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Abstract

Development of In Vitro Models to Study the Effects of
Wound Repair and Aging in Retinal Pigmented Epithelium
By

Lindsay J. Bailey-Steinitz

Age-related macular degeneration (AMD) is the leading cause of blindness in people
over the age of 50 in the western world. Nearly 2 million people in the U.S. were affected in
2010, and as life expectancy increases, the number of people with AMD will also increase.
By the year 2030, it is estimated that over 3 million people in the U.S. alone will be
diagnosed with AMD. Although early signs of AMD can be identified easily by a fundus
photograph taken by an ophthalmologist, little can be done to cure the disease. Once AMD
progresses to advanced stages, irreversible central vision loss can occur, eventually resulting
in blindness. In addition to the effect on quality of life, the economic burden of AMD is
estimated to be over $340 billion globally.

Early AMD can progress into two advanced stages termed wet or dry AMD based on
the presence of choroidal neovascularization. Although wet and dry AMD are clinically
distinct, they both are triggered by the degeneration of the retinal pigmented epithelium in
the macula, the area responsible for central vision. Retinal pigmented epithelial (RPE) cells
are a cuboidal, polarized, and highly pigmented monolayer located between the visual
photoreceptors and the vascular choroid. They are an essential cell type in the retina as they
provide nutrients, support the visual cycle, and remove waste and fluids from the retina,
among other functions. Degeneration and the failure of this single layer of cells to repair can

have devastating impacts on retinal function and can ultimately result in the death of the



overlaying photoreceptors. The pathogenesis driving AMD is not entirely clear, but
numerous risk factors have been identified including genetic variants and environmental
stressors, but the number one risk factor is age. The lack of treatments for early and advanced
stages of AMD can in part be explained by the lack of appropriate cell culture and animal
models which recapitulate the progression of the disease.

My Ph.D. research focuses on the development of novel in vitro wounding platforms
to analyze the innate ability of human RPE to repair. In chapter Il, we discuss the
development of a platform to induce a state of chronic wounding in RPE monolayers.
Chronic wounding resulted in several AMD phenotypes including enlarged cell size and
multinucleation, along with an increased inflammatory response. In chapter Il1, we examine a
large macula-sized wounding platform. In this system, RPE cells failed to adequately repair,
resulting in loss of cuboidal morphology, loss of pigmentation, and regions of RPE atrophy.
Finally, in chapter IV, we use a transcriptomic approach to analyze age-related changes in
RPE and how it may affect the ability of RPE to repair wounds in the monolayer. Taken
together, the work presented here further our knowledge of RPE wound repair and may also

allow for the identification of therapeutics which can improve the ability of RPE to repair.
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Chapter I: Introduction

A. Retinal pigmented epithelial cells

First identified in the 1790s as a net-shaped membrane composed of interlinked,
black globules, the retinal pigment epithelial (RPE) cell monolayer is located at the base of
the retina and serves as an essential support cell for the overlaying neural retina [1,2].
Situated between the light-sensitive photoreceptors and Briich’s membrane, this polarized,
cuboidal, pigmented layer has many significant functions in the eye. Critical functions of
RPE include forming the blood-retinal barrier (BRB), polarized secretion of growth factors,
transport of nutrients, removal of waste, completion of the visual cycle, phagocytosis of
photoreceptor-outer segments (POS), and absorption of stray light [3-5]. Degeneration of
this single layer of cells can ultimately result in death of the overlaying photoreceptors and

irreversible loss of vision [4,6,7].

B. Visual cycle

The light sensitivity of the eye is made possible by the presence of the chromophore
11-cis retinal, which covalently links to G-protein coupled receptors known as opsins located
within the outer segments of photoreceptors [8]. In rods, the highly sensitive photoreceptor
responsible for low-acuity and low-light vision, the opsin retinal complex is known as
rhodopsin, while in cones, the photoreceptors responsible for high acuity and color vision, it
is referred to as photopsin. Upon exposure with light, rhodopsin and photopsin undergo
photoisomerization where 11-cis retinal isomerizes to all-trans retinal and causes a
conformational change in the opsin that triggers visual transduction [9]. Subsequently, all-
trans retinal is released from the opsin and replaced with new 11-cis retinal to allow for

continued detection of light. Once released, all-trans retinal is transported to the underlying



RPE where it is converted back into 11-cis retinal and transported back to the photoreceptors

in a process known as the visual cycle [10,11].

Several key proteins are involved in the classical visual cycle, many of which when
mutated cause blinding diseases [12]. Within the photoreceptor, all-trans retinal is
transported by the ATP binding cassette transporter ABCA4 into the cytoplasm where it is
reduced to all-trans retinol (vitamin A) by all-trans retinol dehydrogenase (RDH12 or
RDHS8) [13-18]. Vitamin A then is bound to the interphotoreceptor protein (IRBP),
transported out of the photoreceptor, across the interphotoreceptor matrix (IPM) and into the
RPE where it is esterified into all-trans retinyl ester by lecithin retinol acyl transferase
(LRAT) [19,20] . Retinol esters are isomerized and hydrolyzed into 11-cis retinol by RPE65
and oxidized by RDH5, RDH10, or RDH11 to form 11-cis retinal [21-24]. Finally, 11-cis
retinal is rebound to IRBP and diffuses back across the IPM into the photoreceptor where it is

loaded back into an opsin to complete the visual cycle.

C. Photoreceptor outer segment phagocytosis

A single RPE cell supports between 30-50 photoreceptors by providing nutrients and
removing waste [25]. Microvilli on the apical surface of RPE interact with the distal ends of
rod and cone photoreceptors, help keep the neural retina attached and are used to engulf the
membranous outer segment discs [26,27]. This process is carried out daily, at first light,
where roughly 5% of the photoreceptor outer segment (POS) mass is shed [25,28].
Phagocytosis of shed POS is essential for photoreceptor health. Disruption of this process
ultimately leads to accumulation of outer segment debris and photoreceptor apoptosis, as

seen in the Royal College of Surgeons (RCS) rat [6,29,30].



The RCS rat carries a mutation in the retinal dystrophy (rdy) locus, corresponding to
the receptor tyrosine kinase MerTK, one of the two essential receptors required for POS
phagocytosis [31]. The process of POS phagocytosis in RPE is composed of three distinct
stages including binding, internalization, and digestion. The initiation of POS binding is
mediated by the integrin receptor avp5, expressed on the apical surface of RPE, its secreted
ligand MFG-ES8, and phosphatidylserine exposed on distal POS [32—-34]. MerTK can be
activated by binding of its secreted ligands Gas6 or protein S with shedding outer segments
and is further activated by downstream activation of focal adhesion kinase (FAK) by integrin

avp5, allowing for internalization of POS [32,33,35].

Once internalized, shed POS are trafficked to the basal region of the RPE, mediated
in part by two F-actin associated proteins, myosin Vlla and annexin A2, for digestion
[36,37]. The internalized POS fuses with endosomes and lysosomes to begin degradation and
recycling of POS components [3,33,38,39]. Cathepsin D, an aspartyl protease, is thought to
be the primary protease involved in breakdown of opsins, which account for more than 80%
of the protein content of POS, while lipid hydrolases phospholipase A1 and A2 break down
POS lipids [40-42]. Some POS components are recycled for re-use while others are secreted
basally through Briich’s membrane into the choroid. Failure to digest POS results in the
accumulation of lipofuscin, composed of lipids, proteins, and fluorescent compounds, which

build up in the lysosome and can ultimately lead to RPE dysfunction [43,44].

D. Blood-retinal barrier
While the apical surface is specialized to interact with overlaying photoreceptors, the
basal surface of RPE consists of infoldings to attach to the underlying Briich’s membrane.

Together, the RPE monolayer, Briich’s membrane, and the underlying capillary endothelial



cells form the outer BRB [45,46]. The outer BRB allows for separation between the neural

retina and the high flow rate blood supply to the retina, the choroid.

The BRB regulates the movement of water, ions, proteins, and waste into and out of
the retina. The ability of RPE to maintain tight junctions across cell-cell contacts is necessary
in slowing the movement of molecules across the monolayer. This allows RPE to regulate the
transepithelial transport of molecules across the RPE monolayer via facilitated diffusion,
active transport, transcytosis, endocytosis, or across tight junctions themselves [46]. The
maintenance of the BRB is critical for sustained retinal function and disruption can result in

diseases such as diabetic retinopathy and age-related macular degeneration (AMD) [47,48].

BRB integrity is key to maintaining the eye as an immune privileged structure, so that
excessive ocular inflammation is limited and vision is preserved [49,50]. Over activation or
chronic activation of the immune system can result in a number of degenerative ocular
disorders such as AMD, uveitis, and diabetic retinopathy [51]. Immune privilege of the eye is
maintained using physical barriers, such as the BRB, and the inhibitory ocular environment
where immunosuppressive factors, such as TGF-p, are expressed [52]. Microglial cells are
the resident immune cell of the eye and provide surveillance of the retina to quickly clear

debris and maintain homeostasis [53,54]

E. Briich’s membrane

Like the RPE, Briich’s membrane can also restrict the movement of molecules from
the choroid. Situated between the RPE monolayer and the vascular choroid, this acellular
structure anchors both the RPE monolayer and the choroidal endothelial cells. Briich’s
membrane is comprised of five layers; (anterior to posterior) RPE basal lamina, inner

collagenous layer, elastic layer, outer collagenous layer, and choriocapillaris basal lamina. As

4



an acellular structure, the dense protein structures are produced and maintained by the

overlaying RPE and underlying choriocapillaris [55,56].

The RPE basal lamina is composed of collagen 1V and V, laminins 1, 5, and 11,
nidogen-1, heparan sulfate and chondroitin sulfate [57-59]. The inner collagenous layer and
outer collagenous layers are composed of collagens I, I, and V, fibronectin, proteoglycans,
vitronectin, lipoproteins and apolipoprotein E (apoE) [55,60,61]. The elastic layer is
composed of a dense network of elastin fibers and calcium phosphate, which has some
antiangiogenic barrier properties [62,63]. Interestingly, the dense fibers are more
discontinuous in the macula, offering one explanation of why the macula region is more
prone to choroidal neovascularization (CNV) [64]. The outer collagenous layer is composed
of collagens type I, I, and V, fibulin-5, fibronectin, chondroitin and dermatan sulfate,
lipoproteins, apoE, and clusterin [55,59,65,66]. The choriocapillaris basal lamina is
composed of collagens 1V, V, and VI, laminin, proteoglycans, and endostatin [57,67,68].
Although the underlying choriocapillaris are fenestrated, which may allow the movement of
large molecules into Briich’s membrane, the dense networks of proteins layered in Briich’s
membrane acts as a molecular sieve, preventing the movement of many large molecules into

the retina.

F. Age-related changes

Several age-related changes occur in Briich’s membrane which affect the overall
flexibility and ability of molecules to flow through the membrane. Accumulation of
lipoproteins, composed of neutral lipids and apolipoprotein B (apoB), in the elastic layer and
inner collagenous layer is one of the most obvious age related changes [65,69]. Lipids begin

to accumulate in the elastic layer and outer collagenous layer around the age of 30 [70,71].



As age progresses, lipids continue to accumulate into the inner collagenous layer, eventually
forming a new sublayer in Briich’s membrane, termed the lipid wall, located between the
inner collagenous layer and the RPE basal lamina. The formation of the lipid wall is thought
to be a precursor to AMD-specific lesions, basal linear deposits and drusen, and may

ultimately impair the ability of molecules to diffuse through the membrane [65,72].

Additional age-related changes include thickening, accumulation of debris, heme,
cross-linking, and calcification [55]. Collagens are a long-lived protein but can be modified
in vivo by free radicals to yield advanced glycation end products (AGEs) and lipid-derived
reactive carbonyl species known as age-related lipoxidation end products (ALESs) [62,73,74].
The accumulation of AGEs may influence the lysosomal ability of the overlaying RPE and
may contribute to lipofuscin accumulation [75]. The accumulation in AGEs and ALESs have
been implicated as pathogenic agents in age-related retinal disease [75]. Cross-linking and
thickening of Briich’s membrane results in reduced diffusion ability of molecules which may
ultimately impact RPE function [76]. Finally, calcification of the elastic layer can render
Briich’s membrane brittle, resulting in breakage leading to neovascularization [77]. The
accumulation of these age-related changes of Briich’s membrane may play an important role

in the pathogenesis of AMD.

In addition to the changes in Briich’s membrane, a number of age-related changes
occur within the RPE such as loss of melanin granules, accumulation of lipofuscin, increased
oxidative stress, and a reduced ability to phagocytose POS [25,78-80]. As the retina is
constantly absorbing UV light, over time it can result in the accumulation of reactive oxygen
species (ROS) and contribute to DNA damage, oxidative stress, and inflammation [81-85].

The age-related reduction in pigmentation, which acts as a photoprotectant, likely



exacerbates this effect [86]. The accumulation of lipofuscin, thought to be in part due to age-
dependent reduction in activity of lysosomal enzymes and antioxidants in the RPE and may
be influenced by in changes in Briich’s membrane, can also generate ROS and contribute to
increased oxidative stress of the cell [44,80,87,88]. Several structural changes of aged RPE
occur as well, including atrophy of the apical microvilli and disorganization of the basal
infoldings [27,89]. These changes may result in the decreased absorption and transport of

nutrients and reduced POS phagocytosis in aged RPE [25,90].

G. Age-related macular degeneration

Age-related macular degeneration affects an estimated 170 million people worldwide
and is expected to rise to 288 million by 2040 [91,92]. It is the leading cause of blindness in
developed countries and the global cost is estimated to be over $340 billion [93]. AMD
generally affects people over the age of 60 with people of European descent being most at

risk for developing AMD [91,94].

Early stages of AMD can be identified by a fundus photograph, a picture of the back
of the eye taken by an ophthalmologist. The presence of drusen, yellow sub-RPE deposits, in
the macular region are criteria for the diagnosis of early AMD. Drusen are the clinical
hallmark of AMD and typically develop between the RPE basal lamina and the inner
collagenous layer [95-97]. Drusen are composed of esterified cholesterol,
phosphatidylcholine, and proteins including vitronectin, complement factor 8 and 9, apoB,
apoE, amyloid-B, and clusterin [98]. Although drusen biogenesis is still not fully understood,
the overlaying RPE are thought to contribute significantly to the formation [98]. Drusen can

be described as hard, having well-defined borders and generally small, or soft, having



indistinct borders with a tendency to be larger. Although similar in composition, soft drusen

may be more predictive of AMD development [99,100].

AMD can advance to intermediate stages where pigmentation abnormalities begin to
appear and drusen enlarge. Most people do not experience perceptible vision loss at this
stage. However, in advanced stages of AMD the RPE undergo dysfunction and degeneration
which may ultimately result in loss of vision [101]. AMD can progress to two clinically
distinct, but not mutually exclusive forms termed wet and dry AMD, depending on the
presence of choroidal neovascularization. In dry AMD, also known as geographic atrophy
(GA), death of the underlying RPE and eventually death of the overlaying photoreceptors
results in areas of atrophy in the macula which expand over time. In wet AMD, also known
as choroidal neovascularization (CNV), infiltration of new blood vessels into the retina leak
fluid, resulting in death of the RPE and photoreceptors. Dry AMD accounts for 90% of
diagnosed cases, and while wet AMD accounts for the remaining 10% of cases it accounts
for 90% of legal blindness [94]. Interestingly, wet AMD is always preceded by dry AMD and
thus it is thought that dry AMD is the primary form of the disease and wet AMD is a

complication of underlying disease.

No treatment options have been found thus far to help prevent the onset or
progression of AMD. Treatment with the ARES/AREDS2 nutritional supplement has been
shown to reduce the progression of AMD from intermediate to advanced stages by 25%
[102,103]. A few treatment options to slow the progression of CNV exist which aim to
prevent or occlude new blood vessel growth into the retina, however no treatment options

exist for treatment of GA [104-106]. Death of RPE cells in the retina are one common



feature of both CNV and GA, resulting in the ultimate degeneration of the overlaying

photoreceptors and loss of vision.

H. Risk factors associated with AMD

Several risk factors, besides age, have been attributed to contribute to AMD and
ultimate RPE degeneration including genetics, inflammation, and oxidative stress. A number
of genetic variants in complement factor genes (CFH, CFB, C2, C3, and CFI) have been
associated with AMD [107-112]. As part of the innate immune system, the complement
system enhances the ability of the immune system to remove damaged tissues and pathogens
from the body. The complement system can be activated through several pathways, including
the classical, alternative or lectin pathways. All three pathways converge downstream to form
C3 convertase and ultimately induce inflammation and form the membrane attack complex

which can induce cell lysis [113,114].

The complement system is tightly regulated to avoid possible over activation of
inflammation and cell death. Several regulatory proteins exist to help prevent erroneous
activation of the pathway, including CFH and CFI which act together to inactivate C3 [115].
Interestingly, CFH can protect cellular surfaces, like Briich’s membrane, by binding to
heparan sulfates and glycosaminoglycans. The Y402H CFH polymorphism results in a
reduced protective effect to prevent complement activation and an impaired binding ability to
Briich’s membrane [116]. It is thought that people with this polymorphism have increased
levels of complement activity, particularly in Briich’s membrane and the choriocapillaris
[116,117]. This can result in excessive complement activation and ultimate RPE

degeneration.



Drusen are also thought to be potential sites of inflammation, considering their
inflammatory contents [98,118,119]. As the earliest sign of AMD, it is possible that drusen
can result in long term chronic inflammation for the overlaying RPE. RPE dysfunction may
also result from prolonged restricted movement of molecules between the RPE and Briich’s

membrane [120].

Smoking is known to promote chronic inflammation and oxidative stress and can
significantly increase the risk of developing and the rate of progression of AMD [121,122].
When added to cultured RPE cells, cigarette smoke extract can induce oxidative damage,
induce the production of ROS, promote senescence, and induce cell death [123,124].
Although ROS play many important roles modulating cellular homeostasis, excessive
production of ROS can trigger inflammation, cellular dysfunction, and may contribute to the

progression of AMD [125,126].

I. Current in vitro wound healing systems

To try and elucidate mechanisms which may be driving the pathology of AMD
numerous in vitro systems have been developed. Advancing our understanding of how RPE
repair after traumatic events, such as wounding, can help further our understanding of RPE
wound repair. Cell culture models offer fast and relatively inexpensive alternatives to animal
models. Although in vitro models generally do not recapitulate the intricacies formed
between the choriocapillaris, Briich’s membrane, and the RPE, the simplicity allows for
detailed analysis of potential mechanisms driving RPE degeneration. In this way, large scale

therapeutic screens are easily achieved, expediting drug discovery.

Several wound healing models currently exist to study the ability of RPE to repair,
including wounds generated mechanically or by enzymatic disruption. The scratch assay is
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perhaps the most common, where pipette tips or pins are used to generate wounds in the
monolayer. The disruption of RPE cell-cell contacts triggers a wound healing response where
the cell undergoes an epithelial-to-mesenchymal transition (EMT) to migrate and proliferate
to fill the wound [127-129]. Once mended, the RPE must undergo a mesenchymal-to-
epithelial transition (MET) to differentiate back into a functional RPE monolayer, failure of

which can result in a terminal mesenchymal fate.

The generation of streamlined pipelines used to create and analyze wound repair
using this method are helpful for screening large quantities of compounds quickly. However,
the wound size can be variable, and damage to the underlying basement membrane is
common, impeding wound repair. To avoid damage to the basement membrane, wounds can
be generated by removing plugs or plastic inserts from specialized cultureware. In this case,
cells are plated and allowed to differentiate in specialized plates. The plugs or inserts are then
removed to generate a defined wound in the monolayer to study wound repair. In both cases,

mechanical force is used to generate wounds in the monolayer.

Wounds in the RPE monolayer can also be generated using enzymatic methods. In
this system, enzymes such as trypsin are used to continuously disrupt the formation of a
differentiated RPE monolayer [130]. The continual disruption of cell contacts, induced by
serial passaging, induces a state of chronic wounding and triggers the switch to a persistent
mesenchymal state [130]. Using this method, it is possible to screen therapeutics which can
prevent or potentially reverse the induced mesenchymal state. However, this method
generates a global wound in the RPE monolayer, which is at odds with the localized areas of

RPE degeneration in the macula seen in AMD.
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J. Specific goals

The goal of my Ph.D. research was to develop in vitro wound healing models using
cultured human RPE. Developing additional wound repair systems with phenotypic and
transcriptomic similarities to AMD may help us to further elucidate mechanisms driving
AMD pathogenesis. In the next chapter, | describe a novel method to induce a state of
localized chronic wounding in RPE monolayers. In the third chapter, | describe a method to
induce macula-sized lesions in RPE monolayers. Finally, in the fourth chapter, | analyze age-
related changes in RPE and discuss how they may affect the ability of aged RPE to repair
wounds. Together, the results from these chapters provide further insight into RPE wound
repair, and how it is affected during aging. These platforms can be used to screen therapeutic
libraries for compounds which may improve the innate ability of RPE to regenerate, opening

the door for AMD treatment.
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Chapter I1: An in vitro Model of Chronic Wounding and its Implication for Age-

Related Macular Degeneration

Lindsay J. Bailey-Steinitz, Ying-Hsuan Shih, Monte J. Radeke, Pete J. Coffey

A. Abstract

Degeneration of the retinal pigment epithelium (RPE) plays a central role in age-
related macular degeneration (AMD). Throughout life, RPE cells are challenged by a variety
of cytotoxic stressors, some of which are cumulative with age and may ultimately contribute
to drusen and lipofuscin accumulation. Stressors such as these continually damage RPE cells
resulting in a state of chronic wounding. Current cell-based platforms that model a state of
chronic RPE cell wounding are limited, and the RPE cellular response is not entirely
understood. Here, we used the electric cell-substrate impedance sensing (ECIS) system to
induce a state of acute or chronic wounding on differentiated human fetal RPE cells to
analyze changes in the wound repair response. RPE cells surrounding the lesioned area
employ both cell migration and proliferation to repair wounds but fail to reestablish their
original cell morphology or density after repetitive wounding. Chronically wounded RPE
cells develop phenotypic AMD characteristics such as loss of cuboidal morphology, enlarged
size, and multinucleation. Transcriptomic analysis suggests a systemic misregulation of RPE
cell functions in bystander cells, which are not directly adjacent to the wound. Genes
associated with the major RPE cell functions (LRAT, MITF, RDH11) significantly
downregulate after wounding, in addition to differential expression of genes associated with
the cell cycle (CDK1, CDC6, CDC20), inflammation (IL-18, CCL2), and apoptosis (FAS).
Interestingly, repetitive wounding resulted in prolonged misregulation of genes, including
FAS, LRAT, and PEDF. The use of ECIS to induce wounding resulted in an over-
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representation of AMD-associated genes among those dysregulated genes, particularly genes
associated with advanced AMD. This simple system provides a new model for further

investigation of RPE cell wound response in AMD pathogenesis.

B. Introduction

Retinal pigment epithelium (RPE) cells are a monolayer of highly specialized
pigmented cells residing between the retinal photoreceptors and Briich’s membrane. A single
RPE cell maintains the health of approximately thirty photoreceptors by phagocytosing outer
segments and supporting the visual cycle, among other functions [1]. As a layer of
epithelium, RPE cells selectively transport substances across the blood-retinal-barrier (BRB)
and secrete growth factors such as PEDF and VEGF to support the neural retina and
choriocapillaris [2-4]. RPE cells play a vital role in the maintenance of retinal health; as
such, degeneration of this simple layer of cells can cause an imbalance in the homeostasis of

the subretinal space and may lead to permanent visual impairment [5,6].

The loss of RPE cells is believed to be a crucial step in the onset of age-related
macular degeneration (AMD), the leading cause of irreversible blindness in the elderly
population of the developed world. Early stages of AMD can be identified by the presence of
drusen, extracellular deposits located between the RPE and Bruch’s membrane, and RPE cell
abnormalities, including changes in pigmentation [7-9]. As the disease advances to later
stages, it can take on two clinically distinct yet not mutually exclusive forms commonly
referred to as dry and wet AMD [10-13]. Approximately 12% of early AMD cases develop
into an advanced subtype of dry AMD called geographic atrophy (GA), which is
characterized by the progressive degeneration of the RPE cells, photoreceptors, and choroidal

capillaries near the macular region [14-18]. Additional RPE cell abnormalities associated
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with GA include enlarged and multi-nucleated cells at the margins of the regions of atrophy
[19]. Alternatively, early AMD can progress to wet AMD, characterized by choroidal
neovascularization (CNV), where neovascular tissues infiltrate the retina. Infiltration of these
tissues can interfere with the RPE-photoreceptor interface leading to scarring and may leak
fluid into the retina, causing further degeneration and transdifferentiation of RPE cells [20—

22].

Although the exact mechanisms of AMD progression are under debate, chronic
exposure to cytotoxic elements such as drusen, lipofuscin, and reactive oxygen species
(ROS) can promote RPE cell death and increase the risk of AMD [23-27]. In the last
decades, numerous cell-based wound healing assays, via chemical or mechanical ablation,
have been developed to dissect the underlying mechanisms of RPE cell wound response and
AMD pathogenesis [28-32]. Nevertheless, it is a technical challenge to create a chronic and
localized wounding situation to recapitulate the progressive RPE degeneration seen in the
macular region of AMD eyes. To overcome the challenge, we used the electric cell-substrate
impedance sensing (ECIS) system to precisely and repetitively wound the same area on a
differentiated human fetal RPE monolayer. Chronic wounding of the RPE monolayer using
this system leads to significant changes in RPE morphology, behavior, and gene expression

that are distinct from changes that occur after an acute wound.
C. Materials and Methods
Cell culture

Human fetal RPE cells were provided by Dean Bok (University of California, Los

Angeles). Fetal cells were isolated from deidentified tissue that was obtained with written
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informed consent by a third party tissue repository (Advanced Bioscience Resources,
Alameda, CA, USA) and cultured according to previously described methods [28,33,34].
Cells were seeded at 1x10° cells/cm? and allowed to differentiate for 32-40 days in a base
medium described by Maminishkis [35]. ECIS 96-well 1E+ cultureware (Applied
BioPhysics) were coated with filtered 10 mM cysteine hydrochloride (Fisher Scientific) in
nanopure water for 10 minutes at room temperature. The plate was rinsed twice with
nanopure water before coating with 20 ug/ml laminin (ThermoFisher Scientific Inc.)
overnight at 4°C. Wounds were delivered using ECIS Z6 (Applied BioPhysics) with a wound
current of 3000 pA, frequency of 60000Hz, and a wound time of 15 sec. Dead cells were
gently removed from electrode approximately two hours post wounding by pipetting.
Palbociclib (40 uM, Selleckchem); Thiazovivin (2 uM, Cayman Chemical); human
recombinant TGFp-2 (50 ng/ml, PeproTech); RepSox (50 nM, Cayman Chemical); 5-
ethynyl-2’-deoxyuridine (EdU, 30 uM, Invitrogen); DKK-1 (200 ng/ml, R&D Systems);

Whnt3a (200 ng/ml, R&D Systems) was supplemented to cultures on a daily basis.
EdU labeling and immunocytochemistry

Proliferating cells were labeled using medium supplemented with 30 uM 5-ethynyl-
2"-deoxyuridine (EdU) for 24-48 hours. Cells were fixed with 4% paraformaldehyde for 10-
15 minutes. Specimens were incubated with 5% normal donkey serum at 4°C overnight.
Click-iT® Plus EdU reactions were conducted following the manufacturer’s instructions
(Invitrogen). Primary antibodies; Alexa Fluor 594 mouse anti-ZO-1 (7.5 pg/ml, Life
Technologies), Anti-Fas clone CH11 (500 ng/ml, Sigma) were incubated overnight at 4°C.
Nuclei were stained using Hoechst 33342 (1:2000, Thermo Scientific) for 10 minutes at room

temperature. ECIS wells were excised from the dish and mounded on CellVis #1.5H 12-well
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dishes using ProLong Gold antifade mountant (Thermo Fisher). Images were obtained using
a Cytation5 (BioTek) and processed using the Gen3.0 software to produce movies. Images

taken to assess cell density and morphology were taken using auto exposure.

Transcriptomic analysis

Cells on and in the region adjacent to the 350 um diameter electrodes were manually
dissected using a 1.5 mm biopsy punch (Integra LifeSciences). RNA was harvested using
NucleoSpin RNA XS Kit (Macherey-Nagel) and converted into cDNA using SMART-Seq
v4 Ultra Low Input RNA Kit (Clontech Laboratories). DNA libraries were prepared with lon
Xpress™ Plus gDNA Fragment Library Preparation kit and sequenced by an Ion Proton next-
generation sequencer (Thermo Fisher Scientific Inc.). The resulting sequences were aligned
to the human transcriptome and genome (hg38) using a two-stage alignment pipeline
employing STAR and TMAP read aligners [36]. The number of reads per protein-coding
mRNA was determined using Partek Genomics Suite (Partek Inc.), and the dataset was
normalized using the trimmed mean of the M-values method [37]. Genes with reads per
million (RPM) >1 in three or more samples were selected (S1 Table), and differential
expression and statistical analysis were carried out using the classic implementation of edgeR
(S2 Table) [38]. The RNA-Seq data and methods can be accessed through the Gene

Expression Omnibus (GEO: GSE146884).

D. Results

Differentiated human fetal RPE cells mend lesions within 24-hours

The integrity of the RPE monolayer along with the endothelial cells of Bruch’s

membrane are required to maintain the blood-retinal barrier [2]. To investigate the wound-
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healing capacity of differentiated human RPE, electric cell-substrate impedance sensing
(ECIS) 76 technology was utilized [39—41]. In this system, cells are grown on gold
electrodes located in the bottom of an ECIS cultureware plate where the electrical impedance
imposed by those cells is monitored and recorded by the application of a low voltage
alternating current Discrete paddle-shaped wounds in the monolayer can be created by
delivering high current-high frequency pulses for several seconds, killing the cells overlaying
and directly adjacent to the electrodes (Fig 2-1A). The kinetics of wound repair can be

measured by monitoring the impedance as a function of time [42,43].

To determine the kinetics of repair in the differentiated RPE after a single acute
wound, human fetal RPE cells plated at high density and cultured for 32 days to allow for the
development of cuboidal morphology and pigmentation. Differentiated RPE cells maintained
an impedance at 5000-6000 Q at a frequency of 16,000 Hz as a confluent monolayer.
Immediately following the delivery of a high current electrical pulse, the impedance dropped
to a level comparable to an empty electrode (~2000 Q; Fig 2-1B). A lag phase was apparent
after the delivery of the pulse, where the impedance of an empty electrode was maintained.
Using time-lapse imaging, we determined that the lag phase consisted of two events. In the
first 300 minutes, bystander cells were maintained in a latent condition, where no obvious
movement was observed (Fig 2-1A), followed by a vigorous ingrowth of bystander cells.
However, it took approximately 200 minutes for RPE cells to migrate from the perimeter of
the lesion to the margin of the electrode, where changes in impedance can be detected.
Notably, the majority of the RPE migrated as a sheet, while cells distal to the lesion remained

stationary (S1 Movie). Following the lag phase, the impedance steadily increased to a level
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Figure 2-1. RPE cell wound repair kinetics. (A) Time-lapse phase contrast images of RPE cells wound
healing. Red-dash lines indicate the original lesion border. Images were taken every 100 minutes post-
wounding. Scale bar is 400 um. (B) Real-time impedance recording of RPE wound healing. A rapid
reduction in impedance occurs after delivery of a high current-high frequency electrical pulse (3 mA, 60
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comparable to the unwounded monolayer within 24 hours, which was confirmed by the

continuous ingrowth of RPE cells using time-lapse imaging.

Repetitive wounding accelerates the rate of wound closure

One advantage of the ECIS system is the capability of delivering distinct and
repetitive lesions to the same geographic location in a monolayer of cells while retaining the
integrity of the basement membrane (S2-1 Fig). This feature allows for the development of a
reliable method that can model chronically wounded RPE without hindering wound healing
by physical damage of the extracellular matrix. Electrical pulses were delivered to create
discrete wounds in the RPE cell monolayer every 24 hours for ten consecutive days to
evaluate the capacity of differentiated human RPE to repair during a state of chronic
wounding. We monitored changes in impedance between each daily treatment as the
bystander RPE cells repaired the damaged areas. The time for cells to achieve a 10% and
90% level of recovery after each treatment were used as criteria to assess the rate of RPE
wound healing. After the first treatment, it took an average of 7.91 hours to regain 10% of the
lost impedance and approximately 19.55 hours total to reach 90% recovery (Fig 2-1C).
Interestingly, the amount of time to repair wound closure decreased with repetitive
treatments (Fig 2-1B). By the tenth wound treatment, the cells regained 10% and 90% of the
maximum impedance after approximately 6.69 hours (11.6% reduction) and 14.48 hours total

(25.9% reduction), respectively (Fig 2-1C).

Repetitive wounding promotes RPE proliferation but leads to hypotrophy of the

monolayer
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Figure 2-2. RPE cells fail to regenerate fully following repeated wounding. (A) Immunostaining of
unwounded (control), acutely wounded, and chronically wounded RPE cells 48-hours after the last
wound. Gold electrodes are located on the left side of each panel. Nuclei are labeled with Hoechst (blue);
proliferating cells are labeled using EdU (red); cell-cell junctions are detected by ZO-1 staining (green).
EdU was supplemented to the media for 48 hours post wounding. Both EdU-positive and -negative nuclei
are observed in the enclosed wound, indicating that both proliferation and migration are involved in the
wound closure process. Enlarged RPE cells seen after repetitive wounding are indicated by red arrows.
Images were taken with auto exposure. Scale bar is 200 um. (B) The percentage of EdU-positive cells on
electrodes (mean = SD, n=4). (C) The numbers of cells on the electrode relative to the control (mean +
SD, n=4, * indicates p-value<0.01, see S3 Table).

To investigate whether cell proliferation is involved in the repair process of a
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wounded differentiated human RPE monolayer, EdU (5-ethynyl-2"-deoxyuridine) was added

to label the proliferating population of cells after the last wound treatment. While an intact
RPE monolayer maintained a quiescent state (Fig 2-2A), both EdU-positive and EdU—
negative cells were observed over the round 350 um area of the lesion, indicating RPE
wound healing involves both cell proliferation and migration. The number of proliferating
cells increased by nearly 2-fold in the chronic wounding condition, where cultures were
wounded approximately every 24 hours for ten days, compared to cells in the acute
wounding condition, which were wounded only once (Fig 2-2B). Notably, the EdU-positive
population was typically restricted to the enclosed wound area, whereas most of the cells
outside of the lesion remained in a quiescent state. However, even after chronic wounding,
cell proliferation was not sustained. The proliferative population decreased to less than 1% of
the total population in both acute and chronic wounding states by eight days after the last

wound treatment (Fig 2-2B).

Although RPE monolayers appear to use both proliferation and migration to repair
damaged areas, the RPE cells are incapable of restoring the original density after repetitive
wounding. Two days after an acute wound treatment, the number of cells on the electrode
was restored to roughly 85% of the control density (Fig. 2-2C). After eight days of recovery,
the cell density increased to a similar number as the intact control. However, after repetitive
wounding, the regenerative ability appeared to decline as the cell number only restored to
75% of the control even after eight days of recovery. The decline in cell density resulted in
enlarged RPE cells over the lesioned area, which was observed using anti-ZO-1

immunostaining (red arrows in Fig. 2-2A).

Inhibition of the cell cycle does not affect the rate of RPE cell wound closure
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To assess whether cell proliferation is an essential component of RPE wound closure,
we blocked proliferation after wounding using palbociclib, a cyclin-dependent kinase (CDK)
4 and CDKG® inhibitor. Supplementation of palbociclib significantly decreased cell
proliferation in wounded cultures (Figs 2-3A and 2-3B) but did not affect the rate of wound
closure (Fig 2-3D). However, there was a significant reduction in cell density over the
electrode compared to chronic wound controls (Fig 2-3C). This data suggests that although
initiation of the cell cycle is not required for RPE wound closure, the loss of proliferation

results in a further reduction in cell density over lesioned areas.

Modulation of bystander RPE cell transcriptome profile following acute or chronic

wounding

Transcriptome analysis was employed to gain a more comprehensive understanding
of how RPE respond to acute and chronic wounding. To enrich for cells in close proximity of
the wounded area, we utilized a 1.5 mm biopsy punch (red circle in S2-2A Fig). While
electrodes in a single well encompass just 0.6% of the total surface area, a single electrode
encompasses 5.4% of a 1.5 mm biopsy punch, a 9-fold enrichment. Cells were harvested at
5-hours, 24-hours, and 8-days after the final acute or chronic wound treatment, and
transcriptome profiles were compiled using RNA-Seq. Acute wounding consisted of one
wound treatment while chronic wounding consisted of ten consecutive wounds, once every
24-hours, to determine whether repetitive wounding resulted in any prolonged misregulation
of the transcriptome. The 5-hour time point coincides with the end of the lag phase and the
onset of migration. The 24-hour sample captures the point in time shortly after wound
closure. The 8-day time point assesses the residual effects of wounding after the completion

of proliferation and migration. Samples collected from adjacent, non-wounded cultures
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served as controls.

100% 100%
2
T 80% 2 = 80% *
o | [ =
2 ZE |
2 60% = 5 60% ‘
2 £3
5 40%} 8§ 40%
o o 9
m — E
X 20% 3 3 20%
0% - T - » 0% . :
Chronic wound  Chronic wound Chronic wound Chronic wound
+ Palbociclib + Palbociclib
[l Day0-2 [Day8 @ Day0-2 | Day8

-

——Control ==Palbociclib

Impedance at 16KHz (1000Q)
I

e

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

) ) ] Time (hours) .
Figure 2-3. The proliferation of RPE cells is not required for wound closure. (A) Representative

images of Hoescht, EdU, and ZO-1 labeled cell cultures two days after chronic wound treatments in the
continual presence of 10 [1M palbociclib. Scale bar is 200 um. (B) Percent of EdU-positive cells 48-hours
or 8-days after receiving chronic wounding treatments (mean + SD, n=4). (C) Inhibition of cell
proliferation by the addition of palbociclib decreases the capability of RPE cells to restore control cell
density over the electrode (mean + SD, n=3, * indicates p-value<0.01, see S3 Table). (D) Real-time
impedance recording of RPE wound healing after chronic wound treatment in control and palbociclib
treated cells. Trace is the average of three biological replicates.
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As summarized in Fig 2-4A, roughly 2600 genes in total were differentially expressed
(FDR < 0.05 and > 2-fold change) compared to controls following either acute or chronic
wounding treatments across all time points (S2-4 Table). Over 1800 differentially expressed
genes (DEGSs) were detected in both acute and chronic wounding conditions, while roughly
700 distinct genes remained significantly altered in acute or chronically wounded cultures
alone. A majority of the DEGs were detected 5-hours after wounding. Remarkably, the
expression levels of most DEGs detected in the acutely wounded 5-hour samples were
restored to levels comparable to unwounded controls by 24-hours (Fig 2-4B). In the acute
wound samples, 3.8% of the DEGs at 5-hours remained differentially expressed at 24-hours
and only 0.2% genes remained differentially expressed at all time points. In chronically
wounded samples there was less recovery of expression after the last wound; 17.6% of the
DEGs at 5-hours remained differentially expressed at 24-hours, and 1.2% of the genes

remained differentially expressed at all time points.

After eight days of recovery, only 26 and 65 genes remained differentially expressed
in the acute and chronic wound samples, respectively. Thirteen genes remained differentially
expressed in both acute and chronic wound samples after 8-days of recovery, including
proteins associated with cellular structures (ACTA2, TAGLN, KRT7, IQCJ-SCHIP1), signal
transduction (DKKZ1, JUN, PRLR, RASSF3, WDR83), oxidoreduction (OGFOD2), protease

activity (PRSS12, SERPINE1), and chromatin remodeling (SETMAR).
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Figure 2-4. Differential expression and gene ontology analysis. (A) Venn diagrams comparing the
differentially expressed genes (DEG; FDR < 0.05 and > 2-fold change) at three time points following
acute or chronic wound treatments. (B) Venn diagrams showing the overlap of DEGs in the acute or
chronic wounding condition alone after wounding. Chronic wounding results in prolonged misregulation
of gene expression compared to acute wounding, as seen by the increase in the number of DEGs at both
24-hours and 8-days post wounding. (C) Scatter plots of DEGs showing log. transformed fold change
(Log2FC) of acute (X-axis) or chronic (Y-axis) compared to unwounded controls at 5 hours (5H), 24
hours (24H) and 8 days (8D) after wounding. DEGs in either acute wounding alone or chronic wounding
alone are colored blue and red, respectively. DEGs in both wounding conditions are colored green, and
genes that are not significantly changed (either FDR > 0.05 or > 2-fold change) are colored grey. All
genes are differentially expressed in one or more time point. Gene ontology groups are significantly
enriched based on the total number of differentially expressed genes.

Of the common differentially expressed genes, the upregulation of DKK1 stands out
due to its role as a Wnt signaling antagonist, which has been shown to modulate RPE cell
wound healing in a CNV model [44,45]. However, the addition of recombinant DKK1 or
Whnt3a to the culture medium did not affect the rate of wound healing or cell density of

chronically wounded RPE monolayers (S2-3 Fig).

Using transcriptomic analysis, we showed that bystander RPE cells can rapidly adjust
transcriptome profiles in response to sudden disruptions to the monolayer. Interestingly, the
gene expression profile alters when the monolayer receives chronic damage compared to
acute damage. For example, prolonged differential expression of genes is seen at 24-hours
following chronic wounding in gene ontology groups involved in positive regulation of cell
migration (G0O:0030335), mitotic cell cycle (GO:0000278), and inflammatory response
(G0O:0006954) compared to acute wounding (Fig 2-4C). This observation corresponds to
results showing an increased speed of wound closure and an increase in the proliferative

population enclosing the lesioned area (Figs 2-1 and 2-2).

Prolonged misregulation of key genes involved in RPE cell functions following chronic

wounding
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To evaluate whether lesions on the monolayer affect the expression of key genes
involved in RPE cell identity and function, we investigated the expression levels of the top
100 genes which are known to decrease in expression when RPE cells lose their epithelial
identity and transdifferentiate into the mesenchymal cell fate (S2-5 Table) [28]. Expression
levels of 81 genes were significantly altered (Benjamini & Hochberg correction, P-
value<0.01 compared to controls) 5-hours post wounding, most of which have decreased
expression in both acute and chronic wounding conditions (Fig 2-5A). All genes
misregulated in the acute wound 5-hour samples were restored to control levels by 24-hours,
but 26 genes remained significantly down-regulated after chronic wounding. After 8-days of
recovery, expression levels of the top 100 RPE genes were not significantly different from

intact control samples.
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Figure 2-5. Systemic misregulation of RPE genes following wounding. (A) Violin plot showing
Log2FC of the top 100 RPE genes in acutely wounded (blue) or chronically wounded (red) RPE cells
(**=p-value<0.0001). (B) Bar graphs of select RPE genes showing Log2FC of acute or chronic wounding
at 5H, 24H, and 8D compared to unwounded controls (mean + SD, n=3,* indicates p-value<0.01, see S3
Table).

Next, we assessed the expression of genes associated with key RPE functions,

including the visual cycle, growth factors, pigmentation, and retinal development. One such



critical process includes the isomerization of all-trans retinal to 11-cis retinal, misregulation
of which can jeopardize the visual cycle, and lead to photoreceptor degeneration and vision
loss [46]. This process is carried out by LRAT, RPE65, and RDH proteins. Here, we found
that the expression levels of LRAT and RDH11 were significantly diminished 5-hour post
wounding (Fig 2-5B). RPEG5 expression decreased 24-hours post wounding but did not meet
our DEG criteria. Despite the increase in expression of LRAT and RDH11 24-hours after
wounding, expression levels of LRAT transcripts remained significantly reduced after chronic
wounding, restoring to an average of less than 70% of control levels. Considering the entire
lesioned area contributes to just 5.4% of the total area of the biopsy punch used for RNA
isolation, the decrease in expression of LRAT suggests a broad decrease in expression levels

across bystander cells; cells responding to the wound but not directly next to the lesion.

In addition to functioning in the visual cycle, RPE cells secrete PEDF and VEGF to
support the photoreceptors and the choroid, respectively. Here, we found that the expression
level of PEDF was minimally affected following acute wounding but significantly decreased
with chronic wounding (Fig 2-5B). In our culture system, differentiated human fetal RPE
cells express three VEGF isoforms, A, B, and C. VEGFA is the most abundant isoform
averaging 905 RPM, VEGFB averages 125 RPM, and VEGFC is the least abundant isoform
averaging 2 RPM. Previously, we have shown that VEGFA expression decreases while the
expression of VEGFC increases when RPE cells terminally differentiated into a
mesenchymal cell fate [28]. Here, a similar phenomenon was observed; expression levels of
VEGFA were significantly decreased, and VEGFC was significantly increased in the 5-hour
samples. Unlike the terminal epithelial to mesenchymal transdifferentiation seen in our

previous work [28], expression levels of VEGFA and VEGFC can be restored 24 hours after
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wounding in acutely and chronically wounded RPE monolayers. VEGFB transcripts were

unaffected by wounding.

Pigmentation is one of the most definitive phenotypical characteristics of RPE cells.
The pigment in RPE cells can absorb scattered light to improve visual acuity and,
importantly, protect retinal cells from photo-oxidative stress [5,47]. MITF mediates the
pigmentation of RPE and can also transactivate the expression of TYR, TYRP1, and DCT,
essential enzymes for melanogenesis. Downregulation of MITF, TYRP1, and DCT was
observed 5-hours after wounding while the expression of TYR was not affected. The
expression levels of MITF and TYRP1 restored to control levels 24 hours after wounding, but
DCT remained downregulated in the chronic wounding condition (Fig 2-5B). In addition to
MITF, the misregulation of other transcription factors associated with retinal development
was also detected. Expression levels of SOX9 and CRX decreased 5-hours after wounding
and restored to control levels after 24 hours. After a single wound, the expression levels of
RAX increased 5-hours and 24-hours after wounding but restored to control levels after 8-
days. Prolonged upregulation of RAX was seen in the chronically wounded samples after 8-

days.

Together, these results indicate that lesions on the RPE monolayer can lead to
dysregulation of genes key to RPE specification and function in bystander RPE cells.
Expression levels of a majority of the dysregulated genes restore by 24 hours in the acute
wounding condition. However, many genes failed to fully recover after 24 hours in the
chronic wounding condition, indicating that the ability of bystander RPE cells to regenerate

diminishes following repetitive wounding. Due to the importance of RPE cells in maintaining
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the subretinal environment, prolonged dysregulation of RPE functions can potentially lead to

RPE and photoreceptor degeneration.
Association of RPE wound response with AMD pathogenesis

In addition to genes associated with RPE cell specification and function, several
DEGs are important due to their potential roles in AMD pathogenesis, particularly genes
which play a role in inflammation. In this study, we observed an increase of CCL2, IL-18,
and FAS expression in wounded samples compared to unwounded controls (Fig 2-6A).
Expression of both CCL2 and IL-18 increased 5-hours after acute or chronic wounding and

restored to roughly normal levels 8-days post wounding.
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Figure 2-6. Correlation between RPE cell wounding and AMD. (A) Expression levels of selected
genes. Grey line indicates the expression level of the unwounded control (mean + SD, n=3, * indicates p-
value<0.01, see S3 Table). (B) Bar graph indicates the percentage of early AMD, CNV, and GA
associated genes, whose expression levels are significantly differentially expressed (Benjamini &
Hochberg correction, p-value<0.01) following acute (blue) or chronic (red) wounding. An asterisk
indicates significant over-representation of CNV and GA-associated genes in wounded samples (Fisher’s
exact test, p-value <0.01).

Unlike CCL2 and IL-18, which were expressed at detectible levels even in

unwounded RPE, FAS transcripts were absent or in a non-detectable range in intact controls.
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Five-hours post wounding FAS was detected in both acute and chronically wounded samples
(Fig 2-6A). In the acute wound cultures, the expression of FAS was reduced by 24 hours and
non-detectable after 8-days. In contrast, chronically wounded RPE cells maintained
upregulation of FAS after 8-days of recovery. Despite the confirmation of FAS expression by
immunostaining, we did not observe a clear apoptotic effect on the bystander RPE cells using
FAS activating IgM, as the impedance recovery profile and the cell density were comparable
to unwounded controls (S2-3 Fig). Perhaps persistent upregulation of BIRC5 (also known as
Survivin), a member of the inhibitors of apoptosis proteins (IAPs), in the chronically

wounded cells may protect bystander cells from FAS mediated cell death (Fig 2-6A).

Finally, we used Fisher’s exact test to investigate whether using ECIS for acutely or
chronically wounded RPE displays significant transcriptomic changes similar to
transcriptomic profiles of AMD eyes [48]. Due to differences in the methodology, only genes
expressed by in vitro RPE cells were considered amongst those previously detected by DNA
microarray in the RPE-choroid AMD samples (S2-6 Table). As shown in Fig 2-6B, there was
no significant correlation between in vitro RPE wounding and early AMD. Interestingly,
however, a significant over-representation of genes associated with both types of advanced
AMD was observed in both acute and chronically wounded samples, where chronically
wounded RPE monolayers exhibited a higher correlation with both types of advanced AMD

(Fig 2-6B).

E. Discussion

In this study, we investigated the wound healing response of acutely and chronically
wounded differentiated human RPE monolayers. We report that differentiated human RPE
cells repair lesions introduced by high current electrical pulses using the ECIS system and
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can repair repetitively induced wounds. In response to a lesion on the monolayer, bystander
RPE cells migrate and proliferate to repair the wound; whereas, cells distal to the lesion
remain quiescent (Fig 2-2A). Compared to an acutely wounded monolayer, repetitive
wounding accelerates the speed of wound closure and increases the proliferative population
in conjunction with prolonging the differential expression of genes related to cell migration,

cell cycle, RPE function and, inflammation.

Previous reports suggest the density of RPE in the macula to be 4,960 £ 1,040
cells/mm?, with a loss rate of 0.54% per year [49]. In our system, the density of the
unwounded controls fell within previous reports, while chronic wounding resulted in a
reduced cell density of ~3,000 RPE cells/mm? (S2-2 Fig D and E). Despite an increase in the
proliferative cell population following chronic wounding, chronically damaged RPE
monolayers restore to just 75% of control density, resulting in enlarged cells over the lesion
(Fig 2-2C). This seemingly conflicting result is likely due to the repetitive ablation of
proliferative cells on the lesioned area and the lack of proliferation in the region distal to the
lesion. It is possible that the RPE cells enlarge in the periphery, similar to enlarged cells seen
on the electrode to compensate for cell loss while maintaining the coherence of the

monolayer (S2-2 Fig).

Many features seen in RPE monolayers in a state of chronic wounding are strikingly
similar to features seen in AMD. For instance, enlarged RPE has been reported previously in
eyes with AMD, particularly near drusen [7]. The accumulation of drusen is the clinical
hallmark of AMD, and it has been proposed that the presence of inflammation-associated
proteins in drusen, such as complement factors, can lead to chronic immune responses in the

subretinal space leading to RPE degeneration and AMD [50-53]. Using the ECIS system, we
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observed an increase in RPE cell size only after chronic wounding. The generation of lesions
in an RPE monolayer also elicited an inflammatory response. Interestingly, the chronic
wounding state showed an even more prolonged misregulation of inflammatory genes

compared to the acute wounding state (Fig 2-4C).

In addition to the inflammatory components of drusen, mononuclear phagocytes
(MPs) has been observed in both forms of advanced AMD, further supporting the idea that
that chronic low-grade inflammation may play a role in the progression of AMD [54-56].
MP activation has been shown to diminish the expression of genes critical for RPE function
and can induce cell death [57,58]. CCL2 is a chemoattractant for MPs, recruiting and
activating MPs to sites of CCL2 secretion. The upregulation of CCL2 expression can lead to
the accumulation of MPs in the subretinal space, and CCL2 treated MPs can stimulate RPE
cell apoptosis [59-62]. We observed a drastic upregulation of CCL2 expression following

both acute and chronic wounding (Fig 2-6A).

Apoptosis has been reported to contribute to AMD pathogenesis, particularly for RPE
near drusen or GA lesions [63]. The FAS dependent apoptosis pathway is initiated by the
engagement of FAS (receptor) with FASL (ligand), inducing the formation of the death-
inducing signaling complex (DISC), activation of the caspase cascade, and ultimately causes
DNA fragmentation [64]. Additionally, apoptosis has also been shown to be triggered in RPE
cells via the IL-18 and FAS-mediated pathway, triggered by the misregulation of RNA
processing [65,66]. We found that the RPE cell response to acute or chronic wounding results
in a significant increase in both IL-18 and FAS expression (Fig 2-6A). However, expression
of FASL and the components of the IL-18 receptor, IL18R1 and IL18RAP, were in the low

to non-detectable range. The expression of these three components are generally expressed
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on immune cells such as MPs, T cells, B cells, natural killer cells, and has been reported in

RPE in vivo [67-71].

Wounding of the RPE monolayer also caused a transient misregulation of genes key
to the visual cycle, melanogenesis, growth factor expression, and RPE cell specification.
Even though bystander RPE can restore the expression levels of these genes after 8-days of
repair, the capacity to recover diminishes following chronic wounding. Because of the
importance of RPE cells in the maintenance of the sub-retinal environment, prolonged
dysregulation of bystander RPE after chronic wounding may lead to dysfunction of the RPE

monolayer leading to photoreceptor death and loss of vision [7,19,72].

When investigating the differentially expressed genes from the acute and chronic
wounding conditions, we found a significant overrepresentation of genes that have been
shown previously to be differentially expressed in late AMD eyes [48]. Similar to the RPE
genes, expression levels of most of the AMD associated genes are restored after 8-days of
recovery. However, a greater number of AMD associated genes were differentially expressed
in the chronically wounded samples, and the extent of recovery diminished following chronic

wounding.

Despite the similarity of several features of chronically wounded RPE cells and
AMD, there is a fundamental difference between the model presented in this study and the
advanced stages of AMD. While we observed a productive wound healing process using
ECIS, even while using a cell-cycle inhibitor, a productive wound healing process is
seemingly absent in advanced stages of the disease. Tissue regeneration requires the
proliferation of the progenitor or bystander cells, followed by differentiation of the newly
produced cells. RPE cells can reenter the cell cycle in response to growth factor stimulations
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such as PDGF, bFGF, TGFp, and TNFa. [73-77]. In vitro, primary adult and fetal human
RPE cells can redifferentiate into a functional monolayer with a minimal amount of
expansion. However, extensive passaging or low-density plating can direct RPE cells toward
terminal mesenchymal transdifferentiation and give rise to fibrotic tissues [28]. Observations
of RPE-derived fibrotic membranes in wet AMD eyes suggest that exposure to serum
components may promote RPE hyperproliferation and transdifferentiation. In this study,
although >50% of cells on the electrode were in a proliferative state after chronic wounding,
we did not observe a clear sign of terminal mesenchymal transdifferentiation. This result is
likely due to the magnitude of lesions created by the ECIS system being relatively small;

therefore, an extensive propagation is not required to mend the gap.

In contrast, in GA, gross RPE proliferation and transdifferentiation are not observed.
In GA, the decline in the nutrition supply due to degeneration of the choroidal capillaries
together with enhanced cell apoptosis and chronic inflammation may prevent RPE
regeneration. The decline in VEGF-A expression and the increase in the CCL2, IL-18, and
FAS expression levels in chronically wounded bystander RPE suggest that lesions in the RPE
monolayer may lead to the degeneration of choroidal capillaries and promote an

inflammatory response, which can lead to further degeneration of RPE cells.

Using the ECIS system, we were able to generate an in vitro system to model a
chronic wound state in a short amount of time with features distinct from that of an acute
wounding state. However, there are limitations of this system which do not fully recapitulate
the progression of AMD in vivo. For instance, high current is used to induce lesions by
causing cell death in RPE cells overlaying the electrodes. Although this mechanism of RPE

cell death is not physiologically relevant to AMD, we believe the study of the bystander
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wound response has potential disease-related implications, as we see several similarities

between known features of AMD and chronically wounded RPE.

Another limitation of this system is the lack of underlying choroid. While the RPE
monolayer maintains the heath of the overlaying RPE, the underlying choroid plays an
equally important role in maintaining the health of the RPE by providing nutrients and
removing waste [78]. Degeneration of the choroid, specifically the choriocapillaris, often
occurs during the early stages of AMD, although the exact timing of events is still under
debate [79]. Perhaps future work combining RPE, choroidal epithelial cells, photoreceptor
outer segments, and one of the many types of ECIS arrays may provide more insight into
how these interconnected cell types change during wound repair. While our system does not
recapitulate some aspects of an intact retina, in vitro models, such as this, are less expensive

than in vivo experiments, quicker to perform, and can be efficiently scaled up.

Using ECIS as a platform for chronic wounding of RPE cells may be ideal for
screening therapeutics that may enhance the ability of RPE cells to wound repair over time,
which could potentially help increase the reparative capacity of RPE. In addition to the
experiments presented here, this platform allows for the addition of other risk factors known
to influence the onset of AMD, such as age, oxidative stress, inflammation, and
mitochondrial health [80,81]. Although we do not fully understand the pathology that drives
AMD progression, this system may lead to further insights into these mechanisms. Further
investigations combining chronic wounding with additional AMD risk factors may be key in
further elucidating mechanisms that influence RPE wound repair in advanced stages of

AMD.
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Chapter I11: Identification of Y-27632 as a Potential Treatment for AMD using a Novel

Wound Healing Platform
A. Introduction

Retinal pigmented epithelial (RPE) cells form a tightly packed, cuboidal, and highly
pigmented monolayer at the base of the retina. Although RPE cells are not directly
responsible for vision, they play a critical role in sustaining the health of overlaying light-
sensitive photoreceptors. RPE cells have several vital functions in maintaining retinal health,
including maintenance of the blood-retinal barrier (BRB), re-isomerization of all-trans-
retinal, transport of nutrients, removal of waste from the overlying photoreceptors, and
absorption of stray light [1-3]. With a long list of critical functions for the neural retina's
maintenance, it is no surprise that the degeneration of this single layer of cells can result in

dysfunction of the neural retina and ultimate loss of vision.

RPE degeneration is a central feature of age-related macular degeneration (AMD), a
blinding disease that affects nearly 11 million people in the United States and almost 196
million people worldwide [4]. Early stages of AMD can be identified by the presence of sub-
RPE deposits called drusen, which are thought to be sites of inflammation and pigmentary
abnormalities [5]. As the disease progresses, the number and size of drusen increases, leading
to two clinically distinct late stages of AMD known as choroidal neovascularization (CNV)
and geographic atrophy (GA). In CNV, blood vessels infiltrate the retina through the BRB.
This may lead to leakage of blood into the retina causing RPE damage and loss of vision if

not treated promptly.
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While VEGF inhibitors to prevent new blood vessel growth can be used to delay the
progression of CNV, no commercial treatment exists to treat or slow the progression of GA
[6]. Geographic atrophy is characterized by a growing area of RPE atrophy over the macular
region, increasing at a rate of 1.8 mm?/year [7]. RPE atrophy leads to degeneration of the
overlying photoreceptors and ultimate loss of central vision. Although the exact mechanism
of RPE cell death leading to atrophic areas is still a topic of debate, there is no denying the

ultimate failure of the surviving RPE to repair regions of atrophy adequately.

In vitro methods have been developed to study the innate ability of RPE to regenerate
in culture, including mechanical or chemical ablation, enzymatic disassociation, and, more
recently, localized wounding using electrical current [8-11]. Although each of these methods
has advantages for studying wound repair, no wounding model has succeeded at mimicking
the phenotype of late-stage GA. Therefore, we developed a system which induces large,
localized wounds in a mature RPE monolayer that remaining RPE fails to adequately repair.
We can use this system to screen for therapeutics that aid in the ability of bystander RPE to

repair large wounds.
B. Results
RPE monolayers are unable to repair large wounds

Apoptosis is thought to play a role in the progression of GA as apoptotic RPE have
been noted surrounding growing regions of RPE atrophy [12,13]. Thus, the ability of
bystander RPE to respond and repair large areas of RPE apoptotic cell death is of interest.

Hence, to better mimic GA in vitro, we established a new cell culture model employing RPE
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expressing a recombinant inducible Caspase-9 gene (iCaspase9) and a custom plating device

to trigger apoptosis and generate large well-defined areas of RPE atrophy.

A Truncated
Caspase 9
domain +CID Activation of
—_——
effector caspases

Drug-binding £ 7 < 2

domain (4 &
Inactive iCaspase9 Active iCaspase9

Phase Contrast iCasp. Hoescht Annexin V
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Figure 3-1. Inducible Caspase9 iPS-RPE undergo apoptosis with addition of the chemical inducer
of dimerization. (A) The inducible Caspase 9 (iCaspase9) construct consists of a truncated Caspase 9
catalytic domain (green) linked to a high-affinity drug binding domain (blue). Without the presence of
the chemical inducer of dimerization (CID; yellow), iCaspase9 do not dimerize. Upon addition of the
CID, dimerization of iCaspase9 occurs triggering the activation of effector caspases, such as Caspase 3,
causing the induction of apoptosis. Figure modified from Gargett et al., 2014. (B) Differentiated RPE
cells containing the iCaspase9 construct induce apoptosis after addition of the CID. Hallmark
characteristics of apoptosis such as membrane blebbing (phase contrast), nuclei fragmentation (Hoechst),
and phospholipid flipping (Annexin V) are visible 1.5 hours after addition 25 nM CID. Scale bars are 200

um.

To establish RPE cell lines that express an inducible Caspase-9, minimally passaged
stem cell-derived RPE were transduced with a replication deficient retrovirus construct,
pMSCV-F-del-iCasp9.IRES.GFP. The construct allows for constitutive expression of a

recombinant fusion protein, iCaspase9, comprised of a small molecule drug binding domain
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linked to the Caspase-9 catalytic subunit, as well as a recombinant green fluorescent protein
(GFP) that allows for the identification of transduced cells (Fig 3-1A) [14,15]. One month
following viral transduction, iCaspase9-RPE cells were then isolated based on the expression
of GFP using fluorescence activated cell sorting (FACS). To verify that RPE cells expressing
iCaspase9 could be triggered to undergo apoptosis, iCaspase9-RPE cells were cultured for
one month to allow for cuboidal morphology and pigmentation to develop and the cells were
treated with the chemical inducer of dimerization (CID; AP20187). The CID is a dimeric
ligand with high affinity to the iCaspase9 small molecule binding domain. Binding of the
CID promotes the dimerization of iCaspase9, consequent induction of Caspase-9 protease
activity, and subsequent apoptotic cell death (Fig 3-1A). Within 90 minutes of addition of the
CID, iCaspase9-RPE showed hallmarks of apoptosis including plasma membrane blebbing,
nuclei fragmentation, and externalization of phosphatidylserine (Fig 3-1 B) [16-19].
Importantly, apoptosis was only evident when the chemical inducer of dimerization (CID)

was supplemented to the media.

Having determined that iCaspase9-RPE can be triggered to undergo apoptosis using
the CID, we then proceeded to develop a device that facilitates the generation of macula
sized regions of RPE atrophy. In this system, a custom stainless-steel plating device is used
to restrict the plating of iCaspase9 RPE to a 4 mm diameter region in the center of a 24-well
microplate well and control RPE expressing mCherry to surrounding regions (Fig 3-2A).
Twenty-four hours after the cells are plated and have attached to the substrate, the plating
device is removed, and the cells are allowed differentiate in culture for four weeks. Once the

RPE have matured, the CID is then added to the media for 48-hours. Apoptosis of the
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Figure 3-2. Generation of macula sized apoptotic lesion in RPE monolayer. (A) Using a specialized
plating device (grey), iCaspase9-RPE (yellow) are plated in a macula sized pattern in the center of the well,
surrounded by control RPE (red). (B) Experimental overview of large lesion wounding method. iCaspase9
RPE (yellow) are plated in the center of the well surrounded by control RPE cells (red). After the addition
of the CID the iCaspase9 cells die off, leaving a large, centralized wound. The bystander cells attempt to
repair the large lesion during the four-week recovery time. (C) RPE cells are plated as stated above and
differentiated in culture for one month. Following addition of the CID, iCaspase9 RPE die off and leave a
large, centralized wound. Surviving bystander RPE respond to the wound and attempt to repair the lesioned
area. White half circular represents original wounded area. Scale bar is 2 mm.

iCaspase9 RPE generates a roughly 13 mm? wound in the monolayer. Over the next four
weeks, the cells are monitored as the surviving bystander RPE attempt to repair the large
lesion (Fig 3-2B and C). One month after wounding, vehicle alone control (DMSO) RPE
cells cannot repair the lesion adequately (Fig 3-3). Large holes and mesenchymal RPE are
visible within the repaired area and confluent RPE with correct morphology encompass only

about 70% of the affected region (Fig 3-3).
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Figure 3-3. RPE cells cannot efficiently repair large lesion four weeks post wounding. Phase contrast
images of a representative control well prior to and post wound induction. RPE fill in a majority of the
wounded area 1-week post wounding but confluency is not maintained. Holes and mesenchymal RPE cells
are seen in the repaired area 4-weeks post wounding. Images taken as a 4 x 4 montage at 4x. Scale bar for
stitched images are 2 mm. Scale bar for enlarged image (bottom right) is 1 mm.
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RepSox and Y-27632 improve the ability of bystander RPE to repair large lesions

RPE cells failed to mount a wound response productive enough to repair the large
centralized apoptotic lesion in the monolayer, leaving large areas of RPE atrophy,
reminiscent of GA (Fig 3-3). We next investigated whether therapeutic intervention may
improve the innate ability of surviving RPE to repair the large lesion. The loss of epithelial
morphology of control RPE in the center of the repaired area led us to search for therapeutics
that may be able to suppress epithelial-to-mesenchymal transition (EMT). Both RepSox, an
activin-like kinase 5 (ALKS5) inhibitor, and Y-26632, a Rho-dependent protein kinase
(ROCK) inhibitor, have both been shown to extend the passage of RPE in vitro by
suppressing EMT while retaining the ability to re-differentiate back into functional RPE
[8,20]. In addition, surviving RPE cells were treated with the glycogen synthase kinase 3
(GSK3) inhibitor CHIR-99021 (CHIR), previously found to promote RPE differentiation

[21].

Treatment wither either RepSox or Y-27632 improved the ability of RPE to repair the
large lesion, while CHIR hindered repair (Fig 3-4). Treatment with RepSox increased
confluency of RPE over the damaged region to roughly 90%, while treatment with Y-27632
resulted in nearly 100% confluency (Fig 3-5). Treatment with CHIR had the opposite effect,
hindering RPE wound repair resulting in only 20% confluency over the wounded area. In
addition, treatment with Y-27632 resulted in the best RPE morphology compared to any

other treatment (Fig 3-5A).

Although CHIR appeared to prevent RPE wounding healing it had a positive effect on

promoting pigmentation in RPE surrounding the lesion (Fig 3-6A). Pigmentation is perhaps
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one of the most striking phenotypes of RPE cells. It is thought to absorb light to improve

visual acuity and to protect the retina by protecting against oxidative damage [2,3,22,23].

Day 0 Day 2 Week 1 Week 2
= s 5 P DR - ¢ Xy TR

Figure 3-4. Treatment of RPE cells with Y-27632 or RepSox improve RPE confluency two weeks post
wounding. Phase contrast images of a representative well from each drug treatment. CHIR treatment
increases pigmentation outside the lesion, but RPE cells fail to repair the wounded area, leaving large holes
across the lesion. Treatment with RepSox or Y-27632 increases ability of RPE to maintain confluency after
two weeks of recovery. Control RPE (DMSO) are not able to maintain confluency of RPE after two weeks
recovery. Images taken as a 4 x 4 montage at 4x. Scale bars are 2 mm.

Pigmentation of an RPE monolayer can be quantified using optical absorption. We found our
RPE cultures to absorb maximally at 510 nm, although other groups use wavelengths
between 475 nm and 550 nm to quantify pigmentation [24,25]. Absorbance readings were
acquired on RPE outside (upper depiction Fig 3-6E) and within (upper depiction Fig 3-6F)
the repaired area using a 5 x 5 spot read array. Treatment with either CHIR or Y-27632

increased pigmentation in RPE cells distal to the wound region, while RepSox had no
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significant effect compared to the DMSO control (Fig 3-6E). Within the wounded area, none

of the treatments significantly (p-value < 0.05) increased pigmentation over the control,
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Figure 3-5. Treatment of RPE cells with RepSox or Y-27632 maintain RPE confluency and morphology
four weeks post wounding. (A) Phase contrast images of RPE treated with CHIR, RepSox, or Y-27632 after
four weeks of recovery. Enlarged images near the center of the lesion show detailed RPE morphology. Scale
bars are 2 mm (top row) and 1 mm (bottom row). (B) Nuclei count for CHIR (blue), RepSox (orange), Y-
27632 (grey), and DMSO (yellow) treated cells over the lesioned area four weeks after wounding. n=2 error
bars are range. (C) Percent of RPE cell confluency over the lesioned area four weeks after wounding. CHIR
(blue) significantly reduced RPE confluency, while RepSox (orange) and Y-27632 (grey) significantly
increases RPE confluency compared to the DMSO control (yellow). n=4 error bars are standard deviation. *
p-value < 0.05, ** p-value < 0.01, *** p-value 0.001, **** p-value < 0.0001.

however, treatment with Y-27632 approaches significance with a p-value of 0.12 (Fig 3-6F).

In addition, treatment with Y-27632 resulted in much more uniform RPE with light
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pigmentation across the entire repaired area (Fig 3-6C). It is possible that a longer recovery

time may allow for a more significant increase in pigmentation over pigmentation over the

DMSO control.
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Figure 3-6. Effect of CHIR, RepSox, and Y-27632 on RPE confluency and pigmentation four weeks
post wounding. (A-D) Bright-field images four weeks post wound induction. Wells were treated with CHIR
(A), RepSox (B), Y-27632 (C), or DMSO (D). Images taken as a 4 x 4 montage at 4x. Scale bars are 2 mm.
(E) A violin plow showing pigmentation levels in RPE cells outside the lesioned area four weeks after
wounding with drug treatment. CHIR (blue) and Y-27632 (grey) significantly increases pigmentation of RPE
cells outside of the lesioned area compared to the DMSO control (yellow). RepSox (orange) had no
significant change in pigmentation levels outside the lesioned area. Pigmentation spot reads shown as small
circles in cartoon depiction, lesioned area represented inside large white circle. n=4, eighteen spot reads for
each sample. (F) A violin plow showing pigmentation levels in RPE cells inside the lesioned area four weeks
after wounding with drug treatment. No compound had a statistically significant change in pigmentation
levels over the lesioned area four weeks after wounding than the DMSO control. However, Y-27632 is
approaching significance, with a P-value of 0.12 compared to the control. Cartoon depiction shows
pigmentation spot reads inside wounded area. n=4, nine reads for each sample. ** p-value < 0.01, **** p-
value <0.0001.

Y-27632 improves RPEG5 expression and photoreceptor phagocytosis

To gain a better idea of what other effects extensive wound repair and treatment with
compounds have on RPE function, we used immunocytochemistry to assess the expression of
RPEG5, a key enzyme in the visual cycle. RepSox had no effect on RPE6G5 expression on
cells distal or within the lesion and CHIR treated RPE showed reduced RPEG5 expression in
the distal area (Fig 3-7). The increased levels of pigmentation resulting from CHIR treatment
may interfere with the ability to quantify RPE6G5 expression using immunofluorescence,
therefore the expression should be confirmed using quantitative PCR. Treatment with Y-
27632 increased RPEG5 expression in RPE cells both outside and inside the lesioned area

(Fig 3-7).

Another critical function of RPE is the phagocytosis of photoreceptor outer segments
(POS). This process was tested in vitro by supplementing media with fluorescently labeled
photoreceptor outer segments. The use of a serum-free RPE medium for our experiments

required the addition of two co-factors, MFG-E8 and Protein S, for more efficient
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Figure 3-7. Expression of RPE6G5 over repaired area four weeks post wounding. (A) Confluency of RPE
expressing RPE65 outside of the lesioned area. CHIR (blue) significantly reduces RPE65 expression, while
Y-27632 (grey) significantly increases RPE65 confluency compared to the DMSO control (yellow). RepSox
(orange) has no significant effect on RPE65 expression outside the wounded area. n=4 error bars are standard
deviation. (B) Immunocytochemistry showing RPEG5 expression (blue) in RPE cells outside the lesioned
area. Scale bar is 2 mm. (C) Confluency of RPE cells expressing RPE65 inside of the lesioned area. Y-27632
(grey) significantly increases RPE65 confluency compared to the DMSO control (yellow). CHIR (blue) and
RepSox (orange) showed no significant effect on RPEB5 expression inside the repaired area. A 4 mm
diameter plug was used to assess RPE65 expression over the lesion. n=4 error bars are standard deviation.
(D) Immunocytochemistry showing RPE65 expression (blue) in RPE cells inside the lesioned area (white
half circle). Scale bar is 2 mm. * p-value < 0.05, *** p-value 0.001, **** p-value < 0.0001.

phagocytosis (Fig 3-8A) [26,27]. Roughly 5% of the RPE were able to phagocytose FITC
labeled POS without the supplementation of co-factors (Fig 3-8B). When MFG-E8 and
Protein S were supplemented to media during the phagocytosis assay, nearly 30% of the RPE
were able to phagocytose POS, seen by the shift in the scatterplots in Fig 3-8C. Roughly 15%
of RPE cells differentiated in the presence of Y-27632 phagocytosed POS without the
presence of co-factors, a nearly three-fold increase over control RPE. When co-factors were

added, the number of RPE with engulfed POS increased to over 40% (Fig 3-6B). These
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results suggest that not only can the ROCK inhibitor Y-27632 improve the ability of RPE to
wound repair effectively, but it also appears to promote other critical functions of RPE

including the visual cycle and POS phagocytosis.
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Figure 3-8. RPE cells differentiated with Y-27632 improve RPE cell phagocytosis of photoreceptor
outer segments. (A) Overview of proteins involved in photoreceptor outer segment (POS) phagocytosis.
Modified from Mazzoni et al., 2014. (B) Percentage of RPE cells containing at least one fluorescent POS.
RPE were differentiated in media supplemented with Y-27623 (grey) or DMSO (Yellow). Phagocytosis assay
was performed in the presence (+) or absence (-) of the co-factors MFG-E8 and Protein S. n=2 error bars are
range. * p-value < 0.05. (C) Flow cytometry scatter plots showing the ability of RPE cells differentiated in
the presence of DMSO or Y-27632 to phagocytose POS. RPE cells differentiated with DMSO or Y-27632
were both able to bind and engulf FITC-labeled POS with the addition of co-factors MFG-E8 and Protein S
as seen by the shift increase in population within the positive single cell gate.

C. Discussion

In this study, we devised a cell culture model with key features of GA and used this
model to investigate the ability of human iPS-derived RPE to repair large focal lesions in a
mature monolayer. RPE cells in culture have some repair and proliferative capacity after
wounding. In contrast, in GA this reparative capacity is absent or substantially reduced,
resulting in atrophic areas which enlarge over time [28,29]. Like the case in GA, we found

that mature cultured RPE monolayers were incapable of faithfully repairing macular size
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wounds (~13mm?). While the RPE reached near confluence in the wound region after one
week, the cells failed to acquire a prototypical RPE phenotype (Fig 3-3). Over time, atrophic
areas within the wound region developed and the cells developed distinct mesenchymal RPE
morphology. These phenotypes along with the reduction in pigmentation over the monolayer
are reminiscent of phenotypes seen in atrophic areas in GA [28,30]. Having established a cell
culture model with phenotypic similarities to GA, we then used this model to determine if
small molecules that have been previously identified as facilitators of RPE repair could

improve the capacity of RPE to repair regions of atrophy.

Activation of Wnt/B-catenin signaling, via supplementation with the GSK-3f3
inhibitor CHIR-99021, has been shown to improve RPE cell differentiation and promote
proliferation in some cell types [31-33]. However, in contrast to our expectations, instead of
facilitating large wound repair, CHIR treatment severely hindered the ability of RPE to repair
the wound. Significantly fewer RPE cells were able to migrate or proliferate to heal the large,
induced lesion and those cells that did enter the wound region failed to maintain correct RPE
morphology (Fig 3-5). Interestingly though, we saw a significant increase in pigmentation
levels in RPE outside the lesioned area (Fig 3-6). Fisetin, a dietary flavonoid found in fruits
and vegetables, was recently shown to promote pigmentation in melanoma cells by inhibiting
GSK-3p and promoting -catenin activity, which increased expression of MITF and
tyrosinase [34]. Wnt/B-catenin signaling is required for RPE differentiation in the developing
mouse eye but is tightly controlled [35,36]. Although promoting Wnt/B-catenin signaling by
treating with CHIR has a positive effect on RPE pigmentation, constant activation may be

unfavorable for wound repair.
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Persistent wound response driven by prolonged activation of the TGFf pathway,
resulting in irreversible EMT, has been implicated in AMD pathogenesis [8]. We therefore
utilized the TGFBR1/ALKS5 inhibitor RepSox and the ROCK inhibitor Y-27632, previously
shown to reduce TGF-B1 induced Smad2/3 phosphorylation, to improve RPE wound repair
[8,20,37,38]. Treatment of RPE with either RepSox or Y-27632 improved the ability of RPE
to repair the large lesion. As seen in Fig 3-5, treatment with RepSox resulted in a few holes
over the monolayer, but the morphology of RPE was more uniform than the DMSO control.
Treatment with Y-27632 resulted in the best-looking monolayer, with little to no holes and
uniform morphology across the repaired area. RPE coverage of the lesioned area
significantly increased with treatment with RepSox or Y-27632, with Y-27632 approaching

nearly 100% confluency (Fig 3-5C).

Interestingly, it appears Y-27632 increased the ability of iCaspase9-RPE to adhere to
the wounded area compared to the control as seen by the increase in number of cells in the
wounded area two days post wound induction (Fig 3-4). Previous studies on cultured corneal
endothelial cells showed reduced apoptosis and increased adhesion with ROCK inhibitor
treatment [39]. The combination of these effects may be seen here. Future experiments
delaying the treatment of Y-27632 will be important to see if bystander RPE surrounding the
wound can still adequately repair without the suggested increased viability and adhesion of

residual iCaspase9-RPE in the center of the lesion.

Pigmentation is a defining feature of RPE which absorbs light and protects the cell
from oxidative damage [2]. RepSox treatment resulted in no significant changes in
pigmentation levels versus untreated cells, while treatment with Y-27632 significantly

increased pigmentation in cells surrounding the lesion, a phenotype noted previously in
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epidermal cells (Fig 3-6) [40]. Treatment with Y-27632 also resulted in increased
pigmentation levels within the wound repaired area compared to the control. By eye, RPE
over the lesioned area are far more pigmented and uniform when treated with Y-27632 than
control RPE, but the p-value for our data is greater than 0.05 (Fig 3-6). It is possible that nine
spot reads over the wounded area cannot detect the increase in pigmentation at four weeks
and increasing the number of spot reads could help reduce the variability of the reads. It is
also possible that four weeks is not long enough to see a statistically significant difference. A
more extended recovery period may help emphasize the ability of Y-27632 to increase

melanogenesis in RPE.

Assessing the expression of RPE65 in RPE cells outside and within the wounded area
allowed us to assess the functionality of the visual cycle resulting from prolonged inhibition
of TGF-B or ROCK signaling. Treatment with RepSox had no significant effect on RPE65
expression outside or within the lesioned area (Fig 3-7). The morphology of RPE in the
wound recovered area appeared more uniform than the control, suggesting with a longer
recovery time, RPE65 expression could eventually result in significantly higher expression
than controls over this area. Treatment with Y-27632 increased the expression of RPE65 both
outside and inside the wounded area, with nearly a six-fold increase in the expression of

RPEG5 in cells over the lesioned area compared to the control.

RPEG5 is most well-known for its critical enzymatic role in the visual cycle,
converting all-trans-retinyl ester into 11-cis-retinol [41,42]. Recently, however, it has been
implicated in playing a role in the biosynthesis of meso-zeaxanthin, one of only three
carotenoids present in the macula [43,44]. Unlike the other two macular carotenoids, lutein

and zeaxanthin, which are readily found in foods in Western diets, meso-zeaxanthin is found
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in only a few food items such as some types of fish skin and turtle fat [45,46]. Recent work
has shown that lutein is converted to meso-zeaxanthin, and RPEG5 is the enzyme thought to
be responsible for this conversion [43,47,48]. Interestingly, due to these macular pigment
carotenoids' protective role against damaging reactive oxygen species (ROS), the
supplementation of macular carotenoids to patients with early AMD may slow the
progression of the disease [49-52]. Future work may investigate the ability of Y-27632
treated RPE to upregulate the production of meso-zeaxanthin, potentially protecting the cell

from damage associated with AMD.

In addition to playing a key role in the visual cycle, RPE cells also promote the health
of overlaying photoreceptors by phagocytosing spent outer segments. Defects in RPE
phagocytosis have been implicated in retinal degeneration, highlighting the importance of
this function [53,54]. RPE phagocytosis is known to decline with age, however this ability is
significantly lower patients with AMD compared to equally aged controls, which may
contribute to RPE dysfunction [55]. Interestingly, we found that RPE cells differentiated in
the presence of Y-27632 were able to significantly increase the ability of RPE to phagocytose
FITC-labeled POS (Fig 3-8). This improvement is likely due to a previous observation in our
lab in which the differentiation of RPE plated at low-density was improved with Y-27632
treatment (results not shown). Future work should assess the phagocytic ability of RPE over

the wound repaired area as well as the ability to breakdown POS.

Increases in oxidative stress and immune response are thought to play important roles
in driving the progression of AMD [56]. Previous work in other cell types have shown that
ROCK inhibitors may provide protection against damage caused by oxidative stress or

immune response. The inhibition of ROCK signaling in retinal vasculature for example,
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resulted in a decreased ability of leukocytes to adhere by reducing the expression of
intracellular adhesion molecule-1 (ICAM-1) [57,58]. More importantly, macrophage
polarization, which was shown to increase due to aging, could be mitigated using ROCK2
inhibitors [59]. Activated macrophages have been noted around the periphery of atrophic
areas in GA and are thought to contribute to the disease's progression [60,61]. ROCK
inhibitors have been shown to protect Muller cells from oxidative stress and hypoxia, both of
which are known risk factors that increase AMD progression [56,62]. Based on these
previous findings, treatment with Y-27632 may also prove beneficial for the treatment of GA

by slowing immune activity and protecting against oxidative damage.

In conclusion, we developed a model system to generate large wounds to a
differentiated RPE monolayer, similar to GA, which can be used to screen therapeutics. The
size of the wound can be easily modified by designing plating devices with larger or smaller
plugs. We were able to generate a large, localized lesion, which untreated RPE were unable
to repair adequately. We identified Y-27632 as an agent to significantly improve the ability
of bystander RPE to productively repair large regions of atrophy. By combining this method
with other disease-related stressors implicated in AMD, such as oxidative stress, amyloid-f,
or age, we may find therapeutics best suited to treat AMD and ultimately slow the

progression of the disease.
D. Materials and Methods
Retrovirus production

GP2-293 (Takara) cells were seeded at 1x10” in T-150 flasks and grown until

reaching 80-90% confluence. Flasks were transfected with 40.5 pg retroviral plasmid,
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PMSCV-F-del Casp9.IRES.GFP (iCaspase9, Addgene #15567) or mCherry control pMSCV-
IRES-mCherry (control, Addgene #52114), 40.5 ug envelope plasmid (pVSVG, Takara),
24.3 g Xfect polymer (Takara) and 1.503 mL Xfect reaction buffer. Cells were incubated
overnight, and the media was discarded. Medium between 24-72 hours was collected daily,
combined with 1/3 volume of Retro-X concentrator (Takara), and incubated at 4° for 1-2
days. To prepare concentrated virus, tubes were centrifuged for 45 minutes at 1500 x g and
4°C in a swinging bucket. The supernatant was slowly removed and discarded. The pellet
was gently resuspended in 1/100" volume using phosphate buffer saline (PBS). Concentrated

viral particles were then aliquoted and stored at -80°C until needed.
Cell culture

Primary human fetal RPE cells were obtained by a previously described method
[8,63] and passaged until mesenchymal, roughly 3 passages. Cells were then reprogramed
using ReproRNA™-OKSGM (STEMCELL Technologies) using manufacturer instructions.
Cells were passaged until tight colonies formed. Successful induced pluripotent stem cells
(iPS) were purified using Anti-TRA-1-60 microbeads (Milteyni Biotec) using manufacturer
instructions. iPS lines were checked for major karyotypic abnormalities using the hPSC
Genetic Analysis Kit (STEMCELL Technologies) using manufacturer instructions before
further experimental use. Successfully reprogrammed iPS lines were differentiated into RPE
cells using our unpublished method. Pigmented RPE cells were frozen in mFreSR

(STEMCELL Technologies) and stored in liquid nitrogen until needed.

Passage 1 RPE cells were thawed and plated at 10,000 cells/cm? in Matrigel
(Corning) coated T-25 flasks in RPE medium containing 2 UM Thiazovivin (Fisher
Scientific) and incubated overnight. Fresh medium containing retroviral particles (no more
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than 10% total volume) and 10 pg/mL polybrene (Millipore Sigma) was added the next
morning and incubated overnight. Media was discarded and fresh medium was added and
changed every 2-3 days for 28 days. Differentiated RPE were disassociated using 0.025%
trypsin EDTA (Lonza) and sorted using fluorescence-activated cell sorting (FACS) to isolate
pigmented RPE cells containing either iCaspase9/GFP or mCherry. Positive cells were plated
at 20,000 cells/cm? on Matrigel coated dishes and allowed to recover for 2-3 days. RPE cells
containing either iCaspase9 or control constructs were lifted and frozen at passage 3.
iCaspase9-RPE were plated at 80,000 cells/cm? on Matrigel coated dishes with Thiazovivin
for 24 hours and let differentiate for 2-3 months before use in the final assay. Aged
iCaspase9-RPE showed more consistent apoptosis in the final assay compared to younger
iCaspase9-RPE. Control cells were plated at 500,000 cells in a T-75 with Thiazovivin for 24

hours and then let recover and divide for 3 days before use in the final assay.

The stainless-steel plating device was designed using Solidworks and CNC machined
using stainless steel 304 with default finish (Fig 3-9). The plating device was carefully placed
on top of Matrigel coated lummox 24-well dishes (Sarstedt) so that each tube formed a tight
seal with the bottom of the dish. Aged iCaspase9-RPE were lifted and plated in the center at
200,000 cells/cm? and control RPE were plated at 100,000 cells/cm? in RPE medium
containing Thiazovivin. The dish was gently rocked to disperse control cells in the outer ring
and left at room temperature for one hour before moving to the incubator. After 24 hours, the
plating device was gently lifted, and medium was replaced with RPE medium containing 2
ng/mL basic fibroblast growth factor (FGF) and 0.1% DMSO. Medium was changed every 2-
3 days and FGF and DMSO were removed after one week. Cells were let differentiate for at

least one month before starting the apoptosis assay with CID.
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To Bottom

Figure 3-9. Plating device. Top, bottom, side, and angled view of steel plating lid. Holes are used to plate
cells inside and outside the restricted center area. The 4 mm diameter tube is colored green and used to restrict
the plating of iCaspase9 cells to only the inner circle. Lids can be modified to make larger or smaller holes.
Images not to scale.

Wounding assay

Differentiated control and iCaspase9 RPE were given 25 nM CID (AP20187, B/B
Homodimerizer, Clontech) in RPE medium to induce apoptosis in iCaspase9 RPE. CHIR-
99021 (3 uM, ApexBio Technology), RepSox (100 nM, Cayman Chemical), Y-27632 (10
MM, STEMCELL Technologies), or DMSO (1 ul/mL, Fisher Scientific) was supplemented to
medium with CID. The CID was removed after 48 hours, and cells were fed RPE medium

with small molecules every 2-3 days for four weeks.
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Imaging

Cells were imaged prior to induction and 2 days post, and then weekly for four weeks
using the Cytation5 (BioTek). Images were taken in a 4x4 montage at 4x and stitched using

the Genb5 software. Absorbance readings were taken using 5x5 spot read array at 510 nm.
Cell labeling

After four weeks of recovery, RPE cells were rinsed with PBS and fixed with 4%
formaldehyde in PBS for 15 minutes at room temperature. Samples were blocked overnight
using 5% normal donkey serum in PBS containing 0.1% Tween 20. RPE65 primary antibody
(1:250 Abcam ab231782) and Alexa Fluor 647 donkey anti-rabbit secondary antibody
(1:1000 Life Technologies) were incubated at room temperature for 1 hour. Nuclei were
labeled by staining with Hoechst 33342 using a 1:2000 dilution in PBS, incubated on cells
for 10 minutes at room temperature. Cells were imaged using a 6x6 montage at 4x and

quantified using the Gen5 Image+ software.
Phagocytosis assay

IPS-RPE cells were differentiated in Matrigel coated 48-well dishes in the presence of
Y-27632 or DMSO. Photoreceptor outer segments were purchased from Invision
Bioresources and labeled with FITC using a previously published protocol [64] and stored in
aliquots of 1x10° POS at -80°C until needed. POS were thawed quickly at 37°C and spun for
5’ at 2,4000 x g at room temperature. One POS aliquot was used for two 48-wells. The POS
pellet was resuspended in a minimum volume of RPE medium. MFG-E8 (120 nM R&D
Systems) was added to POS and then added to cells, POS alone was used for control wells.

Cells were incubated in the dark at room temperature for 2 hours. Excess POS were
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aspirated, and wells were gently washed three times with medium with 4 minutes agitation
on a rocker. Protein S (1 ug/mL, R&D Systems), or medium alone, was added to wells and
incubated at 37°C for 3 hours. Cells were gently rinsed with PBS and lifted using 150 ul
trypsin (Lonza). After the cells lifted, 150 ul trypsin neutralization solution was added, and
cells were gently disassociated by pipetting. Cells were filtered with a 35 um cell strainer
(Falcon) and stored covered on ice. Flow cytometry was used to assess POS containing RPE.

RPE without POS and POS alone were used to set gates.
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Chapter 1V: Effects of Aging on RPE Transcriptome and Potential for AMD

Pathogenesis
A. Introduction

Age-related macular degeneration (AMD) is a potentially blinding disease with
complex etiology affecting millions of people worldwide. Characterized by death and
degeneration of the retina, advanced stages of AMD can result in the irreversible loss of
central vision. RPE degeneration is a common feature of advanced stages of AMD, which is
described as wet or dry depending on the presence or absence of neovascularization. Early
stages of the disease are identified by the presence of drusen, inflammatory deposits located
in between the retinal pigmented epithelial (RPE) cells, and Briich’s membrane [1]. As the
drusen begin to accumulate in size and number, the RPE cells start to lose their ability to
function and their characteristic epithelial morphology, often undergoing an epithelial-to-
mesenchymal transition (EMT), a common response to wounding [2-5]. With the
progression of the disease, RPE cells enter a chronic state of wounding, regardless of the
presence or absence of a stimulus, resulting in the permanent loss of pigmentation and
ultimate death [3,6]. RPE are essential in maintaining the health of the overlaying neural
retina by providing nutrients, removing waste, and completing the visual cycle, among other
functions [7—9]. Degeneration of this single layer of cells can result in the death of overlaying

photoreceptors and ultimate blindness [10].

Over the past decades, scientists have discovered many genetic and environmental
factors that increase the likelihood of AMD development. Genetic risk variants include genes
involved in the complement system, while environmental risks include smoking,
hypertension, and high body mass index [11-18]. Age, however, is by far the most
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substantial factor associated with AMD, with people over the age of 75 having significantly

higher frequencies of AMD than younger people [17].

The RPE monolayer, Briich’s membrane, and the choriocapillaris together form the
blood-retinal barrier (BRB) which regulates the movement of water, ions, and proteins into
and out of the vascular choroid [19-21]. Briich’s membrane is a five-layered acellular
structure located between the RPE and vascular choroid. It serves as a point of attachment for
the RPE and choriocapillaris and acts as a molecular sieve, regulating the exchange of solutes
between the RPE and choroid [19,22—25]. Briich’s membrane is composed of collagens,
laminins, fibronectin, and heparan sulfate proteoglycans (HSPGs) produced and remodeled

by the overlying RPE and underlying choroidal cells [22,26-28].

Many age-related changes occur in Briich’s membrane over an individual’s lifetime,
including lipid accumulation, reduction in HSPGs, collagen cross-linking, calcification of the
elastic layer, and increase in thickness. These age-related changes may affect the structural
and functional properties of the membrane. The accumulation of lipids and increased
thickness may decrease elasticity and permeability, increasing the likelihood of drusen
formation. Collagen cross-linking also decreases elasticity while affecting permeability,
likely reducing the ability to turnover components of the membrane. Calcification may make
the membrane more brittle, which increases the likelihood of breakage and potential for wet

AMD [22,29].

Like Briich’s membrane, the RPE monolayer also undergoes several age-related
changes such as loss of melanin granules and accumulation of lipofuscin and basal deposits
[30]. In this study, we used a transcriptomic approach to investigate age-related changes in
RPE cells in vitro. In addition, we investigated changes in the ability of aged RPE to recover
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from wounding. Finally, we discuss our findings and how they may relate to the pathology of

AMD.

B. Results

Aged RPE have a reduced ability to restore pigmentation following injury

Aging, which can ultimately lead to the dysfunction and degeneration of the RPE
monolayer, is the most significant risk factor for the development and progression of AMD,
which ultimately leads to the dysfunction and degeneration of the RPE monolayer. However,
how aging influences RPE gene expression over time is not fully understood. Therefore, we
sought to investigate whether the effects of cellular aging in a controlled environment could
be observed in cultured RPE. In addition, because apoptotic RPE have been observed around
the regions of RPE atrophy, we also investigated whether age impacts the ability of bystander

RPE to recover from apoptotic cell death and disruption of the monolayer [31,32].

To model the effects of cellular aging on RPE phenotype and wound repair in vitro,
we devised a system where differentiated cultured RPE are allowed to age in culture for up to
12 months where wounds can be created at various times of aging. RPE expressing
iCaspase9 (GFP) and RPE expressing a control construct (mCherry) were mixed in equal
numbers and plated in 24-well cultureware, allowed to differentiate, and maintained in
culture for up to 12 months. Cultures of 100% mCherry control RPE plated at equal total
density served as aged controls. At 1, 3, 6, or 12 months of age in culture, widespread

wounds were created by treating the cells with the chemical inducer of dimerization (CID,
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Figure 4-1. The ability of bystander RPE cells to re-pigment after wounding declines with age. (A)
Experimental overview. A mixed population of control RPE (red) and iCaspase9-RPE (yellow) were plated
at a 1:1 ratio. Control wells were plated at equal total cell density. RPE cells were aged for 1, 3, 6, or 12
months. The CID was added to both control wells and mixed control:iCaspase9 wells for 24 hours. Wells
were rinsed to remove cell debris and fresh media was added. Surviving RPE cells recovered for two weeks.
(B) Average pigmentation in the aged mixed control:iCaspase9 RPE cells before, one day after, and fourteen
days after induction of apoptosis. Pigmentation reads are taken by measuring absorbance at 510 nm.
Readings were taken with a 3x3 spot read grid using the Cytation5 and normalized to the maximum
pigmentation value at six months. n=3, error bars are standard deviation, * indicates p-value < 0.05.

AP20187) for 24 hours and cultures were allowed to recover for up to 14 days (Fig 4-1A).
Because we could trigger apoptosis in only the iCaspase9-RPE, we were able to analyze

potential age-related changes that occurred after injury and disruption to the monolayer.

Pigmentation is a defining feature of RPE cells. It plays a protective role by absorbing
stray light to prevent photooxidation associated damage [31,32]. Changes in pigmentation are
known to occur with age, with melanin content bring reduced 2.5-fold by the age of 90 [33].
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To analyze whether any age-related changes in pigmentation could be observed in cultured
RPE, we assessed the pigmentation levels of the cultures using optical absorbance.
Pigmentation readings were acquired at three time points: before apoptotic induction, one

day post-induction, and 14 days post-induction.

RPE cells in our culture conditions reached maximal pigmentation around 6-months,
followed by a slight decrease in pigmentation over the following months (Fig 4-1B).
Interestingly, there appears to be an age-dependent reduction in the ability of RPE to re-
pigment following wounding. One day post wounding, a significant decrease in the
pigmentation levels was seen in all samples containing iCaspase9-RPE, corresponding to the
induction of RPE cell death. Young 1-month-old RPE recovered and surpassed original
pigmentation levels within the two weeks recovery. Three- and six-month-old RPE also
recovered after wounding, but to a lesser degree than younger RPE. In contrast, pigmentation
did not recover at all in aged 12-month-old RPE within the same time limit (Fig 4-1B). This

suggests age may be affecting the ability of RPE to re-pigment following injury.

Transcriptome analysis of aged and recovered RPE

To understand the effects of age and wound repair on RPE gene expression, we
carried out transcriptome profiling and analysis of aged control and wound recovered RPE
using AmpliSeq. Two weeks following CID supplementation wound recovered and control
RPE cells were dissociated into single cells. To avoid potential artifacts due to the presence
of residual iCaspase9-RPE, transcriptome profiles were generated using only surviving

mCherry cells, which were isolated using florescence-activated cell sorting (FACS).
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Multidimensional scaling (MDS) analysis revealed that aging cells in culture impacts

the gene expression profiles of both control and wound recovered RPE. While both young 1-
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Figure 4-2. Age has a significant impact on transcriptome profile of RPE. (A) MDS plot of aged control
and wound recovered RPE. Recovered cells were plated at a 1:1 ratio of control:iCaspase9 cells. Control
and recovered cells were aged for 1, 3, 6, or 12 months before addition of CID to the media. Control and
recovered cells recovered from CID for two weeks before sequencing. Each point is one replicate, three
replicates per condition. (B) Venn diagram comparing control cells aged for 3 (blue), 6 (green), or 12 months
(orange) to RPE cells aged for 1 month. A total of 3,843 genes were differentially expressed (FDR < 0.05
and > 2-fold change) compared to the 1-month aged control. (C) Venn diagram comparing the 1,671
differentially expressed genes in bystander RPE cells recovering from wounding compared to equally aged
controls.
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month old control and wound recovered RPE cluster tightly together, as the cells age, the
distance between young and aged RPE increased sequentially (Fig 4-2A). In addition,
increased aging time in culture also affected the ability of wound recovered RPE to return to
an unwounded state, as seen by the increase in the distance between recovered cells and
equally aged controls. These results suggest age plays a role in progressively modulating
RPE gene expression, and the ability of RPE cells to promptly restore gene expression after

wounding may decline with age.

Nearly 4,000 genes in total were differentially expressed (with > 2-fold change and
FDR < 0.05) due to age alone (Fig 4-2B). After only three months in culture, over 1,600
genes were differentially expressed compared to the young 1-month control. The number of
differentially expressed genes (DEGS) increased with age and by 12-months in culture, over
20% of the transcriptome (> 3,000 genes) were differentially expressed compared to the

young 1-month old RPE.

Similarly, we saw an increase in the number of DEGs between wound recovered RPE
compared to equally aged controls. Young cultures recovering from wounding were able to
restore gene expression profiles quickly, with only 153 genes being differentially expressed
after two weeks compared to the 1-month control (Fig 4-2C). The ability of RPE to restore
the transcriptome profile appears to decline with age, as aged 1-year-old wound recovered
RPE differentially expressed nearly 1,000 genes compared to aged controls. Fourteen DEGs
were in common between all wound recovered cells, regardless of age. Some upregulated
genes of interest include CSMD2 and BDKRBL, both of which are associated with

inflammation, NPTX2, which is associated with the genetic disease neuropathy, ataxia and
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Retinitis Pigmentosa (NARP), and ID1, which may be involved in cell growth and

senescence [34-38].

A total of 4,208 unique genes were differentially expressed due to aging or wound

repair. Using k-means clustering, the DEGs were clustered into 8 clusters based on the
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Figure 4-3. Heatmap reveals distinct age related and wound repair changes. (A) K-means clustering of
4,208 genes differentially expressed by aging or wound recovery. Genes were separated into eight distinct
clusters using one minus Pearson correlation and 1,000 maximum iterations. Color scale indicates maximum
(yellow) and minimum (blue) for each row. Clusters 1-3 downregulate expression with age, while clusters
4 and 5 upregulate expression with age. Clusters 6-8 show minimal change due to age alone but show
upregulation in aged cells recovering from wounding. Data is TMM normalized and three replicates for
each condition. (B) Enriched gene ontology terms in groups downregulated with age, upregulated with age,
and genes upregulated in aged recovered RPE cells. Bar graph represents significance using -logio (P-value).
P-valves are corrected for multiple testing using Benjamini-Hochberg procedure. Gene ontology analysis
was completed using STRING using the 14,361 detected genes in our dataset as the background.

expression pattern (Fig 4-3A). The eight clusters were grouped into three distinct groups
based on the heatmap expressions. Clusters 1-3 showed downregulation with age, clusters 4
and 5 showed upregulation with age, and clusters 6-8 are grouped together as they upregulate

expression in aged RPE following wound repair (Fig 4-3A).

Aged RPE reduce expression of cell cycle and cell migration genes and increase

expression of genes involved in sensory perception

We next employed gene ontology (GO) analysis to get a better understanding of the
genes contained within these three groups (Fig 4-3B). The group with age-dependent reduced
expression is enriched for genes involved in cell adhesion, cell migration, cell cycle, and
pathways such as Wnt, BMP, JAK-STAT, and ERK1/ERKZ2 signaling. Genes required for
proper cell division such as CDK6, CDK14, CDC7 and CDT1 all showed reduced levels in
aged cells regardless of wounding (Fig 4-4B). This suggests that it may be harder for aged

RPE cells to successfully proceed through the cell cycle.

In addition to decreased expression of cell cycle genes, genes involved in cell migration
and extracellular matrix (ECM) organization also decreased with age. Some interesting genes
within these GO groups include ITGA5, CDH2 (N-cadherin), FGF10, and VEGFC (Fig 4-4D).
The use of a neutralizing antibody against ITGA5 in ARPE-19 has been shown to cause a
significant decrease in cell proliferation and migration, while FGF10 has been shown to
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Figure 4-4. Genes involved in cell cycle, migration, wound healing, and extracellular matrix
organization are downregulated with age. (A, C, D) Violin plots showing percent maximum expression
of genes involved in mitotic cell cycle (GO:0000278), cell migration (GO:0016477) and extracellular
matric organization (GO:003198) after wounding after 1, 3, 6, or 12 months (blue). RPE cultures without
iCaspase9 cells served as controls (yellow). n = number of DEGs contained within the gene ontology (GO)
group. (B, D, F) Percent of maximum expression levels of interesting DEGs contained within each GO
group. Color scales indicate length of aging. n = 3, error bars indicate standard deviation.

promote EMT, migration, and can also increase N-cadherin expression, the dominant cadherin

in RPE cell culture [39-41]. Among other functions, the ECM plays a role in regulating cell
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migration, and disruption of the ECM may cause decreased migratory ability of the overlaying
cells. RPE cells secrete proteins such as laminins, collagens, and matrix metalloproteinases
(MMPs) to maintain the integrity of the underlying Briich’s membrane [42,43]. Here we saw
a reduction in expression of genes involved in production of laminin components, collagen

components, and MMP2 with age (Fig 4-4F).
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Figure 4-5. Expression of genes involved in detection of stimulus involved in sensory perception and
G protein-coupled receptor signaling pathway upregulate with age. (A, C) Violin plots showing percent
maximum expression of genes involved in detection of stimulus involved in sensory perception
(G0:0050906) and G protein-coupled receptor signaling pathway (GO:0071865) after wounding after 1, 3,
6, or 12 months (blue). RPE cultures without iCaspase9 cells served as controls. n = number of DEGs
contained within the GO group. (B, D) Percent of maximum expression levels of interesting DEGs contained
within each GO group. Color scales indicate length of aging. n = 3, error bars indicate standard deviation.

95



Inflammatory response
A v B 120 ccL2

P2RX7
120 G0O:0006954 12
< n=28 Ocontrol 2100 rogloo
ecovered 2 z 1
100 .R 2 80 2 80 ) _
= 60 Z 60 |
£ 80 ER) I 210 I 2
7 =20 2 H ﬂl Hi5p mm I
8 .
560 0 ﬂﬂﬂ o rh m
10 100 CXCL3 i3 KLKBI
Z 90 T "
= . | g1 .
< 20 s 38 g T
E £ £ 80
3z 3 60 H
5 =50 ‘ : = 60
& 0 £ 40 £ T
2 30 g 40
220 oo =,
-20 10 H : ? HH I
o mEEE M M
M M 6M 12M Control
[ T < covered
M M 6M 12M
C Inate Immune response 00 MX1 135 51008
GO:0045087 _ % 6
£ 80 £
120 n=39 OcControl R T
- ERecovered a7 E
2 50 Z 60
2% % w0 ,
£ 9 [T ——— I e o o I
2 2 = 20 -
7 o FIAR " Al -
=9
Z
Z 60
66 BST2 o UBD
: 9%
f 30 £ 80 o 100 T
= 3 £ 60 Z 80
b4 Z 70 £ .
5 = 50 = 60
& £ 40 ; 1
0 2 30 = g.:40
£ 20 = 2 a3 . H
1 rhﬂrlﬂ ml 0 e
-30
IM M 6M 12M S Contro]
Recovered
IM 3M oM 12M
E Immune response F 100 LCN2 } 120 CD68

Percent Maximum
o
3

*_mm __h ’ 4§ HHHH HII

GO:0006955
CST3

n=72 Ocontrol
00 WRecovered
80
60
CIR )
| 80
20 §
20
| -|1im

12M e C ontrol
ecovered
IM 3M 6M 12M

Percent Maximum Expression
&
(=]

Percent Maximum
a
3

Percent M;

Figure 4-6. Upregulation in inflammatory response and immune response genes following wounding.
(A, C) Violin plots showing percent maximum expression of genes involved in detection of stimulus
involved in inflammatory response (GO:0006954), innate immune response (GO:0045087), and immune
response (GO:0006955) after wounding after 1, 3, 6, or 12 months (blue). RPE cultures without iCaspase9
cells served as controls (yellow). n = number of DEGs contained within the GO group. (B, D) Expression
of interesting genes from each GO group with expression normalized to percent of maximum. Color scales
indicate length of aging. n = 3, error bars indicate standard deviation.

An enrichment in genes involved in sensory perception, G protein-coupled receptor
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signaling, cell communication and transport were found to show an age-dependent
upregulation (Fig 4-3B). Within the detection of stimulus involved in sensory perception
(G0O:0050906) GO group, a few genes are of particular interest including RPE65,
SERPINE2, CACNALF and CCDC66. RPE65, a key enzyme involved in the visual cycle, and
CCDC66, a microtubule-associated protein localized to the primary cilium of RPE, are both
critical proteins needed for RPE function. Disruption of either of these genes can lead to
blinding disorders [44,45]. Protease nexin-1 (PN-1), the protein product of the SERPINE2
gene, is interesting due to its role as a potential cell survival factor and neuroprotectant [46].
CACNALF, a calcium channel subunit, can cause night blindness when mutated [47]. Except
for SERPINE2 at the 12M time-point, the expression of these genes declined following
wound repair, suggesting a prolonged downregulation following repair in aged RPE. We saw
a similar trend of genes involved in G protein-coupled receptor signaling (Fig 4-5C). Genes
of interest include PDE2A, a regulator of secondary messengers such as cAMP and cGMP,

the transmembrane transporter ABCA1L, and the Rho GTPase ARHGEF5.

Aged RPE show increased inflammatory response following wounding

Perhaps most interesting is the enrichment of inflammatory genes in wound recovered
aged RPE. This group showed a dramatic and progressive upregulation following wound
repair in aged samples (Fig 4-6). This group is enriched in genes involved in inflammatory
response, immune response, type I interferon signaling, cytokine-mediated signaling,
leukocyte migration, and cell communication. CCL2 and CXCL3 are of interest due to their

role in macrophage and neutrophil attraction respectively [48-50]. LCNZ2, a secreted
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adipokine, has recently been implicated in ocular diseases including retinal degeneration

[51,52]. KLKB1, a glycoprotein which can activate inflammation, and C2 and C3, key
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Figure 4-7. Expression levels of select RPE transcription factors, pigmentation genes, integrin
components, and complement genes. Expression levels normalized to maximum expression. Color scales
indicate aging length before wounding (blue). Unwounded cells served as controls (yellow). n=3, error bars
indicate standard deviation.

proteins in complement activation, remain upregulated two weeks post wound repair (Fig 4-
7). Together this data suggests an interesting overactivation or prolonged activation of

inflammatory and immune response following wound repair in aged RPE.

Reduction in expression of RPE transcription factors and pigmentation genes following

aged wound repair

We then took a closer look at specific genes with key functions in RPE such as
differentiation and pigmentation. Transcription factors such as OTX2, MYCN, LHX2,
SOX11 are all known to be important in RPE differentiation and function [53-60].
Interestingly OTX2 and MYCN have been shown previously to extend the passage of RPE
cells when exogenously expressed [61]. In our experiments, we saw an age-dependent
reduction in expression, however, wounded aged RPE failed to upregulate expression to the
same levels as young RPE cells (Fig 4-7). Genes involved in pigmentation also followed the

same expression trend.

Age-dependent reduction in Briich’s membrane associated genes

Briich’s membrane is a five-layered acellular structure which requires secretion of
proteins from the overlaying RPE and underlaying choriocapillaris for proper function. We
investigated the expression of genes in aged RPE which have known functions in Briich’s
membrane. We observed a reduction in expression of many collagen components, including
collagen I, 1V, and XVIII and laminin subunits in aged RPE (Fig 4-4, 4-8). RPE cells express

integrins to adhere to the basement membrane and link extracellular matrix proteins to the
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cytoskeleton [25,62]. Interestingly, we saw an age-dependent reduction in the expression of
several integrin genes including integrins al-4 (Fig 4-7). Although there is an increase in
expression following wound repair, the expression levels do not reach expression levels of

young RPE.
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Figure 4-8. Expression of select Briich’s membrane associated genes. Expression levels normalized to
maximum expression. Color scales indicate aging length before wounding (blue). Unwounded cells served

as controls (yellow). n=3, error bars indicate standard deviation.

Several age-related changes occur in Briich’s membrane, including the reduction in
HSPG proteins [63]. It is unknown if these changes occur from increased breakdown of
HSPG core proteins or decreased synthesis. We found no age-related changes in the enzyme
heparinase-1 involved in the breakdown of HSPGs. Interestingly, we found reduced
expression of eight of the thirteen HSPG core proteins in aged RPE. These genes include
agrin (AGRN), perlecan (PRCAN), collagen type XVIII (COL18A1), syndecan 1 (SDC1), and

glypicans (GPC) 1, 2, 4, and 6 (Figs 4-4F, 4-8) [63-65]. This result suggests that the
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reduction in HSPGs seen in aged Briich’s membrane could be the result of reduced synthesis

of HSPG core proteins in aged RPE.

C. Discussion

In this study we investigated age-related changes in RPE monolayers. In addition, we
investigated how aging affects the capacity of RPE to repair following wounding events. We
report that the transcriptome of differentiated RPE monolayers is modulated after aging in
culture. We observed a reduced ability of aged cultured RPE to promote the expression of
cell migration, cell proliferation, and adhesion genes. Interestingly, in contrast to young RPE,
aged RPE show increased expression of inflammatory genes following wounding. In
addition, we found significant change in expression in genes involved in maintaining the

integrity of Briich’s membrane.

Age is the number one factor contributing to the onset and progression of AMD.
Several age-related changes are known to occur in the RPE cell monolayer as well as the
underlaying Briich’s membrane. Pigmentation abnormalities, accumulation of lipofuscin,
formation of drusen, shortening of microvilli, and increasing disorganization of the basal
infoldings are just a few of the known age-related changes which occur in RPE [30,66].
Pigmentation is a defining feature of RPE cells and provides protection from damage
associated with reactive radical species [8,67]. Previous research has reported reduced
pigmentation levels in aged RPE, which may ultimately increase photo-oxidative stress in the
cell [33]. In our study, we found reduced levels of pigmentation following wounding of the
monolayer. As the surviving RPE proliferated to fill the wounded area, melanin granules are

likely split between the cells, reducing the overall pigmentation of the culture. Young RPE
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can increase pigmentation levels following wounding, however this ability is seemingly

absent in aged RPE (Fig 4-1B).

Genes involved in melanogenesis such as PAX6, PMEL, DCT, and TYR all showed
reduced levels of expression with increased age (Fig 4-7). Following wounding, the
expression of PMEL and TYR increased slightly over aged controls, but never reached the
levels of young RPE, suggesting aged RPE may have an overall reduced ability to re-
pigment, or perhaps may take a longer time-period to re-pigment. Wnt signaling can
stimulate melanogenesis through the expression of MITF and TYR [68]. Our GO analysis
revealed an age-dependent reduction in the expression of genes involved in Wnt signaling

along with genes involved in the regulation of Wnt signaling (Fig 4-3B).

Reduced RPE cell density, like pigmentation, has also been observed in aged eyes
[69]. Like the age-dependent modulation of pigmentation genes, we also observed a dramatic
reduction in expression of genes involved in cell proliferation and migration (Fig 4-4). The
proliferative and migratory ability of RPE plays a key role in the success of RPE wound
repair and both are required to properly repair lesions in RPE monolayers. Although results
from our previous work show that the initiation of the cell cycle is not required to heal small
lesions, it ultimately results in a reduction in cell density over the lesioned area (Fig 2-3)

[70].

Advanced stages of AMD show a reduction in RPE cell density as seen by enlarged
RPE cells near drusen [71]. Drusen are suggested to be sites of inflammation which can
result in ultimate RPE dysfunction and death [1,72]. These enlarged cells could perhaps be
the result of an age-dependent reduction in the ability to trigger cell proliferation to heal
drusen associated cell death. Interestingly, aged RPE fail to increase expression of cell cycle
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genes to levels of young RPE following injury (Fig 4-4A). The reduced levels of mitotic
genes may suggest a reduction in the ability of aged RPE to proliferate in order to repair
wounds in the monolayer, resulting in enlarged RPE following injury. As our data is only
composed of a single time point, it is possible that aged RPE can upregulate expression of
these genes to a level similar to young RPE at an earlier time point. Alternatively, it is
possible that aged RPE do not need to express cell proliferation or cell cycle genes at the
same levels as young RPE to have an adequate effect. Future work assessing the proliferative
ability of aged RPE after injury by supplementing media with a modified nucleoside such as

EdU (5-ethynyl-2’-doexyuridine), could help to confirm these findings.

Previous studies have shown the age of RPE influences the ability to adhere and
migrate, where younger RPE attach and migrate faster than older RPE cells [73,74].
Attachment of RPE to the basement membrane is mediated by the basal expression of
integrins, which link extracellular matrix proteins to the cytoskeleton [25,62]. Integrins,
composed of an a and 3 subunit, play a key role in the ability of a cell to adhere to the
basement membrane and thus affect the ability for the cell to proliferate and migrate, among
other functions [25,75,76]. RPE have been shown to express a number of o subunits
including integrin a1-6 which can combine with integrin B1 to bind to a number of matrix
proteins [25]. The inhibition of integrin a1, for instance, significantly decreases the ability of
RPE to bind to laminin, and inhibition of integrin a1 and 2 decreases the ability of RPE to
bind to collagen [25]. Interestingly, blocking any o 1-6 integrins in RPE reduced the ability
of RPE to bind to aged Briich’s membrane. In our study, we saw a significant age-dependent
reduction in integrin a subunit expression of ITGAL, ITGA2, ITGA3, and ITGAS, suggesting

a potential for reduced attachment ability of aged RPE to Briich’s membrane (Fig 4-7).
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Briich’s membrane anchors both the RPE monolayer and the choriocapillaris and
undergoes several age-dependent changes such as membrane thickening, decreased elasticity,
reduced HSPGs, and calcification [63,77—79]. The top layer of Briich’s membrane, serving as
the RPE cell basement membrane, is composed of fibronectin, collagen types I, 111, 1V, and
XVIII, laminins 1, 5, 10, and 11 and HSPGs [23,80-82]. RPE in culture have been shown
previously to preferentially bind to laminin 5, composed of a3B3y2 chains [23]. Although
LAMBS3 (B3 subunit) was expressed at very low levels in our experiments, the expression of
LAMAS (a3 subunit) and LAMC?2 (y2 subunit) were both significantly reduced the following
aging. Collagen type VI has been shown to be a major form of collagen in the RPE basement
membrane, composed of collagen IV subunits a1-5 [83,84]. Although we found an increase
in expression in one collagen 1V subunit, COL4A3, we also observed an age-dependent

decrease in COL4A1, COL4A2, COL4A5, and COL4A6 expression.

Collagen XVI1II (COL18A1) has been shown to be important for retinal function, as
knockout mice show increased accumulation of sub-RPE deposits, abnormal RPE, and
ultimately suffer from retinal degeneration [85,86]. Interestingly, collagen XVIII has
properties of both collagen and a proteoglycan. Proteolytic cleavage of COL18AL1 results in
the production of endostatin, a potent inhibitor of angiogenesis [87,88]. Reduced endostatin
levels have been reported in the RPE basal lamina of Briich’s membrane in eyes with AMD
[89]. Our experiments showed a significant reduction in the expression of COL18A1
transcripts as a function of age (Fig4-4F). Decreased expression of collagen XVII1I could
result in an age-related increase in sub-RPE deposits. The combined decrease in expression

of the angiogenesis inhibitor endostatin and age-dependent increase in calcification of
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Briich’s membrane may make the membrane vulnerable to infiltration of new blood vessels

associated with wet AMD.

The reduction in expression of collagen, laminin, and integrin components in RPE
cells suggests aging plays a major role in the ability of RPE to maintain and adhere to matrix
components, particularly those in Briich’s membrane. These findings may explain why aged
RPE cell transplants into the fovea of AMD patients do not adhere well to Briich’s membrane
[25,90]. Reduced expression of integrins may be compounding the ability of aged RPE to
heal wounds, as integrins are required for both proliferation and migration. Degeneration of
the BRB can result not only in the infiltration of blood vessels but also results in the
breaching of immune privilege status in the eye, which can lead to infiltration of immune

cells such as macrophages and dendritic cells [91].

Although activity of resident immune cells in the retina, such as microglia, are
required for maintenance of retinal homeostasis, over activation or chronic activation of
immune cells is associated with AMD pathogenesis [92]. The identification of dendritic cells
and activated macrophages near sites of laser induced injury and drusen strengthens the
hypothesis that chronic local inflammation plays a significant role in AMD pathogenesis
[93,94]. The chemoattractant CCL2 has been implicated in AMD pathogenesis as it can
recruit and activate mononuclear phagocytes such as macrophages and dendritic cells,
causing RPE degeneration [95,96]. Interestingly, we saw a dramatic upregulation of CCL2
expression following injury in aged RPE (Fig 4-6B). This implies that aging can cause an
intrinsic change in RPE which results in overexpression or prolonged expression of
inflammatory response genes. To distinguish between these outcomes, future work may

assess CCL2 secretion at additional time points.
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Sub-RPE deposits such as drusen have been identified as sites of complement
activation and inflammation [1,93,97,98]. The complement system has been implicated in
AMD pathology, supported by the finding of increased complement activity in AMD eyes
and increased genetic risk in people with mutations in genes involved in the complement
cascade [12,99,100]. Interestingly, it was shown that CFH binds to HSPGs in Briich’s
membrane, acting as a negative complement regulator [101,102]. However, the age-
dependent reduction in the amounts of HSPG in Briich’s membrane supports the idea of
increased complement activity with age. In addition, the Y402H CFH mutant has been shown
to have a reduced ability to bind HSPG resulting in higher complement activity in Briich’s
membrane [102]. The reduction in expression of HSPG core protein genes in aged RPE
aligns with the reduction in HSPGs seen in aged Briich’s membrane (Fig 4-8). We found no
significant change in the expression of CFH in our system. However, reduced production of
HSPG proteins from aged RPE may ultimately lead to increased complement activity, as seen

in AMD.

In conclusion, we have developed a simple system to help analyze cellular aging in
RPE. Our results suggest age has a significant impact on RPE gene expression and may
affect the ability of RPE to repair wounds. Aged RPE have a decreased potential to express
cell proliferation, migration, and ECM associated genes. This suggests a reduced ability of
aged RPE to proliferate or migrate and a reduced ability to synthesize structural and adhesion
proteins needed to maintain the attachment to and integrity of Briich’s membrane. In
addition, we saw an increased or prolonged immunological response in aged RPE after
wound repair. Levels of inflammatory and immune response genes remain significantly

elevated after wound repair in aged RPE compared to young RPE. Many of these age-related
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changes are reminiscent of phenotypes seen in AMD. This simple system may be used to
deepen our understanding of age-related changes in RPE and how they may contribute to

AMD pathology.

D. Materials and Methods

Retrovirus production and Cell Culture taken from Chapter 11l
Retrovirus production

GP2-293 (Takara) cells were seeded in T-150 flasks at 1x10” and grown to 80-90%
confluence. Flasks were transfected with 40.5 pg retroviral plasmid, pMSCV-F-del
Casp9.IRES.GFP (iCaspase9, Addgene #15567) or mCherry control pMSCV-IRES-mCherry
(control, Addgene #52114), 40.5 pg envelope plasmid (pVSVG, Takara), and 24.3 ug Xfect
polymer (Takara) in 1.503 mL Xfect reaction buffer. After an overnight incubation, the
transfection media was discarded, and fresh medium was added. The medium between 24-72
hours was collected, combined with 1/3 volume of Retro-X concentrator (Takara), and
incubated at 4° for 1-2 days. To prepare concentrated virus, tubes were centrifuged for 45
minutes at 1500 g and 4°C in a swinging bucket rotor. The supernatant was slowly removed
and discarded. The pellet was gently resuspended in 1/100™ volume using phosphate-
buffered saline (PBS). Concentrated viral particles were then aliquoted and stored at -80°C

until needed.
Cell culture

The primary human fetal line 110211, homozygous for the CFH 402H polymorphism,
was obtained by a previously described method [3,103] and passaged until mesenchymal,

roughly 3 passages. Cells were then reprogramed using ReproRNA™-OKSGM (STEMCELL
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Technologies) according to the manufacturer’s instructions. Once tight colonies became
apparent, induced pluripotent stem cells (iPS) were purified using Anti-TRA-1-60
microbeads (Milteyni Biotec) according to methods of the manufacturer. iPS lines were
checked for major karyotypic abnormalities using the hPSC Genetic Analysis Kit
(STEMCELL Technologies) using manufacturer instructions before further experimental use.
Successfully reprogrammed iPS lines were differentiated into RPE cells using our
unpublished method. Pigmented RPE cells were frozen in mFreSR (STEMCELL

Technologies) and stored in liquid nitrogen until needed.

Passage 1 RPE cells were thawed and plated at 10,000 cells/cm? in Matrigel
(Corning) coated T-25 flasks in RPE medium containing 2 uM Thiazovivin (Fisher
Scientific) and incubated overnight. Fresh medium containing retroviral particles (no more
than 10% total volume) and 10 pg/mL polybrene (Millipore Sigma) was added the following
morning and incubated overnight. The medium was discarded, and fresh medium was added
and changed every 2-3 days for 28 days. Differentiated RPE were disassociated using
0.025% trypsin EDTA (Lonza) and sorted using fluorescence-activated cell sorting (FACS)
to isolate pigmented RPE cells containing either iCaspase9/GFP or mCherry. Positive cells
were plated at 20,000 cells/cm? on Matrigel coated dishes and allowed to recover for 2-3
days. Cells were then lifted using trypsin and frozen down in mFreSR (STEMCELL
Technologies) for future use. Before use, cells were quickly resuspended in 10 mL medium
and spun down at 500 g for 4 minutes to remove storage medium. Cells were plated at a total
density of 80,000 cells/cm? in medium containing FGF and 1 pl/mL DMSO. After one week,

FGF and DMSO were removed from the medium, and RPE were fed every 3-4 days.
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Pigmentation was assessed using a 3 by 3 spot read grid at 510 nm using the Cytation5

(BioTek).

Wounding Assay

Cells were differentiated for 1, 3, 6, or 12 months before inducing apoptosis. Aged
control and mixed iCaspase9/control RPE were given 25 nM CID (AP20187, B/B
Homodimerizer, Clontech) in RPE medium to induce apoptosis in iCaspase9 RPE. After 24
hours, cells were rinsed with fresh RPE medium to remove dead cells. The medium was
changed every 3-4 days. Fourteen days after wounding, cells were dissociated into single
cells using trypsin (Lonza) followed by a 15 min treatment with Accumax (Innovative Cell
Technologies). Cells were fixed for 15 minutes in 15 mL Falcon tubes on a rotator in 4 mL of
1% formaldehyde (Sigma Aldrich) in PBS. Cells were passed through 35 um cell strainer
(Falcon) and stored covered on ice. Cells with mCherry expression were collected using

fluorescent activated cell sorting, spun down, and frozen at -80°C overnight.

Transcriptomic analysis

RNA was extracted using the RecoverAll total nucleic acid isolation kit (Invitrogen)
using manufacturer instructions. RNA was quantified using Qubit RNA HS assay kit
(Invitrogen) using manufacturer instructions. A total of 10 ng of RNA was converted into
cDNA using the SuperScript VILO cDNA Synthesis Kit (Invitrogen) using manufacturer
instructions. The cDNA samples were barcoded using the lonCode 96-Well PCR Plate on the
lon Chef (lon Torrent). Sequencing libraries were generated using the lon AmpliSeq kit for
Chef DLS8 (Invitrogen) and the lon AmpliSeq Transcriptome Human gene expression panel

(Invitrogen) using 1 primer pool, 16 target amplification cycles, and 16 minutes anneal and
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extension time on the lon Chef. The final sequencing library was quantified using the lon
AmpliSeq Transcriptome Human Gene Expression Kit (lon Torrent) using manufacturer
instructions. Final sequencing libraries were diluted to a concentration of 50 pM and loaded
onto lon 520 Chip (lon Torrent) using the lon Chef system. The Chips were sequenced using
the lon S5 System (lon Torrent) and sequences were aligned to the hgl9 AmpliSeq
Transcriptome ERCC v1 using the Torrent Suite Software. Analysis of expressed genes were
performed in R using edgeR. Libraries were normalized using TMM-normalization factors
(S4-1 Table). Genes with read counts per million > 1 in three or more samples were selected

for further statistical analysis using edgeR (S4-2 and 3 Tables).

Cluster analysis was carried out on TMM normalized expression on differentially
expressed genes (DEGs; FDR< 0.05 and -1 > log2FC > 1) due to aging (aged control vs. 1M
control) or recovery (aged recovered vs. aged control) using Morpheus
(https://software.broadinstitute.org/morpheus/). K-means clustering for 8 clusters using
default parameters. Gene ontology (GO) analysis was conducted using STRING version 11.0
for each clustering group [104]. Violin plots were generated using Bio Vinci software version

3.0.9 (Bio Turing Inc., San Diego, CA, USA).
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Chapter V: Conclusion

Age-related macular degeneration is a devasting disease affecting approximately 170
million people worldwide. Advanced stages of the disease cause a loss of central vision
which can progress into blindness. Loss of vision takes an enormous toll on a person’s
quality of life and has a significant economic impact. Early signs of the disease are easily
identified, but few treatments exist to delay the advancement of the disease. Although many
risk factors have been identified, the root cause of AMD is not well understood, and it has
been challenging to develop models which recapitulate the disease models in vitro and in

vivo, thus hindering the ability to develop drug treatments.

Here we presented two novel wounding platforms that have similar features to
advanced AMD. Chronically wounded RPE using EICS resulted in enlarged cell size and
multinucleation. However, RPE cells in a chronically wounded state in this model system
were always able to repair the lesion, a stark difference compared to the atrophic areas seen
in geographic atrophy. To approach this, we then developed a second platform in which we
could induce a large, centralized wound to a differentiated RPE monolayer. RPE recovering
from a macula-sized wound could not repair the lesion and resulted in areas of RPE atrophy,
loss of RPE morphology and loss of pigmentation. Treatment with the ROCK inhibitor Y-

27632 greatly improved the ability of RPE to repair.

A major strength of both platforms is that they can be easily scaled up to allow for the
screening of dozens of therapeutics. The use of fluorescently labeled iPS derived human RPE
provides an unlimited source of cells for experimentation and tracking. The identification of
a therapeutic which can improve the ability of RPE to repair could offer an exciting new
treatment for patients with AMD. Compounds able to increase the cell density over the
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lesioned area, increase the speed at which tight junctions are re-established, or decrease the
immune response of chronically wounded RPE using ECIS are of interest. Compounds able
to increase cell density and improve RPE function, such as phagocytosis, over the macula-
sized wound could also be of potential interest. Our work exploring the effects of aging on
RPE transcriptome profiling, highlights the importance of considering age-dependent effects
in assay development. Future experiments using these models to study RPE wound repair

after aging will be of interest.

Unlike the models presented here, which utilize a single wound size throughout the
experiment, gradual enlargement of areas of atrophy is seen in advanced AMD. It may be of
interest to develop a system in which the wound size can be enlarged throughout the duration
of the experiment. The KillerRed construct, for instance, can trigger cell death via reactive
oxygen species when exposed to orange or green light. It may be possible to induce a chronic
wounding state in which the wound size can be gradually enlarged over time by enlarging the
area exposed to light. Future work developing such an assay could allow for an even more

pathologically relevant wound repair system which could be used for therapeutic screens.
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Appendix

A. Supplemental Figures

A 25

= ==Unwounded =—1 Wound =-—10 Wounds No Cells
=
= 2 F
R
<
b=
=
v 15 F
<
=
g }
="
E 1 :‘\
=
S
g 05 |
=
z
0 i ) i s i i i G i i ) i i i i i g i PR

o 1 2 3 3 4 5 5 6 7 7 8 8 9 10 10 11 11 12 13 13 14 15

Hours
S2-1 Fig. Wounding ECIS electrodes does not affect human fetal RPE attachment. (A) ECIS
8W10E cultureware was coated with laminin and wells were wounded once or ten times. Immediately
following last wound treatment, human fetal RPE cells were plated (arrow) at 80,000/cm? to assess
ability of RPE to attach to wounded electrodes. Impedance at 64,000Hz was normalized to the 1.4-hour
time point, when cells were plated. Unwounded wells and a single empty well were used as controls. No
significant difference in impedance between unwounded, and 1 or 10 wounds was seen, suggesting no
change in the ability of RPE to attach to electrodes post wounding (n=4).
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S2-2 Fig. Change in RPE cell size and morphology with acute or chronic wounding. (A) Single 96-
well whole mount using ZO-1 antibody to visualize cell morphology. Reflections of gold electrodes are
visible. Red dotted circles indicate punch size used for RNA extraction. Solid red boxes indicate
locations over the wound (w) or periphery (p). Scale bar is 1 mm (B) Morphology of unwounded RPE
control cells over the electrode (w) or periphery. Scale bar is 200 uM. (C) Morphology of RPE cells over
the wounded area (w) or periphery (p) at 2-days or 8-days post wounding in acute or chronic wounding
conditions. Images are to the same scale as (B). (D) Cell density per mm?, 2-days after acute or chronic
wounding. Data was taken from Fig2 C and normalized to the area over the electrode. (E) Cell density
per mm?, 8-days after acute or chronic wounding. Data was taken from Fig2 C and normalized to the area
over the electrode.
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S2-3 Fig. Minimal effect of Wnt3a or DKK-1 on RPE cell wound repair. (A) Real-time impedance
recording of RPE cell wound healing supplemented with DKK-1 (200 ng/ml) or Wnt3a (200 ng/ml). The
recovery of impedance is not affected by supplementation with either DKK1 or Wnt3a. Each trace is an
average of 2 biological replicates. (B) Cell count over the electrode based on Hoechst staining compared
to unwounded samples (mean + SD, n=3).
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S2-4 Fig. Minimal effect of activating anti-FAS antibody on RPE cell wound repair. (A)
Immunostaining of cells expressing FAS after chronic wounding. (B) Real-time impedance recording of
RPE cell wound healing supplemented with 500 ng anti-FAS activating antibody. Each trace is an average
of 2 biological replicates. (C) Cell count over the electrode based on Hoechst staining relative to
unwounded samples (mean £ SD, n=2).
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B. Description for Supplemental Files

S2-1 Movie. Real-time imaging of RPE cell wound repair. Wounding was generated using the ECIS
system. Phase contrast images were taken every 30-minutes using the Cytation5 (BioTek). The video was
generated using Gen3.00 software. Scale bar represents 300 pM.

S2-1 Table. Normalized RPM. The dataset was normalized using the trimmed mean of the M-values
method. Genes with reads per million > 1 in three or more samples were selected for further investigation.

S2-2 Table. Changes in gene expression after wounding. Differential expression and statistical analysis
were carried out using edgeR. 24-hour unwounded samples were used as control for both 5-hour and 24-hour
wounded samples. 8-day unwounded samples were used as the control for 8-day wounded samples.

S2-3 Table. P-values. P-values for Figs 2B and 3C were calculated using a two-tailed homoscedastic
student’s t-test. P-values for Figs 5B and 6A were calculated using edgeR compared to unwounded controls.

S2-4 Table. Differentially expressed genes after wounding. Genes with FDR < 0.05 and > 2-fold change
compared to unwounded controls.

S2-5 Table. Top 100 RPE Genes. Expression levels of the top 100 RPE genes known to decrease in
expression after RPE cells undergo epithelial-to-mesenchymal transition.

S2-6 Table. Gene list used in profiles of AMD eyes. Genes are categorized as Early AMD, GA, or CNV and
whether the expression was upregulated or downregulated in the original AMD eye profiles by Newman et al.

S4-1 Table. Normalized TMM. The dataset was normalized using the trimmed mean of the M-values
method. Genes with reads per million > 1 in three or more samples were selected for further investigation.

S4-2 Table. Changes in gene expression after aging. Differential expression and statistical analysis were
carried out using edgeR. Young 1-month unwounded controls were used as controls at all age time points.

S4-3 Table. Changes in gene expression after wounding. Differential expression and statistical analysis
were carried out using edgeR. Equally aged, unwounded controls were used as controls for each time point.
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