layer of the eye. In humans, five-sixths
of this surface is occupied by the sclera, an opaque white collagenous shell that provides
structural integrity to the globe and physical protection to the delicate neural structures
within. The remaining one-sixth of the ocular surface, situated anterior to the iris and
pupil and interacting most directly with the environment, constitutes the cornea, and the
epithelial transition between the two is termed the sclerocorneal limbus (Foster et al.
2004).

The cornea, though collagenous like the sclera, is transparent. Specialized to
transmit light, the dome-like cornea refracts incident rays through the lens and onto the
retina, accounting for two-thirds of the total ocular refractive power in humans (Kaufman
et al. 2011). While the lens is shielded by the cornea, the cornea is exposed to the
environment and vulnerable to a host of traumatic and infectious insults. Indeed, damage
to this critical region of the visual system is the second most common cause of blindness
worldwide (Whitcher et al. 2001), lending urgency to the need for increased

understanding of corneal physiology.

Anatomy and Histology of the Cornea

The human cornea is approximately 0.5 mm thick centrally and 1 mm thick peripherally,
arranged throughout in five histologic layers: epithelium, Bowman'’s layer, stroma,
Descemet’'s membrane, and endothelium, from superficial to deep (Foster et al. 2004).

Each differs in structure, function, and proliferative capacity, as detailed below.



Endothelium

Facing the agueous humor within the anterior chamber, the cornea is lined by a low
cuboidal endothelium. This monolayer of hexagonal cells maintains corneal clarity by
controlling fluid flow into the stroma (Foster et al. 2004). While the endothelium permits
paracellular diffusion of agueous humor into the cornea, stromal hydration is tightly and
actively regulated by sodium-potassium and bicarbonate-dependent magnesium ATPase
pumps clustered in the lateral membranes of endothelial cells (Hodson and Miller 1976;
Maurice 1972; Stiemke et al. 1991). Failure of this pump action leads to excess fluid
accumulation, or stromal edema, and consequent loss of corneal transparency (Hull et
al. 1977). Unfortunately, the human corneal endothelium has insufficient proliferative
potential to replace cells lost to injury or senescence and instead responds by lateral
spreading to cover any exposed basement membrane (Bourne et al. 1997; Joyce et al.
2002). While the corneal endothelium grows thinner and less dense with age, its
basement membrane, named Descemet’'s membrane after the physician Jean
Descemet, is continuously synthesized throughout life, reaching up to 12 um in late

adulthood (Foster et al. 2004). The reason for its unusual heft is unknown.

Stroma

Interposed between the corneal endothelium and epithelium, the stroma comprises
approximately 90% of the total thickness of the cornea, amounting to about 500 pm in
humans (Foster et al. 2004). At its circumference, the stroma interlocks with surrounding
scleral connective tissue to form a rigid frame that maintains symmetric curvature for
light refraction (Foster et al. 2004). Its architecture balances the competing requirements
for optical transparency and sufficient tensile strength to withstand intraocular pressure

(Meek and Knupp 2015).



By dry weight, the stroma is predominantly collagen, over three-fourths of which
are type | and type |V fibrils (Foster et al. 2004; Hirsch et al. 2001). Despite its high
protein content, the stroma is transparent due to the precise orthogonal arrangement of
collagen fibrils (Farrell et al. 1973; Maurice 1957). The sparse resident keratocyte
population that maintains this lamellar stroma is also specialized to have minimal effect
on light transmission (Kaufman et al. 2011). Flattened between the collagenous lamellae
(West-Mays and Dwivedi 2006), keratocytes contain water-soluble cytoplasmic proteins
called crystallins that decrease light scatter through their cell bodies (Jester et al. 1999).

Despite a paucity of cells in the stroma, keratocytes maintain communication with
neighbors through gap junctions at sites of contact between their thread-like dendritic
processes (Ueda et al. 1987), forming a syncytium that rapidly activates upon detection
of epithelial damage. Depending on the environmental cues, keratocytes may assume a
regenerative or fibrotic phenotype, producing growth factors, cytokines, and extracellular
matrix as a part of the wound healing response (West-Mays and Dwivedi 2006; Zhang et
al. 2017). Dendritic cells and other bone marrow-derived monocytes also sample the

stroma for signs of invasion or injury (Hamrah et al. 2003).

Bowman's layer

Unlike Descemet’'s membrane that underlies the corneal endothelium, Bowman’s layer is
not a basement membrane, but rather a 10 um thick, acellular, collagenous division
between the stroma proper and basement membrane of the corneal epithelium (Bettman
1970). It cannot be regenerated (Obata and Tsuru 2007). Essentially a randomly woven
fibrous mat, Bowman'’s layer has multiple hypothesized functions. Some propose that it
may form a rigid base for the epithelium to maximize uniformity (Kaufman et al. 2011),

prevent inappropriate extracellular matrix assembly, or serve as a barrier against viral



penetration into the posterior cornea, while others suggest that it has no particular
function at all and is merely a modified layer of the stroma (Bettman 1970; Foster et al.
2004; Wilson and Hong 2000). Indeed, many mammals lack Bowman’s layer and

manage well enough without it (Hayashi et al. 2002).

Corneal epithelium
A stratified squamous, non-keratinizing epithelium constitutes the anterior corneal
surface. Five to seven cell layers deep, the corneal epithelium is characterized by
consistent thickness and exceptional apical regularity. Additional smoothening of the
optical surface is provided by the tear film, a complex trilaminar solution with mucinous,
aqueous, and lipid components (Arglieso and Gipson 2001; Foster et al. 2004). Unlike
other epithelia, the corneal epithelium is adapted to exist over avascular connective
tissue (i.e., the stroma) to maximize optical transparency. As a consequence, the corneal
epithelium relies on controlled exchange of nutrients and oxygen with the tear film
(Beebe 2008).

Within the corneal epithelium, three cell types can be distinguished:

(1) Atthe apical corneal surface, three to four layers of flattened,
polygonal squamous cells (squames) interface with the tear film
through microplicae and microvilli to form the primary refractive
surface of the eye. To maintain corneal deturgescence, a band of tight
junctions (zonulae occludentes) fuses adjacent squamous cell
membranes to create a high-resistance barrier to diffusion and bulk
fluid flow (Ban et al. 2003). These superficial epithelial squames also

produce membrane-spanning mucins that impede pathogen entrance.



(2) Wing cells reside beneath the squames in one to three layers. Named
after the winglike extensions that project from their cell bodies, the
lateral membranes of these mid-epithelial cells interdigitate sinuously
with one another, stabilized by desmosomes and adherens junctions.

(3) A single layer of columnar basal cells forms the posteriormost layer of
the corneal epithelium. Here, basal cells secrete a basement
membrane to which they are anchored via hemidesmosomes that
reach through the underlying Bowman'’s layer and into the stroma
(Gipson et al. 1987). Though securely fastened to the ECM when
guiescent, basal cells are highly motile transit amplifying cells (TACs)
that migrate centripetally from the limbus (Wiley et al. 1991). Of the
three corneal epithelial cell types, basal cells are uniquely mitotic and
thus maintain the corneal epithelium by generating daughter cells
through a limited set of divisions. The post-mitotic daughter cells
differentiate into wing cells and terminally, into squames, migrating
suprabasally to replace those shed into the tear film (Friedenwald and
Buschke 1944; Hanna and O'Brien 1960; Hanna et al. 1961).
Carefully balanced with the rate of desquamation (Sharma and Coles
1989), basal cell mitosis is likely regulated by signals transmitted
through the extensive network of gap junctions that links neighboring
cells (Williams and Watsky 2002). Precise control over vertical

proliferation is critical for preserving regularity of the epithelial surface.



Limbal epithelium

The basal cells themselves are replenished by horizontal proliferation of limbal epithelial
stem cells (LESCs, Thoft and Friend 1983), a unipotent stem cell pool that resides in the
protective nursery of the limbal epithelium at the junction of the cornea and sclera
(Cotsarelis et al. 1989). In humans with heavily pigmented eyes, the limbus may be seen
at the periphery of the cornea as radial undulations or infoldings, which represent the
palisades of Vogt and interpalisade rete ridges (Davanger and Evensen 1971; Wei et al.
1993). LESCs reside in the basal epithelial layer of this area, and also cluster in crypts
that arise from the interpalisade rete ridges (Cotsarelis et al. 1989; Dua et al. 2005). With
a closely apposed vascular network to deliver nutrients and growth factors, the limbal
epithelial crypts are a specialized microenvironment containing resident melanocytes to
guard against ultraviolet radiation damage (Dua et al. 2005). Though the microanatomy
of this niche is well-defined, there is continued debate over specificity of putative LESCs
markers, complicated by recent reports of stem cell reservoirs located in the central and
peripheral cornea (Majo et al. 2008). Regardless, a structurally-intact limbus acts as a
barrier to migration of bulbar conjunctival cells, which are not specialized for maintaining

corneal transparency (Dua 1998).

Corneal nerves

With up to 7000 nociceptors per square millimeter, the cornea is the most densely
innervated tissue in the human body (Muller et al. 2003). Polymodal nociceptor,
mechanoreceptor, and cold thermal receptor-type nerve endings are distributed
throughout the epithelium to maximize detection of any potentially noxious stimulus

(Maller et al. 2003), enabling a rapid response of reflex tearing and blinking (Heigle and



Pflugfelder 1996) with such sensitivity that it may only require injury of a single epithelial
cell to trigger corneal pain perception (Kaufman et al. 2011).

Sensory innervation is supplied by the peripheral projections of neurons located
within the ophthalmic division of the trigeminal (semilunar) ganglion housed on the floor
of the skull. After shedding their perineurium and myelin at the limbus, fibers carried by
the nasociliary branch of the trigeminal nerve enter the anterior corneal stroma radially in
thick, bundled trunks (fascicles) that branch and anastomose to form the subepithelial
plexus (Mdiller et al. 2003; Oliveira-Soto and Efron 2001). Fibers from this plexus then
travel superficially, piercing Bowman'’s layer and the epithelial basement membrane
(Kaufman et al. 2011; Muller et al. 2003; Oliveira-Soto and Efron 2001). Here, the fibers
reorient parallel to the epithelium to form a dense subbasal plexus composed of
subbasal nerve leashes that whorl centrally, creating a vortex (Miller et al. 1997). The
leashes contain up to 40 straight and beaded fibers that eventually ascend as individual
intraepithelial fibers, terminating as free nerve endings within the epithelium or directly
innervating epithelial cells (Miller et al. 1996). The cornea also receives modest
autonomic innervation, with sympathetic input from the superior cervical ganglia (Marfurt,
Kingsley, and Echtenkamp 1989) and parasympathetic input from the ciliary ganglia
(Marfurt, Jones, and Thrasher 1998).

Most corneal nerves, both sensory and autonomic, are peptidergic, expressing a
range of neurochemicals that include substance P (SP), calcitonin gene-related peptide
(CGRP), pituitary adenylate cyclase-activating peptide (PACAP), vasoactive intestinal
peptide (VIP), neuropeptide Y (NPY), and neurokinin A (NKA), among others (Jones and
Marfurt 1998; Muller et al. 2003; Schmid et al. 2005). The effects of these peptides are
equally diverse, ranging from induction of neurogenic inflammation and immune

regulation to stimulation of wound healing and trophic maintenance of the corneal



epithelium (Sabatino et al. 2017). Conversely, the corneal epithelium supports
development, remodeling, and survival of corneal nerves (Mller et al. 2003),
demonstrating the well-documented trophic interdependence of neural and epithelial

tissues in the cornea (Kaufman et al. 2011).

Vasculature

Corneal avascularity is actively maintained to preserve transparency. Despite being
bathed in vascular endothelial growth factors (VEGFSs), the cornea efficiently resists
neovessel growth by sequestering the pro-angiogenic molecules VEGF-A, C, and D
through soluble VEGF receptor-1 (sSVEGFR1) and ectopic VEGF receptor-3 (VEGFR3)
expression, which is supported by corneal innervation (Ambati et al. 2006; Ambati et al.
2007; Cursiefen et al. 2006; Ferrari et al. 2013). Both membrane-bound VEGFR3 and
secreted sVEGFRL1 act as sinks that bind VEGFs to prevent angiogenesis. Several
antiangiogenic factors, including thrombospondins 1 and 2, endostatin, pigment
epithelium-derived factor, and tissue inhibitor of metalloproteinases, are also expressed
by the cornea to redundantly regulate avascularity (Cursiefen et al. 2004).

By contrast, the limbal connective tissue is highly vascularized, housing
capillaries, arterioles, and venules, as well as large lymphatic vessels (Foster et al.
2004). Vessels arise from a pair of circumferential arterial rings (episcleral circles) fed by
the anterior and long posterior ciliary arteries, and a venous plexus that connects to the
concentric Schlemm’s canal and drains into radial episcleral veins (Morrison and Van
Buskirk 1983; Morrison et al. 1995; Woodlief 1980). Under normal circumstances, these

peripheral vessels do not encroach on the cornea.



Corneal Epithelial Homeostasis

Epithelial tissues form a dynamic interface with the external environment and must often
withstand constant attritive forces while maintaining homeostasis, i.e., balancing cell loss
with cell replacement. This is particularly crucial in the cornea where tissue regularity is
inextricably linked to its light transmission and refraction functions. With cell proliferation,
differentiation, and shedding in equilibrium, the corneal epithelium exists in a dynamic
state of continuous vertical turnover, renewing every 7 to 10 days while maintaining
precise epithelial homeostasis through a complex regulatory network of neural,

paracrine, and humoral factors (Hanna and O'Brien 1960; Hanna et al. 1961).

Contribution of limbal epithelial stem cells

In 1983, Thoft and Friend proposed the X, Y, Z hypothesis of corneal epithelial
maintenance as a framework for understanding how corneal epithelial mass does not
significantly fluctuate in the healthy eye. They defined the simple equation, X + Y = Z,
where X represents basal epithelial cell proliferation, Y represents centripetal migration
of basal cells from the periphery, and Z represents epithelial loss due to desquamation at
the surface. The X, Y, Z hypothesis has since been incorporated into the LESC
hypothesis, which specifies that the centripetal migration of basal cells is driven by
asymmetric stem cell divisions in the limbus where TACs are generated (Dora et al.
2015).

Accepting that LESCs are recruited for injury-induced corneal epithelial
regeneration, the alternative corneal epithelial stem cell (CESC) hypothesis argues that
steady-state regeneration is instead maintained by oligopotent stem cells distributed
throughout the ocular surface, not by LESCs (Majo et al. 2008). Compared to the LESC

hypothesis, the CESC hypothesis is less widely accepted. Many argue it is incompatible
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with the bulk of existing data or based on artifactual in vitro findings (Dora et al. 2015,
Sun et al. 2010). Still, some human studies suggest a limited role for LESCs in corneal
epithelial maintenance in the absence of injury (Dua et al. 2009). Given the abundance
of conflicting data from human patients and animal models (Chang et al. 2008; Daya et
al. 2005; Dua et al. 2009; Huang and Tseng 1991; Kawakita et al. 2011; Sandvig et al.
1994; Sharpe et al. 2007), a consensus on the validity of these two hypotheses is yet to

be reached (Amitai-Lange et al. 2015; Dora et al. 2015; Yoon et al. 2014).

Neuronal-epithelial interactions

Maintenance of the corneal epithelium depends on intact sensory innervation. A striking
demonstration of this is neurotrophic keratopathy, a rare condition in which spontaneous
corneal epithelial degeneration occurs (i.e., in the absence of direct injury) as a result of
compromised innervation (Bonini et al. 2003). The manifold effects of sensory
denervation on corneal epithelial architecture and cellular behavior include cellular
swelling, effacement of microvilli, defective cellular proliferation and differentiation,
abnormal basal lamina production, disrupted barrier function, and epithelial thinning
(Alper 1975; Beuerman and Schimmelpfennig 1980; Mackie 1978; Nishida and Yanai
2009; Sigelman and Friedenwald 1954).

The broad epithelial dysfunction that occurs with denervation reflects the
necessary contribution of corneal nerves to homeostasis. Aside from providing sensory
innervation, corneal nerves produce epitheliotrophic factors that promote function and
maintenance of the corneal epithelium (Beuerman and Schimmelpfennig 1980;
Suuronen et al. 2004). The best studied of these is substance P (SP), an 11-amino acid
tachykinin normally detected in human tears (Varnell et al. 1997; Yamada et al. 2002;

Yamada et al. 2003). Predominantly produced and released by sensory nerves in the
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cornea (Markoulli et al. 2017; Yamada et al. 2003), the neuropeptide SP sensitizes the
corneal epithelium to circulating trophic factors, including insulin-like growth factor 1
(IGF-1), an endocrine hormone produced by the liver (Chikama et al. 1998; Nishida et al.
2007; Yamada et al. 2008). Loss of innervation, and thus the primary source of SP,
renders the corneal epithelium unresponsive to physiologic concentrations of these
agents (Nishida 2005). However, topical SP repletion, when coadministered with IGF-1,
can efficiently induce resurfacing of persistent epithelial defects secondary to
neurotrophic keratopathy and reestablish a stable corneal epithelium (Chikama et al.
1998; Nishida et al. 2007; Yamada et al. 2008). The unique combination of SP and IGF-
1 stimulates corneal epithelial cell growth, DNA synthesis, migration, and attachment to
various extracellular matrix proteins via induction of cadherin expression and activation
of the integrin, FAK, and paxillin system (Araki-Sasaki et al. 2000; Nakamura et al. 1998,
Nishida et al. 1996; Reid et al. 1993). Additionally, SP maintains the integrity of corneal
epithelial tight junctions and promotes stratification, independent of IGF-1 (Ko et al.
2009; Ko et al. 2014). Most, if not all, of these effects require the neurokinin-1 receptor
(NK1R), a high affinity SP receptor expressed by the corneal epithelium (Nakamura et al.

1997).

Stromal-epithelial interactions

Communication between corneal epithelial cells and stromal keratocytes also contributes
to homeostasis. As in many tissues, stromal-epithelial interactions in the cornea are
largely mediated by hepatocyte growth factor (HGF) and keratinocyte growth factor
(KGF; Imanishi et al. 2000; Wilson et al. 1999). Both HGF and KGF are produced at low
levels by keratocytes, with receptors most highly expressed on the epithelium (Wilson et

al. 1999). Here, these paracrine growth factors regulate differentiation, proliferation, and
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motility of corneal epithelial cells, acting similarly to epidermal growth factor (EGF),
another paracrine molecule necessary for maintenance of the corneal epithelium
(Imanishi et al. 2000; Johnson et al. 2009; Peterson et al. 2014; Wilson et al. 1999).
EGF, however, is predominantly produced by the lacrimal glands, and receptors are
concentrated on limbal and basal corneal epithelial cells (Johnson et al. 2009; Peterson
et al. 2014). Interruption of EGF receptor signaling can lead to persistent epithelial
defects in the absence of an inciting injury, as seen with use of the chemotherapeutic

agent erlotinib (Johnson et al. 2009).

Corneal Wound Healing: Uncomplicated Epithelial Injury

Of the three cellular layers of the cornea, the epithelium is the most likely to be damaged
due to its exposed location. However, it is also the most likely to fully regenerate, re-
establishing pre-injury form and function. Based on wound closure kinetics, the course of
recovery from a simple epithelial injury can be divided into two phases: an initial latent
phase with no epithelial movement, and a closure phase (Crosson et al. 1986). The
closure phase can be divided into the additional overlapping stages of cell migration,
proliferation, differentiation, stratification, and attachment (Ljubimov and Saghizadeh

2015).

Latent phase

The latent, or lag, phase refers to the lack of appreciable wound closure for the first few
hours immediately after injury (Crosson et al. 1986). During this time, damaged cells
undergo apoptosis or necrosis and exfoliate into the tear film, while protein synthesis,
increased glycogen utilization, and reorganization of junctional proteins occur in

undamaged cells near the wound margin (Crosson et al. 1986; Estil et al. 2002; Foster et
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al. 2004; Gipson et al. 1993; Khodadoust et al. 1968). Here, the basal lamina and
associated hemidesmosomes are dismantled. Clusters of a6B4 integrin molecules
previously associated with hemidesmosome complexes redistribute along the basal
epithelial surface (Gipson et al. 1993) and associate with fibronectin, actin, and vinculin
to form interim adherens junctions called focal contacts or adhesions (Gipson 1992;
Murakami et al. 1992; Soong 1987). Focal contacts can be rapidly assembled and then
degraded by proteases to adjust with the advancing front of migrating cells in the next

phase (Teranishi et al. 2009).

Closure phase

When lag phase remodeling is complete, centripetal cell migration commences from the
most proximal, viable epithelium. This marks the first stage of the closure phase. Cells at
the leading edge of the wound flatten and display membrane ruffling and active filopodia
formation, typical of migrating epithelia (Buck 1979; Crosson et al. 1986; Yamada et al.
1996). While hemidesmosomes were previously dismantled, desmosomes remain intact
to link the spreading epithelial cells into a sliding monolayer that surges across the
denuded corneal surface (Buck 1979; Kuwabara et al. 1976; Zhao et al. 2003). Focal
contacts clustered at the leading edge, coupled with cytoskeletal contractile mechanisms
(i.e., actin stress fibers), enable closure of a simple epithelial abrasion at a rate of
approximately 0.1 mm/hour (Anderson 1977; Matsuda et al. 1985; Soong 1987).
Polymerized over the denuded corneal surface, fibronectin serves as a provisional ECM
to facilitate this rapid cell migration and adhesion (Fujikawa et al. 1981; Murakami et al.
1992; Nishida et al. 1982). Because initial wound closure is independent of cell
proliferation, mitotic activity does not increase above baseline during this stage

(Anderson 1977; Hanna 1966; Kuwabara et al. 1976).
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Depending on the extent of epithelial injury, cell migration continues for 12 to 15
hours or more with a directional persistence towards the wound center (Foster et al.
2004; Matsuda et al. 1985; Zhao et al. 2003). Tight junctions reassemble behind the
wound margin, restoring barrier properties (McCartney and Cantu-Crouch 1992), while
the basement membrane is remodeled underneath migrating epithelial cells (Suzuki et
al. 2000). Once the defect is repopulated by epithelial cells, migration ceases (Blanco-
Mezquita et al. 2011; Foster et al. 2004). Contact inhibition also induces a change in
cellular morphology: flattened migrating cells reassume the typical cuboidal configuration
of basal cells (Foster et al. 2004). This marks a transition to the overlapping stages of
proliferation, differentiation, and stratification in corneal wound healing.

Basal corneal and limbal epithelial cells outside the wound synchronously enter
the cell cycle (Chung et al. 1999; Park et al. 2006), resulting in a proliferative peak
approximately 24 hours after injury (Cotsarelis et al. 1989). Similar to the homeostatic
process that supports corneal epithelial maintenance, injury-induced regeneration
recruits LESCs to generate TACs, which migrate centrally, progress through a limited set
of divisions, and then terminally differentiate into wing and squamous cells that
repopulate and restratify the epithelium (Hanna 1966; Park et al. 2006). In the context of
injury, however, TACs have increased proliferative potential and a shortened cell cycle,
compared to TACs involved in steady-state corneal maintenance. This injury-induced
phenotype serves to expedite resurfacing of the corneal epithelium (Lehrer et al. 1998;
Park et al. 2006). In contrast, basal epithelial cells that migrated into the wound as a
sliding sheet do not appear to synthesize new DNA, suggesting that migration and
proliferation are compartmentalized (Chung et al. 1999).

Finally, in the case of basement membrane-sparing injury, hemidesmosomes

rapidly reassemble over preexisting anchoring fibrils following restratification (Gipson
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1992; Khodadoust et al. 1968). If the basement membrane sustains damage, however,
the corneal wound healing process is appreciably lengthened, and hemidesmosomes
may not reform for up to a year, depending on the extent of associated stromal injury

(Gipson et al. 1989; Kenyon et al. 1977; Hirst et al. 1982).

Corneal Wound Healing: Severe Injury and Its Complications

In basement membrane-sparing injury, corneal regeneration progresses rapidly and
completely in a well-defined sequence of events, but deeper injury complicates the
healing process and can prevent complete functional restoration. Though the cornea
may initially undergo reepithelialization, severe injury often results in vision-
compromising sequelae, including recurrent or persistent epithelial defects, stromal
opacity, scarring, and neovascularization (Wagoner 1997). Understanding the
pathophysiology of these unfavorable outcomes is critical for development of effective

treatment strategies and is therefore the focus of this work, and the work of many others.

Epithelial basement membrane injury

Outcomes after corneal injury are strongly contingent on the epithelial basement
membrane. Repair of any basement membrane damage is delayed until 5 to 7 days after
injury and occurs in short, discontinuous segments (Kenyon et al. 1977). Following
extensive injury, basement membrane synthesis may take months to complete, and
without a strong adhesion framework in place, the corneal epithelium is prone to surface
irregularities, sloughing, recurrent erosions (Foster et al. 2004; Gipson et al. 1989,
Kenyon et al. 1977; Kenyon 1979; Khodadoust et al. 1968). In addition, the basement
membrane normally limits access of cytokines and epithelium-derived growth factors to

the stroma. Defects in this barrier allow transforming growth factor-beta (TGF-) to
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promote myofibroblast development and survival, which, when protracted, leads to

pathologic stromal reactions (Netto et al. 2006; Wilson 2012).

Stromal injury

Cytokines and growth factors released by damaged corneal epithelium modulate the
stromal response to injury. Interleukin-1 (IL-1) and tumor necrosis factor alpha (TNF-a)
trigger an acute apoptotic response in stromal keratocytes proximal to the wound
(Wilson et al. 1996; Wilson et al. 1997; Wilson and Kim 1998; Wilson et al. 2007), while
TGF-B stimulates surviving keratocytes to transition to myofibroblasts (Netto et al. 2006;
Wilson 2012). Myofibroblasts arise mainly from keratocytes but are also derived from
bone marrow-derived cells that gain access to the stroma following basement membrane
damage (Barbosa et al. 2010; Stramer et al. 2003; Wilson et al. 2004). Regardless of
origin, myofibroblasts are specialized for fibrotic repair, and the transition to this
phenotype initiates stromal wound healing (Fini 1999; Jester et al. 2005).

Sharing features with both fibroblasts and smooth muscle cells, myofibroblasts
contract stromal wounds, secrete copious amounts of ECM, and generate adhesion
structures within the surrounding substrate (Fini and Stramer 2005; Mohan et al. 2003,
Wilson 2012). Myofibroblast-driven repair may be beneficial when limited, since the
opaque fibrotic tissue that seals a penetrating corneal wound can be slowly remodeled
through enzyme-driven turnover to restore stromal transparency (Jester et al. 1999).
However, prolonged stimulation of myofibroblasts prevents stromal remodeling and
leads to hypercellularity, excessive contracture, and scarring (Fini and Stramer 2005). To
modulate the myofibroblast reponse, stromal keratocytes undergo a second wave of
apoptosis (Wilson et al. 1996; Wilson et al. 1997; Wilson et al. 2007). Though this culls

available fibrotic progenitors in the wounded region, delayed or abnormal regeneration of
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the epithelial basement membrane inevitably leads to stromal haze, a type of corneal
opacity associated with unrestrained myofibroblast proliferation and activity (Torricelli et

al. 2013).

Endothelial injury

Endothelial defects are rapidly resurfaced through centripetal migration and enlargement
of surrounding, uninjured cells; however, the human corneal endothelium is arrested in a
non-replicative state, which limits in vivo proliferation even in response to injury (Bourne
et al. 1997; Joyce 2003; Konomi et al. 2005; Matsuda et al. 1985). To restore and
maintain stromal deturgescence after injury, endothelial cell density must remain above
a critical level, typically at least 500 cells/mm? (Claerhout et al. 2008; Kim et al. 2008).
Temporary stromal edema may occur after injury as physiologic recovery lags behind
histologic recovery by four to five days (Khodadoust and Green 1976), but if the
endothelial cell density drops below threshold, barrier function falters and stromal edema
cannot be reversed by the remaining cells (Claerhout et al. 2008; Kim et al. 2008,
Khodadoust and Green 1976; Yee et al. 1985). Fortunately, endothelial transplantation
with or without a Descemet's membrane scaffold can successfully restore stromal

deturgescence and corneal clarity (Ljubimov and Saghizadeh 2015).

Limbal injury

Ocular surface injury that extends into or beyond the limbus endangers LESCs. Damage
to this stem cell population may result in complete or partial limbal stem cell deficiency
(LSCD), and destruction of the limbal epithelium additionally jeopardizes the physical
barrier it maintains between corneal and conjunctival epithelia (Chen and Tseng 1990;

Dua 1998). When the corneal epithelium cannot regenerate from the limbus, bulbar
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conjunctival cells invade the corneal surface as a last recourse for closing the epithelial
defect (Chen and Tseng 1991; Dua 1998; Friend and Thoft 1978; Shapiro et al. 1981).
Though this process of conjunctivalization closes the wound, overgrowth of
conjunctival epithelium onto the cornea results in an unstable mucosal epithelium that is
not specialized for maintaining transparency (Friend and Thoft 1978; Shapiro et al.
1981). As a result, corneal conjunctivalization predisposes the optical surface to chronic
inflammation, tear film irregularities, recurrent erosions, sterile ulceration,
neovascularization, and scarring, all of which lead to compromised visual acuity and
extended clinical morbidity (Bakhtiari and Djalilian 2010; Chen and Tseng 1991; Huang
and Tseng 1991; Kenyon and Tseng 1989). Furthermore, any remaining corneal
epithelial cells at the margins of persistent defects often appear and behave abnormally,
with elevated borders and arrest of migration, mitosis, and basement membrane
synthesis (Hirst et al. 1981). Reconstruction of the conjunctivalized ocular surface may
be achieved through surgical means, though outcomes are sensitive to tear film stability,

intraocular pressure, and inflammation (Liang et al. 2009; Tuft and Shortt 2009).

Corneal nerve injury

Corneal wounds, whether superficial or deep, result in concomitant corneal nerve injury,
given the presence of bundles, branches, and terminals throughout the stroma and
epithelium. In response to damage, severed axons of subepithelial corneal nerves
rapidly seal their terminal stump to form a swelling from which fine branches, or sprouts,
arise (Beuerman and Rézsa 1984; Beuerman and Schimmelpfennig 1980; de Leeuw
and Chan 1989; Rdzsa et al. 1983). The sprouts then penetrate into the denervated
tissue (Beuerman and Schimmelpfennig 1980), though only a subset of regenerated

fibers typically re-establish innervation (Chan et al. 1990; Wolter 1966). Recovery is
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often partial, and regenerated axons rarely restore the pre-injury pattern of corneal
innervation, instead assuming a more disorderly distribution (Chan et al. 1990; Lee et al.
2002; Namavari et al. 2011; R6zsa et al. 1983; Wolter 1966). Hyper-regenerated
neurites, abnormal morphologies of tangled aborted sprouts and end bulbs, and
microneuromas may coexist with successfully regenerated fibers, or dominate the
reinnervated tissue, particularly in the presence of extensive scar tissue (Chan et al.
1990; Lee et al. 2002; R6zsa et al. 1983; Wolter 1966). Distorted corneal nerve
architecture in both the stroma and epithelium may persist long term and correlate with
functional deficits (Chan-Ling et al. 1987).

Depending on the extent and location of injury along the nerve trajectory (i.e.,
stromal branches versus epithelial terminals), sensory deficits in the denervated region
may persist for weeks to months (Gallar et al. 2004; Lee et al. 2002), though the
temporal pattern of regeneration is highly variable (Belmonte et al. 2004). Conversely,
drastic injury-induced changes in expression, distribution, and post-translational
modification of ion channels can lead to aberrant ectopic activity, particularly in
microneuromas (Belmonte et al. 2015). These microneuromas may become
hypersensitive to light and air movement, evoking spontaneous pain or pain in response
to benign stimuli, such as a person’s own tears (Belmonte et al. 2004; Belmonte et al.
2015). This triad of hyperalgesia, allodynia, and spontaneous pain characterizes corneal
neuropathic pain, a potentially debilitating and often intractable condition caused by
corneal injury (Belmonte et al. 2004; Goyal and Hamrah 2016).

Because the corneal epithelium produces and releases neuropeptides,
neurotrophins, and growth factors that promote survival and maturation of nerve fibers
(Chan and Haschke 1981; Emoto and Beuerman 1987; You et al. 2000), extensive

damage to this region can result in deficient neurotrophic support and consequently poor
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corneal nerve regeneration (Chan et al. 1990). While Schwann cells support repair and
regrowth of stromal and subepithelial nerves, intraepithelial nerves (IENs) lack this
beneficial association and instead rely on corneal epithelial cells as surrogate glia, which
leaves IENs in a vulnerable position post-injury (Chan et al. 1990; Stepp et al. 2016). In
a reciprocal manner, corneal nerves produce epitheliotrophic factors that promote
physiological renewal as well as wound healing, and loss of this support leads to
sluggish epithelial repair (Beuerman and Schimmelpfennig 1980; Lambiase et al. 1998;
Mastropasqua et al. 2016). Due to the cooperative and reciprocal nature of corneal
nerve-epithelial interactions, damage to one component endangers the other,
jeopardizing regeneration of both. This cycle can ultimately lead to delayed wound
healing and increased susceptibility to recurrent epithelial breakdown (Alper 1975;
Beuerman and Schimmelpfennig 1980; Bonini et al. 2003; Ferrari et al. 2011; Mackie

1978; Sigelman and Friedenwald 1954).

Neprilysin

Due to its ubiquity and substrate promiscuity, neprilysin (NEP, EC 3.4.24.11) has
appeared under a number of guises since its initial discovery and characterization as a
“neutral metallo-endopeptidase” in the renal brush border where it hydrolyzes insulin B-
chain (George and Kenny 1973; Kerr and Kenny 1974a; Kerr and Kenny 1974b). At the
time, NEP was the first recognized mammalian example of a zinc-dependent
endopeptidase, bearing structural and functional similarity to the bacterial enzyme
thermolysin (Devault et al. 1987). Soon thereafter, the renal enzyme was exposed as
being identical to the synaptic enzyme enkephalinase (Malfroy et al. 1978; Schwartz et
al. 1980) and to the common acute lymphoblastic leukemia antigen (CALLA or CD10;

Brown et al. 1975; Greaves et al. 1983).
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Table 1. Neprilysin substrates.

Peptide

Main function

Adrenocorticotrophic
hormone

Stimulates adrenal secretion of glucocorticoids

Adrenomedullin

Vasodilation

Amyloid B peptide

Implicated in the pathogenesis of Alzheimer disease

Angiotensin |

Precursor to angiotensin 1-7 and angiotensin |l

Angiotensin Il

Vasoconstriction and vasodilation (angiotensin receptor
subtype-dependent)

Angiotensin 1-7

Vasodilation, natriuresis, diuresis; inhibition of cardiac
hypertrophy and fibrosis

Atrial, B-type, and C-type
natriuretic peptides

Vasodilation, natriuresis, diuresis; inhibition of renin-
angiotensin system, cardiac hypertrophy, and fibrosis

Bombesin-like peptides

Stimulate gastrin and cholecystokinin secretion,
mitogenesis

Bradykinin

Vasodilation; increased endothelial permeability, pain and
inflammation

Calcitonin gene-related
peptide

Vasodilation, pain and inflammation

Chemotactic peptide
(FMLP peptide)

Neutrophil chemotaxin

Cholecystokinin

Stimulates gallbladder contraction, pancreatic secretion,
intestinal motility, and satiety

Dynorphin Analgesia
B-Endorphin Analgesia
Endothelins Vasoconstriction, mitogenesis
Enkephalins Analgesia

Fibroblast growth factor-2

Angiogenesis



Table 1 — continued. Neprilysin substrates.

Peptide

Main function

Galanin

Inhibits neurotransmitter release

Gastrin-releasing peptide

Stimulates gastrin, somatostatin, cholecystokinin, and
gastric acid secretion; mitogenesis

Glucagon

Stimulates hepatic glucose release and ketone production

Gonadotropin-releasing
hormone

Stimulates pituitary secretion of follicle-stimulating hormone

and luteinizing hormone

Interleukin-118

Lymphocyte mitogenesis, inflammation

Insulin B-chain

With the insulin A-chain, comprises insulin

a-Melanocyte-stimulating
hormone

Stimulates melanogenesis; cardio- and neuroprotective,
anti-inflammatory

Neurokinin A

Vasodilation, bronchoconstriction; increased endothelial
permeability, pain and inflammation

Neurotensin

Neurotransmission and neuromodulation

Oxytocin Stimulates uterine contraction and milk ejection
Peptide YY Appetite reduction
Secretin Inhibits gastric acid production and emptying; stimulates

pancreatic exocrine secretions

Substance P

Vasodilation, bronchoconstriction; increased endothelial
permeability, pain and inflammation

Vasoactive intestinal
peptide

Smooth muscle relaxation in the gastrointestinal and
respiratory systems

Modified from Campbell, 2016; Bayes-Genis et al. 2016; and Erdos and Skidgel, 1989.
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Reports of NEP expression in a smattering of tissues quickly followed, with an
equally sizable list of in vitro and in vivo substrates (Table 1) suggesting a role for the
endopeptidase in pain perception, blood pressure regulation, metastasis, amyloid
accumulation, and inflammation in the pulmonary and gastrointestinal systems
(Hashimoto et al. 2010; Horiguchi et al. 2008; Iwata et al. 2000; Johnson et al. 1985; Lu
et al. 1995; Malfroy et al. 1978; Shipp et al. 1991; Skryzdto-Radomariska et al. 1994;
Vanneste et al. 1988). Most recently, NEP has enjoyed a renaissance in the field of
cardiovascular medicine, where it has gained considerable clinical attention as a novel

target for antihypertensive drug development (Lu et al. 1997; McMurray et al. 2014).

Gene and protein structure

NEP is a 749-amino acid (aa) protein encoded by 24 exons within an 80 kilobase gene
on human chromosome 3 (3q21-27; D'Adamio et al. 1989). A single exon (exon 3)
encodes the short amino-terminal (N-terminal) cytoplasmic and membrane domains of
the NEP protein, while exons 4 to 23 encode the bulk of its extracellular domain,
including the pentapeptide sequence His-Glu-lle-Thr-His associated with the zinc-bound
catalytic site (exon 19). The remaining carboxy-terminal (C-terminal) residues are
encoded by the final exon 24 (D'Adamio et al. 1989; Devault et al. 1987).

As outlined above, the 90 - 110 kDa NEP protein is organized into three domains:
an N-terminal cytoplasmic domain of 27 aa; a hydrophobic, transmembrane helical
region of 22 aa; and a large, hydrophilic extracellular domain of 700 aa, which includes
its spherical catalytic cleft containing the canonical HExxH zinc motif of
metallopeptidases (Devault et al. 1987; Hooper 1994). The two zinc-coordinating
histamine residues within the pentapeptide motif are highly conserved, as well as a

glutamate contained within another consensus sequence (ExxA/GD) that serves as the
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third zinc ligand (Devault et al. 1987). As a type Il integral membrane protein, NEP is
anchored to the lipid bilayer through a single transmembrane pass, with an
intracellularly-oriented N-terminus and an extracellularly-oriented C-terminus (Devault et
al. 1987). Intrachain disulfide bridges maintain its structure and activity (Malfroy et al.
1987). On the cell membrane, NEP normally exists as a hon-covalently associated
homodimer (Hoang et al. 1997; Shimada et al. 1996). However, there is mounting
evidence for a soluble human NEP, based on activity detected in plasma, cerebrospinal
fluid (CSF), and urine (Johnson et al. 1985; Spillantini et al. 1990; Yandle et al. 1992),
though the mechanism of NEP solubilization from its predominant membrane-bound

form is unknown.

Mechanism of action and substrate specificity

Originally assumed to be a peptidyl dipeptidase similar in mechanism of action to
angiotensin-converting enzyme (ACE; Schwartz et al. 1981), NEP was later determined
to function as an endopeptidase, preferentially hydrolyzing oligopeptides by cleaving the
amino side of internal hydrophobic amino acids (Matsas et al. 1984). Aside from the
requisite internal hydrophobic residue for cleavage, NEP is otherwise fairly non-
discriminating among peptide substrates up to about 3000 daltons (see Table 1; Erdos
and Skidgel 1989; Turner et al. 2001). However, NEP appears to cleave a few small
proteins, including the 17 kDa interleukin-1p (Pierart et al. 1988) and the 18 kDa
fibroblast growth factor-2 (FGF-2; Goodman et al. 2006), indicating that this putative size
restriction may be circumvented if the substrate contains sterically permissive tertiary
structures. With its lax substrate selectivity, the specific function of NEP is instead

dictated by its localization and the particular milieu of signalling peptides present at each
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tissue site (Fulcher et al. 1982; Matsas et al. 1983). This, of course, broadens the range

of its potential physiological roles to an almost bewildering degree.

Distribution and physiological functions
With its catalytic site oriented outwards, NEP is well-positioned to cleave signaling
peptides at the cell surface, in lumina of tubules or vessels, or at synapses of the tissues
to which it localizes. The renal brush border, specifically of the proximal tubule, was the
first recognized location of membrane-bound NEP, where it cleaves plasma-derived
peptides following glomerular filtration (Kerr and Kenny 1974b; Schulz et al. 1988).
Studies in rodents, pigs, and human tissues have since identified NEP in a diversity of
locations, including the thyroid and adrenal glands (Ronco et al. 1988), gastrointestinal
brush border (Bunnett et al. 1993; Skryzdto-Radomarnska et al. 1994), synovial joints
(Appelboom et al. 1991; Mapp et al. 1992), and keratinocytes (Olerud et al. 1999). The
enzyme is also found throughout the male genital tract and in seminal fluid, where it may
contribute to sperm motility (Bosler et al. 2014; Erdds et al. 1985; Ronco et al. 1988),
and throughout the respiratory system in large conducting airways and associated
smooth muscle, nerves, glands, and blood vessels, down to the epithelium of alveoli,
where it modulates the diverse activities of inflammatory peptides like the tachykinins
(Borson 1991; Johnson et al. 1985; Ronco et al. 1988). On the membranes of circulating
granulocytes, NEP likely cleaves the chemotactic peptide N-formylmethionyl-leucyl-
phenylalanine (FMLP) to temper neutrophil chemotaxis (Connelly et al. 1985; Painter et
al. 1988; Tran-Paterson et al. 1990).

A major and well-studied location of NEP is the central nervous system (CNS).
Here, it is considered the cholinesterase of peptidergic synapses (Turner et al. 2001),

expressed alongside opioid receptors in centers of pain control (Malfroy et al. 1978;
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Schwartz et al. 1980; Waksman et al. 1987) and presynaptically in the globus pallidus
and substantia nigra (Matsas et al. 1985; Waksman et al. 1987). Expression of NEP in
these CNS regions and others is inversely correlated with B-amyloid deposition (Fukami
et al. 2002), which can be degraded by NEP prior to plague formation (Howell et al.
1995; Yasojima et al. 2001). Among related enzymes, NEP is also uniquely and
abundantly found on epithelial surfaces in contact with CSF such as the choroid plexus,
pia, and ependyma (Erdos and Skidgel 1989; Matsas et al. 1986). Outside the CNS,
NEP is detected in a minority of myelin-forming Schwann cells, but in a majority on non-
myelin-forming Schwann cells (Kenny and Bourne 1991; Kioussi and Matsas 1991,
Kioussi et al. 1992). Interestingly, axonal injury briefly induces NEP expression in
myelin-forming Schwann cells, suggesting a role for the enzyme in axon-myelin
maintenance and regeneration (Kioussi et al. 1995).

Clinical interest in NEP has been revived over the past two decades in the field of
cardiovascular medicine. Expressed in cardiac fibroblasts, cardiomyocytes, and venous
and arterial endothelial cells (Kokkonen et al. 1999; Llorens-Cortes et al. 1992), NEP
inactivates atrial natriuretic peptide (ANP), a hormone released by cardiomyocytes in
response to increased effective circulating blood volume (Vanneste et al. 1988). In
addition, NEP metabolizes bradykinin and angiotensin | and Il, overlapping in function
with angiotensin-converting enzyme (ACE; Campbell et al. 1998; Campbell 2001). The
potential for modulating these systems as a therapeutic strategy for cardiovascular
disease drove the development of numerous NEP inhibitors, though with limited clinical
success (Campbell et al. 1998; Favrat et al. 1995; Kostis et al. 2004; O'Connell et al.
1992) until the landmark trial of LCZ696 (sacubitril/valsartan), a dual angiotensin
receptor-neprilysin inhibitor. In the PARADIGM-HF clinical trial, LCZ696 proved superior

to the standard of care in reducing the risks of death and hospitalization for heart failure
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(McMurray et al. 2014). The Food and Drug Administration has since approved LCZ696,
which is now sold under the brand name Entresto.

Unlike in the cardiovascular system, the expression and function of NEP in the
eye has received very little attention, aside from a handful of studies on retinal amyloid
accumulation (He et al. 2014; Parthasarathy et al. 2015) and on the prevention of
corneal diabetic neuropathy with NEP inhibition (Davidson et al. 2012a; Yorek et al.
2016). A single histological study has identified NEP in basal epithelial cells of normal
human corneas and throughout the corneal epithelium in those with keratoconus, a
progressive disease in which the cornea thins and protrudes (Hasby and Saad 2013).

However, the function of NEP in the cornea is unknown.

Thesis Overview

Clinical context and motivation

Second only to cataracts as the most common cause of visual impairment worldwide
(Négrel and Thylefors 1998), corneal injury accounts for an estimated 2.4 million
emergency department visits in the United States annually (Haring et al. 2015). With an
array of etiologies and a complicated epidemiology, corneal injury is an underreported,
significant cause of visual impairment that can result in chronic complications and life-
long disability (Négrel and Thylefors 1998; Whitcher et al. 2001). This is particularly true
of chemical corneal injuries, which constitute a small but significant fraction of ocular
trauma due to the rapidity and severity of damage that confer a high risk of permanent
vision loss (Wagoner 1997). Notably, the development of chemical industries in
industrialized nations has led to increased incidence of chemical corneal injury over the
past few decades (Négrel and Thylefors 1998). Furthermore, recent epidemiological data

indicate that children aged 1 to 2 years represent the single highest risk group for ocular
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chemical injuries in the United States, a previously unrecognized and disturbing statistic
(Haring et al. 2016).

Chemical corneal injuries, whether due to acid or alkali exposure, are
ophthalmologic emergencies (Kuckelkorn et al. 1994; Rozenbaum et al. 1991). Following
copious irrigation of the ocular surface, the main objectives during acute phase treatment
include control of inflammation, prevention of further epithelial and stromal breakdown,
and promotion of reepithelialization (Baradaran-Rafii et al. 2017; Brodovsky et al. 2000;
Bunker et al. 2014). If medical therapy alone cannot restore corneal structure and
function after injury, ocular surface reconstruction may be achieved through surgical
means. However, medical management of the chemically-injured cornea remains a
major determinant of surgical outcome, particularly through the first week after injury
(Kuckelkorn et al. 2002; Tuft and Shortt 2009). This time period constitutes a “window of
opportunity” (Tuft and Shortt 2009) during which treatment can limit potentially blinding
sequelae and optimize the ocular surface for surgical reconstruction. Still, with our
current medical and surgical treatment modalities, prognosis after chemical corneal
injury remains guarded, and those with high-grade injuries are prone to failure despite
aggressive management (Burcu et al. 2014; Sharma et al. 2012). From a clinical
standpoint, parsing the physiology of corneal wound healing may generate the
development of novel therapeutic strategies to restore corneal structure and function

after injury.

Purpose and structure of this study
Broadly, the purpose of this work is to increase our current understanding of corneal
wound healing mechanisms that could be targeted to accelerate recovery and improve

outcomes after injury. The enzyme neprilysin serves a protective role in a variety of
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systemic inflammatory conditions (Day et al. 2005; Hashimoto et al. 2010; Lu et al. 1995;
Lu et al. 1997; Shipp et al. 1991) but is conversely linked to impaired wound healing and
peripheral neuropathy in diabetes (Antezana et al. 2002; Davidson et al. 2012a,;
Davidson et al. 2012b; Spenny et al. 2002; Yorek et al. 2016). While NEP expression
has been detected in the human cornea (Hasby and Saad 2013), its physiological role in
this tissue is unknown, despite being an amenable therapeutic target. The research
presented herein aims to address this gap in knowledge with the following questions:
1. Does NEP contribute to homeostasis in the uninjured cornea?
2. Does NEP participate in acute phase wound healing in the chemically-injured
cornea?
Furthermore, we expanded our investigation to address a third question of more
immediate clinical relevance:
3. Does the NEP inhibitor thiorphan accelerate corneal wound healing after
chemical injury?
Chapter 2 of this dissertation deals with the question of NEP in corneal homeostasis;
Chapter 3 considers the effect of NEP on corneal wound healing and its candidacy for
therapeutic inhibition. In Chapter 4, implications of our findings and future directions are

addressed.
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CHAPTER 2: CONSTITUTIVE LOSS OF NEP ACTIVITY DOES NOT DISRUPT
HOMEOSTASIS IN THE UNINJURED CORNEA

Background and Rationale

Epithelial tissues form a dynamic interface with the external environment and must often
withstand constant attritive forces while maintaining a precise balance between cell loss
and replacement to preserve homeostasis. This is particularly crucial in the cornea
where innate immune defenses, light transmission, and light refraction depend on an
intact, uniform epithelium. While physical injury is the most common cause of corneal
epithelial disruption (Négrel and Thylefors 1998), nontraumatic alterations in corneal
homeostasis develop consequent to common systemic diseases, such as diabetes
(Schultz et al. 1981), and as side effects of medications, including the chemotherapeutic
agents erlotinib (Johnson et al. 2009) and cetuximab (Foerster et al. 2008).

With cell proliferation, differentiation, and exfoliation in equilibrium, the corneal
epithelium exists in a dynamic state of continuous vertical turnover while maintaining a
constant mass (Hanna et al. 1961; Hanna and O'Brien 1960; Sharma and Coles 1989).
To describe this phenomenon, Thoft and Friend (1983) proposed the simple equation, X
+Y = Z, where X represents epithelial cell proliferation, Y represents centripetal
migration of cells from the periphery, and Z represents epithelial loss due to
desquamation at the corneal surface. Though there is continued discussion regarding
the origin of the centripetally-migrating cells (Majo et al. 2008; Sherwin and McGhee
2010), the basic tenant of their X, Y, Z hypothesis of corneal epithelial maintenance
remains valid: perturbation of one or more of the three variables results in loss of
homeostasis. The reality is more complicated than a three-variable equation, however. A

complex regulatory network of neural, paracrine, and humoral factors influences the rate
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of corneal epithelial proliferation, differentiation, and migration to match desquamation
(Hanna et al. 1961; Hanna and O'Brien 1960). Understanding the mechanisms of this
control system and its associated molecular signals represents a major challenge in the
field, and though an array of growth factors, cytokines, hormones, and epitheliotrophic
neurochemicals have been implicated in the regulation of corneal homeostasis
(Beuerman and Schimmelpfennig 1980; Imanishi et al. 2000; Reins et al. 2017; Wilson et
al. 1999), much remains unknown.

Accumulating evidence suggests that these neuropeptides perform homeostatic
functions in the cornea that contribute to tissue maintenance and steady-state renewal
(Maller et al. 2003; Sabatino et al. 2017). Blinking appears sufficient to trigger baseline
release of neuropeptides from corneal nerves into the tear film, which is likely
supplemented by additional neuropeptide release from lacrimal and accessory glands
(Maller et al. 2003; Yamada et al. 2003). While multiple combinations of neuropeptide
expression profiles are possible in both sensory and autonomic corneal fibers, the
trophic effects of substance P (SP), calcitonin gene-related peptide (CGRP), vasoactive
intestinal peptide (VIP), and neuropeptide Y (NPY) in the cornea are currently the best
defined (Sabatino et al. 2017). Expressed by approximately 40% of sensory corneal
nerves in the mouse (LaVail et al. 1993), SP and CGRP often colocalize to the same
fibers (Muller et al. 2003), while autonomic nerves are fewer in number, restricted to the
corneal stroma, and express VIP if parasympathetic or NPY if sympathetic in origin
(Jones and Marfurt 1998).

The necessity of these neurochemicals in maintenance of corneal homeostasis is
exemplified by the strikingly abnormal corneal phenotype of mice lacking functional
neurokinin-1 receptors (NK1R). Expressed by corneal epithelial cells and keratocytes,

NK1R is the highest affinity SP receptor (Bignami et al. 2016; Stoniecka et al. 2015).
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Mice without NK1R exhibit excessive desquamation of apical corneal epithelial cells
(CECs) with increased CEC proliferation and density, but decreased CEC size. Corneal
nerve density, basal tear volume, and corneal epithelial dendritic cell numbers are also
decreased (Gaddipati et al. 2016), reflecting the pleiotropic effects of SP on corneal
homeostasis.

The widely distributed enzyme neprilysin (NEP) modulates neurogenic
inflammation by terminating the action of various signaling peptides throughout the body.
Among its many substrates, NEP has the highest affinity for SP but also cleaves VIP,
NPY, and CGRP (Erdds and Skidgel 1989; Goetzl et al. 1989; Katayama et al. 1991;
Matsas et al. 1984; Medeiros and Turner 1996; Turner et al. 1985). Given the
involvement of these neuropeptides in corneal maintenance and steady-state renewal
(Muller et al. 2003; Sabatino et al. 2017) and their susceptibility to cleavage by NEP, we
wondered whether modulation of NEP activity might alter ocular surface homeostasis.

In this chapter, we examine the contribution of NEP to homeostatic maintenance
of the uninjured cornea using mice that lack the functional enzyme, abbreviated
throughout as NEP™ (Lu et al. 1995). Functional expression of NEP is first established in
the WT mouse cornea, and NEP” corneal morphology is then characterized with
multiple in vivo imaging and histologic technigues, suggesting a minimal role for NEP in

the cornea at steady-state.

Materials and Methods

Animals

Eight to twelve week old male mice were used for all experiments. Breeding pairs of
mice with a targeted disruption of the membrane metallo-endopeptidase gene

(B6.129S4-Mme™“%) were provided by Drs. Lu and Gerard (Lu et al. 1995) and bred to
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establish colonies at the lowa City Department of Veterans Affairs and University of lowa
(lowa City, IA) in certified animal care facilities. Offspring were backcrossed to C57BL/6J
mice for more than nine generations. Control C57BL/6J mice (The Jackson Laboratory,
Bar Harbor, ME) were also housed at these locations. Standard diet (Harlan Teklad,
#7001, Madison, WI, USA) and water were provided ad libitum at both facilities. Mice
were handled in compliance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, and protocols were approved by the Institutional
Animal Care and Use Committees at the lowa City Department of Veterans Affairs and

University of lowa.

Immunoblot analysis of corneas

Freshly enucleated eyes were trimmed at the sclerocorneal limbus. Corneas from each
mouse were pooled and homogenized (VWR 200 Homogenizer, Radnor, PA, USA) in
100 uL cold RIPA buffer containing protease/phosphatase inhibitors (Halt Cocktail;
Thermo Scientific Pierce Biotechnology, Rockford, IL, USA). Total protein in each
sample was determined by BCA assay according to manufacturer’s instructions (Thermo
Scientific). Corneal lysates containing equal amounts of protein (15 pg) were separated
on a 10% Mini-PROTEAN TGX precast polyacrylamide gel (BioRad, Hercules, CA, USA)
and transferred to a nitrocellulose membrane with the BioRad Trans-Blot Turbo Transfer
system.

For detection of NEP and the loading control glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), membranes were cut at 50 kDa and blocked in 5% skim milk
in TBST buffer at room temperature (RT for 1.5 h. The upper half of the membrane (> 50
kDa) was incubated in goat anti-CD10 (NEP; PA5-47075; Invitrogen) at 1:100, and the

lower half (< 50 kDa) was incubated in mouse anti-GAPDH (MAB374; EMD Millipore,
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Burlington, MA, USA) at 1:1000, both overnight at 4°C. After washing in TBST,
membranes were incubated with HRP-conjugated secondary antibodies (Abcam,
Cambridge, UK) at 1:5000 for 1 h at RT and developed with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific). Chemiluminescence was detected
using the BioSpectrum 810 imaging system with a CCD camera (Ultra-Violet Products,
Upland, CA, USA).

For detection of NK1R and the loading control GAPDH, membranes were cut at
40 kDa and blocked in 5% skim milk in TBST buffer at RT for 1 h. The upper half of the
membrane (> 40 kDa) was incubated in mouse anti-NK1R (ab183713; Abcam) at
1:1000, and the lower half (< 40 kDa) was incubated in mouse anti-GAPDH at 1:1000,
both overnight at 4°C. After washing in TBST, membranes were incubated with HRP-
conjugated secondary antibodies (Abcam) at 1:5000 for 1 h at RT. Membranes were

developed and imaged as above.

NEP immunofluorescence and microscopy

For immunofluorescent localization of NEP, freshly enucleated eyes were fixed whole in
4% paraformaldehyde for 30 min at RT prior to routine dehydration and paraffin-
embedding. Eyes were sectioned sagittally at 5 um intervals, mounted on Fisherbrand
Superfrost Plus slides, deparaffinized, and rehydrated. For antigen retrieval, sections
were placed in a IHC-Tek Epitope Retrieval Steamer (IHC World, Ellicott City, MD, USA)
for 45 min in Citra Plus Antigen Retrieval Solution (BioGenex, Fremont, CA, USA).
Sections were then incubated in blocking buffer (5% BSA in 0.1% Triton X-PBS) for 2 h
at RT. Goat anti-CD10 (NEP; PA5-47075; Invitrogen) was applied to tissue mounted on
slides with CoverWell Incubation Chamber Gaskets (Thermo Scientific) at 1:20 in

blocking buffer overnight at 4°C. Negative controls were incubated in buffer only. After
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washing in 0.1% Tween, sections were incubated with an Alexa Fluor 647-conjugated
secondary antibody (Abcam) at 1:500 for 2 h at RT. Finally, slides were washed and
coverslipped with ProLong Diamond Antifade Mountant with 4',6-diamidino-2-
phenylindole (DAPI) to label nuclei (Thermo Scientific). Slides were imaged on a Zeiss

Axio Imager 2 at 40X with identical exposure settings for all sections.

NEP enzyme activity
Corneas from each mouse were pooled, frozen in liquid nitrogen, and transferred to
-80°C storage. Frozen samples were homogenized in 100 uL of 0.5% NP-40 lysis buffer
in two 15 s bursts with 30 s incubations on ice between bursts. Aprotinin (5 ug/mL;
Thermo Scientific) and phenylmethylsulfonyl fluoride (PMSF; 200 uM; Thermo Scientific)
were added to the buffer to prevent protein degradation. Samples were centrifuged at
10,000 g for 5 min at 4°C, and pellets were discarded. Total protein in each supernatant
was determined by BCA assay according to manufacturer’s instructions (Thermo
Scientific).

NEP activity was determined using the SensoLyte 520 Neprilysin Activity Assay
Kit (AnaSpec, Fremont, CA, USA). Samples were diluted in 1x assay buffer to 15 ug
protein/50 uL/well and loaded in triplicate in 96-well plates. Positive, negative, and
substrate controls were run according to manufacturer’s protocol. Plates were incubated
and read at 24°C. Endpoint fluorescence was recorded on a SpectraMax M2 microplate
reader (Molecular Devices, Sunnyvale, CA, USA) with excitation at 490 nm and emission
at 520 nm, per manufacturer’s protocol. The assay was performed twice on different sets

of tissue samples. Background-subtracted data are presented from a single assay.
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Corneal nerve and vessel immunofluorescence and microscopy
For corneal whole mount CD31 and TUJ1 immunostaining, enucleated eyes were fixed
in Zamboni's (Newcomer Supply, Middleton, WI, USA) for 30 min at RT. Corneas were
dissected at the sclerocorneal limbus, incubated in blocking buffer (2% BSA, 2% normal
donkey serum, 0.2% Triton-X) for 2 h at RT, and then incubated in antibodies against
endothelial adhesion marker CD31 and pan-neuronal marker Bl tubulin/TUJ1 (rabbit
anti-CD31 at 1:200, Abcam; mouse anti-TUJ1 at 1:1000, Biolegend, San Diego, CA,
USA) overnight at 4°C. After washing in 0.1% Tween, corneas were incubated with
Alexa Fluor 488- and 647-conjugated anti-rabbit and anti-mouse secondary antibodies
(Abcam), respectively, at 1:500 for 2 h at RT. Corneas were washed in 0.1% Tween and
mounted on glass slides as above.

Tiled images were taken on an Olympus BX-61 motorized microscope (Waltham,
MA, USA) at 10X with identical exposure settings for all corneas, and stitched using
Olympus cellSens software. The area of positive CD31 staining was measured in
ImageJ software (NIH) using thresholding and region of interest functions. Subbasal
nerve leashes were counted manually in ImageJ using the cell counter plugin (Kurt De

Vos, University of Sheffield, 2001).

Corneal epithelial cellularity

Paraffin-embedded 5 um sections prepared for NEP immunostaining were used to
determine corneal epithelial cellularity based on DAPI-stained nuclei. Central corneal
fields were randomly selected and imaged on a Zeiss Axio Imager 2 at 40X. Corneal
epithelial cell nuclei were counted manually in ImageJ using the cell counter plugin.

Counts were normalized to the length of corneal epithelium sampled in millimeters.
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Nuclei were not normalized to area or volume of corneal epithelium due to variability of

layer thickness from tissue processing.

Ocular examination and imaging
The ocular surfaces of conscious mice were examined under a slit lamp microscope (SL-
D7; Topcon, Tokyo, Japan) by an investigator blinded to genotype. Images were taken

with a digital camera (D800; Nikon, Tokyo, Japan).

Optical coherence tomography

Mice were anesthetized with intraperitoneal (i.p.) ketamine/xylazine (100 mg ketamine +
10 mg xylazine/kg body weight) for bilateral measurement of central corneal thickness
(CCT) with spectral domain optical coherence tomography (SD-OCT; Bioptigen, Durham,
SC, USA). Scans of the anterior segment were obtained with a 12 mm telecentric bore
centered over the pupil, with the following parameters: 2.0 mm radial volume scans,
1000 A scans/B scan, 100 B scans/volume, 1 frame/B scan, 1 volume. CCT, epithelial
thickness, and stromal thickness were measured with vertical-locked B scan calipers in
the Bioptigen InVivoVue Clinic software. Mice were omitted from analysis if variation in

CCT between left and right eyes exceeded 5 um.

Substance P immunoassay in the cornea

Corneas from each mouse were pooled and homogenized (VWR 200 Homogenizer) in
100 uL cold RIPA buffer containing protease/phosphatase inhibitors (Halt Cocktail;
Thermo Scientific). Total protein in each sample was determined by BCA assay

according to manufacturer’s instructions (Thermo Scientific).
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To quantify corneal SP, each sample was diluted to a concentration of 0.5 pg/uL
in 1x ELISA buffer provided in the Cayman Chemical Substance P ELISA Kit (Ann Arbor,
MI, USA), then plated in the pre-coated 96 well plate at 1:100 in triplicate. Blank, non-
specific binding, maximum binding, and total activity wells were included as controls, and
an eight-point standard curve was plated in duplicate per manufacturer’s instructions.
Plates were incubated overnight at 4°C in antiserum and acetylcholinesterase tracer,
then washed and developed in Ellman’s reagent for 2 h at RT in the dark. Absorbance
was measured at 420 nm on a SpectraMax M2 microplate reader. Data were

background-subtracted and presented as pg SP per ug total protein.

Statistics

Results are presented as mean + SEM. Student’s unpaired t test was used to compare
CCT, corneal epithelial thickness, stromal thickness, positive CD31 immunostaining,
subbasal nerve leash count, corneal epithelial cellularity, and NK1R band density
between groups. All statistical analyses were performed in Graphpad Prism 7 (San

Diego, CA, USA). Throughout, P < 0.05 was considered statistically significant.

WT NEP*
Figure 1. Expression of NEP protein
in mouse cornea. Immunoblot of NEP
NEP B = s o - (100 kDa) in whole cornea lysates from
(190%DR - . WT and NEP™” mice with glyceraldehyde

3-phosphate dehydrogenase (GAPDH,
37 kDa) run as a loading control.

GAPDH B s s s S S v o Membrane was cut at 50 kDa.
(37 kDa)
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Results

NEP is functionally expressed in the mouse cornea

Immunoblot analysis of whole cornea lysates with anti-NEP antibody revealed the
expected 100 kDa band in WT but not NEP™" tissue (Fig. 1). To determine whether
truncated forms of NEP are expressed in NEP™" tissue, we performed an immunoblot
analysis of whole corneal lysates with the same NEP antibody but did not include a
loading control in order to visualize lower molecular weight bands. The full-length,
overexposed blot did not reveal obvious differences in < 100 kDa banding between WT

and NEP" corneal samples (Fig. 2).

WT NEP*

Figure 2. Full length immunoblot for
NEP protein in mouse cornea.
Immunoblot of NEP in whole cornea
lysates from WT and NEP”" mice (n = 3).
Blot was overexposed to allow
visualization of additional bands.

With the same primary antibody, we then examined the cellular distribution of
NEP with immunohistochemistry (Fig. 3). In the WT cornea, NEP was localized
prominently in the apical epithelial layer and stromal keratocytes, with occasional signal
in the cytoplasm of basal epithelial cells. Unexpectedly, NEP"" corneal sections also
showed NEP staining but in a different distribution, with signal localizing to the basal

epithelium in a perinuclear distribution. No signal was detected in the no primary
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antibody controls. Notably, similar staining in NEP™" tissue was observed using other
monoclonal and polyclonal NEP antibodies, visualized with Anti-Rabbit InmPRESS Anti-
Rabbit IgG (Peroxidase) Polymer Detection and InmPACT NovaRED Kits (VectorLabs,
Burlingame, CA, USA), though the signal in WT tissue was less intense with this

technique (data not shown).

NEP
no primary control

Figure 3. Localization of NEP in the mouse cornea. Representative immunofluorescence
images labeled for NEP (red) and DAPI (blue) in WT corneal sections (n = 3), compared to NEP™
(n = 3) and no primary control (n = 2) sections. NEP localizes to superficial epithelial cells and
stromal keratocytes (arrowheads) in WT sections. Original magnification, 40X; scale bar, 25 pum.
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To establish whether these signals represented functional NEP protein, we
assayed for NEP activity in whole cornea lysates (Fig. 4). Activity in WT samples was
readily detected at levels above that in NEP” samples and negative control wells, which
were not detectable. This suggests that the NEP signal seen on histology in NEP™ tissue
represents either non-specific staining or an inactive, truncated form of the NEP protein

that could not be discerned on immunoblots.

Figure 5. Constitutive genetic disruption of
NEP activity does not affect morphological
development of the ocular surface. Broad beam
slit lamp images of WT and NEP" eyes showing
corneal and limbal regions (n = 3 mice/group).
Ocular surfaces of WT and NEP™ mice are grossly
indistinguishable.

WT

NEP

F (s ‘

NEP deficiency is associated with normal ocular surface and corneal thickness

To assess the effect of constitutive NEP disruption on corneal morphology, we used two
in vivo imaging techniques: slit lamp biomicroscopy, which uses an adjustable beam of
incandescent light to image the eye from various angles; and anterior segment optical
coherence tomography (OCT), which uses long wavelength light to non-invasively
capture micrometer-resolution images of the eye. Non-invasive in vivo imaging allows

examination of corneal morphology in the absence of artifacts that are typically
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introduced during tissue processing for histology. No epithelial defects, cataracts,
corneal opacities, or corneal neovascularization were observed on slit lamp examination
of awake, unmanipulated WT or NEP”" mice (Fig. 5).

Central corneal thickness (CCT), epithelial thickness, and stromal thickness were
then quantified using OCT. Representative OCT images are shown in Fig. 6a. No
significant differences were detected in CCT or epithelial thickness between groups,
though there was a trend for increased stromal thickness in NEP”" corneas compared to
WT controls (Fig. 6b, P = 0.0534). In concordance with OCT data, corneal epithelial
cellularity did not significantly differ between WT (Fig. 7a) and NEP™ mice (Fig. 7b),

based on nuclei count in DAPI-labeled corneal sections (Fig. 7c, P = 0.8506).
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Figure 6. In vivo measurement of central corneal thickness in WT and NEP” mice.

(a) Representative images of WT and NEP™ corneas obtained with anterior segment optical
coherence tomography (OCT). (b) Quantification of central corneal thickness and thickness of
epithelial and stromal layers (n = 7 - 9 mice/group; mean + SEM; two-tailed t-test).
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Figure 7. NEP deficiency does not alter corneal epithelial cellularity. Representative images
of WT (a) and NEP™ (b) corneas labeled with DAPI to visualize epithelial nuclei. (c) Quantification
of corneal epithelial cell nuclei, normalized to the length of central corneal epithelium sampled in
millimeters (n = 10 - 17 fields/group; n = 3 mice/group; mean + SEM; two-tailed t-test). Original
magnification, 40X; scale bar, 25 pm.

NEP” mice have increased corneal innervation and normal pericorneal vasculature

To further assess the pericorneal vasculature, we immunolabeled whole mount corneas
for the endothelial marker CD31 to visualize blood vessels. As expected, the pericorneal
plexus was appropriately confined to the limbal area and did not encroach onto the
peripheral cornea in either WT or NEP™ mice (Fig. 8a, b). Quantification of CD31
staining confirmed that there was no significant difference in the total area of vasculature
between groups (Fig. 8c, P = 0.786).

In the same corneas, we also immunolabeled for Bl tubulin (TUJ1) to visualize
corneal innervation at the level of the subbasal nerve plexus (Fig. 9a, b), which is
composed of radially-oriented unmyelinated fibers that run beneath the basal epithelium
and terminate between superficial epithelial cells as intraepithelial nerves (Mller et al.
2003). Notably, NEP"" corneas had 33.47 + 8.11% more subbasal nerve leashes than

WT corneas (Fig. 9¢c, P = 0.0103).
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Figure 8. NEP deficiency
does not alter limbal
vasculature. Representative
corneal flat mounts from a
WT (a) and NEP" (b) mouse
immunostained with the
vascular marker CD31.
Higher magnification images
of boxed areas in (a) and (b)
are shown to the right of
each image, respectively.
Original magnification, 10X;
scale bar, 250 pm.

(c) Area of positive CD31
immunofluorescence

(n =5 - 6 mice/group, mean
+ SEM; two-tailed t-test).

Figure 9. NEP” mice have
increased corneal
innervation at the level of
the subbasal plexus.
Representative corneal flat
mounts from a WT (a) and
NEP™ (b) mouse
immunostained with the pan-
neuronal marker Il tubulin
(TUJ1). Higher magnification
images of boxed areas in (a)
and (b) are shown to the
right of each image,
respectively. Original
magnification, 10X; scale
bar, 250 um. (c) Subbasal
nerve leash counts

(n =5 - 6 mice/group, mean
+ SEM; *P = 0.0103; two-
tailed t-test).
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NEP deficiency does not alter SP or NK1R expression in the cornea

An excess of SP can result in pathologic inflammation and corneal neovascularization,
while insufficient levels lead to persistent corneal epithelial defects (Bignami et al. 2016;
Gaddipati et al. 2016; Nishida and Yanai 2009; Twardy et al. 2011). Since we did not
observe pathologic changes at either end of this spectrum in NEP” animals, we
predicted that the corneal SP-NK1R signaling axis would not differ between WT and
NEP™ mice, despite SP being the highest affinity substrate of NEP (Turner et al. 1985).
As expected, SP levels and NK1R protein expression in the cornea did not significantly
differ between WT and NEP™ mice (Fig. 10, P = 0.9125; Fig. 11, P = 0.8112). These
data indicate that loss of NEP function does not affect SP or its receptor expression in

the cornea at baseline.

8 = Figure 10. NEP deficiency does not alter
substance P levels in the cornea. Substance P-
P=0.9125 like immunoreactivity determined by enzyme
immunoassay in whole cornea lysates from WT
°® L and NEP" mice. Data presented as pg SP per ug
total protein assayed (n = 8 - 10 mice/group,

:E: mean + SEM; two-tailed t-test).

Substance P (pg/ug total protein)
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WT NEP*
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Figure 11. NEP deficiency does not alter neurokinin-1 receptor expression in the cornea.
(a) Immunoblot of neurokinin-1 receptor (NK1R; 46 kDa) in whole cornea lysates from WT and
NEP™ mice with glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 37 kDa) run as a loading
control on the same gel. Membrane was cut at approximately 40 kDa. (b) Densitometric analysis
of NK1R bands normalized to GAPDH (n = 4 mice/group, mean + SEM; two-tailed t-test).

Discussion

Overview of findings

In this chapter, we report functional expression of NEP in the mouse cornea. Previously,
a single study described NEP expression in the human cornea, but its physiological
function was not investigated (Hasby and Saad 2013). Our examination of the adult
mouse cornea with in vivo imaging and histology has now revealed that gross corneal
morphology, epithelial and stromal thickness, epithelial cellularity, and perilimbal
vasculature are all unaltered by NEP deficiency. Furthermore, loss of NEP activity does
not appear to disrupt the SP-NK1R signaling system at baseline. However, we did
observe increased corneal innervation in NEP” mice, based on subbasal nerve leash

number.
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Functional expression of NEP in the cornea

In this study, we generated multiple lines of evidence that document expression of NEP
in the uninjured mouse cornea: first, NEP protein in whole corneal lysates was detected
by immunoblot; second, cellular localization of NEP in the cornea was determined by
immunohistochemistry; lastly, an enzymatic assay established the presence of NEP
activity while verifying the lack of functional NEP protein in NEP” corneas. NEP is
expressed in an assortment of epithelial tissues, including the epidermis (Olerud et al.
1999), gastrointestinal brush border (Skryzdto-Radomarnska et al. 1994), pulmonary
epithelium (Johnson et al. 1985), nasal mucosa (Ohkubo et al. 1994), and renal brush
border where the enzyme was first isolated (George and Kenny 1973). It is therefore
unsurprising that NEP is also expressed in the corneal epithelium, particularly given its
high density of peptidergic innervation (Muller et al. 2003).

In support of our results, a previous study detected NEP in the human cornea
with immunohistochemical methods (Hasby and Saad 2013). The authors reported
occasional perinuclear staining in the basal corneal epithelium similar to that described
here, though we also detected NEP in the apical epithelial layer and stromal keratocytes.
With the superficial cornea bathed in tears containing growth factors, cytokines, and
neuropeptides (Kaufman et al. 2011; Yamada et al. 2002), NEP expression at this
interface positions the enzyme to modulate signals exchanged between the tear film and
corneal epithelium.

Given that NEP is a membrane-bound protein, an explanation for its perinuclear
localization in basal epithelial cells is not as readily apparent, though this expression
pattern has been previously described in nasal mucosa (Ohkubo et al. 1994), epidermis
(Olerud et al. 1999), and pulmonary epithelium (Nadel and Borson 1991). In a study on

NEP expression in human epidermis, Olerud et al (1999) proposed that NEP
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predominantly clusters in cells that express neuropeptide receptors to facilitate
competition between receptors and degradative enzymes for neuropeptides (Olerud et
al. 1999). If this is the case, it then would follow that clusters of basal corneal epithelial
cells highly express such receptors. To the best of our knowledge, however, the
differential expression of neuropeptide receptors in corneal epithelial cell types has not
been studied. Still, this would not explain the perinuclear location of NEP in the basal
corneal epithelium of both WT and NEP™ mice. A potential explanation may reside in the
post-translational modification of NEP. As a glycosylated protein processed in the
endoplasmic reticulum (ER) and Golgi apparatus (Stewart and Kenny 1984), NEP may
be temporarily concentrated in these perinuclear organelles and therefore readily
labeled.

A similar explanation may account for the unexpected staining observed in NEP™
mice. Conceivably, a truncated NEP protein may be produced as a result of the exonic
cassette inserted to generate the NEP” mouse line. Exon 13 of the murine NEP locus,
which encodes a portion of the extracellular domain, was replaced with a neomycin
resistance cassette through homologous recombination. Subsequent Northern analysis
did not detect NEP mRNA when probed with cDNA spanning exons 14-20 (Lu et al.
1995); however, no studies were conducted to evaluate potential translation of truncated
NEP protein. In this study, the polyclonal antibody used for immunoblotting and
immunohistochemistry recognizes mouse NEP residues 52 - 750, which comprise its
entire extracellular domain. The antibody may therefore retain the ability to bind a
truncated NEP protein, accounting for the immunofluorescent signal in NEP™ corneas,
while retention of truncated NEP in the ER or Golgi would explain the perinuclear
localization observed. Indeed, intracellular trapping of NEP is known to occur with

partially glycosylated forms of the enzyme, likely due to misfolding (Lafrance et al. 1994).
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Alternatively, the antibody may recognize portions of the related endopeptidase,
NEP2, a soluble enzyme sharing 42.7% sequence identity with NEP in its N-terminal
region (amino acids 1 - 510 of NEP2; Ikeda et al. 1999). During processing, NEP2 is
temporarily membrane-bound in the ER and a portion of the Golgi (Ikeda et al. 1999) but
requires post-translational modification and transportation out of the ER to become
active (Rose et al. 2002). Other glycoforms of NEP2 may be retained in the ER
permanently (Ikeda et al. 1999; Whyteside and Turner 2008). Expression of NEP2 in the
cornea is unknown but could account for perinuclear immunostaining in both WT and
NEP™ corneas. Critically, the NEP enzyme activity assay confirmed loss of activity in the

NEP™ corneas, despite detection of putative NEP or NEP2 protein by immunostaining.

NEP deficiency does not alter development or homeostatic maintenance of the cornea
To maintain corneal homeostasis, a complex regulatory network of neural, paracrine,
and humoral factors modulates corneal epithelial cell production to match the rate of
desquamation (Hanna et al. 1961; Hanna and O'Brien 1960). Neuropeptides of both
neural and paracrine origin are among the factors that contribute to homeostatic
maintenance, yet constitutive loss of the neuropeptide-metabolizing activity of NEP does
not appear to cause significant imbalance in the system: WT and NEP” corneas are
morphologically indistinguishable at the gross anatomic and cellular levels, suggesting
that NEP is not essential for development or homeostatic maintenance of the cornea.
Alternatively, activation of compensatory responses in NEP” mice may serve to buffer
against any deleterious effects of constitutive NEP inactivation, effectively masking any
resultant phenotype. An inducible cornea-specific knockout or antisense-knockdown

approach would be necessary to probe the possible role of compensation, since these
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techniques are less likely to induce counteracting genetic mechanisms (El-Brolosy and

Stainier 2017; Rossi et al. 2015).

NEP deficiency alters corneal innervation

Phenotypic characterization of NEP”" corneas revealed an increased number of nerve
leashes in the subbasal plexus, a whorl of bundled fibers with terminations that innervate
the epithelium (Mdller et al. 1996). The physiological significance of this increased
innervation cannot be surmised without additional investigation, given that subbasal
nerve density does not necessarily correlate with intraepithelial nerve density or corneal
sensitivity (Davidson et al. 2012a). However, our findings agree with a recent study on
the effect of NEP on diabetic neuropathy, in which Yorek et al. reported a trend of
increased corneal nerve density in nondiabetic NEP” mice compared to WT controls.
The authors ascribe this to the accompanying increase in CGRP-positive fibers observed
in NEP" corneas, proposing that CGRP could promote corneal nerve generation (Yorek
et al. 2016).

Other studies have suggested that NEP regulates peripheral nerve development
through different mechanisms. Expressed on the plasma membranes of both myelin-
forming and non-myelin-forming Schwann cells in prenatal and early postnatal
development (Kioussi and Matsas 1991), NEP levels decline in myelin-forming Schwann
cells as myelination concludes in adulthood, paralleling the developmental profile of
other axonally-controlled antigens (Kioussi et al. 1992). Though the substrate(s) for NEP
on Schwann cell membranes are unknown, interleukin-1 (IL-1) has been suggested as a
potential candidate. Macrophages closely associate with peripheral nerves in neonatal
life (Stoll and Muller 1986) and function as a source of IL-1 to stimulate nerve growth

factor (NGF) production by Schwann cells (Lindholm et al. 1987). NEP may therefore
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compete with IL-1 receptors on Schwann cell membranes to modulate NGF production.
Loss of NEP activity would then increase NGF production and perhaps account for

increased corneal innervation in NEP” mice.

NEP deficiency does not alter SP-NK1R signaling in the cornea

Predominantly secreted by neurons and inflammatory cells, substance P (SP) is an
ubiquitous, injury-inducible mitogenic neuropeptide found in tear fluid, corneal nerves,
and corneal epithelial cells (Reid et al. 1993; Tervo et al. 1982; Watanabe et al. 2002;
Yamada et al. 2002). As with other signaling molecules, rates of synthesis, release, and
degradation regulate the active pool of SP available for receptor binding and signal
transduction, and perturbation of this balance can result in corneal pathology.

Despite SP being the highest-affinity substrate of NEP (Turner et al. 1985), we did not
observe baseline pathologic changes in NEP” mice, nor did we detect a difference in
corneal SP levels or neurokinin-1 receptor expression. This suggests that NEP is not a
major regulator of SP in the cornea under homeostatic conditions. Alternatively, other
degradative mechanisms may be upregulated to compensate for the loss of NEP activity,
ultimately correcting any potential imbalance. Indeed, SP can be cleaved by dipeptidyl
peptidase IV, deamidase, and angiotensin-converting enzyme, plus undergo non-
enzymatic degradation and oxidation in the extracellular space (Jackman et al. 1990;
Michael-Titus et al. 2002; Rissler 1995).

Importantly, interpretation of these findings is limited by the methods used to
guantify SP levels in the cornea. Extracellular SP is rapidly degraded in vivo, with its
metabolites exhibiting significant differences in rate of clearance (Michael-Titus et al.
2002). Furthermore, SP metabolites exhibit a range of biological actions, from the

beneficial promotion of corneal epithelial migration (Nakamura et al. 1999) to the
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detrimental induction of allergic inflammation (lwamoto et al. 1991). While the ELISA-
based kit used in this study detects the full-length SP undecapeptide, only a limited
number of possible SP fragments are detectable, and at significantly different efficacies:
SP (2-11) and SP (4-11) have approximately equal reactivity as SP (1-11); SP (7-11) is
fractionally reactive; and SP (1-4) and SP (8-11) are negligibly reactive. Importantly, SP
(7-11) and SP (8-11) are NEP cleavage products, as are SP (1-6), (1-7), (1-9), and (10-
11), which are not detected by the kit (Byrd et al. 2008; Matsas et al. 1984). Though the
sum of SP (1-11), (2-11), and (4-11) levels did not differ between NEP” and WT mice in
this study, we cannot conclude that other SP metabolites are unaltered by NEP
deficiency. In humans, SP and SP metabolites have been quantified in tear fluid samples
by high-performance liquid chromatography (Yamada et al. 2002). A similar approach,
coupled with mass spectrometry, would be needed for detailed quantitative analysis of

SP in the mouse cornea.

Conclusions

Collectively, our findings demonstrate that NEP, while functionally expressed in the
uninjured cornea, is not required for normal development and homeostatic maintenance
of the cornea, with the caveat that NEP activity was constitutively and globally disrupted
in this study. However, NEP may be involved in regulating development and/or
maintenance of corneal nerves. As a cell surface peptidase readily detected in the
corneal epithelium, NEP is well-positioned to modulate peptidergic and neuroimmune
crosstalk between corneal epithelial cells, immune cells, and intraepithelial nerve fibers,

perhaps accounting for the increased subbasal nerve density observed in NEP™ mice.
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CHAPTER 3: CONSTITUTIVE LOSS OR PHARMACOLOGICAL INHIBITION
OF NEP ACCELERATES CORNEAL EPITHELIAL WOUND HEALING

Background and Rationale

Recovery from corneal injury begins with the acute phase of wound healing, during
which reepithelialization is undertaken through a multistep process involving cell
migration, proliferation, differentiation, stratification, and attachment (Ljubimov and
Saghizadeh 2015). This complex cascade is promoted by release of neuropeptides from
a dense network of corneal nerves that arise from the trigeminal ganglia, in conjunction
with growth factors and cytokines released locally by resident cells and systemically by
distant organs (Garcia-Hirschfeld et al. 1994; Imanishi et al. 2000; Reid et al. 1993). The
resulting inflammatory reaction supports corneal nerve and epithelial regrowth after
injury (Li et al. 2011; Namavari et al. 2012; Zhang et al. 2016) but when dysregulated,
can lead to corneal ulceration, neovascularization, and opacification (Bignami et al.
2016; Wagoner 1997).

If endogenous repair mechanisms fail to restore corneal transparency,
reconstruction of the ocular surface after severe injury is often attempted through
surgical means. Though recent advances in corneal stem cell transplantation can
potentially restore a stable corneal epithelium without risk of rejection (Atallah et al.
2016; Dua et al. 2016; Pellegrini et al. 1997; Rama et al. 2010), surgical outcomes are
sensitive to tear film stability, intraocular pressure, infection, and inflammation (Liang et
al. 2009; Tuft and Shortt 2009). As a consequence, early medical interventions serve an
essential role in the management of corneal injury and can ultimately be major
determinants of surgical outcomes (Wagoner 1997). However, for severe corneal

injuries, visual prognosis often remains guarded despite currently available medical and
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surgical techniques (Kuckelkorn et al. 1994; Sharma et al. 2012), emphasizing an unmet
need for improved therapeutic strategies. From a clinical standpoint, parsing the
physiology of corneal wound healing may generate novel approaches to managing the
injured ocular surface.

In the previous chapter, we established functional expression of neprilysin (NEP)
in the mouse cornea and showed that constitutive disruption of its enzymatic activity
does not affect normal corneal development or homeostasis. However, numerous
studies have documented that this ubiquitous and promiscuous enzyme has in vivo and
in vitro effects on apoptosis, peripheral axonal regeneration, epithelial wound healing,
and modulation of inflammation in other tissues (Antezana et al. 2002; Bahadir et al.
2009; Day et al. 2005; Hasby and Saad 2013; Kioussi et al. 1995; Lu et al. 1995; Shipp
et al. 1991; Spenny et al. 2002; Olerud et al. 1999). In this chapter, we therefore
investigate the role of NEP in the injured cornea using genetic and pharmacological in
vivo approaches, providing preclinical evidence that NEP inhibition significantly

accelerates corneal epithelial wound healing.

Materials and Methods

Animals

Eight to twelve week old male mice were used for all experiments. Breeding pairs of
mice with a targeted disruption of the membrane metallo-endopeptidase gene
(B6.129S4-Mme™!“%) were provided by Drs. Lu and Gerard (Lu et al. 1995) and bred to
establish colonies at the lowa City Department of Veterans Affairs and University of lowa
(lowa City, 1A) in certified animal care facilities. Offspring were backcrossed to C57BL/6J
mice for more than nine generations. Control C57BL/6J mice (The Jackson Laboratory,

Bar Harbor, ME) were also housed at these locations. Standard diet (Harlan Teklad,
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#7001, Madison, WI, USA) and water were provided ad libitum at both facilities. Mice
were handled in compliance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, and protocols were approved by the Institutional
Animal Care and Use Committees at the lowa City Department of Veterans Affairs and

University of lowa.

Alkali burn model of corneal injury

Prior to wounding, mice were anesthetized with intraperitoneal (i.p.) ketamine/xylazine
and received topical 0.5% proparacaine (Bausch + Lomb, Rochester, NY, USA) for
corneal analgesia. A single 5 uL drop of 0.5 M NaOH was applied unilaterally to the
ocular surface for 30 s, followed by immediate irrigation with 5 mL isotonic saline. A
unilateral, saline instillation served as a sham injury. Ocular surfaces were coated with a
2.5% methylcellulose ophthalmic lubricant (Goniovisc, HUB Pharmaceuticals, Rancho
Cucamonga, CA, USA) to prevent drying and reduce infection risk after injury. After
injury, animals were monitored until ambulatory. Subcutaneous meloxicam (2 mg/kg;
Newbrook, Newry, Northern Ireland) was provided up to 48 h after injury for pain control.
All animals were euthanized by rapid decapitation under isoflurane anesthesia 7 d after

injury.

Analysis of wound closure

Corneal wounds were visualized with 0.1% rose bengal (Sigma-Aldrich, St. Louis, MO,
USA) under a slit lamp microscope (Zeiss) equipped with a digital camera (Olympus
DP21). Duplicate images were acquired of the ocular surface at 1, 3, and 7 d post-injury

under ketamine-xylazine anesthesia. During each anesthetic event, eyes were protected
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with a sterile, water-soluble ophthalmic lubricant (Optixcare; CLC Medica, Waterdown,
Ontario, Canada) to prevent drying of the ocular surface before and after imaging.
Quantitative analyses of corneal rose bengal staining were performed using a
custom-written color deconvolution algorithm in Aperio Spectrum software (Leica
Biosystems, Buffalo Grove, IL, USA). Regions of reflected light were omitted from the
analyzed area. Total percent staining within a user-defined area (here, the cornea) was
averaged for each pair of images. Data are representative of more than three

independent experiments.

NEP enzyme activity following thiorphan administration
To determine optimal route of thiorphan administration and efficacy in the cornea,
uninjured WT mice were administered a single dose of topical or i.p. thiorphan ((DL-3-
mercapto-2-benzylpropanoyl)-glycine; N1195; Bachem, Bubendorf, Switzerland). Mice
receiving a topical preparation were administered 10 pL of 0.1 mg/mL or 0.5 mg/mL
thiorphan or vehicle (saline), applied directly to the ocular surface with a pipette.

Mice receiving an i.p. injection were administered 15 mg/kg thiorphan or vehicle
(5% ethanol in saline) with a 28 gauge U-100 insulin syringe (Becton-Dickinson, Franklin
Lake, NJ, USA). Mice were decapitated under deep isoflurane anesthesia 30 min after
topical thiorphan, or 1 or 6 hours after i.p. thiorphan for collection of bilateral trigeminal
ganglia and corneas. Tissue was frozen in liquid nitrogen and stored at -80°C.

Frozen corneas were homogenized in 100 uL of 0.5% NP-40 lysis buffer in two
15 s bursts with 30 s on ice between bursts. Frozen trigeminal ganglia were
homogenized in 200 uL of buffer for 10 s. Aprotinin (5 ug/mL; Thermo Scientific) and
phenylmethylsulfonyl fluoride (200 uM; Thermo Scientific) were added to the buffer to

prevent protein degradation. Samples were centrifuged at 10,000 g for 5 min at 4°C, and
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pellets were discarded. Total protein in each supernatant was determined by BCA assay
according to manufacturer’s instructions (Thermo Scientific).

NEP activity was determined using the SensoLyte 520 Neprilysin Activity Assay
Kit (AnaSpec). Samples were diluted in 1x assay buffer to 10 ug protein/50 uL/well and
loaded in triplicate in 96-well plates. Positive, negative, and substrate controls were run
according to manufacturer’s protocol. Plates were incubated and read at 24°C. Endpoint
fluorescence was recorded on a SpectraMax M2 microplate reader (Molecular Devices)

with excitation at 490 nm and emission at 520 nm, per manufacturer’s protocol.

Thiorphan preparation and administration

Stock solutions of 30 mg/mL thiorphan were prepared in 100% ethanol and stored at -
20°C. Working solutions of 1.5 mg/mL were prepared daily by dilution in isotonic saline.
Saline containing 5% ethanol served as a vehicle control. Intraperitoneal 5 mg/kg or 15
mg/kg thiorphan, or vehicle was administered to mice within 1 h after corneal injury.
Administration was continued daily in each group until euthanasia on day 7 after injury.
Ocular surface imaging and analysis of wound closure was performed as above. Data

are representative of two independent experiments.

Immunoblot analysis of WT corneas after alkali injury

Anesthetized WT mice were unilaterally injured with a 5 uL drop of 0.5 M NaOH on the
left ocular surface for 30 s. Saline served as a sham injury. Subcutaneous meloxicam (2
mg/kg) was administered in sham and injured groups immediately after injury and 24 h
after injury. Mice received i.p. 15 mg/kg thiorphan or vehicle (5% ethanol in saline) within

1 h after corneal injury and each day thereafter until euthanasia at the end of one week.
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In order to avoid any effects of manipulation on the ocular surface, mice used for
immunoblot analysis were not imaged.

Freshly enucleated eyes were trimmed at the sclerocorneal limbus. The left
cornea from each mouse was homogenized (VWR 200 Homogenizer) in 100 uL of cold
RIPA buffer containing protease/phosphatase inhibitors. Three gels were required to
represent all experimental groups. Corneal lysates containing equal amounts of protein
(9.5 ug), determined by BCA assay, were randomized among the three 7.5% Mini-
PROTEAN TGX precast polyacrylamide gels (BioRad), separated by electrophoresis,
and transferred to nitrocellulose membranes with the BioRad Trans-Blot Turbo Transfer
system. An equal concentration of intermembrane (IM) reference sample (pooled TKE2
lysate) was run on each gel in the same location. Membranes were cut at 50 and 150
kDa and blocked in 5% skim milk in TBST buffer at RT for 1 h. The upper third of each
membrane (> 150 kDa) was immunoblotted in rabbit anti-CD45 (ab208022; Abcam) at
1:1000, the middle third (50 - 150 kDa) in rabbit anti-CD31 (ab28364; Abcam) at 1:250,
and the bottom third (< 50 kDa) in mouse anti-alpha smooth muscle actin (SMA; ab7817;
Abcam) at 1:500 overnight at 4°C. The IM reference lane was incubated in rabbit anti-
neurokinin-1 receptor (NK1R; ab183713; Abcam) at 1:1000. After washing in TBST, all
membranes were incubated with HRP-conjugated secondary antibodies (Abcam) at
1:5000 for 1 h at RT and developed with SuperSignal West Femto Maximum Sensitivity
Substrate. Chemiluminescence was detected using a BioRad ChemiDoc XRS+ system
with Image Lab software.

Following chemiluminescent detection, membranes were stained for total protein
using amido black according to a published protocol (Goldman et al. 2016). In brief,
membranes were washed in dH20 and submerged in 0.01% (w/v) amido black 10B

(Abcam) in 10% acetic acid for 1 min. Membranes were then destained in 5% acetic
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acid, washed in dH20, and dried at RT. Dried membranes were imaged using the Epi-
White illumination setting with identical exposure times on the ChemiDoc XRS+ system.

For relative quantification, the integrated optical density value (defined as the
sum of each background-subtracted pixel value) was determined for equal-sized boxes
drawn around bands for each antibody in Image Studio Lite software (LI-COR
Biosciences, Lincoln, NE, USA). Median background was calculated from perimeter
values around each band of interest. As a loading control, the total amido black signal
was determined for equal-sized strips centered in each lane, rather than a rectangle
encompassing the entire stained area, to minimize errors due to lane bending (Aldridge
et al. 2008). The integrated optical density for each protein of interest was first
normalized to the total amido black signal in its corresponding lane, and then to the
normalized integrated optical density of the IM control protein, NK1R, from its
corresponding membrane to control for intermembrane variability. NK1R bands were
similarly normalized to the total amido black signal in corresponding lanes.

Samples were re-randomized and immunoblots were repeated with statistically

similar results. Normalized data from the second set of immunoblots are presented.

Immunoblot analysis of TKE2 cells

TKE2 cells (ECACC 11033107; Sigma-Aldrich, St. Louis, MO, USA), a line of mouse
corneal epithelial progenitors isolated from a CD-1 female mouse (Kawakita et al. 2008),
were harvested at passage 3, incubated in 150 pL cold RIPA buffer with protease and
phosphatase inhibitors (Halt Cocktail; Thermo Scientific), and sonicated on ice. After
centrifugation at 13,000 g for 5 min at 4°C, the supernatant was collected and protein

concentration was determined by BCA assay according to manufacturer’s instructions.
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Lysates containing equal amounts of protein (20 pg) were separated on a 10%
Mini-PROTEAN TGX precast polyacrylamide gel (BioRad) and transferred to a
nitrocellulose membrane with the BioRad Trans-Blot Turbo Transfer system. For
detection of NEP and the loading control glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), membranes were cut at 70 kDa and blocked in 5% milk in TBST buffer at RT
for 1.5 h. The upper half of the membrane (> 70 kDa) was incubated in goat anti-CD10
(NEP; PA5-47075; Invitrogen) at 1:1000, and the lower half (< 70 kDa) was incubated in
mouse anti-GAPDH (MAB374; EMD Millipore) at 1:1000, both overnight at 4°C. After
washing in TBST, membranes were incubated with HRP-conjugated secondary
antibodies (Abcam) at 1:5000 for 1 h at RT and developed with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific). Chemiluminescence was detected

using a BioSpectrum 810 imaging system with CCD camera (Ultra-Violet Products).

TKEZ2 in vitro scratch assays

Scratch assays with TKE2 cells between passages 3 and 10 were used to determine
whether thiorphan could promote wound closure in vitro. Cells were plated at a density of
62,500 cells/cm? and grown to confluence on uncoated 12-well Corning CellBIND plates
(Corning Life Sciences, Corning, NY, USA) in Stemline Keratinocyte Medium 1l (S0196)
with Stemline Keratinocyte Growth Supplement (S9945) and 2 mM glutamine (Sigma).
The confluent monolayer was scratched with a 200 L sterile pipette tip guided by a
plastic ruler. Scratch-wounded monolayers were washed with prewarmed media to
remove detached cells and debris before incubating in fresh media containing 1, 10, or
100 uM thiorphan (diluted from a 2 mM stock in water) or 10 uL of UltraPure water
(Invitrogen, Carlsbad, CA, USA) in 0.5 mL of complete medium for 18 h. Conditions were

assayed in triplicate wells, assigned at random on each plate.
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Wound closure was monitored with time-lapse differential interference contrast
(DIC) imaging on a custom-built Olympus 1X-81 inverted microscope (Waltham, MA,
USA) with a humidified, carbogenated (flow rate 0.5 - 1.0 L/min), 37°C environmental
chamber at the University of lowa Central Microscopy Research Facility. The motorized
stage controller (ProScan Il) and associated Olympus cellSens software allowed imaging
of three pre-selected, “memorized” positions within each well. Images were collected at
4X every 15 min for the duration of the experiment. Scratch wound closure was analyzed
in ImageJ software (NIH). The initial wound area (time 0) and remaining wound areas at
2 h intervals were manually outlined for quantification. Data are presented as average

percent closure relative to initial wound area at each timepoint.

Statistics

Results are presented as mean = SEM. A one-way ANOVA with post hoc Bonferroni
correction for multiple comparisons was used to compare NEP activity and corneal rose
bengal staining among groups. Student’s unpaired t test was used to compare scratch
wound closure between groups. All statistical analyses were performed in Graphpad
Prism 6 or 7 (San Diego, CA, USA). Throughout, P < 0.05 was considered statistically

significant.

Results

NEP deficiency promotes corneal epithelial wound healing in vivo

To evaluate the effect of NEP deficiency on corneal wound healing, we chemically
injured the corneas of NEP” and WT mice with controlled application of sodium
hydroxide to the ocular surface (Fig. 12). The acute phase of wound healing was tracked

with slit lamp imaging at 1, 3, and 7 d after injury, with rose bengal retention serving as a
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measure of the corneal defect at each timepoint. The corneas of sham-injured mice

retained minor rose bengal stain after sham injury, typically in the central and/or nasal

cornea. However, the pattern of dye retention was superficial compared to that observed

in alkali-injured animals, and sham-injured corneas retained clarity and regularity of the

ocular surface over the 7 days post-injury (Fig. 13a). There was also no significant

difference in the area of positive staining between WT and NEP”" sham groups at any

timepoint (Fig. 13b).

Figure 12. Broad-beam slit lamp image of
the alkali-injured cornea. Representative
image of the ocular surface 1 day after alkali
injury, without rose bengal instillation to
illustrate the density and area of corneal
haze. Details of the iris and pupil are
obscured, but the pupil remains
distinguishable from the iris. This injury
represents a grade Il burn according to
Roper-Hall criteria for corneal involvement.
Limbal ischemia was not evaluated.

In the alkali-injured groups, corneas appeared diffusely opaque and edematous 1

day post-injury. At this acute time point, the area of corneal defect in alkali-injured NEP™"

mice was not significantly different from that in alkali-injured WT mice (Fig. 13b).

However, at 3 and 7 days post-injury, the corneal defect area in NEP”" mice was 42.72 +

4.91% and 52.08 + 7.19% smaller, respectively, than that in WT mice (Fig. 13b, P <

0.0001 at both time points).
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Figure 13. Corneal wound healing after alkali burn in WT and NEP" mice. (a) Representative
broad beam slit lamp images obtained at 1, 3, and 7 days post-injury with rose bengal instillation
to visualize corneal defects. (b) Quantification of positive rose bengal staining reported as a
percentage of total corneal area at 1, 3, and 7 days post-injury (n = 12 - 18 mice/group at each
timepoint; mean + SEM; ****P < 0.0001; one-way ANOVA with Bonferroni correction).
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Topical or systemic thiorphan inhibits corneal NEP

Based on the accelerated wound healing phenotype that we observed in NEP”" mice, we
next evaluated efficacy of the NEP inhibitor thiorphan on corneal wound healing in WT
mice. First, to determine whether topical or i.p. thiorphan could inhibit NEP in the cornea,
we assayed for NEP activity in whole cornea lysates from uninjured mice. We also
isolated trigeminal ganglia from the same animals to determine whether thiorphan could

inhibit NEP activity in the cell bodies of neurons innervating the cornea.
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A single 10 uL topical dose of 0.1 mg/mL thiorphan decreased NEP activity in the
cornea by 26.05 £ 10.12% at 30 min after administration (n = 3 mice, P = 0.0394),
compared to vehicle controls (Fig. 14, n = 4 mice). A single 10 pL topical dose of 0.5
mg/mL thiorphan similarly decreased NEP activity by 25.31 + 2.64% at the same time
point (Fig. 14, n = 3 mice, P = 0.0445). There was no significant difference in NEP
inhibition between the 0.1 mg/mL and 0.5 mg/mL thiorphan groups (Fig. 14, P = 0.9962).

A single i.p. dose of 15 mg/kg thiorphan in an uninjured WT mouse decreased
NEP activity in the cornea by 58.26 + 8.96% at 1 h after administration (n = 3 mice, P =
0.0226) and by 34.14 £+ 10.43% at 6 h after administration (n = 3 mice, P = 0.1407),
compared to vehicle controls (Fig. 15). The same dose decreased NEP activity in the
trigeminal ganglia by 28.39 + 1.65% (n = 3 mice, P = 0.002) and 8.18 £ 4.24% (n =3
mice, P = 0.3243) at 1 and 6 h after administration, respectively, compared to vehicle
controls (Fig. 15). Based on these results, we proceeded with i.p. thiorphan dosing in our

in vivo model of corneal wound healing.
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Thiorphan promotes corneal epithelial wound healing in vivo

In our chemical corneal injury model, we then administered i.p. thiorphan at 5 or 15
mg/kg daily to WT mice. Representative slit lamp images are shown in Fig. 16a. There
were no significant differences in the area of positive rose bengal staining between
vehicle, low dose, or high dose thiorphan-treated groups at the early time points of 1 or 3
days post-injury (Fig. 16b). At 7 days post-injury, however, the high dose thiorphan
group had corneal defects 35.80 + 4.20% smaller than those in vehicle-treated mice (Fig.
16b, P = 0.0004). There was no significant difference in corneal defect area between the
low and high dose thiorphan groups (P = 0.2305), or between the low dose thiorphan
and vehicle groups (P > 0.999). By 7 days post-injury, two mice in the vehicle-treated
group (n = 8) and three in the low dose thiorphan-treated group (n = 8) required
euthanization due to corneal perforation. None of the high dose thiorphan-treated mice
(n = 10) developed corneal perforation (Fig. 17).

Though the cornea may initially undergo reepithelialization after corneal burn,
severe injury may result in vision-compromising sequelae, including stromal opacity and
abnormal vascular growth (Wagoner 1997). To determine if NEP inhibition acutely
affects inflammation, corneal neovascularization, or fibrosis after alkali injury, we
immunoblotted for markers of leukocytic infiltration (CD45), vascular endothelium
(CD31), and myofibroblastic cells (alpha-smooth muscle actin) in corneas from alkali-
and sham-injured mice treated with 15 mg/kg thiorphan or vehicle (Fig. 18). Expression
of these markers at 1 week post-injury in thiorphan-treated mice (n = 7) did not
significantly differ from vehicle-treated mice (n = 7; CD45, P > 0.999; CD31, P = 0.080;
alpha-smooth muscle actin, P = 0.769). The immunoblots were repeated with similar

results.
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Figure 16. Corneal wound healing after alkali burn with thiorphan administration in WT
mice. (a) Representative broad beam slit lamp images obtained at 1, 3, and 7 days post-injury
with rose bengal instillation to visualize corneal defects. (b) Quantification of positive rose bengal
staining reported as a percentage of total corneal area at 1, 3, and 7 days post-injury (n =5 - 10
mice/group at each timepoint; mean + SEM; ***P = 0.0004; one-way ANOVA with Bonferroni
correction). V, vehicle; 5, 5 mg/kg thiorphan; 15, 15 mg/kg thiorphan.
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Figure 17. Corneal perforation in alkali-injured WT
mice. Incidence of corneal perforation by day 7 post-
injury. Veh, vehicle; 5, 5 mg/kg thiorphan; 15, 15 mg/kg
thiorphan.
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Figure 18. Thiorphan administration does not significantly affect CD45, CD31, or a-smooth
muscle actin expression in alkali-injured WT corneas at one week. (a) Immunoblots showing
expression of CD45, CD31, and a-smooth muscle actin in whole cornea lysates from WT mice at
one week post-alkali or sham injury. Samples from each experimental group were randomized
among three gels that were processed simultaneously. (b) Amido black stain for total protein on
membranes corresponding to those shown in (a), utilized as a loading control. (c) Band intensities
normalized to total protein and intermembrane reference protein. Each point represents
expression in lysate from a single cornea (mean + SEM; one-way ANOVA with Bonferroni
correction). SMA, a-smooth muscle actin; veh, vehicle; thior, thiorphan (15 mg/kg).
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Thiorphan does not affect migration of TKE2 cells after wounding in vitro

Based on the effects of thiorphan in vivo, we utilized an in vitro wound healing assay to
begin dissecting the mechanism of accelerated corneal recovery with NEP inhibition.
TKE2 expression of NEP was first confirmed by immunoblot (Fig. 19). Cultures were
then grown to confluence, wounded, treated with thiorphan or vehicle, and imaged at
intervals for 18 h (Fig 20a). In this cell migration-based assay, thiorphan did not enhance
the rate of wound closure compared to vehicle controls (Fig. 20b, 20c; n = 5 wells per
condition; P = 0.6436). Data are representative of two independent assays, but these
experiments were performed four times with similar results, including with fibronectin-

coated wells (data not shown).

NEP »-

(100 kDa)

_ . Figure 19. Expression of NEP protein in TKE2 cell
. - line. Immunoblot of NEP (100 kDa) in lysates from
g confluent TKE2 cultures, with glyceraldehyde 3-
phosphate dehydrogenase (GAPDH, 37 kDa) run as a
GAPDH B s s s loading control. Membrane was cut at 50 kDa.
(37 kDa)
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(a) Representative images from in vitro scratch assays demonstrating that cell migration into the
cell-free wound region does not vary with thiorphan treatment. (b) Summary graph of the course

of wound healing over the duration of the assay. (c) Quantification of wound closure at the final

timepoint (n = 5 wells per condition; two-tailed t test).
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Discussion

Overview of findings

In this chapter, we report a critical role for NEP in corneal wound healing. Within the first
week after severe chemical corneal injury, NEP” mice exhibited accelerated epithelial
recovery relative to WT mice. We then evaluated therapeutic efficacy of the NEP inhibitor
thiorphan in our corneal injury model. After establishing that thiorphan can be
successfully delivered to the cornea and trigeminal ganglia with systemic administration,
we demonstrated that pharmacologic NEP inhibition in WT mice similarly promotes
corneal epithelial wound healing after chemical injury. Though the mechanism by which
NEP inhibition accelerates recovery after corneal injury remains unknown, preliminary
mechanistic work with the TKE2 corneal epithelial cell line suggests that thiorphan does

not affect cell migration.

NEP deficiency accelerates recovery from chemical corneal injury
To investigate the effect of NEP deficiency on recovery from corneal injury, we applied a
model of alkali burn, a severe form of chemical injury with an unmet need for improved
pharmacologic treatments (Brodovsky et al. 2000; Rozenbaum et al. 1991). Alkaline
agents are commonly found in various household cleaning products, including bleach,
oven cleaners, and drain cleaners (McKenzie et al. 2010). Consequently, corneal alkali
injuries occur more often and also cause more damage than their acid counterparts, with
risk to young children substantially higher than previously estimated (Haring et al. 2016).
After chemical corneal injury, rapid reepithelialization is necessary to restore the
protective barrier of tight junctions and limit recruitment of inflammatory cells, thereby
reducing the risk of infection, scarring, persistent corneal defects, and other sight-

threatening sequelae (Wagoner 1997). Indeed, the degree of corneal epithelial recovery
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correlates with patient prognosis after chemical injury, with earlier resurfacing predictive
of improved outcomes (Eslani et al. 2014; Wagoner 1997). Consequently, the first week
after injury represents a “window of opportunity” during which medical interventions can
limit potentially blinding sequelae and optimize the ocular surface for surgical
reconstruction (Tuft and Shortt 2009). For this reason, we evaluated recovery in our
mouse model of alkali corneal burn during the first week post-injury to coincide with the
clinically-critical acute phase of corneal wound healing.

During this post-injury period, we observed that corneal epithelial wound healing
in NEP”" mice was significantly accelerated relative to WT mice as early as three days
after wounding. One week post-injury, remaining corneal defects in NEP”" mice were half
the size of those in WT animals. However, the course of recovery beyond this timepoint
was not within the scope of our study. In contrast to mechanical abrasions and other
epithelial injuries that can resurface in a week, alkali injury is seldom restricted to the
epithelium. Because their cationic form is lipophilic, alkaline chemicals rapidly penetrate
the ocular surface and can result in damage all corneal layers, as well as the lens, ciliary
body, and trabecular meshwork (Fish and Davidson 2010; Wagoner 1997). Recovery, if
possible, occurs over weeks to months. This protracted course is also encountered in
rodents. A recent study conducted in a rat model of alkali injury collected clinical,
molecular, and histopathological data over 21 days, expanding on the typical week-long
timeline seen in much of the literature (Choi et al. 2017). In congruence with clinical data,
the authors reported development of corneal fibrosis and neovascularization at later time
points, with persistent corneal opacity noted in injured animals throughout the duration of
the study with little improvement. Thus, the effect of NEP on long-term outcomes of alkali

injury is reserved for future investigation.
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When comparing corneal epithelial recovery in WT animals to those with
constitutive loss of NEP activity, a potential confounding factor is the increased density
of corneal innervation observed in the NEP" mice (see Chapter 2). Because corneal
nerves produce epitheliotrophic factors that promote physiological renewal as well as
wound healing (Beuerman and Schimmelpfennig 1980; Lambiase et al. 1998;
Mastropasqua et al. 2016), the accelerated corneal wound healing phenotype in NEP™”"
mice may be related to increased innervation at baseline or to another unrecognized
consequence of constitutive genetic disruption of NEP activity. However, thiorphan
administration promotes recovery in WT mice within one week of corneal injury (see next
subsection), an interval too brief for extensive reinnervation (Chan et al. 1990). This
suggests that a difference in innervation, whether pre- or post-injury, is likely not the
primary mechanism by which genetic or pharmacologic disruption of NEP activity
supports corneal wound healing. Indeed, recapitulation of the accelerated wound healing
phenotype of NEP” mice with thiorphan administration in WT mice supports that the
findings in our genetic model are not due to compensatory mechanisms resulting from
constitutive NEP inactivation. The pairing of a genetic study with a pharmacologic study

is a major strength of this work.

NEP inhibition accelerates epithelial recovery from chemical corneal injury

Expanding upon findings in our genetic model of NEP deficiency, we demonstrated that
pharmacologic NEP inhibition with thiorphan promotes corneal epithelial wound healing
in WT animals. Thiorphan is a highly potent and specific NEP inhibitor, with an IC50
reported as low as 1.8 nM (Lambert et al. 1993; Roques et al. 1980). Though thiorphan
also inhibits matrilysin, a small matrix metalloproteinase expressed by the basal corneal

epithelium (Lu et al. 1999), the IC50 for matrilysin is reported near 10.5 uM (Oneda and
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Inouye 2001), orders of magnitude lower than that for NEP. In addition, thiorphan is the
active metabolite of racecadotril, an oral agent used clinically for hypersecretory diarrhea
in Europe, Asia, and South America (Eberlin et al. 2012; Schwartz 2000). With a half-life
of approximately 6 h with oral administration (Xu et al. 2007), racecadotril is well-
tolerated and rapidly converted to thiorphan, the predominant species detected in
plasma (Eberlin et al. 2012). Though racecadotril is not available for use in the United
States, the NEP inhibitor sacubitril is currently approved for management of chronic
heart failure (McMurray et al. 2014). This positions our basic science findings for rapid
clinical translation.

In our evaluation of the in vivo efficacy of thiorphan, we compared the magnitude
of NEP inhibition achieved in uninjured WT corneas through systemic and topical
thiorphan administration. When targeting the cornea, the most common route of ocular
drug delivery is topical administration due to ease of application, patient convenience,
and low cost (Yavuz and Kompella 2017). However, as reflected in the modest NEP
activity reduction achieved with topical thiorphan, efficient corneal drug delivery remains
a challenge. Because the typical resident tear volume is approximately 7 uL in humans,
the application of an ophthalmic solution to the ocular surface results in rapid clearance
of excess volume through the nasolacrimal duct. Blinking, reflex tearing, and corneal
permeability barriers further reduce bioavailability of most therapeutic agents, resulting in
less than 5% dose delivery to the anterior segment (Yavuz and Kompella 2017).
Frequent administration is a common strategy for achieving therapeutic doses with
topical instillation.

Systemic administration, whether through oral or parenteral routes, faces similar
permeability issues in the cornea, with the additional limitations of extensive drug dilution

in the vascular system, hepatic metabolism, and renal clearance, all of which reduce
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bioavailability of an agent prior to reaching the cornea. Potential off-target effects and
toxicity must also be considered when systemically dosing for ocular drug delivery. A
third route involves creating a depot in the subconjunctival space for sustained drug
delivery. Unfortunately, periocular injection or implantation is invasive and uncomfortable
for patients, and also technically challenging to administer in the context of acute ocular
surface injury (Yavuz and Kompella 2017). Given these considerations and the results of
our NEP enzyme activity assay, we pursued an intraperitoneal route of thiorphan

administration in our in vivo model of corneal wound healing.

Mechanism of NEP inhibition in epithelial corneal repair

Corneal epithelial repair involves coordination of cellular, molecular, and functional
changes in viable tissue at the wound margin. Local release of cytokines, growth factors,
and neuropeptides facilitates reciprocal communication between the reparative
epithelium and neighboring stromal keratocytes, corneal nerves, and immune cells to
coordinate clearance of cellular debris from the wound bed, synthesis of adhesion
proteins and extracellular matrix, and corneal epithelial cell migration and proliferation
(Garcia-Hirschfeld et al. 1994; Imanishi et al. 2000; Ljubimov and Saghizadeh 2015;
Reid et al. 1993).

The particular role of NEP in this intricate cascade is unknown. NEP acts on a
diversity of peptides with pleiotropic actions (Kerr and Kenny 1974; Matsas et al. 1984;
Turner et al. 1985), complicating identification of the specific mechanism by which this
enzyme modulates corneal wound healing. Moreover, recent studies indicate that NEP,
long considered an oligopeptidase (Turner et al. 2001), can inactivate substrates much
larger than previously thought. The largest known substrate of NEP, fibroblast growth

factor-2 (FGF-2; Goodman et al. 2006; Horiguchi et al. 2008), plus an assortment of
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neuropeptides, are both involved in corneal wound healing and metabolized by NEP
(Chikama et al. 1998; Imanishi et al. 2000; Sabatino et al. 2017). Inhibition of NEP could
reduce the enzymatic degradation of these or other growth factors and neuropeptides,
thereby prolonging their actions and accounting for the accelerated corneal wound
healing observed in NEP” and thiorphan-treated WT mice.

As an initial step towards unraveling the mechanism of NEP inhibition in corneal
wound healing, we employed an in vitro model of epithelial injury. Preliminary assays
with the TKE2 mouse corneal epithelial cell line suggest that modulation of NEP activity
does not alter cell migration after wounding. Alternatively, NEP inhibition may require the
presence of other cell types, such as stromal keratocytes, immune cells, or sensory
neurons, in order to alter epithelial behavior. An example of this interdependence is seen
with substance P (SP) in vivo. Predominantly produced and released by sensory nerves
in the cornea (Markoulli et al. 2017; Yamada et al. 2003), SP sensitizes the corneal
epithelium to circulating trophic factors produced elsewhere in the body (Chikama et al.
1998; Nishida et al. 2007; Yamada et al. 2008). Loss of innervation, and thus the primary
source of SP, renders the corneal epithelium unresponsive to physiologic concentrations
of these agents (Nishida 2005). Conceivably, the negative in vitro data may therefore be
an artifact of the isolated system in which thiorphan was tested. Still, this alternative
interpretation presupposes that the therapeutic action of thiorphan occurs through direct
interaction with corneal tissue. It may be that thiorphan acts peripherally on immune cells
or the endothelium of pericorneal vasculature, thereby modulating the wound
environment to indirectly support reepithelialization. Indeed, at one week post-injury,
there was a trend for decreased expression of the vascular marker CD31 in corneas
from thiorphan-treated mice, indicating delayed or reduced development of

neovascularization after alkali burn. Given that nerves and neovessels reciprocally inhibit
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each other in the cornea (Ferrari et al. 2013), thiorphan could indirectly support corneal
nerve regrowth at later stages of repair through reduction of neovascularization. Further
investigation is warranted to clarify the mechanism by which NEP participates in corneal

wound healing.

Conclusions

Collectively, our data identify a previously unknown role of NEP in the injured cornea and
provide preclinical support for a novel pharmacologic approach to management of
corneal injury. Combination of NEP inhibitors with standard medical treatments for alkali
burn, such as topical ascorbate, citrate, antibiotics, and steroids (Brodovsky et al. 2000),
may assist in optimizing the corneal surface for reepithelialization, thereby mitigating the
risk of sight-threatening complications in the later stages of wound healing. Furthermore,
efficacy of thiorphan administration in this model of corneal alkali injury suggests that
NEP inhibition may have therapeutic utility in other types of corneal injury, such as
mechanical abrasions or damage associated with dry eye disease. These are avenues

of future investigation.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

With an array of etiologies and a complicated epidemiology, corneal trauma is an
underreported, globally-significant cause of visual impairment. An estimated 55 million
eye injuries occur each year (Négrel and Thylefors 1998), a small but clinically-
significant fraction of which result from chemical exposure (Wagoner 1997). Because of
the rapidity of ocular damage that occurs, corneal chemical injury confers a particularly
high risk of permanent visual impairment, chronic complications, and life-long disability,
even with aggressive medical and surgical rehabilitation (Burcu et al. 2014; Sharma et
al. 2012). The development of improved therapeutic strategies is therefore critical.

In this work, we sought to increase our current understanding of corneal wound
healing mechanisms that could be targeted to accelerate recovery and improve
outcomes after injury. We focused on the enzyme NEP, demonstrating that constitutive
NEP deficiency accelerates epithelial recovery in a mouse model of chemical corneal
injury without affecting maintenance of corneal homeostasis. Furthermore, we evaluated
the therapeutic efficacy of pharmacological NEP inhibition in chemical corneal injury.
While further investigation is warranted to clarify the mechanism by which NEP
modulates corneal wound healing, our in vivo findings provide novel preclinical support
for a new pharmacologic approach to managing corneal injury, and potentially injury to
other epithelial tissues, with promise for clinical translation using preexisting NEP

inhibitors.
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Future Directions

This thesis inspires several directions of further inquiry. Primarily, the mechanism by
which NEP participates in corneal wound healing merits clarification. Here, we focus on
potential effects of NEP on inflammation, both locally and systemically, and how this may
promote recovery from corneal injury. We then consider additional corneal pathologies
that may benefit from therapeutic NEP inhibition and potential implications for this

approach in other epithelial tissues.

Inflammation
Corneal alkali burns progress through four phases: immediate, acute, early repair, and
late repair (Wagoner 1997). The acute phase represents a “window of opportunity”
during which medical interventions can prevent potentially blinding sequelae (Eslani et
al. 2014; Tuft and Shortt 2009; Wagoner 1997). Because complications during this
phase, such as neovascularization, delayed reepithelialization, ulceration, and
perforation, are associated with inflammation (Bunker et al. 2014), many treatments for
alkali burn attenuate the inflammatory reaction (Wagoner 1997). However, excessive
dampening of inflammation can be detrimental to wound healing, as with prolonged
steroid administration (Chung et al. 1998; Gritz et al. 1990; Leal et al. 2015; Saika 2007),
emphasizing the importance of a balanced inflammatory response for optimal corneal
wound healing.

NEP both generates and degrades vasoactive and proinflammatory peptides
(Kerr and Kenny 1974; Matsas et al. 1984), and therefore has the potential to modulate
the inflammatory landscape of the ocular surface and thereby influence corneal wound
healing. IL-13, one of the largest known substrates of NEP (Pierart et al. 1988), is an

essential proinflammatory participant in peripheral nerve regeneration. Produced by
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injury-activated macrophages, IL-1B stimulates NGF synthesis in myelin-forming
Schwann cells associated with degenerating axons (Lindholm et al. 1987; Stoll and
Muller 1986), but in excess can lead to neuropathic pain (Nadeau et al. 2011). This
principle of balance also applies to corneal nerves: excessive or insufficient inflammation
impedes regeneration (Namavari et al. 2012). The production of trophic factors, such as
NGF, by Schwann cells is thought to contribute to restoration of stromal and
subepithelial corneal nerves after injury, while a severely damaged corneal epithelium
with deficient trophic activity may account for incomplete or delayed regrowth of
epithelial nerves (Chan et al. 1990). Because axonal injury briefly induces NEP
expression in myelin-forming Schwann cells (Kioussi et al. 1995), this enzyme may
regulate local IL-1B availability and associated production of NGF after corneal injury.
The effect of NEP inhibition on corneal nerve regeneration is therefore an important area
of future investigation.

NEP inhibition also potentiates the biological effects of substance P (SP) in a
variety of systems (Day et al. 2005; Lu et al. 1997; Mak et al. 2008; Medja et al. 2006;
Scholzen et al. 2001). Except in the case of neurotrophic keratopathy, translational
ophthalmic research has predominantly focused on the detrimental effects of SP in the
cornea, including neovascularization, leukocyte infiltration, and intraocular inflammation
(Bignami et al. 2014; Bignami et al. 2016). However, recent evidence suggests that SP
may have novel therapeutic utility as an injury-inducible messenger for mobhilization of
CD29+ stromal-like cells and mesenchymal stem cells (MSCs). Hong et al. (2009)
demonstrated that the peripheral blood level of SP, whether induced by alkali burn or
exogenous administration, regulates recruitment of CD29+ stromal-like cells from the
periphery to the injured cornea without affecting CD45+ monocyte cells. In a rabbit

model of corneal burn, SP injection promoted earlier mobilization of CD29+ stromal-like
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cells and accelerated restoration of corneal transparency during the acute phase of
wound healing. Furthermore, SP stimulated in vitro proliferation and mobilization of bone
marrow-derived MSCs, which can transdifferentiate into epithelial cells after tissue injury
(Rojas et al. 2005; Sasaki et al. 2008; Sato et al. 2005).

In congruence with these findings, a more recent study by Lan et al. (2012)
reported that mobilization of endogenous MSCs coincides with a rapid rise in peripheral
SP after corneal injury, and that these cells home specifically to the injured cornea and
promote corneal epithelial regeneration. Evidence from this study and others suggests
that both MSCs and CD29+ stromal-like cells may reduce alkali-induced oxidative stress
in the cornea, leading to the suppression of intracorneal inflammation and
neovascularization during the acute phase of wound healing. These immunomodulatory
effects may also attenuate loss of limbal stem cells, enabling more rapid epithelial
recovery. In addition to immune effects, MSCs and CD29+ stromal-like cells may
undergo mesenchymal-to-epithelial transdifferentiation and incorporate into regenerating
corneal tissue to promote wound healing as well (Cejkova et al. 2013; Hong et al. 2009;
Lan et al. 2012; Yao et al. 2012). Thus, modulation of systemic SP as a means of
mobilizing these cell populations after corneal injury offers significant therapeutic
potential. Unwanted neuroinflammatory effects must be considered, however. In contrast
to exogenous SP administration, systemic NEP inhibition may produce a more modest
elevation of endogenous SP. Whether NEP inhibition can alter peripheral SP levels after

corneal injury remains a major question and future direction of this study.

Application of NEP inhibition in other injury models
Traumatic corneal abrasions are the leading cause of eye-related emergency

department visits and can lead to permanent scarring and increase the risk of recurrent
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epithelial erosions, even after surgical management (Channa et al. 2016; Reidy et al.
2000). Epithelial erosions can also manifest after refractive surgeries, including laser-
assisted in situ keratomileusis (LASIK) and photorefractive keratectomy (PRK), two
increasingly common procedures (Diez-Feij6o et al. 2014; Fattah et al. 2018). Whether
traumatic or iatrogenic in origin, corneal epithelial erosions result from poor adhesion to
the underlying matrix and would greatly benefit from an agent that could promote
epithelial regeneration and fibronectin-integrin interactions (Nishida et al. 2015).

Persistent epithelial defects (PEDSs), a severe corneal epithelial disturbance with
various etiologies, would similarly benefit from an agent that could promote wound
healing. PEDs most commonly develop in patients with dry eye disease (DED) but may
also occur in those with trigeminal nerve damage, which can result from a myriad of local
and systemic conditions, including infection, surgery, epilepsy, neoplasia, physical injury,
chronic topical medication use, diabetes, and multiple sclerosis (Sacchetti and Lambiase
2014). In the case of both DED and trigeminal nerve pathology, the corneal epithelium
fails to maintain homeostasis due to decreased growth factors, cytokines, and/or
neuropeptides normally supplied by the tear film and corneal nerves (Meng and Kurose
2013). Furthermore, DED may itself modify the properties of corneal nerves, hindering
their ability to regulate tear secretion and release epitheliotrophic factors directly (Meng
and Kurose 2013).

Alteration of neuropeptide signaling is a promising strategy for management of
these corneal epithelial pathologies. Accumulating evidence suggests that SP sensitizes
the cornea to fibronectin, interleukin-6, and IGF-1 to stimulate corneal epithelial cell
migration and attachment to various extracellular matrix proteins via induction of
cadherin expression and activation of the integrin, FAK, and paxillin system (Araki-

Sasaki et al. 2000; Nakamura et al. 1998; Nishida et al. 1996; Yamada et al. 2005).
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However, SP is also associated with inflammation, vasodilation, plasma extravasation,
and miosis (Bury and Mashford 1976; Soloway et al. 1981). To circumvent these
unwanted effects of topical SP application, Yamada et al. isolated the minimum amino
acid sequence required to stimulate corneal wound closure. This SP-derived peptide,
FGLM-amide, combined with IGF-1 or its derivative peptide SSSR, has been used to
successfully treat PEDs resulting from neurotrophic keratopathy (Chikama et al. 1998;
Nishida et al. 2007; Yamada et al. 2008). Though we were unable to determine if NEP
inhibition results in altered SP levels after corneal injury, investigation of alternative
strategies for determination of SP and its fragments is a priority of future studies.
However, we predict that NEP inhibition could facilitate moderate elevations in
endogenous SP and/or other corneal neuropeptides to elicit beneficial wound healing
actions in models of corneal epithelial pathology.

NEP inhibition may also benefit epithelial tissues outside the cornea, particularly
skin, due to similarities in the cellular and molecular networks that coordinate wound
healing in each (Bukowiecki et al. 2017). As in the cornea, a balanced inflammatory
reaction is fundamental to skin wound healing. Prolonged inflammation may exacerbate
tissue damage and lead to excessive fibrotic responses (Bignami et al. 2016; Okada et
al. 2016; Scott et al. 2005) while impaired endogenous inflammation or therapeutic
suppression of inflammation with steroids may delay epithelial wound closure or
predispose to infection (Chung et al. 1998; Gritz et al. 1990; Leal et al. 2015; Saika
2007). Furthermore, both the skin and the cornea are densely innervated and express a
similar medley of neuropeptides, neuropeptide receptors, and neuropeptide-degrading
enzymes, including NEP (Olerud et al. 1999; Scholzen et al. 1998). Indeed, NEP activity
is increased in diabetic skin ulcers in human patients, which likely contributes to

diminished neuroinflammatory signaling and impaired wound healing (Antezana et al.
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2002). This pattern of elevated NEP activity and delayed wound healing is recapitulated
in the mutant db/db diabetic mouse, in which topical thiorphan improves wound closure
kinetics after acute full-thickness cutaneous injury (Spenny et al. 2002). Modulation of
NEP activity in other models of chronic, non-healing wounds, such as those that occur
after cutaneous burns or prolonged immobility in the elderly (Mustoe 2004), may likewise

prove beneficial.

Final Thoughts

NEP inhibitors as potential ophthalmic agents

In the translation of our findings, concerns regarding administration of NEP-inhibiting
agents in humans may arise, given the accumulating evidence that NEP catalyzes the
rate-limiting step of B-amyloid degradation (Iwata et al. 2000). Suppression of its activity
may therefore contribute to the pathogenesis of Alzheimer's disease and age-related
macular degeneration, a major cause of retinal blindness in the elderly (Luibl et al. 2006;
Yasojima et al. 2001). Though additional work is needed to determine the optimal
duration of NEP inhibition in corneal injury, we do not expect that prolonged
administration of NEP inhibitors would be necessary in human patients, given the rapid
therapeutic response in our mouse model. A short course of NEP inhibition would largely
circumvent concerns about amyloid accumulation. Still, much of the evidence for these
potential adverse consequences is based on animal studies, and the relevance of this
evidence to humans is unknown (Becker et al. 2018; Campbell 2017). To address these
uncertainties, the FDA approved a combined NEP inhibitor/angiotensin receptor blocker
LCZ696 (valsartan/sacubitril) with the stipulation that Novartis conduct a study to
examine its long-term effects on cognitive function (Unger 2015). The study is currently

underway.
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